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General Introduction 

1. Nanotechnology and Nanomaterials 

Nanotechnology is one of the fastest growing technologies globally, that 

has found its use in every field. The idea of nanotechnology spun off from the 

seminal lecture “There is plenty of room at the bottom” by American physicist 

Richard Feynman in the year 1959. In his lecture, he discussed the exciting ideas 

of miniaturizing the things to atomic sizes that would work as tiny hands, the 

nanorobots. This idea of his was conceived much later in 1979 when Norio 

Taniguchi researched on developing the ultra precision machines. It was during 

that time that the word “Nanotechnology” was coined by him, which was 

popularized by Eric Drexler through his book “Engines of creation: the coming 

Era of Nanotechnology”.  

Nanotechnology could be defined as, “The design, characterization, 

production, and application of structures, devices, and systems by controlled 

manipulation of size and shape at the nanometer scale (atomic, molecular, and 

macromolecular scale) that produces structures, devices, and systems with at least 

one novel/superior characteristic or property.”  

In simpler terms nanotechnology is the research and development of 

materials and species that are of nanometer dimensions. Although nanoscale 

materials exist in nature and are not a novelty, it is the advent of instruments and 

techniques such as Scanning Tunneling Microscope and Atomic Force Microscope 

that helped scientists to learn more about materials at nanoscale. The parallel 
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development of methods to produce materials at nanoscale and techniques to 

characterize them increased the interest in exploring the use of nanomaterials in 

various applications. 

 

Figure 1. Examples of human-made devices created using nanotechnology, juxtaposed 

along a measurement ruler which depicts their relative size in the nanometer.  

   (Source: www.nsf.gov) 

 

Nanomaterials are defined as structured components with at least one 

dimension less than 100 nm. Nanomaterials can be classified into three groups 

depending on the number of dimensions that are of nanometer range.  

 Nanoparticles are materials that are of nanoscale in three 

dimensions are particles, for example precipitates, colloids of metals 

and quantum dots etc.   
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 Nanowires and nanotubes are materials that possess nanoscale in 

two dimensions, for example carbon nanotubes.  

 Nanolayers, such as a thin films or surface coatings are the materials 

that have one dimension in the nanoscale. Some of the features on 

computer chips come in this category.  

 

 

              Figure 2. Nanomaterials in various forms (Source: www.nature.com)   

 

Nanomaterials have unique physicochemical properties that result from 

the combination of their small size, chemical composition, surface structure, 

solubility, shape, and aggregation. The two principal factors which bring about a 

significant difference in the properties exhibited by nanomaterials include; 

increased relative surface area, and quantum effects. Properties such as reactivity, 

strength and electrical characteristics are altered or improved due to these two 

factors. As the particle size decreases, a greater proportion of atoms are found at 
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the surface compared to those inside. For example, a particle of size 30 nm has 5% 

of its atoms on its surface, at 10 nm 20% and at 3 nm 50% of its atoms. Thus 

nanoparticles have a much greater surface area per unit mass compared with 

larger particles and will be much more reactive than the same mass of material 

made up of larger particles. Because of these improved properties compared to 

their bulk counter parts nanomaterials seem to find a lot of applications. As we 

recognize new applications for NPs, the number of products containing such 

nanomaterials continues to grow exponentially. 

 

2. Applications of Nanomaterials 

 Nanomaterials are finding use in every walk of human life from energy 

management to automobiles, from medicine and drugs to cosmetics, etc,. 

 

- Cosmetics: Nanosized titanium oxide and zinc oxide absorb UV rays and 

are used in sunscreen lotions. 

- Nanocomposite materials are not only used to increase mechanical 

properties but also to impart new properties (optical, electronic, etc,.) 

- Nanocoatings: Surface coating with nanometer thickness of nanomaterial 

can be used to improve properties like wear and scratch-resistant, 

optoelectronics, hydrophobic properties. 

- Hard cutting tools: Current cutting tools (e.g. mill machine tools) are made 

using a sort of metal nanocomposites such as tungsten carbide, tantalum 
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carbide and titanium carbide that have more wear and erosion-resistant, 

and last longer than their conventional (large grained) materials. 

 

  Figure 3. Applications of nanotechnology (Source: nanorev.in)  

- Nanoparticles are being used to improve the paint and various dye 

properties. 

- Nano-engineered membranes are being used to improve efficiency of 

small-scale fuel cells. 

- Displays: New class of display using carbon nanotubes as emission device 

for the next generation of monitor and television (FED-field emission 

displays). 

- Nanotechnology based knowledge may produce more efficient, 

lightweight, high-energy density batteries. 

- Nanoparticles can be used as fuel additives and lubricants to improve the 

efficiency of the machines. 
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- Nanostructured membranes are being used for deionization of salt water 

for drinking purpose and also for making the water virus free. 

Remediation of industrial waste waters is also possible by use of 

nanoparticles that can convert the highly toxic substances into non-toxic 

ones. 

- Nanoelectronics: Currently nanomaterials are being used in computer 

chips, information storage devices, and sensors. 

- Nanomaterials are finding applications in the field of medicine such as 

disease diagnosis, drug delivery and molecular imaging.  

 

2.1. Applications of Widely used Nanomaterials 

      Silver nanoparticles are finding lot of applications mainly due to the 

improved antimicrobial abilities. Silver nanoparticles based wound dressings and 

band-aids are available in the market. Silver nanoparticles are used for sterilizing 

medical equipments and also used to coat the bioengineered prosthesis (Bosetti et 

al., 2002). Silver nanoparticle based substances are being used in dental restorative 

material, endodontic retrofill cements and dental implants (García-Contreras et al., 

2011). They are used in water treatment, to purify the water and reduce the 

microbial loads. Silver nanoparticles are incorporated into the polyurethane 

foams that can be used as filters for water treatment (Jain et al., 2005). More 

recently, silver nanoparticles have also found their use in textile industry, to make 

the fabrics microbe resistant (Lee et al., 2003, Ilic et al., 2009, An et al., 2010).  Silver 
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nanoparticles also possess good catalytic properties because of which they are 

used to speed up some of the reactions such as bleaching of organic dyes (Kohler 

et al., 2008) and reduction of 4-nitrophenol (Liu and Zhao 2009). Its 

electrochemical properties are exploited in the development of sensors as well 

(Manno et al., 2008).   

 Aluminium nanoparticles have commercial, industrial applications starting 

from their use as in alloys that increase the mechanical strength (Ruan and Schuh 

2012). Alumina nanoparticles are used as catalysts in gas purification (Buzdugan 

and Beckman, 2007; Platonov et al., 2007). It is also used in preparation of ceramics 

to improve their strength, hardness and wear resistance. Alumina nanoparticles 

are also used in cosmetics, dental and bone implants (Lukin et al., 2001). 

Aluminium nanoparticles are used in military for solid rocket fuel propellants 

(Miziolek, 2002).       

Carbon based nanomaterials such as fullerenes, nanotubes and nanofibres 

are finding lot of applications. The graphite nanofibers are being used in the 

electronics and electrochemistry. They are being used for developing sensor 

devices (Quercia et al., 2004). Carbon dots and diamond based nanoparticles are 

being studied for uses in bioimaging and long term cell tracking (Cao et al., 2007, 

Fang et al., 2011). Mesoporous carbon nanoparticles are now being considered for 

use as drug delivery agents (Kim et al., 2008, Liu et al., 2008). More recently the 

carbon nanoparticles that exhibit fluorescent properties have been prepared that 

can be used in imaging (Chandra et al., 2011).  
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 Gold is one of the noble metals that have been of great commercial and 

biomedical importance. Gold, in the form of nanoparticles, has also found new 

applications in the biomedical field.  

 

 

  Figure 4. Bioimaging applications of nanoparticles (Source: From Chen et al., 2005; Yang et al., 

                2005;  Fuente et al., 2006; Durr et al., 2007; Li et al., 2007a; Oyelere et al., 2007) 

 

Gold nanoparticles are being used to deliver the biomolecules such as proteins 

and DNA into the cells in order to transform them (Niemeyer, 2001; Sanford et al., 

1993). They are being used in developing sensors for the detection of various 

biomolecules (Olofsson et al., 2003), and thus in drug delivery and cancer therapy. 

The nanoparticles coated with drug molecules and antibodies are being 

considered for targeted drug delivery to the cancer tissues (Chen et al., 2007b). 

Gold nanoparticles are being considered for the thermal cancer therapy because of 

their improved photothermal properties (Chen et al., 2007a). The surface enhanced 
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Raman scattering (SERS) property of the gold nanoparticles is being applied for in 

vivo bioimaging and cell tracking (Keren et al., 2008).    

 

3. Nanomaterials and Associated Risks 

Nanomaterials, with their improved physicochemical properties, have 

found varied application. They are already being used in a wide range of 

consumer products such as sunscreens, cosmetics, composites, medical and 

electronic devices, and are also being used as chemical catalysts. While it is likely 

that most nanomaterials are reasonably safe, some created with unique properties 

may exhibit deleterious effects on living cells. Importantly, the substances that are 

inert in bulk may be toxic at nanosize, due to their altered chemical and physical 

properties (Nel et al., 2006), arguing that most of the nanomaterials must be 

methodically evaluated for their toxic potential. Recently, a number of studies 

have shown toxicity of NPs in different organs of animal models 

(Kaewamatawong et al., 2006; Niwa et al., 2008). NPs have been reported to induce 

a pro-oxidant environment within the cells, and thereby leading to adverse 

biological consequences ranging from the loss of normal cellular functional 

response to cell death (Braydich-Stolle et al., 2005; Hussain et al., 2005). Many 

studies have demonstrated the ability of NPs to generate reactive oxygen species 

(ROS) (Stone et al., 1998). This oxidative stress may be linked to the induction of 

signaling pathways which lead to pro-inflammatory gene expression in 

macrophages (Brown et al., 2004). 
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3.1. Environmental and Health Effects of Nanomaterials  

      Nanosized materials are generated through natural as well as 

anthropogenic processes. In nature the nanosized materials are found in soil and 

atmosphere. Soil contains nanoparticles of metal oxides and hydroxides, humic 

substances, allophane, imogolite and some organic nanoparticles that are 

produced by the natural vegetation (Theng and Yuang 2008; Xia et al., 2010). Sooth 

and ashes that are thrown into the atmosphere during volcanic eruptions and 

natural fires also constitute a part of ultrafine and nanosized materials generated 

naturally.  Some of the anthropogenic activities also lead to generation of 

nanomaterials unintentionally, for example, carbon black, platinum and rhodium 

nanoparticles from combustion byproducts, etc, (Nowack and Bucheli 2007). 

Nanomaterials are now being generated for various industrial and consumer 

applications. Metal and carbon based NPs are being explored in biological 

sciences including applications for biosensing, cellular imaging, drug/DNA 

delivery and cancer therapeutics (Hirsch et al., 2003; Ma et al., 2009; Nam et al., 

2003; Tkachenko et al., 2003; Wu et al., 2009).  In such a scenario evaluating and 

understanding their effects is of utmost importance. It is well understood that the 

ultrafine particulate materials pose potential health hazards causing inflammation 

and autoimmune diseases (Oberdoster et al., 2000, HEI review panel on ultrafine 

particles 2013). So it would be important also to evaluate the potential side effects 

of other engineered nanomaterials.  
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                   Figure 5. Modes of entry of nanoparticles and their cellular interaction  

                   (Source: Biointerfaces volume 2)  
 

Nanosize preparations of silver have been shown to retain antibacterial 

properties inherent of Ag salt solutions, a feature that has made nanosilver a 

promising candidate in various biomedical applications (Alt et al., 2004). 

However, nanosilver’s potential toxic effects need to be evaluated to assure the 

safety.  Silver nanoparticles have been studied in various cell lines for their 

toxicological potential. Hussain et al., (2005) reported the cytotoxicity of 

nanosilver (Ag 15 nm, 100 nm) in rat liver derived BRL3A cell line. The results in 

their study showed the toxicity range of nanosilver between 5-50 μg/ml, which 

they stated, was much lesser concentration that can induce toxicity in comparison 

to the other studies nanomaterials ie., iron oxide, manganese oxide, titanium 

oxide and aluminum nanoparticles. The effect of 7-20 nm sized silver 
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nanoparticles on human fibrosarcoma (HT1080) and human skin carcinoma 

(A431) cell lines has been studied and was reported that silver nanoparticles 

induced oxidative stress and induced apoptotic effects at higher doses but the 

lower doses that are generally used for antimicrobial action, did not have much 

effects (Arora et al., 2008).  Liu et al., (2009) studied the interactions of nanosilver 

and BSA, where they reported the structural changes brought about by 

nanosilver. Their results depict that nanoparticles can interact with various 

proteins and bio-molecules causing alterations in their structure and function. In 

another study authors report that the cytotoxic effect of nanosilver varied with the 

surface charge, capping agent used and agglomeration of the particles (Suresh et 

al., 2012). Asare et al., (2012) have conducted a study on the primary mouse 

testicular cells with silver 20 and 200 nm nanoparticles and titanium oxide (TiO2) 

21 nm nanoparticles, where they found that the both nanoparticles had cytotoxic 

effects and also induce DNA damage. A study conducted on the human lung 

fibroblasts (IMR90) and human glioblastoma cells (U251) showed that the silver 

nanoparticles induced cytotoxicity and DNA damage (Asharani et al., 2009). The 

authors also suggest that the observed DNA damage and cell cycle arrest could be 

because of the ROS generation and interruption of ATP synthesis.  Silver 

nanoparticles have also been shown to have toxicity to aquatic organisms such as 

zebrafish (Asharani et al., 2008), Japanese medaka (Chea et al., 2009), and rainbow 

trout (Scown et al., 2010).   
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Similarly, aluminum, the most abundant neurotoxic metal implicated in 

the etiology of several neurodegenerative disorders, is shown to induce pro-

inflammatory and pro-apoptotic signaling effects (Walter et al., 2005). Aluminium 

nanoparticles were found to be more cytotoxic compared to aluminium oxide 

nanoparticles. The cytotoxic effects that were observed were dose dependent and 

not size or surface area dependent (Wagner et al., 2007). Aluminium oxide 

nanoparticles are also shown to induce mitochondrial oxidative stress and also 

change the expression of antioxidant enzymes in human mesenchymal stem cells 

(Alshathwi et al., 2013). Oral exposure of alumina nanoparticles in mice was 

reported to show moderate toxicity in brain (Park et al., 2011). They were also 

shown to decrease the expression of tight junction proteins in brain vasculature 

(Chen et al., 2008). Tight junctions are essential for maintenance of endothelium 

and prevent paracellular transfer of substances from blood to the brain. 

Balasubramanyam et al., (2009) reported the genotoxic effects of alumina 

nanoparticles. Nanoalumina particles are also reported to cause toxicity to algae 

(Pakrashi et al., 2013) and retard the growth and development of Nicotiana tabacum 

seedlings (Burklew et al., 2012).   

Although carbon based NPs are used in various industrial applications and 

also are highly employed in biomedical applications, they have also been reported 

to demonstrate some undesirable effects, including ROS generation and 

inflammatory responses (Koike and Kobayashi, 2006; Tian et al., 2006). The 

induction of pro-inflammatory mediators like Interleukin 6 (IL-6), Tumor necrosis 
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factor (TNF-α) and Cyclooxygenase (COX-2) by titanium dioxide and silica NPs 

has recently been reported (Park and Park 2009; Xu et al., 2009). Gold NPs, on the 

other hand, are proven to be non-cytotoxic, due to reduced production of reactive 

oxygen/nitrogen species, and pro-inflammatory cytokines, making them suitable 

candidates for nanomedicine (Shukla et al., 2005). Many studies have focused on 

using various NPs for targeted drug delivery to cells and for visualizing 

intracellular processes (Panyam and Labhasetwar, 2003; Pitsillides et al., 2003). 

These studies investigated NPs uptake by cells but did not address in detail on 

their potential toxic effects and the molecular mechanisms involved. 

The foregoing studies clearly indicate ever growing increase in the 

application of nanoparticles in various biomedical, industrial, cosmetic and 

agricultural fields. As a result there is a possibility of exposure of animals and 

man to the nanoparticles directly or indirectly. In view of the reported 

undesirable side effects of many of these nanoparticles, there is need for 

evaluation of the potential toxic side effects before their application. 

