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ABSTRACT 

Nanoparticles and nanocomposites are now considered as one of the emerging therapeutic 

approach against infectious diseases. To explore this further, a laboratory based study has 

been conducted to prepare and characterize different antibacterial agents and to evaluate 

their inhibition activity/capacity by shake flask method and plate culture method (zone of 

inhibition method). Escherichia coli growth was evaluated against different 

concentrations of chitosan, zinc oxide (ZnO) and graphene oxide (GO) nanoparticles, 

silver/zinc zeolite (Ag/Zn-Ze) and graphene oxide-silver (GO-Ag) nanocomposites. Then 

inhibition capacity was expressed in terms of the values of Minimum Inhibitory 

Concentration (MIC), antibacterial concentration at which 50% cells are inhibited (IC50), 

Minimum Bactericidal Concentration (MBC).  For initial bacterial concentration of 105 

cells/ml, MICs were found around 20, 120, 10, 30, and 30 µg/ml for chitosan, ZnO, 

Ag/Zn-Ze, GO and GO-Ag, respectively and 150, 250, 47, 90, and 78 µg/ml were found 

as IC50, respectively. The results indicate that Ag/Zn-Ze, and GO-Ag have comparatively 

higher inhibition capacity. MBCs were found as <1280, <160, <320, <320 µg/ml for 

chitosan, Ag/Zn-Ze, GO and GO-Ag, respectively and in case of ZnO, no MBC was 

found. It was found that the effectiveness of antibacterial agents is highly dependent on 

initial bacterial concentration when evaluated with 107 cells/ml. However, in case of plate 

culture method, quite similar inhibition capacity was found for chitosan, ZnO, Ag/Zn-Ze, 

and GO-Ag, whereas GO showed lower capacity to inhibit E. coli. In addition, the 

antibacterial surface prepared with GO-Ag nanocomposites performed better than the 

surface prepared with Ag/Zn-Ze. However, in cytotoxicity test, Ag/Zn-Ze showed no 

toxicity on Vero cells, whereas GO-Ag exhibited severe toxicity at higher concentrations. 

It is expected that the antibacterial potency of the nanoparticles and composites will led 

to the upsurge in the research on novel antimicrobials surfaces for varying applications. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Microorganisms like pathogenic bacteria, protozoan parasites and fungi are known to 

trigger many infectious diseases. According to the World Health Organization (WHO) if 

any disease appears in a population for the first time, it is called an emerging disease, or 

that may have existed previously but is rapidly increasing in incidence or geographic 

range. The re-emerging diseases that were previously under control can also be defined 

by this definition. Recently most of the emerging infectious diseases of humans comes 

from affected animals, some diseases are of viral origin and some are of bacterial origin. 

Brucellosis is one kind of bacterial disease which is re-emerging in some regions. For the 

last 80 years necrotizing fasciitis (commonly known as flesh-eating bacteria) has been 

increasing in virulence for unknown reasons (Science and Technology, n.d.). The 

emergence of infectious diseases is increasing rapidly and they are becoming drug 

resistance (Committee on New Directions in the Study of Antimicrobial Therapeutics, 

2006). 

A portion of the present developing infections are not new in reality, however, are 

maladies that were disastrous previously. They were catastrophic to populaces and after 

remaining silent for a while, they just come back, sometimes more harmful than 

previously, similar to the case with bubonic plague (Science and Technology, n.d.). Some 

diseases were never eliminated but were under control in some regions of the world 

before they return, mostly in urban areas with high groupings of immunocompromised 

people. According to WHO some re-emerging diseases such as two viral diseases (viz. 

dengue fever and yellow fever), and three bacterial diseases (viz. diphtheria, cholera, and 
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bubonic plague) are needed to monitored. The war against irresistible diseases has no 

predictable end. The regions where bacterial diseases are emerging or reemerging are 

highlighted in figure 1.1. 

 

Figure 1.1. The map shows regions where bacterial diseases are emerging or reemerging 
around the globe (Science and Technology, n.d.) 
 

Therefore, it is crucial to keep the pathogenic microbial contamination under control. To 

control emerging and reemerging bacterial diseases, new antimicrobial agents are needed 

to discover from natural and inorganic substances. Generally, antibacterial agents can be 

of two types, organic and inorganic antibacterial agents. Organic antibacterial materials 

are often less stable, particularly at high temperatures and/or pressures compared to 

inorganic antibacterial agents (Sawai, 2003). As a consequence, inorganic single and 

composite materials have attracted lots of attention over the past decade due to their 

ability to withstand harsh process conditions (Wang et al., 1998; Hewitt et al., 2001; Fu 

et al., 2005; Makhluf et al., 2005). These antimicrobial agents are believed to cause the 
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disruption of bacterial membranes and the hindrance of biofilm formation (Pelgrift and 

Friedman, 2013). Some of the inorganic antibacterial materials, in particular some single 

nanoparticles such as TiO2, ZnO, MgO, CaO, Ag, Au, GO have been suggested to have 

antimicrobial properties (Sawai, 2003; Huang et al., 2000). Composites from two or more 

of such particles might also be promising in case of possible synergistic effect. Here, 

among these nanoparticles, ZnO and GO were chosen to perform the experiments. Au 

was excluded because of its high price. Ag and TiO2 were not chosen for this research 

purpose because of their higher cytotoxic effect (Suker et al, 2013; Tianlu et al, 2012). 