Biological systems respond to the exposure of foreign substances by 

various mechanisms, mainly aimed at detoxification and their elimination, a 

process termed as inflammation. In the present study the inflammatory responses 

of macrophages and cytotoxic effects on hiPSCs exposed to various NPs were 

evaluated in vitro. In addition studies were undertaken to evaluate the effects of 

NPs in vivo on mice. 
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1.1. Introduction 

          Recent advances in particle-forming nanotechnology provided 

significant concern regarding their biological effects. Nanoparticles have 

considerably larger surface area than coarse particles, and may exhibit an 

associated greater propensity to produce oxidative stress and inflammatory 

response. 

 

1.1.1. Inflammation 

 Inflammation is the body’s immediate response to the damage of its 

tissues and cells. It is part of the innate immune system of the body and can 

be defined as the reaction of vascularized living tissues to local injury 

caused by noxious stimuli such as chemicals, biological agents such as 

pathogens or physical injury. It is a protective response of the organism in 

order to remove the injurious/foreign agent from the body. It is a complex 

interplay of various cellular and particulate mediators that help eliminate 

the noxious stimulus and clean up all the dead and dying cells in the 

injured region (Haworth & Levy, 2007). 

Inflammation is characterized by the five basic features as described 

by Celus, redness (rubor), swelling (tumour), heat (calor), pain (dolor) and 

loss of function (functio leasa). These features of inflammation are due to 

vasodialtion, oedema or swelling and infiltration of fluids and cells in the 

affected area. Inflammation could be acute or chronic; acute inflammation is 
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short duration effect that lasts from a few minutes to a few days and gets 

resolved. Chronic inflammation lasts for few weeks, months or even years. 

It is the constant effort of the body to combat any pathogen or noxious 

foreign stimulus. Chronic inflammation is the major cause of concern in 

various pathologies including cancer, and is now considered one of the 

seven hallmarks of cancer. 

 

1.1.2. Mediators of Inflammation 

  Inflammation is a complex interplay of cellular as well as particulate 

mediators (Roit, 1997). The cellular mediators include the 

macrophages/monocytes, neutrophils, T and B lymphocytes. Macrophages 

are generally a population of ubiquitously distributed mononuclear 

phagocytes responsible for numerous homeostatic, immunological, and 

inflammatory processes. Their primary function is to act as scavengers, 

roaming and engulfing foreign and potentially dangerous 

pathogens/materials. They are important producers of arachidonic acid and 

its metabolites. Upon phagocytosis macrophages release up to 50% of their 

arachidonic acid from membranous esterified glycerol phospholipids that is 

metabolized to prostaglandins and leukotrienes (Scott et al., 1980). These 

mediators produced by the macrophages perpetuate the inflammatory 

reaction. So, macrophages play a very crucial role in mounting the 

inflammatory response to any foreign/toxic substances.  
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The particulate mediators of inflammation include plasma proteins, 

lipid mediators, cytokines and chemokines. Plasma proteins include the 

complement system proteins, kinins and the clotting factors. Cytokines for 

example are the interleukins, tumor necrotic factors and interferons. The 

lipid mediators are products derived from arachidonic acid (AA), 

synthesized by the Cyclooxygenases (COXs) and lipoxygenases (LOXs), 

collectively termed as eicosanoids.           

 

1.1.3. Inflammation and Oxidative Stress  

 Reactive oxygen species (ROS) refer to chemically reactive oxygen 

and includes a variety of partially reduced metabolites of oxygen [e.g., 

superoxide anions (O2.-), hydroxyl radical (OH.) and hydrogen peroxide 

(H2O2)], possessing higher reactivities than molecular oxygen (Thannickal 

and Fanburg, 2000). A variety of processes, such as aerobic metabolism or 

second messengers in various signal transduction pathways lead to 

generation of ROS as by-product . Around 1-5% of oxygen consumed is 

converted to ROS. Due to the unpaired electron that reactive oxygen species 

have, they are extremely reactive and unstable; and in order to achieve a 

stable configuration they react with other molecules present in the cellular 

milieu. ROS can oxidize all the macromolecules in the cell including nucleic 

acids, which can lead to mutations (Floyd et al., 2001). ROS generation is 

largely increased during inflammation due increased metabolic rate, locally 
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activated macrophages and other leukocytes, increased pressure in the 

inflammatory site due to edema (Whiteman et al., 2002; Greenacre et al., 

2002). The levels of ROS are carefully controlled in normal physiological 

conditions by the enzymatic and non-enzymatic antioxidants present in the 

cells. But in inflammatory conditions this balance is lost due to increased 

levels of ROS, leading to a net oxidative stress (Gediminas et al., 2002). This 

oxidative stress not only amplifies the inflammatory reaction but also tends 

to push the system towards other pathological conditions such as cancers 

(Whiteman et al., 2002). 

 

1.1.4. Role of Cyclooxygenase in Inflammation 

Arachidonic acid, the most predominant polyunsaturated fatty acid 

in mammalian systems, is mainly acted upon by Cyclooxygenase (COX) 

and Lipoxygenase (LOX) pathways, which lead to the formation of 

prostaglandins (PGs) and leukotrienes respectively. These are potent 

biologically active compounds which play a key role in the initiation, 

progression and resolution of inflammation. Cyclooxygenase or 

prostaglandin H2 synthase is the enzyme that catalyzes the biosynthesis of 

prostaglandins from the substrate arachidonic acid. COX-2 gene is an 

‘immediate early gene’ that is not always present but is highly up regulated 

during pathological processes or inflammation. Cyclooxygenase-2, the 

inducible isoform of COX, is induced by several mitogenic and pro-
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inflammatory stimuli including LPS, interleukin-1 (IL-1) and IL-1 and 

tumor necrosis factor-α) (Diaz et al., 1998; Reddy et al., 2003). TNF-α is a 

pleiotropic cytokine primarily produced by activated macrophages and T 

lymphocytes that is known to stimulate COX-2 gene expression (Nakao et 

al., 2002). Several studies have reported on the induction of COX-2 in 

different types of human cancers (Harris 2009). Increased expression of 

COX-2 has also been demonstrated in animal models and in human 

inflammatory bowel disease (Hendel and Nielsen 1997). This marked 

increase in COX-2 expression during various inflammatory processes 

reveals its key role in inflammation and hence is being used as a marker of 

progressive inflammatory processes.  

 

1.1.5. Nanoparticles and Inflammation 

The unique physicochemical properties of nanoparticles can produce 

chemical conditions to induce a pro-oxidant environment in the cells, 

causing an imbalance in the cellular energy system dependent redox 

potential and thereby leading to adverse biological consequences, ranging 

from the initiation of inflammatory pathways to cell death (Carlson et al 

2008, Hsin et al 2008). Many studies have demonstrated the ability of 

nanoparticles to generate ROS in a cell-free environment (Brown et al 2001, 

Stone et al 1998). This oxidative stress may be linked to the induction of 

signaling pathways (Stone et al 2000) which lead to pro-inflammatory gene 
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expression in macrophages (Brown et al 2004). Regulation of COX-2 

expression by single-walled carbon nanotubes and titanium dioxide NPs in 

macrophages and transgenic mouse fibroblast cells, respectively, has also 

been reported recently (Dutta et al., 2007; Xu et al., 2009). Similarly increased 

mRNA expression of inflammation-related genes like IL-1, IL-6, TNF-α, 

inducible nitric oxide synthase (iNOS), and COX-2 was observed in the 

cultured peritoneal macrophages of mice treated with silica NPs (Park and 

Park 2009).  CB and silica NPs were known to induce the activation of NF-

κB in A549 lung epithelial cells (Mroz et al., 2007) and macrophages 

(Rojanasakul et al., 1999) respectively. As macrophages are the front line of 

cells mounting inflammatory response to any foreign substances, the 

present study is taken up to evaluate the biocompatibility of nanoparticles 

on macrophages. The specific objectives of the study are: 

 To evaluate the effects of size and duration of exposure of NPs 

such as silver, aluminum, carbon black, carbon coated silver 

and gold on the inflammatory responses, by employing RAW 

264.7 mouse macrophage cell line.  

 Understanding the role of ROS-NF-κB mediated expression of 

pro-inflammatory genes like TNF-α, IL-6 and COX-2 upon 

exposure to the nanoparticles.  
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1.2. Materials and Methods 

1.2.1. Materials 

        i.  Chemicals 

Phosphate buffered saline (PBS), RPMI 1640, Fetal Bovine Serum 

(FBS), Penicillin and Streptomycin were purchased from Gibco BRL 

(California, USA). Escherichia coli lipopolysaccharide (LPS), Trypsin-EDTA, 

2’,7’,-dichlorofluorescin diacetate (DCFH-DA), TMB (3,3’, 5,5’-

tetramethylbenzidine)/H2O2 , Protease Inhibitor Cocktail and -actin 

antibodies were purchased from Sigma–Aldrich company (Bangalore, 

India). Monoclonal antibodies of COX-2 and TNF-  were purchased from 

Santa Cruz Biotechnology, Inc., (CA, U.S.A). All the other chemicals and 

reagents were purchased from local companies and are of molecular 

biology grade. Ultra pure DI-water was prepared using a Milli-Q system 

(Millipore, Bangalore, India).  

       ii.  Nanoparticles 

            Silver (Ag15 nm), nanoparticles were obtained from the Air Force 

Research Laboratory, Brooks AFB, TX. Silver (Ag; 10nm, 40 nm, 80nm), 

Aluminum nanoparticles (Al; 20 nm, 50 nm), carbon black (CB; 20 nm, 40 

nm), and carbon coated silver (CAg 25 nm, 45 nm) were obtained from 

Nanocomposix (USA), Gold nanoparticles (Au; 20 nm, 40 nm, 80nm) were 
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prepared from Gold (III) chloride trihydrate (Sutherland and Winefordner, 

1992), procured from Sigma (St Louis, MO).  

 

1.2.2. Characterization and Dispersion of Nanomaterials in 

           Solution 

 The size and shape of nanoparticles were confirmed by Dynamic 

Light Scattering (DLS) and Transmission Electron Microscopy (TEM). The 

dispersion test was conducted in phosphate buffer saline (PBS) or deionized 

water. Based on the success of homogeneous dispersion using physical 

mixing and sonication, stock solutions (100-1000 µg/ml) were prepared 

either in PBS or deionized water. The size (hydrodynamic diameter, nm) of 

NPs was determined by DLS from intensity size distribution. TEM samples 

were prepared by placing a drop of dispersed NPs solution, directly on a 

copper grid, and imaging was done at 100 – 200 kV. The freshly dispersed 

particles were then diluted to appropriate concentrations in cell culture 

medium and immediately applied to the cells. The zeta potential of the NPs 

dispersed in culture medium was obtained by using a dip cell (Nano ZS, 

Malvern) placed in the sizing cuvette, at 250C. Zeta potential average values 

were obtained from three independent experiments at similar conditions. 

The NPs dispersions were also tested for LPS contamination using the 

Chromo Limulus Amebocyte lysate (LAL) chromogenic kinetic assay as per 

the instructions in the user’s manual provided with the kit.   
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1.2.3. Cell Culture and Nanoparticles Treatment 

RAW 264.7 cells, derived from murine macrophages, were obtained 

from National Center for Cellular Sciences (NCCS), Pune, India. The cell 

line was maintained in a humidified atmosphere with 5% CO2 at 37 °C. 

Medium used for culturing the cells was RPMI-1640 supplemented with 

10% heat inactivated fetal bovine serum (FBS), 100 IU/ml penicillin, 100 

g/ml streptomycin and 2 mM L-glutamine. The cells were treated with 

graded doses of Ag, Al, CB, CAg and Au NPs and durations designated in 

the following study. 

 

1.2.4. Cell Viability (MTT assay) and Cell Morphology 

 Mitochondrial function was determined spectrophotometrically by 

measuring the reduction of tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) to (aqueous insoluble product) 

formazan by succinic dehydrogenase (Carmichael et al.1987) with minor 

modification as described elsewhere (Hussain and Frazier 2002). Cells were 

seeded onto 96-well culture plates at 8×103 cells per well and permitted to 

adhere overnight at 37 ◦C. When cells reached 60% confluency, the spent 

medium along with the non adherent cells was removed and 150 µl fresh 

medium containing Ag, Al, CB, CAg and Au NPs at different 

concentrations (1-150 μg/ml) was added. After incubation with NPs for 
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various time points such as 6h, 12h, 24h, 48h, 72h, cells were treated with 20 

μl of  MTT solution (5 mg/ml) incubated for 3 h at 37 ◦C. Cells were treated 

with 100 µl of dimethylsulfoxide (DMSO) and absorbance was quantified at 

570 nm using the microplate spectrophotometer system.  All experiments 

were performed at least in triplicate on three separate occasions. Cells not 

exposed to the NPs served as controls in each experiment. After incubation 

of the cells with nanoparticles for 48h, cell morphology was assessed with a 

Nikon Eclipse TS-100 phase-contrast inverted microscope. 

 

1.2.5. Localization of NPs (TEM Analysis) 

 RAW264.7 macrophage cells were seeded in 6 well plates and grown 

overnight. The cells were exposed to 5 μg/ml of various NPs for 48 h. After 

the specified incubation time, cells were washed thoroughly with chilled 

PBS, pelleted by centrifugation, and fixed with 2.5% glutaraldehyde in 

0.05M phosphate buffer (pH 7.2) for 24 hrs at 4 °C and post fixed with 2% 

aqueous Osmium tetraoxide in the same buffer for 2 hrs. After the fixation 

samples were dehydrated in a series of graded acetone and infiltrated and 

embedded in Araldite 6005. Ultrathin sections (50-70 nm) were cut with a 

glass knife on a Leica Ultra cut (UCT-GA-D/E-1/00) microtome and 

mounted on grids and stained with saturated aqueous Uranyl acetate, 

counter stained with 4% lead citrate, and observed under FEI Tecnai G2 S-

Twin TEM. 
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1.2.6. Measurement of Intracellular ROS  

The production of intracellular ROS was measured using 2’,7’,-

dichlorofluorescin diacetate (DCFH-DA) (34). This hydrophobic non-

fluorescent molecule penetrates rapidly into the cell and is hydrolyzed by 

intracellular esterases to give the dichlorofluorescin (DCFH) molecule 

which can be oxidized to its fluorescent 2-electron product 2’,7’,-

dichlorofluorescein (DCF). Briefly, 10mM DCFHDA stock solution (in 

methanol) was diluted 500-fold in HBSS without serum or other additive to 

yield a 20μM working solution of DCFH-DA. After 24 h exposure to 

nanoparticles, the cells in 24-well plate were washed twice with HBSS and 

then incubated in 2 ml working solution of DCFH-DA at 37oC for 30 min. 

The dye loaded samples were centrifuged at 12,500 x g for 10 min at 4oC. 

The fluorescence measurements were performed on a Hitachi 

spectrofluorimeter at 485 nm excitation and 520 nm emission wave lengths. 

Cell-free experiments with and without nanoparticles were also conducted 

to determine whether there was any possible generation of ROS by direct 

interaction of nanoparticles. The levels are represented as fold increase or 

decrease from control group. 

1.2.7. Reverse-Transcription PCR Analysis 

RAW 264.7 cells were seeded at a density of 5 x 106 in 90 mm culture 

dishes. Cells were treated with different NPs (5 g/ml) for 6 h, 12 h, and 24 
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h. Cells were harvested and the total RNA from control and treated cells 

was extracted using TRI reagent. cDNA was synthesized using oligo (dT), 

dNTP mixture, RevertAid H Minus M-MuLV Reverse Transcriptase.  A 2 µl 

aliquot of the 20 µl total cDNA was used for standard PCR reaction of 28 

cycles using the COX-2 and TNF-α primer set Table 1.1 below.  

 

        Table 1.1 List of primers used for RT-PCR analysis 

 

The PCR products were visualized on 1% agarose gels with ethidium 

bromide, under UV light. The GAPDH primers served as control. 

 

1.2.8. Preparation of Whole Cell Extracts and Immunoblot 

          Analysis 

 To prepare the whole cell extract, cells were washed with PBS and 

suspended in a lysis buffer (20 mM Tris, 1 mM EDTA, 150 mM NaCl, 1% 

NP-40, 0.5% sodium deoxy cholate, 1 mM β-glycerophosphate, 1 mM 

Target 

Gene 
Primer Sequnce Orientation 

Length 

(bp) 

Annealing  

Temp (ºC) 

COX-2 
5’TGTGGGGCAGGAGGTCTTTGGTCT3’ 

5’GCATCTGGCCGAGGCTTTTCTAC 3’ 

Sense 

Antisense 
690 58 ºC 

TNF-α 
5’ CAAGGAGGAGAAGTTCCCAA 3’ 

5’ CGGACTCCGTGATGTCTAAG 3’ 

Sense 

Antisense 
500 54ºC 

GAPDH 
5'CTCATGACCACAGTCCATGCCATC3' 

5'-CTGCTTCACCACCTTCTTGATGTC-3' 

Sense 

Antisense 
272 54ºC 



   
                                                                                 
                                                                                 Chapter 1 Materials & Methods 

 

27 
 

sodium orthovanadate, 1 mM PMSF, 10 μg/ml leupeptin, 20 μg/ml 

aprotinin). After 30 min of shaking at 4 C, the mixtures were centrifuged 

(10,000xg) for 10 min, and the supernatants were collected as the whole-cell 

extracts. The protein content was determined according to the Bradford 

method. An equal amount of total cell lysate was resolved on 8-12% SDS-

PAGE gels along with protein molecular weight standards, and then 

transferred onto nitrocellulose membranes. Membranes were stained with 

0.5% Ponceau S in 1% acetic acid to check the transfer. The membranes were 

blocked with 5% w/v nonfat dry milk and then incubated with the primary 

antibodies (for COX-2 and TNF-α) in 10 ml of antibody-diluted buffer (1X 

Tris-buffered saline and 0.05% Tween-20 with 5% milk) with gentle shaking 

at 4 C for 8-12 h and then incubated with peroxidase conjugated secondary 

antibodies. Signals were detected by using peroxidase substrate 

TMB/H2O2. The blots were probed with β -actin antibodies to confirm 

equal loading. 

 

1.2.9. Analysis of Proinflammatory Cytokine: IL-6 

Quantitative determination of the IL-6 in the culture medium from 

nanoparticles exposed RAW 264.7 cells was performed using sandwich 

ELISA. The analyses were performed according to the manufacturer’s 

instructions. Increase in colour intensity was quantified using an ELISA 

plate reader. 
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1.2.10. Preparation of nuclear extracts for NF-kB estimation  

The cells were treated with or without 10 mM NAC and exposed to NPs 

and LPS. To prepare the nuclear extracts for ELISA of NF-kB, the cells were 

washed twice with cold PBS, lysed in 350 ml of cold buffer A [HEPES 10 mM 

pH 7.9, KCl 10 mM, EDTA 1 mM, EGTA 1 mM,  dithiothreitol (DTT) 1 mM, 

aprotinin 1 mg/l, leu-peptin 1 mg/l, and pepstatin A 1 mg/l]. After 15 min 

incubation on ice, 0.1% NP-40 was added to the homogenates and the contents 

were mixed vigorously for 1 min. Then, the homogenates were centrifuged 

(10,000g, 5 min) at 4°C. The supernatant (cyto-plasmic extracts) was collected 

and stored in aliquots at 70°C. The nuclear pellets were washed once with cold 

buffer A, then suspended in 50 ml of cold buffer B (HEPES 20 mM, pH 7.9, 

NaCl 420 mM, EDTA 1 mM, EGTA 1 mM, DTT 1 mM, aprotinin 1 mg/l, 

leupeptin 1 mg/l, and pepstatin A 1 mg/l) and mixed vigorously by 

intermittent vortexing for 45 min. This was then centrifuged at 10,000 g for 5 

min, and the supernatant (nuclear extract) was used for NF-kBp65 

immunoassay. The NF-kB activation and translocation was determined by 

immuno kit assay (according to the manufacturer’s instructions). 

 

1.2.11. Statistical Analysis 

   All experiments were done in triplicate, unless otherwise stated, and 

the results were presented as mean ± standard deviation. Statistical analysis of 

differences was carried out by one-way analysis of variance (ANOVA).  A P-

value of less than 0.05 was considered to indicate significance. 
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1.3.  Results 

1.3.1. Characterization and Dispersion of Nanoparticles 

 TEM and DLS analysis were employed to assess shape and particle 

size distribution of all the NPs. These studies showed fine dispersion of 

NPs, ranging in their specified sizes as shown in Figure 1.1. Silver-15 ± 3 

nm, 40 ± 4 nm; Aluminium-20 ± 4 nm, 50 ± 5 nm; Carbon black-20 ± 6 nm, 

40 ± 6nm and Gold-20 ± 3 nm, 40 ± 4 nm NPs are discoid or spherical. The 

Carbon coated silver-25 ± 6 nm, 45 ± 7 nm in the cluster were loosely 

arranged and individual NPs showed dumbbell or spherical characteristics. 

The size distribution of NPs was determined by DLS and the dispersion of 

the NPs was analyzed by zeta potential (Table 1.2).  

 

Table 1.2. Zeta potential and size distribution of nanoparticles* 

S.No. Type of Nanoparticle Zeta potential (mV)  Size (nm) # 

1. Silver (15nm) -39.5 ± 3.5 15 ± 3 

2. Silver (40nm) -34.5 ± 3.7 40 ± 4 

3. Aluminum (20nm) -33.5 ± 2.8 20 ± 4 

4. Aluminum (50nm) -28.4 ± 2.6 50 ± 5 

5. Carbon black (20nm) -25.0 ± 2.3 20 ± 6 

6. Carbon black (40nm) -27.4 ± 2.1 40 ± 6 

7. Carbon coated Ag (25nm) -29.2 ± 2.7 25 ± 6 

8. Carbon coated Ag (45nm) -27.8 ± 2.1 45 ± 7 

9. Gold (20nm) -37.5 ± 2.0 20 ± 3 

10. Gold (40nm) -41.1 ± 3.8 40 ± 4 
 

 

#Hydrodynamic diameter (size, nm) of NPs was determined from intensity size 
distributions.     
*Each value represents the mean ± SD (n=3). 



   
                                                                                                           
                                                                                                     Chapter1 Results 

 

30 
 

The average zeta potential of various NPs was in the range of -20mV to -

40mV. The surface charge of all the NPs employed in the present study was 

consistently negative.  

 

Figure 1.1. Transmission electron micrographs of nanoparticles: A and B, Silver NPs (Ag-
15 nm and 40 nm); C and D, Aluminum NPs (Al-20 nm and 50 nm); E and F, Carbon 
black NPs (CB-20 nm and 40 nm); G and H, Carbon coated silver NPs (CAg-25 nm and 
45 nm); I and J, Gold NPs (Au-20 nm and 40 nm). 
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1.3.2. Effect of Nanoparticles on Cell Viability 

 To determine an effective concentration range, we tested the effects 

of dosage (1 – 50 μg/ml Ag, Al, CB, CAg NPs; 1- 200 μg/ml Au NPs) and 

duration of exposure (6 h – 72 h) of NPs on RAW 264.7 cells using MTT 

assay. Cell viability by MTT assay after 48 h NPs exposure is shown in 

Table 1.3.  After determining the EC50 of all NPs a fixed concentration of 5 

μg/ml (less than half of the EC50 value) was employed for evaluating 

inflammatory responses. In addition, the morphology of the RAW 264.7 

cells incubated with NPs (5 μg/ml) was observed under phase-contrast 

microscope (Figure 1.2). 

Table 1.3. Cell viability of RAW264.7 cells upon exposure to  

nanoparticles* 

S.No. Type of nanoparticles EC50 (μg/ml) # 

1. Silver 15 nm 14 ± 0.8 

2. Silver 40 nm 15 ± 1.0 

3. Aluminium 20 nm 15 ± 1.4 

4. Aluminium 50 nm 19.5 ± 1.8 

5. Carbon black 20 nm 20 ± 0.8 

6. Carbon black 40 nm 23 ± 1.2 

7. Carbon coated silver 25 nm 22 ± 1.4 

8. Carbon coated silver 45 nm 24 ± 1.8 

9. Gold 20 nm 91 ± 8.5 

10. Gold 40 nm 132 ± 11.4 

 

 

# These data are expressed as mean ± SD of five independent 
  experiments.  
* Each value represents the mean ± SD (n=5). 
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Figure 1.2. Phase contrast images of RAW 264.7 macrophage cells: Cells observed at 40X 
upon exposure to various nanoparticles at 5μg/ml for 48 hrs. 

 

1.3.3. Localization of Nanoparticles 

The transmission electron microscopic (TEM) micrographs have 

clearly indicated the intracellular localization of NPs. They were distinctly 

present in vacuoles, cytoplasm and even in the nucleus.  Further the NPs 

were well dispersed within the cell, without any considerable aggregation 

(Figure 1.3).  
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Figure 1.3. Transmission electron micrographs of RAW 264.7 cells upon exposure to 
nanoparticles: A and B, Silver NPs (Ag-15 nm and 40 nm); C and D, Aluminum NPs (Al-
20 nm and 50 nm); E and F, Carbon black NPs (CB-20 nm and 40 nm); G and H, Carbon 
coated silver NPs (CAg-25 nm and 45 nm); I and J, Gold NPs (Au-20 nm and 40 nm). 

 

1.3.4. Effect of Nanoparticles on Intracellular ROS  

The mechanism underlying induction of inflammation by NPs may 

be through the generation of ROS. Therefore, we have measured the 

generation of ROS using DCFH-DA fluorescence in RAW 264.7 cells in 



   
                                                                                                           
                                                                                                     Chapter1 Results 

 

34 
 

response to NPs (5 μg/ml) exposure (Figure 1.4). Exposure of macrophages 

to Ag-15 and Ag-40 NPs resulted in 3.80 ± 1.12 and 3.24 ± 0.98 fold increase 

in ROS generation, respectively, over control levels. Exposure to Al-20 and 

Al-50 NPs resulted in 3.12 ± 0.93 and 2.22 ± 0.85 fold increase in ROS 

generation, respectively. Similarly CB-20 and CB-40 particles showed 3.44 ± 

1.12 and 3.10 ±1.04 fold higher ROS generation, respectively. Exposure of 

cells to CAg-25 and CAg-45 NPs showed 2.52 ± 0.76 and 2.12 ± 0.70 fold 

increase in the ROS generation, respectively.  Incubation of macrophages to 

Au-20 and Au-40 NPs, however, resulted in 0.66 ± 0.12 and 0.73 ± 0.09 fold 

decrease in ROS generation over control macrophage levels.   

 
 

 

 

 

 

 

 

 

Figure 1.4. Effect of NPs on intracellular ROS generation: Cells were treated with 5 μg/ml 

of NPs (Ag-15, 40 nm; Al-20, 50 nm; CB-20, 40 nm; CAg-25, 45 nm and Au-20, 40 nm) 

and LPS at concentration of 1 μg/ml for 24h with and without NAC pretreatment. * 

Denotes statistical significance over untreated controls. 

Incubation of macrophages with LPS (1 μg/ml), a known strong ROS 

inducer in macrophage cell lineages, showed a drastic (5.83 ± 1.25 fold) 

increase in ROS generation. Pre-incubation of macrophages with a well-
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known inhibitor of ROS, N-acetyl-L-cysteine (NAC), followed by exposure 

to NPs, resulted in a significant decrease in the ROS generation. 

 

1.3.5. Effect of Nanoparticles on NF-κB Nuclear Translocation 

 NF-κB, a mammalian transcription factor is known to control the 

expression of cell survival genes as well as induction of pro-inflammatory 

enzymes and cytokines. In the present study, LPS and NPs induced nuclear 

translocation of NF-κB p65, as revealed by ELISA analyses (Figure 1.5).  

 

 

 

 

 

 

 

 

 

Figure 1.5.ELISA analysis of NF-κB activity: (A) Cells were treated with 5 μg/ml of NPs 

(Ag-15, 40 nm; Al-20, 50 nm; CB-20, 40 nm; CAg-25, 45 nm and Au-20, 40 nm) and LPS 

at concentration of 1 μg/ml for 3h without NAC and (B) Cells were treated with 5 μg/ml of 

NPs (Ag-15nm; Al-20 nm; CB-20 nm; CAg-25 nm and Au-20 nm) and LPS at 

concentration of 1 μg/ml for 3h with and without NAC pretreatment and checked for NF-

κB activity in the nuclear extracts. * Denotes statistical significance over untreated 

controls. 

Ag and Al NPs showed significant induction of NF-κB translocation, 

followed by CB and CAg NPs. The NF-κB activation induced by NPs and 

LPS was repressed by the treatment with NAC, a known antioxidant, 
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suggesting the role of ROS in NF-κB activation. Au NPs, on the other hand, 

showed lower activation of NF-κB in comparison to all other nanoparticles 

tested.  

 

1.3.6. Effect of Nanoparticles on COX-2 and TNF-α mRNA and 

          Protein Expression 

To verify whether there is any pro-inflammatory effect of NPs on 

macrophages, the expression of COX-2, a major mediator of inflammation 

and TNF-α, a traditional cyclooxygenase-2 inducer were analyzed by RT-

PCR and Western blot analysis. The results presented clearly suggest the 

induction of COX-2 and TNF-α gene expression in macrophages expressed 

to various NPs and LPS. 

 

i. Induction of COX-2 and TNF- α with Ag and Al NPs: RAW 264.7 cells 

were exposed to Ag and Al NPs at a concentration of 5 μg/ml for 6-48 h, 

and the induction of COX-2 and TNF-α was monitored. A significant 

induction of COX-2 and TNF-α expression was observed with both Ag and 

Al NPs at mRNA (Figure 1.6A) and protein (Figure 1.6B) levels, which was 

dependent on the size of NPs and duration of exposure. While increase in 

the size of NPs showed a slight decrease in the induction of COX-2 and 

TNF-α, the increase in exposure time showed gradual increases in COX-2 

and TNF-α mRNA and protein induction up to 24 h and 48 h observation, 

respectively.  
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Figure 1.6A. Effect of Ag and Al NPs on RAW 264.7 cells: Cells were treated with 5 μg/ml 
Ag-15 nm, 40 nm and Al-20 nm, 50 nm nanoparticles.  Total RNA was isolated at 6h, 12h 
and 24h after treatment and subjected to RT-PCR analysis using COX-2 and TNF-α 
specific primers as described in the methodology. GAPDH was used as an internal control. 
Bar graph represents densitometric values of COX-2 and TNF-α level. 
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Figure 1.6B. Effect of Ag and Al NPs on RAW 264.7 cells: Cells were treated with 5 μg/ml 
Ag-15 nm, 40 nm and Al-20 nm, 50 nm nanoparticles.  Aliquots of cell lysates prepared 
after 6-48h exposure were resolved by SDS-PAGE and analyzed for COX-2 and TNF-α 
protein expression by Western blotting. β-actin was used as an internal control to monitor 
equal loading. Bar graph represents densitometric values of COX-2 and TNF-α level. 
 

ii. Stimulation of COX-2 and TNF-α with CB and CAg NPs: Induction of 

COX-2 and TNF-α was studied upon exposure of RAW cells to CB and CAg 

NPs. Since carbon NPs showed less toxicity or higher cell viability 
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compared to silver NPs, we checked if the carbon coating of the silver NPs 

would reduce the pro-inflammatory effects.  

 

Figure 1.7A.  Effect of CB and CAg NPs on RAW 264.7 cells: Cells were treated with 5 
μg/ml CB-20 nm, 40 nm and CAg-25 nm, 45 nm nanoparticles. Total RNA was isolated 
after 6h, 12h and 24h of exposure and subjected to RT-PCR analysis using COX-2 and 
TNF-α specific primers as described in the methodology. GAPDH was used as an internal 
control. Bar graph represents densitometric values of COX-2 and TNF-α level. 
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Figure 1.7B.  Effect of CB and CAg NPs on RAW 264.7 cells: Cells were treated with 5 
μg/ml CB-20 nm, 40 nm and CAg-25 nm, 45 nm nanoparticles. Aliquots of cell lysates 
prepared after 6-48h exposure were resolved by SDS-PAGE and analyzed for COX-2 and 
TNF-α protein expression by Western blotting. β-actin was used as an internal control to 
monitor equal loading. Bar graph represents densitometric values of COX-2 and TNF-α 
level. * Denotes statistical significance (P<0.05) over untreated controls. 
 

These studies showed maximum induction of COX-2 and TNF-α expression 

at mRNA (Figure 1.7A) and protein (Figure 1.7B) levels upto 24 h and 48 h, 

respectively. However, the induction of COX-2 and TNF-α in CAg and CB 
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NPs was much lower when compared to Ag (without carbon coating) and 

Al NPs. When compared, carbon coated silver NPs showed a significant 

degree of difference in COX-2 and TNF-α induction; where uncoated silver 

NPs showed the higher level of induction compared to carbon coated silver 

nanoparticles. 

 

iii. Effects of Au NPs and LPS on COX-2 and TNF-α expression: 

Interestingly, when RAW 264.7 cells were exposed to Au NPs (20 nm and 40 

nm) at concentration of 5 μg/ml for 6-48 h, there was no considerable 

induction of COX-2 and TNF-α at both mRNA (Figure 1.8A) and protein 

(Figure 1.8B) levels at initial time points, but a slight induction was 

observed at 24 h (mRNA) and 48 h (protein) of exposure.  
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Figure 1.8AB. Effect of Au NPs and LPS on RAW 264.7 cells: Cells were treated with 5 
μg/ml Au-20 nm, 40 nm nanoparticles. (A) Total RNA was isolated after 6h, 12h and 24h 
exposure was subjected to RT-PCR analysis using COX-2 and TNF- α specific primers as 
described in the methodology. GAPDH was internal control. (B) Aliquots of cell lysates 
were resolved by SDS-PAGE and analyzed for COX-2 and TNF-α protein expression by 
Western blotting.  β-actin was internal control to monitor equal loading. Bar graph 
represents densitometric values of COX-2 and TNF- α levels upon Au NPs treatment.  
* Denotes statistical significance (P<0.05) over untreated controls. 
 

Exposure of macrophages to LPS (1 μg/ml), a known pro-inflammatory 

agent, showed a dramatic time dependent induction of COX-2 expression 

(Figure 1.8C). In order to rule out the possibility of bacterial LPS 

contamination which could be responsible for the observed pro-

inflammatory responses, an endotoxin detection assay was done (LAL 

chromogenic assay kit). The NPs employed in the present study showed 

very low to negligible LPS level, ruling out such a possibility. 
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Figure 1.8C. Effect of LPS on RAW 264.7 cells: Macrophages were treated with 1 μg/ml 
LPS for 6–48 h. COX-2 mRNA and protein expression was checked using RT-PCR and 
Western blot analysis.   

 

1.3.7. Induction of Pro-inflammatory Cytokine IL-6 by 

          Nanoparticles 

Macrophages are able to secrete inflammatory mediators like 

cytokines upon stimulation by various agents. In the present study the 

cellular release of the cytokine IL-6 into the culture medium was measured 

when macrophages were exposed to various NPs at 5 μg/ml concentration 

(Figure 1.9). Ag (15, 40 nm) and CAg (25, 45 nm) NPs showed a significant 

release of IL-6 from RAW 264.7 macrophages after 48 h. Similarly, Al (20, 50 

nm) and CB (20, 40 nm) NPs also induced the release of IL-6 in to the 

medium but not to the extent recorded with Ag and CAg NPs. Au (20, 40 

nm) NPs, however, showed no appreciable release of IL-6 from RAW 264.7 

cells. The positive control bacterial endotoxin, LPS (1 μg/ml) showed a 

significant induction of IL-6. 
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Figure 1.9. Effect of NPs on the release of IL-6 from mouse macrophage cells RAW 264.7: 

Cells were treated with 5 μg/ml of NPs (Ag-15, 40 nm; Al-20, 50 nm; CB-20, 40 nm; CAg-

25, 45 nm and Au-20, 40 nm) and LPS at concentration of 1 μg/ml for 48 h and the 

culture supernatant was analyzed for the IL-6 concentration. Results are the mean ± SD (n 

= 3). * Denotes statistical significance (P<0.05) over untreated controls. 
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1.4. Discussion 

There is growing importance of nanotechnology to improve the 

quality of human life through its impact on medicine, discovery of disease 

state biomarkers, in vivo molecular diagnostics and drug delivery systems 

(Medina et al., 2007). In view of their growing use in varied areas, there is 

need to understand the adversities of exposure to nanomaterials. Available 

evidences suggest that many of the metal NPs that are being used have 

cytotoxic effects. Recent studies have also suggested the pro-inflammatory 

effects of metal and carbon based NPs in animals and cultured cell systems 

(Braydich-Stolle et al., 2005; Hussain et al., 2005; Magrez et al., 2006). Hence, 

there is an immediate need for a framework to understand the impact of 

these novel nanomaterials on human health and environment and to 

evaluate the molecular mechanisms involved, so as to develop reliable 

methods for their risk assessment. 

In the present study we have used mouse macrophage RAW264.7 

cells to assess the inflammatory response of various NPs. Macrophages 

represent a primary line of defense to foreign materials. The macrophage 

phenotype generates reactive oxygen or nitrogen species as well as a 

plethora of inflammatory cytokines that facilitate killing of invading 

pathogens and cancer cells. We have employed LPS, a known inflammatory 

activator of macrophages as a standard pro-inflammatory mediator. 

Induction of COX-2 and other pro-inflammatory genes by LPS through ROS 
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and NF-κB mediated pathway is a well established mechanism (Lu and 

Wahl, 2005). The pro-inflammatory effects elicited by the Ag and Al NPs 

were observed to be similar to the effects of LPS. Although there have been 

studies showing that NPs provoked ROS generation is responsible for the 

cytotoxicity, there are only a few reports suggesting the induction of pro-

inflammatory markers such as TNF-α and COX-2. In a recent study it has 

been shown that vehicular exhaust particulates generated from incomplete 

fuel combustion upregulate COX-2 and PGE2 through ROS generation in 

exposed rat vascular smooth muscle cells (Tzeng et al., 2007). The 

production of ROS, induction of inflammation and ensuing cytotoxicity has 

been described for many different forms of fine, ultrafine and nanosized 

particles (Brown et al., 2004; Hiura et al., 1999). The oxidative stress induced 

redox signaling is known to involve the activation of transcription factors 

(NF-κB/AP-1), which in turn induce the expression of various pro-

inflammatory genes like COX-2, TNF-α and IL-6 (Castranova, 2004; 

Hashimoto et al., 2013). Among these COX-2, the regulatory enzyme 

involved in the production of pro-inflammatory prostaglandin E2 (PGE2), 

forms a key marker of inflammation. 

In the present study, mouse macrophages in culture were incubated 

with different NPs and analyzed the effects of size and duration of 

exposure. The NPs were well dispersed within the cell, without any 

considerable aggregation, suggesting that the pro-inflammatory effects 
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observed are mediated by the finely dispersed NPs. The NPs employed in 

the present study were found to be free from LPS, also suggesting the role 

of NPs in eliciting inflammatory responses. Thus the finely dispersed NPs 

which are free from contaminating LPS showed induction of pro-

inflammatory gene expression, which was dependent on the nature and size 

of NPs and duration of exposure. Results showed induction of COX-2, 

which was the highest in cells exposed to silver NPs followed by aluminum, 

carbon black and carbon coated silver NPs. The induction of COX-2, TNF-α 

and IL-6 decreased with the increase in the size of NPs, but increased 

gradually with increasing duration of exposure up to 48 h. As ROS 

mediated redox signaling is a well known mechanism to induce COX-2 

expression (Lu and Wahl, 2005; Tzeng et al., 2007), the generation of ROS 

was measured in NP exposed macrophages. These studies showed a trend 

similar to COX-2 expression, with the highest ROS levels in cells exposed to 

Ag NPs followed by Al, CB, CAg NPs, suggesting a key role of ROS in 

COX-2 induction. These pro-inflammatory effects of NPs may have been 

mediated by the NF-κB activation and subsequent pro-inflammatory genes 

expression. Hence in the present study we have investigated NF-κB as an 

upstream event of NP initiated oxidative stress that induces expression of 

pro-inflammatory genes. Compared to the untreated cells Ag NPs showed a 

significant increase in the translocation of NF-κB 65 and 50 kDa subunits to 

nucleus, followed by Al, CB, CAg nanoparticles. When macrophages were 
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treated with NAC, the known antioxidant, prior to NPs exposure, NF-κB 

activation was diminished, suggesting a possible role for ROS in the 

activation of NF-κB by NPs.  

Gold nanoparticles, on the other hand, provided interesting results 

showing negligible effects at 6h and 12 h time points and low expression of 

the pro-inflammatory genes at 24 h (mRNA) and 48h (protein) as compared 

with the other NPs and LPS. The ROS generation was in fact quenched 

upon exposure of macrophages to these NPs, equivalent to NAC 

pretreatment. Correlating well with the ROS generation, gold NPs showed 

neither NF-κB activation (p65) nor NF-κB translocation (p65/p50). And 

there was also no appreciable IL6 release. These observations are not 

conclusive that gold NPs are completely safe, but supports the earlier 

reports on gold NPs being not acutely cytotoxic (Patra et al., 2007).  Further 

work will be required to determine if phenotypic or cytotoxic chronic 

changes occur with long term exposures to gold NPs. 

In conclusion silver NPs showed a greater degree of pro-

inflammatory effects, when incubated with the mouse macrophage cell line, 

RAW 264.7, by inducing pro-inflammatory markers like COX-2, TNF-α and 

IL-6 through ROS- NF-κB signaling pathway. This pro-inflammatory 

response pattern was similar, but progressively less intense in case of Al, 

CB and CAg NPs. The induction of pro-inflammatory markers decreased 

with increase in the nanoparticle size, and increased with increasing 
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duration of exposure. In addition, carbon- coating of the NPs appear to 

down regulate the pro-inflammatory effects of silver NPs. In contrast, 

macrophages did not show remarkable inflammatory responses with two 

nanosizes of Au particles compared to other particles used in the study.  In 

summary, four important factors – elemental nature, size, duration of 

exposure and surface coating of NPs seem to play a vital role in the 

inflammogenicity of NPs. These studies also suggest the potential use of 

monitoring the expression of COX-2 in a macrophage-based in vitro system 

for evaluating the inflammatory responses of the metal and carbon based 

nanoparticles. In order to further understand the other protein players that 

would be involved in the effects of nanoparticles, the changes in the global 

proteome were investigated. 
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Evaluation of responses of RAW 264.7 macrophages upon 

exposure to the nanoparticles: A proteomics approach 
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2.1. Introduction  

           The increasing understanding that nanoparticles and nanomaterials 

can have adverse effects on the environment and human and animal health, 

calls for a mechanistic study on their adverse effects and biocompatibility. It 

would be essential to look at not just one or two parameters but to 

understand the effects globally or in totality. By studying the global pattern 

of proteins and analyzing how these change during development or in 

response to external environmental changes, will boost our understanding 

of systems-level cellular behavior. A proteomics approach would be the 

most suitable way to do so. It would help us gain better insights into the 

pharmacological, toxicological and pathophysiological effects of the 

nanoparticles and also helps identify new protein markers.  

 

2.1.1. Global Proteome Profile 

The term proteome refers to the protein equivalent of the genome. It 

comprises the complete set of gene products that are synthesized by the 

genome, and the analysis of these gene products has been termed 

proteomics (Yarmush and Jayaraman, 2002). Proteome is a very dynamic 

and complex entity that defines the cellular behavior and function. 

Although every cell in an organism carries the same genome, the proteome 

seems to vary largely and this variation is what defines a particular cell 

type. The dynamics of the proteome in a cell are generally influenced and 
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altered by the function and environment that the cell is in.  It is thus, a 

demand and supply situation of the cell that dictates the expression of the 

static genome as the dynamic proteome. And since, proteins are the effector 

molecules; the study of the proteome has been the classical approach in 

understanding the cellular function and behavior (Aebersold and Goodlett, 

2001).  There are several post translational protein modifications (e.g., 

phosphorylation, glycosylation, ubiquitination, and methylation) that 

influence the behavior of the proteins. The studies on mRNA expression at 

the transcriptional level can only partly serve the purpose of understanding 

the cellular behavior during various biological processes. The cellular 

events such as localization of proteins to certain organelles, sequestration 

and recycling cannot be understood by simple transcriptional analysis. This 

emphasizes the need to study the proteome of the cell at given variable 

conditions (de Hoog and Mann, 2004). 

 

2.1.2. Two-dimensional Electrophoresis 

There are several analytical methods including two-dimensional gel 

electrophoresis (2DE) and amino acid sequencing which are being used for 

the identification and characterization of proteins. Two-dimensional 

electrophoresis was popularized with the advent of the idea of proteomics 

and proteome analysis. Two-dimensional gel electrophoresis was an 

extension of 1-D SDS-PAGE, that increased the number of proteins resolved 
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on an electrophoresis gel by separating the proteins based on their native 

charge and molecular mass. The first attempt to separate the serum proteins 

using a 2-D combination of paper and starch gel electrophoresis was made 

by Smithies and Poulik in 1956. Later, in the year 1975 O'Farrell and Klose 

introduced the basic method of 2-DE that now is a crucial technology in the 

field of proteomics. Combining isoelectric focusing (IEF) for the first 

dimension separation with SDS-PAGE in the second dimension resulted in 

a 2-D method in which proteins were being distributed across the two-

dimensional gel profile (Dunn and Gorg, 2001). 2DE followed by mass 

spectrometry and bioinformatics has now become a well established 

approach for any proteomics study. Advancements in mass spectrometry to 

allow higher image quality, sensitivity and resolution, as well as 

development of better software for more efficient data mining provides 

more and detailed information of the proteome. Thus, this state-of-the-art 

technology involves separation, identification and quantification of 

proteins. It also offers several advantages which include the identification of 

marker proteins amongst a large protein pool of cell or tissue extracts, 

provide a greater level of the purified protein for subsequent 

characterization using mass spectrometry (Westermeier, 2005).  
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2.1.3. MALDI- MS/MS for Protein Identification 

There have been some major developments in the analytical methods 

due to the improvement of mass spectrometric (MS) methods (Bantscheff et 

al., 2007). MS for protein identification relies on the digestion of protein 

samples into peptides by a sequence-specific protease such as trypsin. 

Peptides are much more amenable to MS analysis than the whole proteins 

(Steen et al., 2004). After the proteins are digested, the peptides are often 

delivered to a mass spectrometer for analysis via chromatographic 

separation coupled online to electrospray ionization (LC-MS for liquid 

chromatography mass spectrometry). Matrix-assisted laser 

desorption/ionization (MALDI) is an alternative ionization method. When 

MALDI is used, the samples of interest are solidified within an acidified 

matrix, which absorbs energy in a specific UV range and dissipates the 

energy thermally. This rapidly transferred energy generates a vaporized 

plume of matrix and thereby simultaneously ejects the analytes into the gas 

phase where they acquire charge. A strong electrical field between the 

MALDI plate and the entrance of the MS tube forces the charged analytes to 

rapidly reach the entrance at different speeds based on their mass-to-charge 

(m/z) ratios. A significant advantage of MALDI-TOF is that it is relatively 

easy to perform protein or peptide identification with moderate throughput 

i.e., 96 samples at a time (Van Bramer, 1998). MALDI-MS provides a rapid 

way to identify proteins when a fully decoded genome is available because 
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the deduced masses of the resolved analytes can be compared to those 

calculated for the predicted products of all of the genes in the genomes of 

an organism. 

Proteomics technologies, such as 2D gel electrophoresis (2-DE) and 

analytical techniques like MALDI give a momentary snapshot of the 

proteome of a cell or tissue and identification of selective proteins, 

respectively (Rubakhin et al., 2005). A proteomics map derived from 2-DE 

provides data on the charge, mass and abundance of approximately 2000 

individual proteins or spots consisting of similar proteins. The number of 

proteins that can be visualized using a proteomics map will increase as the 

detection technology advances. The management of such vast amounts of 

information, and the recognition of the subset of proteins that play a critical 

role in a particular physiological, pharmacological or toxicological situation, 

is a daunting task.  

Earlier we have screened various nanoparticles (silver, aluminium, 

carbon, carbon coated silver and gold) for their inflammatory responses in a 

typical cell line- mouse macrophage cell line, RAW264.7 (Nishanth et al., 

2011). These studies revealed the induction of inflammatory responses in 

macrophages by silver, aluminium, carbon black and carbon coated silver 

nanoparticles. Gold nanoparticles, on the other hand had no inflammatory 

effects on the macrophage cell line. This prompted us to further understand 

and identify the other marker proteins that could play a role in the effects 
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brought about by the nanoparticles. The present study is aimed to 

understand the global changes in the protein profile of the macrophage cells 

RAW 264.7 exposed to the various nanoparticles. Macrophages being the 

first immune cells to counter any foreign material entering the circulation 

we have chosen to study the effect of nanoparticles on these cells. The 

specific objectives are: 

 Understanding the differential global proteome of the 

macrophages after exposure to silver and gold 

nanoparticles. 

 Identification of key protein players involved in the effects 

of nanoparticles. 
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2.2. Materials and Methods 

2.2.1. Materials  

Phosphate buffered saline (PBS), RPMI 1640, Fetal Bovine Serum 

(FBS), Penicillin and Streptomycin were purchased from Gibco BRL 

(California, USA), Bio-lyte ampholytes were procured from Bio-Rad 

(Hercules, CA). All the other chemicals and reagents were purchased from 

Sigma Aldrich and are of molecular biology grade. Ultra pure DI-water was 

prepared using a Milli-Q system (Millipore, Bangalore, India). Silver (Ag-10 

nm and 40 nm) nanoparticles were purchased from nanocomposix and 

Gold NPs (Au; 10 nm, 40 nm) were prepared from Gold (III) chloride 

trihydrate, procured from Sigma (St Louis, MO), by citrate reduction of 

HAuCl4.  

 

2.2.2. Cell Culture and Sample Preparation 

Mouse Macrophage cells (RAW. 264.7) were grown in RPMI 1640 

medium supplemented with 10% heat inactivated FBS, 100 IU/ml 

penicillin, 100 μg/ml streptomycin and 2mM L-glutamine. The cells were 

maintained in a humidified atmosphere with 5% CO2 at 37ºC. The cells 

were exposed to 5μg/ml nanoparticles at 60% confluence and harvested 

after 24hrs. Cells were washed with PBS and suspended in a lysis buffer (20 

mM Tris, 1 mM EDTA, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxy 

cholate, 1 mM β-glycerophosphate, 1 mM sodium orthovanadate, 1 mM 
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PMSF, 10 μg/ml leupeptin, 20 μg/ml aprotinin). After 30 min incubation at 

4 C, the mixtures were centrifuged (10,000 x g) for 10 min, and the 

supernatants were collected as the whole-cell extracts.  The proteins were 

then precipitated by cold acetone with 10% trichloroacetic acid overnight. 

After centrifugation, the protein pellet was washed with cold acetone 

followed by air drying, and then resuspended in the rehydration buffer 

containing 7 M urea, 2 M thiourea, 4% CHAPS, 2% Bio-Lyte 3/10 and 50 

mM dithiothreitol (DTT) (Sigma, St. Louis, MO). Protein concentration was 

assessed using a Bio-Rad detergent compatible kit as per the manufacturer 

instructions. 

 

2.2.3. Two-dimensional Gel Electrophoresis 

 For the first-dimension IEF, pH 4-7 non-linear range IPG strips (7 

cm) were rehydrated with 125 μl of solubilized sample (130 μg protein 

amount) for 12 h before the sample was separated by IEF at 50 V for 10 h, 

500 V for 30 min, 5000 V for 2h30 min, 5000 V for 25000Vh, and finally 500 V 

for 10 h. Prior to the second dimension SDS-PAGE, the IPG strips were 

equilibrated with 2 ml of equilibration buffer consisting of 0.375 M Tris, 6 M 

urea, 2% SDS, 20% glycerol and 0.02 g/ml DTT at 25°C for 15 min followed 

by equilibration in 0.375 M Tris, 6 M urea, 2% SDS, 20% glycerol and 0.025 

g/ml iodoacetamide (IAA) at 25°C for 15 min. For the second dimensional 

SDS-PAGE a 12.5% separating gel was used and performed without a 
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stacking gel. The equilibrated IPG gel strip was placed on top of the SDS-

PAGE gel and was sealed with 0.5% low-melting temperature agarose with 

0.01% bromophenol blue. Electrophoresis was carried out at 75-150 V until 

the tracking dye reached the bottom of the gel. After 2-DE, proteins in gel 

were stained with Commassie Brilliant Blue G-250. 

 

2.2.4. Quantitative Analysis of the Proteins in the 2-DE 

Protein pattern images in 2-DE SDS-PAGE were obtained using a 

high-resolution Image scanner GE healthcare and the amount of protein in 

each spot was estimated using ImageMaster 2D Platinum software (v6.0, 

GE Healthcare Bio-Sciences AB). The volume report was generated and to 

correct quantitative variations in the intensity of protein spots, spot 

volumes were normalized as a percentage of the total volume of all the 

spots present in each gel. 

 

2.2.5. Protein Identification by Mass Spectrometry 

The protein spots were manually excised from 2-DE gels, destained, 

washed and in-gel digested. The gel pieces were dehydrated and dried by 

SpeedVac concentrator, the dried gel pieces were rehydrated with 20 ng of 

modified trypsin (sequencing grade, Promega, Madison, WI, USA) in 25 

mM ammonium bicarbonate (pH 8.5) at 37°C for 16 h. The tryptic peptide 

mixture was concentrated and immediately redissolved for protein 
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identification. Matrix assisted laser desorption ionization time-of-flight 

mass spectrometer (MALDI-TOF MS) (Autoflex III, Bruker Daltonics, 

Bremen, Germany) was employed for peptide mass fingerprinting (PMF) 

analysis. We subsequently searched all peak lists against Mascot engine 

with Swiss- Prot database. The search parameters allowed for one missed 

cleavage tryptic peptides, oxidation of methionine, carbamidomethylation 

of cysteine and at least 50 ppm mass accuracy.  
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2.3. Results 

2.3.1. Differential Protein Expression Pattern   

The 2DE gel images of the whole cell lysates of RAW 264.7 

marophage cells either exposed to 5 μg/ml for 24 h or unexposed were 

analyzed using the Image Master Platinum 6.0 (Figure 2.1) and the spot 

intensities have been represented here below in the form of a heat map 

(Figure2.2). The differentially expressed spots were categorized into four 

groups based on the differences in the spot intensity compared to the 

control. 

                    

(A)  Control 

Figure 2.1 2DE gel images of the cell lysates of RAW 264.7 cells: (A) Untreated cells were 
used as control. The IEF was carried out in pI range 4-7. 
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        (B) Ag 10 

           

                     (C) Ag 40 

Figure 2.1 2DE gel images of the cell lysates of RAW 264.7 cells: (B,C) Cells were treated 
with 5 μg/ml of Ag 10 and 40 nm NPs for 24 h. The IEF was carried out in pI range 4-7. 
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      (D) Au 10 

                      

           (E) Au 40 

Figure 2.1 2DE gel images of the cell lysates of RAW 264.7 cells: (D, E) Cells were treated 
with 5 μg/ml of Au 10 and 40 nm NPs for 24 h. The IEF was carried out in pI range 4-7.  
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Figure 2.2 Heat map of the spot intensities of the proteins extracted from RAW 264.7 cells: 
Cells were exposed to 5 μg/ml Ag and Au 10 and 40 nm NPs for 24hrs. Spot intensities as 
compared to the untreated control.  

 

Spots that showed 2 fold or more increased intensity compared to the 

control were considered upregulated and 2 fold or more decreased intensity 

compared to the control have been considered down regulated. Anything 

below the 2 fold intensity difference were considered as having no change. 
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There were a group of spots that were not detected by the software and 

these were grouped under the non detectable category (Table 2.1). 

 

Table 2.1. Differentially expressed spots upon exposure to silver and gold 
nanoparticles  
 

Treatment Upregulated Downregulated 
No 

change 

Not detected 

in treated 
Total 

Ag10 44 66 36 53 199 

Ag40 44 28 62 65 199 

Au10 40 37 23 99 199 

Au40 34 80 20 65 199 

 

 

2.3.2. Identification of the Proteins using MALDI-MS/MS 

The spots that showed maximum differential expression with Ag 

NPs and Au NPs were picked up for identification and the list is presented 

in the table 2.2 and table 2.3 below, respectively. In case of exposure of 

macrophages to Ag NPs there were two spots which showed marked 

upregulation.  One among them that showed a 12 fold increase was 

identified by the Mascot database search as Chloride intracellular channel 

(CLIC-1). It has been implicated in oxidative stress conditions (Stefania et 

al., 2010). 
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Table 2.2. List of differentially expressed proteins identified in  
                  RAW 264.7 cells upon exposure to silver nanoparticles.    
 

Protein name 
Fold 

change 

Mol 

wt 

KDa 

pI Score 

% 

Seqence 

match 

Cathepsin B 7 ↑ 38 5.57 249 9 

Chloride intracellular channel-1 

(CLIC-1) 
12 ↑ 27 5.09 57 12 

Macrophage simulating factor 1 

receptor (MSt1R) 
3 ↑ 152 6.71 28 0.2 

Patatin like phospholipase 

protein 
2.9 ↑ 151 6.47 28 1 

ATP synthase subunit D (ATP5H) 2 ↑ 18 5.52 77 13 

Galectin 2.75 ↓ 15 5.32 19 23 

Map 3 Kinase 13 (M3K13) 

Not 

detected 

* 

108 6.27 26 1 

* Not detected in cells exposed to Ag NPs 

 

  The spot which was 7 fold upregulated upon exposure to Ag NPs 

was identified as Cathepsin B, a lysosomal protease that is involved in 

autophagy, protein post translational modification and trafficking (Ha et al., 

2008).  

In case of macrophages exposed to Au NPs one of the spots that 

showed a notable down-regulation corresponded to Enolase-1 or α-Enolase, 

which is an auto antigen that aggravates the inflammation in rheumatoid 

arthritis. The down regulation of this protein in Au NPs treated samples 

could be of some significance in therapy. 
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Table 2.3. List of differentially expressed proteins identified in  

                   RAW 264.7 cells upon exposure to gold nanoparticles.    

 

Protein name 

Fold 

change 

Mol 

wt 

KDa 

pI Score 

% 

Sequence 

match 

α-Enolase 2.69 ↓ 47 6.37 127 6 

Heat Shock cognate 70 2 ↑ 71 5.3 92 5 

T-cp1 theta T-complex protein 1 3.6 ↑ 60 5..44 57 3 

M3K13 Map 3 Kinase 13 
Detected 

in Au 
108 6.27 26 1 

 

 Map3 Kinase 13 was detected in control and Au NPs treated cells but 

not detected in Ag NPs treated cells. This probably could be due to the 

phosphorylation and ubiqutinylation following the signal transduction, in 

case of Ag NPs treated cells. 
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2.4. Discussion 

 The Chloride intracellular channel (CLIC-1) is an evolutionarily 

conserved protein of the Metazoa, and structurally similar to Glutathione S-

transferase fold superfamily. The biological role and the significance of its 

structural conservation are not well understood, but there is increasing 

evidence that it is involved in maintaining the redox homeostasis of the cells 

(Averaimo et al., 2010, Littler et al., 2010). Reports suggest that in oxidative 

stress conditions, expression of   CLIC-1 is increased. CLIC-1 is shown to be 

localized in phagosomal membranes and has a role in phagosomal 

acidification as well (Jiang et al., 2012). The CLIC-1 expression in microglial 

cells is consistently upregulated in the presence of Aβ-amyloid protein, 

leading to the chronic inflammatory conditions in Alzhimers Disease where 

there is increase in proinflammatory cytokines like TNF-α production 

(Novarina et al., 2004). CLIC-1 has also been upregulated in several other 

pathophisiolgical conditions such as arthritis, gastric cancer, 

heptocellularcarinoma. CLIC-1 has also been implicated in cell cycle 

regulation, apoptosis, cellular adhesion and motility. It has also been 

speculated that CLIC-1 expression may be involved in cellular transformation 

due to its involvement in the cell cycle regulation (Chen et al., 2007).  The 

results of the present study in accordance with the earlier reports reiterate the 

fact that CLIC-1 could me an important marker to be studied in nanoparticle 

induced inflammatory responses.   
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 Cathepsin B, a lysosomal protease involved in the degradation and 

processing of the lysosomal proteins (McGrath, 1999), is upregulated in cells 

exposed to Ag NPs.  It has been reported that Cathepsin B is associated with 

inflammosome formation and vesicle trafficking.  Ha et al (2008) demonstrated 

in macrophages, the involvement of Cathepsin B in trafficking the tumour 

necrosis factor-α (TNF-α) containing vesicles to the plasma membrane. There 

are some reports showing the involvement of Cathepsin B in inflammosome 

formation stimulated by the silica crystals and aluminium salts (Hornung et al., 

2008).     

 Enolase is a glycolytic pathway enzyme that catalyses the conversion 

of 2-phosphoglycerate to phosphoenolpyruvate in the last but one reaction. It 

is one of the very highly conserved proteins across species from bacteria to 

humans. It exists in three isoforms in vertebrates: α-enolase (ENO-1), β- 

enolase (ENO-2) and γ- enolase (ENO-3). Although enolases have been 

thought to have only enzymatic function, of late there is increasing evidence of 

their role in various physiological functions, especially α-enolase is involved in 

the plasminogen mediated monocyte and macrophage activation. Its surface 

expression on monocytes and macrophages is also reported in induction of 

inflammation in rheumatoid arthritis (Bae et al., 2012). The down regulation of 

α-enolase in the presence of Au NPs may be of therapeutic importance as there 

are some Ayurvedic formulations that contain gold colloids which are used for 

treating arthritis.  
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Galectins are a family of β-galactoside binding proteins with 14KDa 

molecular weight. There are a group of 15 different isoforms that have been 

identified which may be in monomeric or homodimeric states. Among these 

Galectin-1 and Galectin-3 are known to be antagonistic in their activities. 

Galectin-1 is mostly anti-inflammatory in its effects (Rabinovich et al., 2000). In 

the present study the expression of Galectin-1 is decreased in case of Ag NPs 

treated samples which may indicate that its decrease may promote the pro-

inflammatory responses by the Ag NPs. 

Mitogen activated protein 3 kinase 13 (M3K13) is an upstream protein 

in the MAP kinase pathway and is involved in the signal transduction 

pathways of inflammation and cell survival (Masaka, 2003). The presence of 

M3K13 in control and gold NPs treated cells and its absence in the silver NPs 

treated cells may be due to the fact that the silver NPs could generate the 

signal, convert it to the phospho form that triggers the NF-κB and then could 

have been ubiquitinylated. This correlates well to the findings of NF-κB 

mediated COX-2 induction by silver NPs and not by gold NPs. These studies 

explain the mechanism behind activation of pro-inflammatory signals 

observed in cells exposed to Ag NPs and no such activation in cells exposed to 

Au NPs.  

A recent study by Lim et al., 2012 reported the induction of HO-1, IL-8, 

HSP-70 expression upon exposure to Ag NPs. In our present study these have 

not been identified but other pro-inflammatory markers such as CLIC-1 and 

Cathepsin B over-expression was noticed. In conclusion, CLIC-1 and Cathepsin 
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B could be used as good markers along with COX-2, in evaluating the 

biocompatibility of nanoparticles.  
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Biocompatibility of nanoparticles in vitro: Effect on stem cells 
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3.1. Introduction 

           Nanomatertials have been exploited for innumerable number of 

applications in industry, health care, and basic research. Engineered 

nanomaterials especially silver and gold nanoparticles have been attracting 

the attention of industry and the research community due to their unique 

physicochemical properties. Silver nanoparticles are used as antimicrobials 

in wound healing, sterilization of surgical instruments and catheters, 

nanosilver coatings on implantable devices like heart valves, neurological 

catheters, in bone cement and dental fillings (Salata, 2004). Gold 

nanoparticles are being used in drug delivery, cancer therapy and tumor 

ablation by photo thermal excitation, for stem cell tracking within the 

organism (Brown et al., 2010, Cai et al., 2008, Nagesh et al., 2007). This 

increase in use also calls for the development of evaluation methods and 

safety parameters not only on various tissue somatic cell types but also on 

stem cells. There have been lot of reports throwing light on the adverse 

effects of the nanomaterials in vitro and in vivo but there are very limited 

studies on their effects on stem cells (both embryonic or adult). The 

understanding and development of stem cell technology has opened up the 

vistas at establishing the screening systems to study the embryotoxicity and 

effects on embryonic as well as adult stem cells.  
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3.1.1. Stem Cells  

Stem cells are undeveloped cells capable of self-renewal, 

proliferation and differentiating into any cell type in the complex tissues 

present in the body of a multicellular organism. Stem cells are critical to 

both embryogenesis and postnatal life (Tuch, 2006). The term stem cells was 

first coined in 1908 by the Russian histologist Alexander Maksimov in 

relation to hematopoietic pluripotent cells. But it was much later, in the 

1960s that there was more evidence of stem cell existence in adult 

neurogenesis which was a controversial revelation. Followed by this there 

were several reports suggesting that self-renewing cells do exist. The Nobel 

Prize winning work by Prof. Martin Evans and his colleagues on embryonic 

stem cells was an important development in using and understanding the 

stem cells. 

 

3.1.2. Types of Stem Cells 

Embryonic stem cells (ESCs) 

Stem cells can be embryonic or non embryonic ie., adult stem cells in 

nature. Embryonic stem cells are derived from the inner cell mass of a 

blastocyst. Embryonic stem cells are totipotent and capable of 

differentiating into all cell types. Mouse embryonic stem cell lines were the 

first to be established in the cell culture by Evans et al., in 1981 followed by 

establishment of human embryonic stem cells in 1998. Thus far at least 225 

human ESCs have been established (Tuch, 2006).  
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Figure 3.1 Types of Stem cells; source: www.cyhsanatomy1.wikispaces.com  

Embryonic stem cells require co-culturing with feeder layer of fibroblasts. 

These fibroblasts are known to secrete the factors that help in maintaining 

the undifferentiated state. Scientists have been able to identify that the 

mouse ESCs require leukemia inhibitory factory (LIF) in order to remain 

undifferentiated in the culture conditions and removal of the same would 

instantly lead to the differentiation of the ESCs (Fuchs and Segre, 2000). 

Adult stem cells  

Adult or non embryonic stem cells are pluripotent cells that are 

capable of differentiating into several cell types of a particular organ 

system. They help maintain the integrity and function of the organs by 

replenishing the cells lost due to regular wear and tear. In the last twenty 

years it is becoming increasingly evident that every tissue has a repository 

of pluripotent stem cells, and that these cells help in the regular 

regeneration, repair and self renewal of the tissues, for example 
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mesenchymal stem cells, hematopoietic stem cells, neural stem cells, 

keratinocyte stem cells, etc., (Sell, 2005).   

Induced pluripotent stem cells (iPSCs) 

 Recent advances in stem cell generation and culturing lead not only 

to the isolation and culturing of ESCs and adult stem cells but also 

reprogramming the somatic cells to function as stem cells. Such cells have 

been called induced pluripotent stem cells (iPSCs) and the stemness of these 

cells is conferred by expression of some of the transcription factors such as 

OCT4, SOX2, c-Myc, KLF4, NANOG, and LIN28 etc., (Fontes et al., 2013, Yu 

et al., 2007). The expression of a combination of any of the above mentioned 

factors by transfection reprograms the somatic cells to attain the de-

differentiated state. So far there have been different viral vectors and 

episomal vectors used for reprogramming somatic cells to form induced 

pluripotent stem cells (Yu et al., 2009). Induced pluripotent stem cells are 

being considered for various applications and one among them is the use of 

these in the safety evaluation. In the present study iPSCs have been used to 

look at the effects that the nanoparticles might cause on. 

   As is known, every tissue in an organism has some niches of 

stem cells, and that there would be every possibility of these cells being 

exposed to NPs if they are used for drug delivery, cancer therapy, stem cell 

tracking in vivo, it would be important to see how these cells are affected 

when they are exposed to NPs (Fereira et al., 2008). Silver and gold are 
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being considered as candidates in stem cell tracking in vivo based on the 

Surface Enhanced Raman spectroscopy imaging (Nagesh et al., 2007, 

Bankapur et al., 2012). But, the isolation and propagation of these stem cells 

in itself has been a challenging task as the numbers of these cells are very 

low and their propagation in large numbers in cultures has also been 

difficult. The iPSCs provide a promising candidature in such a situation, 

especially in case of humans, where acquiring the various organ specific 

stem cells would be very difficult. The iPSCs can also be used as a 

replacement for ESCs as well and avoid the ethical issues. They have also 

been found to show similar properties as ESCs, so they can be used for in 

vitro embryotoxicity screening studies too. This helps the development of 

rapid and comprehensive screening system for screening various 

nanoparticles in vitro. So, in this preliminary study we have checked the 

effect of nanoparticles on human induced pluripotent stem cells (hiPSCs) 

proliferation and observed the effects of nanoparticles on the morphology 

and growth of randomly differentiating embryoid bodies of hiPSCs. The 

specific objectives of the present study are: 

 Study the effect of nanoparticles on human induced 

pluripotent stem cells (hiPSCs) proliferation  

 Studying the effects of nanoparticles on the randomly 

differentiated embryoid bodies of hiPSCs. 
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3.1. Materials and Methods 

3.1.1. Materials  

Phosphate buffered saline (PBS), DMEM F12, Knockout serum 

supplement, Fetal Bovine Serum (FBS), Penicillin and Streptomycin, non essential 

amino acid mix, L-glutamine, beta mercaptoethanol were purchased from Gibco 

BRL. Human bFGF was acquired from Peprotech Inc. and Matrigel matrix from 

BD biosciences. All other cell culture ware was acquired from Corning Inc. Silver 

nanoparticles (Ag; 10nm, 40 nm) were obtained from Nanocomposix (USA) and 

gold NPs (Au; 10 nm, 40 nm) were prepared from Gold (III) chloride trihydrate, 

procured from Sigma (St Louis, MO), by citrate reduction of HAuCl4 (Sutherland 

and Winefordner, 1992).  

3.2.2. Culturing Human Induced Pluripotent Stem Cells (hiPSCs) 

The hiPSCs were derived from foetal foreskin cells and maintained as a cell 

line. They were co-cultured conventionally on mouse embryonic fibroblasts 

(MEFs) using DMEM F12 medium with 20% knockout serum, 1% Non essential 

amino acids, 1mM L-Glutamine, 0.1mM beta mercaptoethanol, 100ng/ml bFGF 

and 10,000 U/ml Pen Strep. Media was changed every day and the cells were 

passaged every fifth day by manual cutting. Prior to setting any experiment the 

cells were propagated in feeder free conditions on matrigel coated plates.  

3.2.3. Cell Viability Assay 

Ninetysix-well cell culture tested flat bottom plates were coated with 

matrigel and 2.5 x 10
3
 single cell hiPSCs were seeded per well using culture  
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medium, supplemented with 100 ng·mL-1 bFGF. After 48 h, medium was 

removed completely and fresh medium containing the nanoparticles at various 

concentrations was added. Three days later, 20 µl of MTS and phenazine 

methosulphate solution was added to the medium as per the manufacturer’s 

instructions. After 1–2 h incubation at 37°C the absorbance was measured with 

a TECAN spectrophotometer at 490 nm. 

 

3.2.4. Random Differentiation for Embryoid Body Formation 

Colonies were manually detached from culture plates and about 50–60 

hiPSC clumps, each clump containing approximately 100–150 cells, were 

added onto 5% pluronic-F127 (Sigma, Steinheim, Germany)-coated V-bottom 

96-well tissue culture grade plates and centrifuged. The clumps were 

centrifuged at 400xg for 4 min at 4°C. EBs were maintained in differentiation 

media containing DMEM F-12 , 20% KO-SR, 1% Non-essential amino acids, 

1mM L-glutamine 0.1mM β-mercaptoethanol 10,000 U/ml Pen Strep. On day 

4, EBs were picked manually transferred to pluronic (5%) coated 

bacteriological dishes. The embryoid bodies were maintained for 7 days on a 

horizontal shaker in differentiation medium containing the nanoparticles. 
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3.3.  Results 

3.3.1. Morphology and Differentiation of hiPSCs 

 The human induced pluripotent stem cells appear as well defined 

colonies with tight thick as shown in the figure 3.2. They reach full 

confluence in about five days and can be transferred from MEF co-

cultures on to matrigel coated dishes. 

 

  

      

 

Figure 3.2. Morphology of hiPSCs at various magnifications: Colonies were observed at 

                  2.5x (A), 4x (B) and 10x (C).   

 

These were then maintained for 3 to 4 days before setting up further 

experiments. The cells showed similar morphology on the matrigel dishes 

but the colonies spread to form a more confluent and monolayer like 

appearance. The feeder free iPSCs were then used for embryoid body 

formation in the v-shaped 96 well dishes. These were spherical loosely 

formed structures that have been carefully collected manually on day2 into 

a 10cm perti dishes. These EBs were either unexposed and served as control 

or exposed to nanoparticles.  

A B C 
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3.3.1. Effect of Nanoparticles on Proliferation of  Stem Cell  

      The hiPSCs were exposed to silver and gold nanoparticles to 

determine the effect on the cell viability. The concentrations used were 

0.1 – 50 μg/ml for a period of 72 hrs. The EC50 values for the 

nanoparticles treated cells after 72 h of incubation are presented in the 

table 3.1 below. 

 

 Table 3.1 Cell viability of hiPSCs upon exposure to nanoparticles 
 

S.No. Type of particle Effective concentration 50 (EC50) 

1. Silver 10nm 4.5 μg/ml 

2. Silver 40nm 6.4 μg/ml 

3. Gold 10nm 26.7 μg/ml 

4. Gold 40nm 44.3μg/ml 

 

3.3.2. Effect of Nanoparticles on Embryoid Body Formation 

       The size of the unexposed embryoid bodies (EBs) increased with 

increasing number of days and appeared intact and healthy (Figure 3.3). 

The embryoid bodies exposed to silver nanoparticles showed no increase in 

size but showed disintegration at 10 µg/ml concentration as compared to 1 
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µg/ml concentration. The EBs exposed to gold nanoparticles, on the other 

hand, showed very little change as compared to the control (Figure 3.4). 

 

 

 

 

 

Figure 3.3. Control embryoid bodies of hiPSCs: EBs as observed on day 4 and day 6 of 
                 incubation at a magnification of 2.5X  
 

 

Figure 3.4. Effect of Ag and Au NPs on embryoid bodies of hiPSCs: EBs as observed on 
                 day 6 in the presence of Ag10 and Au10 NPs at 1 μg/ml and 10 μg/ml at a 
                 magnification of 2.5X.            

Au 1µg day6 Ag 1µg day6 

Ag 10µg day6 Au 10µg day6 
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3.4. Discussion  

 Nanoparticles are capable of entering the organism through various 

routes and can penetrate deep into the tissues. They have been shown to 

reach the tissues like liver, lung, blood and bone marrow (Jani et al., 1990). 

Nanoparticles are also known to cross the blood brain barrier and blood 

testicular barrier as well (Takenaka et al., 2001). These reports prompt that 

nanoparticles can penetrate into the tissues and have a greater chance of 

interacting with stem cells too. The interactions of the nanoparticles with 

the stem cells may affect the self renewal and regeneration capacities of the 

various tissue and organ systems, leading to the decreased viability and 

vigour of the organism as such. Therefore there is a need to check the 

effects of the nanoparticles on stem cells and the iPSCs could be a good 

model system.     

In the present study the cell proliferation assay on iPSCs showed 

that silver nanoparticles have a lower IC50 compared to gold nanoparticles 

indicating that they have more cytotoxicity. Further when the embryoid 

bodies were exposed to the nanoparticles, silver showed more deleterious 

effects as compared to gold.  There was increased debris in the plates 

containing Ag NPs at a concentration of 1 μg/ml as well and at 10 μg/ml it 

was much higher and kept increasing as the number of days increased. The 

size of the EBs had decreased with the increase in concentration as well as 

with time as seen in figure 3.4. On the other hand the EBs upon exposure to 
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gold NPs showed very little effect on size of the EBs and the EBs appeared 

almost normal with less debris. Gold nanoparticles are more biocompatible 

compared to the silver. These observations are in close agreement with the 

earlier reports on the silver nanoparticles showing embryotoxicity and 

developmental toxicity in zebrafish (Asharani et al., 2008). There has been a 

study on human mesenchymal stem cells (hMSCs) showing that silver 

nanoparticles induce cytotoxicity and genotoxicity (Hackenberg et al., 2011)   

The silver nanoparticles also had been demonstrated to have some 

toxicological effect on mouse embryonic stem cells (Park et al., 2011).  

Although the IC50 concentration of the silver and gold nanoparticles 

was much less when exposed to the stem cells, the concentration that 

causes the embryoid body disintegration seems to be slightly higher. This 

could be due to the compact mutlicelluar, multilayer structures of EBs. The 

nanoparticles might be affecting the outer layers of the EBs and leading to 

the layer by layer disintegration of the cells. The transmission electron 

microscopic studies would further help understand this. The effects of the 

nanoparticles also need to be studied at the molecular level for further 

detailed understanding.   
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4.1. Introduction 

           Nanoparticles are extensively being used in a range of applications to 

improve the quality of the products. These include the electrical and 

electronic applications, bioengineered prosthesis, food packaging, 

sterilization of medical equipment and also in drug delivery and 

diagnostics. Although there has been exposure of humans to ambient 

ultrafine particles in the environment, the possibility was much lesser. But, 

with the advent of technology for synthetic and chemical methods of 

nanoparticles preparation and their increased use, makes it essential to 

understand the risks associated. In such a scenario there is a need to 

understand the effects that these nanomaterials might bring about when 

they interact with the biological systems and whole organisms. The routes 

of entry, the pathophysiology and the molecular mechanisms of any 

associated toxicity need to be well understood. Nanoparticles find their way 

into the body through the skin, lungs or intestinal tract, and accumulate in 

several organs causing adverse biological reactions by modifying the 

physiochemical properties of living matter (Oberdorster et al., 2005).  There 

have been several studies in vivo that indicated the toxicological and 

pathophysiological changes that are brought about by the micro and nano 

sized particulates (Oberdorster et al., 2001). 

 Among the metal nanoparticles that are being used for various 

applications in biomedical and health care products, silver and gold top the 
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list. With this wide spread use of Ag and Au NPs in various applications 

there is a need to understand the effects they would cause to human health. 

There are only limited reports available on studies carried out in vivo and 

more studies need to be carried out to understand their effects so as to 

define the safe levels of use of these nanoparticles. Reports on the inhalation 

exposure of rats to silver nanoparticles for 0-7 days suggested that the 

nanoparticles could reach various organs including brain olfactory portion 

(Takenaka et al., 2001).  Hyun et al., reported that the inhaled silver 

nanoparticles (13-15 nm) caused an increase of neutral mucins in the nasal 

mucosa in rats (Hyun et al., 2008). The prolonged exposure of rats to Ag 

NPs (18-19 nm) brought about inflammatory response and also altered the 

pulmonary tissue function as reported by Sung et al., (2009). There have also 

been reports of severe argyria that was observed in a patient who received 

the Ag NPs containing Acticoat wound dressing (Trop et al., 2006) and upon 

ingestion of colloidal silver (Kim et al., 2009a). There has also been a study 

carried out for 28 days to assess the effects of Ag NPs upon oral exposure at 

30, 300 and 1000 mg/Kg body weight, where the authors report the 

systemic distribution of the silver nanoparticles in the rats and damage to 

the hepatic tissue with inflammatory cell infiltration (Kim et al., 2008). An ex 

vivo study on tracheal smooth muscle cells upon exposure to Ag NPs 

suggested the increase in the contractile function through iNOS induction. 
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The study also emphasized that the Ag NPs through NO generation could 

cause hyper-activity and toxicity to bronchial tissues (Gonzales et al., 2011).   

The findings of Sonnavane et al.,., 2008 revealed that intravenous 

injection of various sizes of gold nanoparticles showed differential organ 

distribution with smaller 15 nm size particles having higher bio-distribution 

capabilities and also were seen localising in the brain. In another study, the 

authors reported that Au NPs were able to cross the blood retinal barrier 

upon intravenous administration, but they did not find any retinal toxicity 

(Kim et al., 2009b). Acute toxicity studies of 13 nm PEG coated Au NPs via 

intravenous administration showed induction of inflammatory genes at the 

transcriptional level in the liver tissue (Cho et al., 2009). The same group 

also reported that the gold nanoparticles caused induction of phase-I 

xenobiotic metabolising enzymes in the liver (Cho et al., 2010). The study 

conducted by Mironava et al., (2010) showed that the cellular detrimental 

effects caused upon exposure of dermal fibroblasts to gold nanoparticles 

could be reversed by their removal.   

Most of the above mentioned studies did not give a detailed insight 

into the effects that the silver and gold nanoparticles caused. So in the 

present study an attempt has been made to evaluate the effect of Ag and Au 

NPs of different sizes and dosages on the mice hepatic and pulmonary 

tissues. In the earlier studies carried out in vitro it is evident that the silver 

nanoparticles had a higher toxicological effect at low doses and they also 
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had a pro inflammatory effect too. They also affected the stem cell 

proliferation and survival of the embryoid bodies. Gold nanoparticles at the 

same dosage showed no induction of inflammatory effects and their effect 

on the stem cells was lesser compared to the silver nanoparticles.  Taking 

into consideration of the results obtained in vitro the study was extended to 

evaluate their effects in vivo.  
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4.2. Materials and Methods 

4.2.1.  Materials 

 Nitrocellulose membrane was from Millipore (Bangalore, India). 

TMB/H2O2 and protease inhibitor cocktail were purchased from Sigma-

Aldrich (Bangalore, India). Primary antibodies to COX-2, Hsp70 were from 

Santa Cruz Biotechnology (California, USA). All the other chemicals and 

reagents were purchased from local companies and are of molecular 

biology grade. Silver nanoparticles (Ag; 10nm, 80 nm) were obtained from 

Nanocomposix (USA) and gold NPs (Au; 10 nm, 80 nm) were prepared 

from Gold (III) chloride trihydrate, procured from Sigma (St Louis, MO), by 

citrate reduction of HAuCl4. 

 

4.2.2. Animals and Treatment Regimen 

 Adult albino mice, 5-6 week old and weighing 25–35 g were 

procured from National Institute of Nutrition (NIN), India. They were fed 

standard mice chow and water ad libitum in individual stainless steel wire 

bottom cages. The animals were kept under controlled conditions of 12-h 

light:dark cycle, 72°  5° F and 50  20% relative humidity in central animal 

facility at the University of Hyderabad. All animal protocols for the 

research described here were approved by the Institutional Animal Ethics 

Committee. The animals were acclimatized to this environment for 4-7 days 

prior to the start of the study. Mice were randomly assigned in to 13 groups 
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of five animals each. Group I received vehicle (PBS). Group II, III, IV, V, 

received Ag10 nm, Ag80 nm, Au10 nm and Au80 nm respectively. Each 

group was further divided into three subgroups based on the dosages 0.5 

mg/kg body weight, 1.0 mg/kg body weight, 2.0 mg/kg body weight, 

administered daily for twenty eight days. The route of administration in all 

the above groups was through oral gavages. The dosages of nanoparticles 

were chosen based on a pilot dose response study conducted in the 

laboratory. Animals were continuously monitored for general health. The 

mice were sacrificed humanely, after 28 days of treatment. 

 

4.2.3. Tissue Collection and Storage 

Following treatment, animals were humanely scarified using diethyl 

ether anesthesia, liver and lung specimens were dissected out and fixed in 

Bouin’s solution and stored in 70% ethanol. For Western blot analysis and 

RT-PCR analysis tissues were first snap-frozen in liquid nitrogen and stored 

at -80 oC. The ROS, nitrite and antioxidant enzymes assays were performed 

immediately. 

 

4.2.4. Estimation of ROS 

The levels of ROS were determined by the method described 

elsewhere (Montoliu et al.,., 1994). An appropriate volume of freshly 

prepared tissue homogenate was diluted in 100 mM potassium phosphate 
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buffer (pH 7.4) and incubated with final concentration of 5 M 

dichlorofluoroscein diacetate for 60 min at 37 oC. The dye loaded samples 

were centrifuged at 12,500 x g for 10 min at 4 oC. The fluorescence 

measurements were performed on a Hitachi spectrofluorimeter at 488 nm 

for excitation and 525 nm of emission wave lengths. The levels were 

represented as fold increase or decrease from control group. 

 

4.2.5. Nitrite Estimation 

Nitric oxide (NO) was measured in terms of Nitrite levels. Nitrite 

levels were determined in the freshly collected tissue lysates. Briefly, 100 μl 

of tissue lysate was mixed with 100 μl of Griess reagent (equal volumes of 

1% (w/v) sulfanilamide in 5% (v/v) phosphoric acid and 0.1% (w/v) 

naphtylethylenediamine‐HCl), and incubated at room temperature for 10 

min. Absorbance was then measured at 540 nm using microtiter plate 

reader (Bio‐Tek Instruments). Tissue lysis buffer was used as blank in the 

experiments. Nitrite levels in samples were determined using a standard 

sodium nitrite curve. 

 

4.2.6. Catalase Activity Assay  

  The assay mixture consisted of 50mM phosphate buffer (pH 7.0), 19 

mM hydrogen peroxide, and 40 ug protein containing tissue lysate in a final 

volume of 1.0 ml per measurement. Changes in absorbance were recorded 
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at 240 nm. Catalase activity was calculated in terms of nmol of hydrogen 

peroxide consumed/mg of protein/min. (Claiborne, 1985) 

 

4.2.7. Peroxidase Activity Assay 

 The endogenous catalase activity was assayed as described by Franz 

et al., 1999 with slight modification. Briefly, 40 µg of protein (tissue lysate) 

was taken in a microtitre plate well and made upto 100 µL with 100 mM 

phosphate buffer. To this 100 µL of 1X 30% TMB/H2O2 in 50 mM citrate 

buffer was added. The plate was incubated at room temperature for 15 

minutes. Reaction was stopped with 100 µL of 1.5 N H2SO4 and absorbance 

recorded at 415 nm in an ELISA plate reader. 

 

4.2.8. Preparation of Tissue Extracts and Immunoblot Analysis 

Tissues from 13 treated groups were minced and homogenized in 

lysis buffer (20 mM Tris, 1 mM EDTA, 150 mM NaCl, 1% NP-40, 0.5% 

sodium deoxycholate, 1 mM -glycerophosphate, 1 mM sodium 

orthovanadate, 1 mM PMSF, 10 g/ml leupeptin, 20 g/ml aprotinin and 

phosphatase inhibitor cocktail 1 and 2 with 100 fold dilution). After 30 min 

of shaking at 4 oC, the mixtures were centrifuged (10,000 x g) for 10 min, 

and the supernatants were used as the whole-cell extracts. The protein 

content was determined according to the Bradford method (Bradford, 1976). 

70 g of protein from each treatment was resolved on 8-12% SDS-PAGE gels 
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along with protein molecular weight standards, and then transferred onto 

nitrocellulose membranes. Membranes were stained with 0.5% Ponceau S in 

1% acetic acid to check the transfer. The membranes were blocked with 5% 

w/v nonfat dry milk and then incubated with the primary antibodies in 10 

ml of antibody-diluted buffer (1X Tris-buffered saline with 1% milk 

powder) with gentle shaking at 4 oC for 8-12 h and then incubated with 

peroxidase conjugated secondary antibodies. Signals were detected by 

using peroxidase substrate, TMB/H2O2. Equal protein loading was detected 

by probing the membrane with β-actin antibodies. 

 

4.2.9  Histopathology and Ultra-structural Observations 

  Tissue histology studies were carried out in the thirteen groups of 

mice. Small pieces of liver tissue fixed in Bouin’s solution and stored in 70% 

ethanol were dehydrated in graded ethanol, and embedded in paraffin. 

After embedding in paraplast, the excess paraplast was trimmed off and the 

blocks were fixed on the microtome and 5 µm sections were cut using a 

rotary microtome. The sections were stained with haematoxylin-eosin and 

observed under a light microscope at various magnifications to verify the 

structural integrity. The samples were fixed in 2.5% gluteraldehyde for the 

TEM ultrastructural studies. The tissue samples were sectioned into 50-70 

nm ultramicrotome slices stained and observed under the FEI Technai G 

Transmission Electron Microscope.       
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4.2.10. Statistical analysis 

  Data reported as the mean +/- SE of three independent 

experiments. Statistical analysis of differences was carried out by one-way 

analysis of variance (ANOVA). A P-value less than 0.05 was considered to 

indicate significance. 
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4.3. Results 

4.3.1. ROS and Nitric Oxide Levels in Hepatic and Pulmonary 

          Tissues of Animals Exposed to Ag and Au NPs. 

           The hepatic and pulmonary tissue lysates of animals exposed to Ag 

and Au NPs of different sizes and concentrations were estimated for ROS. 

The ROS generation in the hepatic tissues was observed to be dose 

dependent both in case of Ag as well as Au NPs treated animals (Figure 

4.1A). There was a 7 fold increase compared to the control in the animals 

exposed to Ag80 NPs at a concentration of 2 mg/Kg body weight.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1. Effect of Ag and Au NPs on intracellular ROS. Fold change of ROS levels in 
the (A) Hepatic and (B) Pulmonary tissues of animals exposed to Ag10, Ag80, Au10 and 
Au80 NPs at different dosages.  

 

ROS levels in the pulmonary tissue lysates also increased in a dose 

dependent manner (Figure 4.1B). In this case the fold change was not 

observed to be as high as was seen in case of hepatic tissue. And also the Au 
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NPs treated animals did not have a notable change in the ROS levels 

compared to the control. The NO levels as determined by the nitrite 

concentration in the hepatic and pulmonary tissue lysates were altered only 

mildly in both hepatic and pulmonary tissues (Figure 4.2). The higher doses 

of Ag 10 and Ag 80 NPs treatment showed a notable level of NO induction 

in both hepatic and pulmonary tissues. The hepatic and pulmonary tissue 

lysates of animals treated with Au 10 showed a slight induction of NO at 

the higher concentration of treatment but the ones treated with Au 80 NPs 

did not induce NO production. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.2. Effect of Ag and Au NPs on nitric oxide generation:   Nitrite levels in (A) 

Hepatic and (B) Pulmonary tissues of animals exposed to Ag10, Ag80, Au10 and Au80 

NPs at different dosages   
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4.3.2. Effect of Silver and Gold Nanoparticles Exposure on the 

          Antioxidant Enzyme Activities 

          The catalase and peroxidase enzyme activities were assayed in the 

hepatic and pulmonary tissue lysates.  The activity of the catalase decreased 

slightly in both hepatic as well as pulmonary tissues. The decrease was dose 

dependent in case of Ag10 and Ag80 NPs treated animals (Figure 4.3). Au 

10 and Au 80 NPs, on the other hand, did not cause a change in the 

activities of catalase and peroxidase as compared to the control. 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.3. Effect of Ag and Au NPs on Catalase activity:  Catalase enzyme activities in 
the (A) Hepatic and (B) Pulmonary tissue lysates of animals exposed to Ag10, Ag80, Au10 
and Au80 NPs at different dosages. 

 

The peroxidase activity showed a slight dose dependent decrease in the 

hepatic tissue of Ag10 and Ag80 treated animals. In the pulmonary tissue 

the peroxidase enzyme activities showed a decrease but not in dose 

dependent manner. However size dependent effect was observed. The Ag10 
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NPs showed a slightly higher drop in the enzyme activities as compared to 

the Ag80 NPs (Figure 4.4). Au 10 and Au 80 exposure did not cause any 

alteration of the peroxidase activity in both hepatic and pulmonary tissues. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4. Effect of Ag and Au NPs on Peroxidase activity: Peroxidase enzyme activities 
in the (A) Hepatic and (B) Pulmonary tissue lysates of animals exposed to Ag10, Ag80, 
Au10 and Au80 NPs at different dosages. 

 

4.3.3. Effect of Ag and Au NPs on the COX-2 and Hsp70 

          Expression in Hepatic Tissue 

 The Ag NPs treated animals showed an induction of COX-2 and 

Hsp70 starting at the 0.5 mg/Kg body weight in the hepatic tissue. There 

was a dose dependent increase in the effects observed in the animals 

exposed to Ag NPs. The size dependent effects were not very prominent. 

Au NPs treatment, on the other hand, did not induce COX-2 but there was a 

slight increase in Hsp70 in the animals exposed to Au10 NPs at 1 mg/Kg 

body weight and 2mg/Kg body weight (Figure 4.5).   
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Figure 4.5. Effect of Ag and Au NPs on expression of COX-2 and Hsp70 in hepatic tissue: 
Western blot analyses of COX-2 and Hsp70in the hepatic tissue lysates of animals exposed 
to Ag10, Ag80, Au10 and Au80 NPs. Bar graphs represent the densitometric values 
corresponding to the COX-2 and Hsp70 expression. 

 

4.3.4. Effect of Ag and Au NPs on the COX-2 and Hsp70 

          Expression in Pulmonary Tissue 

          The COX-2 and Hsp70 expression was induced in the pulmonary 

tissues in a dose dependent manner. The induction in the expression of 

COX-2 and Hsp70 was observed in the three dosages used in case of 

animals exposed to Ag NPs. In animals exposed to Au NPs there was no 

induction of COX-2 but there was a slight increase in Hsp70 in Au80 NPs 

treated animals (Figure 4.6).  
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Figure 4.6. Effect of Ag and Au NPs on expression of COX-2 and Hsp70 in pulmonary 
tissue: Western blot analyses of COX-2 and Hsp70in the pulmonary tissue lysates of 
animals exposed to Ag10, Ag80, Au10 and Au80 NPs. Bar graphs represent the 
densitometric values corresponding to the COX-2 and Hsp70 expression. 

 

4.3.5. Histopathological and Ultra Structural Changes in 

          Hepatic Tissue of Animals Exposed to Ag and Au NPs 

 The hepatic tissues of animals exposed to Ag NPs showed 

centrizonal necrosis and large infiltration of cells. The inter-cellular gaps 

also had increased and these spaces were filled with inflammatory cells 

(Figure 4.7). The ultra structural observations showed a massive distortion 

in the morphology of the hepatocytes and loss of cellular organelles (Figure 

4.8).  
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Figure 4.7. Effect of Ag and Au NPs on the histology of hepatic tissue. 
Histopathology of hepatic tissues of animals exposed to Ag10, Ag80, Au10 and Au80 NPs. 
Untreated animal tissue was considered as control. Images were obtained at 20X 
magnification. 
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Figure 4.8. Effect of Ag and Au NPs on the cellular ultrastructure of hepatic tissue. TEM 
micrographs of hepatic tissues of animals exposed to Ag10, Ag80, Au10 and Au80 NPs. 
Untreated animal tissue was considered as control. Images acquired at 100kV resolution  
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These effects were more drastic with the increasing dosages. There was also 

a size dependent effect where the lower sizes of nanoparticles showed more 

drastic effects compared to the higher sizes. The hepatic tissues of animals 

exposed to Au NPs, on the other hand, showed no changes compared to the 

control. 

 

4.3.6. Histopathological and Ultra Structural Changes in 

          Pulmonary Tissue of Animals Exposed to Ag and Au NPs 

          The pulmonary tissues of animals exposed to Ag NPs showed 

peribronchial infiltration of cells. The alveolar lining appeared to have 

collapsed with a decrease in the alveolar space. There was nodal 

accumulation of inflammatory cells (Figure 4.9). The ultra structural 

observations showed substantial deformation in the morphology of the 

pneumocytes and loss of cellular organelles (Figure 4.10). These effects were 

more drastic with the increasing dosages. There was also a size dependent 

effect where the lower sizes of nanoparticles showed more drastic effects 

compared to the higher sizes. The pulmonary tissues of animals exposed to 

Au NPs, on the other hand, showed no changes compared to the control. 
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Figure 4.9. Effect of Ag and Au NPs on the histology of pulmonary tissue: 

Histopathology of pulmonary tissues of animals exposed to Ag10, Ag80, Au10 and Au80 

NPs. Untreated animal tissue was considered as control. Images taken at 20X 

magnification  
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Figure 4.10. Effect of Ag and Au NPs on the cellular ultrastructure of pulmonary tissue: 
TEM micrographs of pulmonary tissues of animals exposed to Ag10, Ag80, Au10 and 
Au80 NPs. Untreated animal tissue was considered as control. Images acquired at 100 kV 
resolution. 
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4.4. Discussion 

Nanoparticles have the capacity to enter the organism through 

various routes and bio-distribute themselves systemically, also crossing the 

blood brain barrier (Takenaka et al., 2001). They were also seen causing 

histopathological changes in liver (Kim et al., 2008). In our present study, 

there was a significant increase in ROS, and decrease in antioxidant enzyme 

activities in the tissues of animals exposed to Ag NPs. The nitric oxide 

levels also increased in Ag NPs treated animals that seem to correlate with 

the earlier reports by Kim et al., (2008). But in the present study these effects 

were observed at much lower concentrations of exposure to Ag NPs as 

opposed to the earlier reports. In addition, the expression of one of the 

major inflammatory markers, Cyclooxygenase-2 (COX-2), was induced in 

the hepatic and pulmonary tissue of mice exposed to 0.5 mg/kg 

bodyweight of Ag NPs treatment. The expression levels of COX-2 increased 

in a dose dependent manner. In a study on the effects of silica nanoparticles 

the authors reported that there was induction of oxidative stress mediated 

COX-2 expression (Park and Park, 2009). Studies on different forms of 

ultrafine nanoparticles also caused the ROS generation and induction of 

inflammatory conditions leading to cytotoxic effects (Brown et al., 2004, 

Hiura et al., 1999). Similarly, the stress responsive protein Hsp70 had also 

been induced in animals treated with Ag NPs (Grodzik et al., 2009). Further, 

the histopathological and ultrastructural observations also revealed that 
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there was extensive damage in both hepatic and pulmonary tissues with 

inflammatory cell infiltration, in animals exposed to Ag NPs. There was a 

complete loss of cellular morphology of hepatocytes at the higher 

concentration of Ag NPs exposure. The nanoparticles were seen to localise 

in all the cellular organelles. These observations correlate well with our 

earlier studies on macrophages in vitro (chapter1). It was observed that the 

effects of Ag NPs were much higher in hepatic tissue compared to that on 

the pulmonary tissues, firstly, because of the route of administration which 

was oral and secondly because hepatic tissue is the sight of xenobiotic 

metabolism. Gold nanoparticles, on the other hand, showed no or very 

minimal effects compared to silver nanoparticles, tested under same 

conditions. Exposure to Au NPs did not bring about any notable change in 

the antioxidant activities although they caused only a slight induction of 

ROS and Hsp70.  

Although there have been reports of number of in vitro studies, they 

do not give a complete picture of the physiological changes that the 

nanoparticles might bring about in the whole organisms. It is also important 

to evaluate the effects of these nanoparticles in vivo so as to find a better 

correlation to the effects they would cause in humans. Several studies in 

vivo on mice and rat models so far looked at the toxicological effects that the 

silver and gold nanoparticles might bring about. But these studies have 

used very high concentrations of the nanoparticles which may not be 
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regularly encountered, be it as drug delivery agents or in sterilizing and 

food packaging industries. As it would be more appropriate to look at the 

effects of sub-lethal doses of nanoparticles we used dosages ranging from 

0.5 mg/Kg body weight to 2 mg/Kg body weight. The present study also 

provides evidence for the mechanisms for NPs induced tissue damage, in 

terms of inflammatory markers, ROS generation and impaired antioxidant 

defences. The oral route of administration of nanoparticles was chosen for 

the study; as there could be every chance of accidental ingestion of these 

nanoparticles. And also since gold and silver nanoparticles are considered 

as candidates for drug delivery and the most facile, often used route of 

administration of any drug would be giving it orally in the form of capsules 

or tablets.      

 In conclusion, the effects of Ag and Au nanoparticles in vivo in the 

present study correlate well with the in vivo studies (chapter 1). The results 

obtained in the present study indicate that the Au NPs have better 

biocompatibility with no or minimal side effects at the similar doses tested 

in comparison to Ag NPs.  
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Summary and Conclusions 

Nanomaterials have unique physicochemical properties that result from 

the combination of their small size, chemical composition, surface structure, 

solubility, shape, and aggregation. As we recognize new uses for materials 

with these special properties, the number of products containing such 

nanomaterials and their promising applications continue to grow 

exponentially. Nanomaterials are already being used or tested in a wide range 

of consumer products such as sunscreens, composites, medical and electronic 

devices, and are also being used as chemical catalysts. In addition the metal 

nanoparticles are being explored in biological sciences as well which include 

biosensing (Nam et al., 2003), cellular imaging (Tkachenko et al., 2003), 

drug/DNA delivery and cancer therapeutics (Hirsch et al., 2003). However, 

some of the same special properties that make nanomaterials useful can also 

cause some side effects to humans and may have impact on the environment 

(Brown et al., 2001). 

While it is likely that most of the nanomaterials are safe, the unique 

properties of nanomaterials and how they may interact with living cells 

created considerable attention recently. Importantly, the substances that are 

inert in bulk form may be toxic at nanosize, due to their altered chemical and 

physical properties (Nel et al., 2006; Oberdorster et al., 2005), arguing that most 
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of the nanomaterials must be methodically evaluated for their toxic potential. 

The NPs have been reported to induce a pro-oxidant environment in the cells, 

causing an imbalance in the cellular energy system dependent redox potential 

and thereby leading to adverse biological consequences, ranging from the 

initiation of inflammatory pathways to cell death (Braydich-Stolle, et al., 2005; 

Carlson et al., 2008; Hsin et al., 2008; Hussain et al., 2005). Many studies have 

demonstrated the ability of nanoparticles to generate reactive oxygen species 

(ROS) in a cell-free environment (Brown et al., 2001; Stone et al., 1998; Wilson et 

al., 2002). This oxidative stress may be linked to the induction of signaling 

pathways (Stone et al., 2000) which lead to pro-inflammatory gene expression 

in macrophages (Brown et al., 2004). 

As it is increasingly evident that every tissue in an organism has some 

niches of stem cells, there would be every possibility of these cells being 

exposed to NPs if they are used for drug delivery, cancer therapy, stem cell 

tracking in vivo, it would be important to see how these cells are affected when 

they are exposed to NPs (Fereira et al., 2008). Silver and gold nanoparticles are 

being considered as candidates in stem cell tracking in vivo based on the 

Surface Enhanced Raman spectroscopy imaging (Nagesh et al., 2007, Bankapur 

et al., 2012). But, the isolation and propagation of these stem cells in itself has 

been a challenging task as the number of these cells is very low and their 

propagation in large numbers in cultures has also been difficult. The iPSCs 
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provide a promising candidature in such a situation, especially in case of 

humans, where acquiring the various organ specific stem cells would be very 

difficult. The iPSCs can also be used as a replacement for ESCs as well and 

avoid the ethical issues. They have also been found to show similar properties 

as ESCs, so they can be used for in vitro embryotoxicity screening studies too. 

This helps the development of rapid and comprehensive screening system for 

screening various nanoparticles in vitro. So, in this preliminary study we have 

checked the effect of nanoparticles on human induced pluripotent stem cells 

(hiPSCs) proliferation and observed the effects of nanoparticles on the 

morphology and growth of randomly differentiating embryoid bodies of 

hiPSCs. 

Recently, a number of studies have shown nanoparticles induced 

toxicity in different organs of animal models (Chen et al., 2006; Donaldson et al., 

2006; Hussain et al., 2006; Lam et al., 2004). These studies at large addressed the 

toxicological effects, so we took up the studies on the mouse model to see the 

effects of nanoparticles at lower concentrations, especially, on the 

inflammatory parameters. The following are the objectives of the present study.  

 Evaluation of inflammatory effects of nanoparticles on the macrophage 

cell line, RAW. 264.7.  
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 Understanding the global differential proteome expression of 

macrophages (RAW 264.7) upon exposure to silver and gold 

nanoparticles and identification of other key players involved.  

 Effect of silver and gold nanoparticles on human induced pluripotent 

stem cells (hiPSCs).  

 Evaluation of the effects of silver and gold nanoparticles in vivo.  

 

i. Nanoparticles Induce Inflammatory Responses and Oxidative 

Stress 

Macrophages the front line of immune cells that are involved in the 

inflammatory responses of an organism were chosen for the study.  The 

macrophages were exposed to nanoparticles at various concentrations and for 

different time points. The nanoparticles were characterized using TEM, DLS 

and zeta potential and found that they were uniformly dispersed, ranging in 

their specified sizes and were discoid or spherical. The nanoparticles were well 

dispersed and had no aggregations as evidenced by the zeta potential results. 

The effective concentrations (EC50), of all the nanoparticles were 

calculated at 48 hours time point. Silver nanoparticles (Ag) showed lowest EC50 

of 13.5 μg/ml, followed by Aluminium (Al), carbon black (CB) and carbon 

coated silver (CAg). Gold nanoparticles (Au NPs), on the other hand, were 
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least toxic with EC50 approximately 100 μg/ml. Upon exposure to Ag, Al, CB 

and CAg NPs, marked changes were also observed, where cells became more 

swollen, with vacuoles, irregular membrane integrity, and loss of adherence 

capability. The morphological changes induced were more intense in cells 

exposed to silver NPs when compared to Al, CB and CAg NPs. Exposure to 

gold nanoparticles did not bring about such changes. The TEM micrographs 

have evidently indicated the intracellular presence of nanoparticles. They were 

distinctly present in vacuoles, cytoplasm and some nanoparticles were seen 

dispersed in nucleus too.  It was observed that the nanoparticles were well 

dispersed within the cell. There was no considerable aggregation of the 

particles observed, which suggests that the pro-inflammatory effects elicited 

were certainly due to finely dispersed nanoparticles and not the aggregates. 

The mechanism underlying nanoparticles induced inflammation is 

believed to be the generation of reactive oxygen species (ROS), therefore, 

intracellular ROS levels were measured. Exposure of macrophages to Ag 

nanoparticles induced highest ROS generation followed by exposure to Al, CB 

and CAg nanoparticles. Au NPs resulted in slight decrease in ROS generation 

over control levels.  A well-known inhibitor of ROS, NAC, significantly 

decreased the ROS generated by NPs and LPS. NF-κB, a mammalian 

transcription factor is known to control the expression of cell survival genes as 

well as pro-inflammatory enzymes and cytokines such as, COX-2, TNF- α, and 
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IL-6. In the present study, LPS and NPs induced nuclear translocation of NF-

κB/p65 and p50 proteins is clearly evident from ELISA and Western blot 

analyses. Ag and Al NPs showed significant induction of NF-κB translocation. 

It was found that NF-κB activation induced by NPs and LPS was repressed by 

the treatment of NAC, a known antioxidant, confirming the role of ROS 

mediated NF-κB activation. Au NPs, on the other hand, did not show any 

significant NF-κB activation, compared to untreated control cells.  

The expression of COX-2, a major mediator of inflammation and TNF-α, 

a traditional cyclooxygenase-2 inducer was analyzed by RT-PCR and Western 

blot analysis from cells exposed to nanoparticles of different sizes and at 

varying exposure times.RAW 264.7 cells were exposed to Ag, Al, CB, and CAg 

NPs at a concentration of 5 μg/ml for 6-48 h, and the induction of COX-2 and 

TNF-α was monitored. A significant time and size dependent induction of 

COX-2 and TNF-α expression was observed with both Ag and Al nanoparticles 

at mRNA and protein levels. While increase in the size of NPs showed slight 

decrease in the induction of COX-2 and TNF-α, the increase in exposure time 

showed gradual increase in COX-2 and TNF-α mRNA and protein induction 

up to 24 h and 48 h, respectively. Interestingly, when RAW 264.7 cells were 

exposed to Au NPs (20 nm and 40 nm) at concentration of 5 μg/ml for 6-48 h, 

there was no significant induction of COX-2 and TNF-α expression at both 

mRNA and protein levels. Macrophages secrete inflammatory mediators like 
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cytokines upon stimulation by various agents; one such cytokine IL-6 was 

measured in the medium when macrophages were exposed to various 

nanoparticles at 5 μg/ml concentration. The Ag NPs showed a significant 

release of IL-6 from RAW 264.7 macrophages after 48 h, followed by Al, CB 

and CAg NPs. Gold (20, 40 nm) NPs, however showed no appreciable release 

of IL-6 from RAW 264.7 cells. The results obtained are presented in the form of 

a schematic pathway in figure 6 below. 

 

              

                Figure 6. Schematic representation of the possible mode of nanoparticles induced inflammation 
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ii. Silver and Gold Nanoparticles Differentially Modulate the 

Proteome of Macrophages 

 A proteomics approach was employed to understand and identify the 

other key players involved in the effects of nanoparticles. Two dimensional 

electrophoresis (2DE) in combination with the MALDI-TOF-MS/MS is often 

used for such a purpose. The whole cell lysates were isoelectrofocused on the 

4-7 pH strips and further resolved on 12% SDS gels to be analyzed by Image 

Master Platinum 6. The differentially expressed proteins were identified by 

MALDI-TOF-MS/MS followed by Mascot search. 

 A list of ten proteins were identified which were either up-regulated or 

down-regulated upon exposure to silver or gold nanoparticles. Among the 

ones identified Chloride intracellular ion channel (CLIC) and Cathepsin B were 

highly up-regulated. CLIC is a membrane associated protein that is most often 

associated with the autophagosomal lysosomes and is up-regulated in 

oxidative stress associated with the pathologies. Cathepsin B is a lysosomal 

protease that is involved in inflammaosome formation and trafficking TNF-α 

to the plasma membrane.  

 Enolase-1 was the other protein that was identified and this was down-

regulated in the presence of gold nanoparticles. Enolase-1 a glycolytic enzyme 

when translocated to the plasma membrane, is detected as auto-antigen and 



 

 
                                                                                              Summary & Conclusions 

 

115 

 

increase the inflammatory response in case of rheumatoid arthritis so this 

probably explains the role of gold nanoparticles in the Ayurvedic formulations 

that are used to treat the inflammatory conditions. These proteins could be 

good markers along with COX-2 and can be used for screening the 

nanoparticles. 

   

iii.  Silver and Gold Nanoparticles Affect the Stem Cell Proliferation 

and Differentiation  

 Stem cells are the undeveloped cells capable of self-renewal, 

proliferation and differentiation into any cell type in a multi-cellular organism. 

Recent studies make it more evident that every tissue in an organism has a 

repository of stem cells and there could be every possibility that the 

nanoparticles could interact with the stem cells. Therefore, the effects of 

nanoparticles were evaluated on human induced pluripotent stem cells.  

The cell viability assay results obtained indicated that the silver 

nanoparticles were more toxic with an IC50 value of 4.6μg/ml as compared to 

gold nanoparticles that had an IC50 of 26.7μg/ml. According to the very 

preliminary setup to assess the effect on nanoparticles on random 

differentiation of nanoparticles it was observed that the formation of embryoid 

bodies was not largely affected in the presence of gold nanoparticles at 1µg as 
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well as 10µg concentrations. On the other hand, the EB formation was 

decreased in the presence of silver nanoparticles. There seems to be an increase 

in the debris as the days progressed indicating the increased cell death. There 

was also a dose dependent effect that was observed. These results were in 

correlation with the earlier results seen in case of macrophages.  

 

iv. Effects of Silver and Gold Nanoparticles In vivo.  

  In vivo studies were carried out on the albino mice to evaluate the effects 

of the nanoparticles when the animals were exposed to them at sub-lethal 

doses. Effects of nanoparticles were evaluated in hepatic and pulmonary 

tissues. Hepatic tissue a major site of the xenobiotic metabolism was looked for 

ROS level change, antioxidant enzyme activities, and the inflammatory protein 

COX-2 expression.  

 Reactive oxygen species and nitrite levels showed an increase in the 

levels both in liver and lung tissues in mice treated. The antioxidant enzymes 

treated with Ag NPs however, were slightly reduced in both liver and lung 

tissues. These effects were observed to be dose dependent. The expression of 

COX-2 and Hsp70 was increased in dose dependent manner. Au NPs, on the 

other hand, had very limited changes in all the parameters studied in liver and 

lung tissues.  
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The histopathological observation of the liver tissue indicated that there 

was centrizonal necrosis with increased intercellular spaces. These effects were 

observed in silver nanoparticles treated animals. There was a size dependent 

effect of the nanoparticles where smaller size nanoparticles had more drastic 

effects compared to the bigger sizes. These effects were very mild in case of the 

gold nanoparticles treated animals. Similarly in case of lungs there was 

infiltration of inflammatory cells into the peribronchial regions especially in 

case of silver nanoparticles treated animals. This was also observed to be size 

dependent. 

 The transmission electron micrographs showed complete loss of the 

cellular morphology of the hepatocytes and the organelles within the cells 

were completely lost in case of silver nanoparticles treated nanoparticles. The 

damage observed was more drastic in case of silver smaller size treated 

animals as compared to bigger size treated animals. Also in case of 

pneumocytes there was severe damage observed in animals exposed to silver 

nanoparticles and this was dose and size dependent as well. These effects were 

not as prominent in case of gold nanoparticles treated animals. In conclusion 

the results observed in vivo upon treatment with nanoparticles showed 

correlation to the observations in vitro.  
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Overall the studies conducted in vitro and in vivo with selected 

nanoparticles indicate that the Ag NPs are pro-inflammatory and induce 

cytotoxic effects in somatic as well as stem cells. On the other hand, Au NPs 

which caused no such notable effects can be used for biomedical applications. 

Another important finding of the study in that COX-2 and macrophage based 

in vitro assay system could be employed to rapidly evaluate the 

biocompatibility of nanoparticles.       
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