However, in this paper, a novel policy was adopted through synthesizing two 

nanocomposites (namely Ag/Zn-Ze and GO-Ag) comprising Ag to achieve the 

synergistic effect, if any without significant cytotoxic effect of Ag on mammalian cells.  

1.2 Motivation 

Because of widespread and injudicious use of antibiotics, there has been an accelerated 

emergence of antibiotic-resistant pathogens, which results in a serious threat to global 

public health (Committee on New Directions in the Study of Antimicrobial Therapeutics, 

2006). Though there is increased knowledge of microbial pathogenesis and application 

of modern therapeutics, the morbidity and mortality associated with the microbial 

infections still remains high (Kolar et al., 2001). It is estimated that approximately 48 

million cases of pathogenic diseases occur in the United States in 2010 (Morris, 2011). 

Escherichia coli pathogenic variant has been implicated in 1 billion cases of diarrhea 

annually and these pathogens are especially problematic in ETEC 

(Enterotoxigenic Escherichia coli) endemic areas, such as Bangladesh (Sahl, 2017). 

In the twenty-first century, though there are huge advances made in medical research and 

treatments, in recent decades, infectious diseases remain among the leading causes of 
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death worldwide. So, it is an indispensable demand to find out efficient antibacterial 

agents that would be useful even in very low concentration. Finding newer yet 

inexpensive potential antibacterial agent will be significantly beneficial countries like 

Bangladesh for its accessibility and affordability. In the present research arena, 

information about the evaluation of individual antibacterial agent is quite abundant, 

however, specificity against a particular strain and comparative evaluation among 

different organic and inorganic antibacterial agents are not readily available. 

Unfortunately, this missing thread is extremely important to evaluate the current 

antibacterial approaches in terms of efficacy and expenses. At the same time, it is 

necessary to know about the toxicity of antibacterial agents. The nontoxic antibacterial 

agents can be used as drug in future to control microbial diseases. The development of 

antibacterial surface can also be used in medical application and food processing. To 

reduce the knowledge gap this particular research work has been designed where an 

intensive experimental study has been conducted to develop a bridge between the breach 

of existing research information and current need. Since, research on the applicability of 

different antimicrobial agents and antibacterial surface is still an open-ended question, 

this research can valuably contribute to the global knowledge base.  

1.3 Objectives and Possible Outcomes 

The main objectives of this study are: 

Aim 1: Synthesis and characterization of potential antimicrobial nanoparticles and 

composites using multiple organic and inorganic compounds (e.g. Zeolite, Silver and 

Graphene oxide). 
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Aim 2: Evaluation of the effectiveness and determination of minimum inhibitory 

concentration, minimum bactericidal concentration and IC50 of synthesized antimicrobial 

compounds against specific bacteria (Escherichia coli).  

Aim 3: Determination of the cytotoxicity of antibacterial agents and the development of 

non-toxic antimicrobial surface. 

From the objectives, the following possible outcomes will be met. 

 One or more novel and well characterized nanoparticle or nanoparticle-based 

composites with antimicrobial property against specific microorganism will be 

obtained. 

 A “non-toxic to human contact” antimicrobial surface with varying applicability will 

be suggested. 

1.4 Thesis Organization 

Before starting the experimental section, introduction (chapter 1), and literature review 

(chapter 2) sections are presented in this thesis work.  

In chapter three, methodology of preparing five different antibacterial agents (chitosan, 

ZnO nanoparticle, Ag/Zn-Ze nanocomposites, GO, and GO-Ag) along with all other 

experimental procedures, needed to carry out the whole research, is described. 

Chapter four covers the main findings of the whole research work. To get the idea about 

particle sizes of prepared compounds, results from FESEM analysis are shown. Then, 

evaluation of comparative antibacterial activity of the five antibacterial agents is 

mentioned in terms of shake flask method and inhibition zone method. In addition, 

antibacterial surface preparation assays done to assess their performance are focused here. 
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Lastly, results of cellular cytotoxicity experiments on mammalian cells to assess the 

toxicity of the synthesized compounds are noted.  

Chapter five concludes the thesis by discussing the achievement and outcome of this 

thesis work, and recommendation for future work is highlighted in this chapter, as well.   
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CHAPTER 2 

LITERATURE REVIEW 

This chapter focuses the overview on bacterial contamination, infection and different 

potential antibacterial agents. Preparation and mechanisms of different antibacterial 

agents have been reviewed here, followed by a brief review of application of 

nanoparticles/nanocomposites and cytotoxicity of potential antibacterial agents. 

2.1 Overview on Bacterial Infection and Antibacterial Agents 

In the 1670s, van Leeuwenhoek first identified bacteria which are simple one‐celled 

organism. Latter in the nineteenth century, it has been found that there is the strongest 

correlation between bacteria and diseases (Ullah and Ali, 2017). Again, symptoms of 

some bacterial diseases overlap with some other clinical syndromes, which is summarized 

in figure 2.1.   

 

Figure 2.1: Possible severe bacterial infection (PSBI) and overlap with other clinical 
syndromes (Seale et al., 2014). 
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The emerging infectious diseases and the development of drug resistance in the 

pathogenic bacteria and fungi at an alarming rate is a matter of serious concern. Therefore, 

bacterial contamination continues to draw public attention. Figure 2.2 shows skin disease 

and inflammation of throat and tonsils due to different bacterial infection. 

  

(a) (b) 

Figure 2.2: (a) Skin disease caused by bacteria (Santiago, 2014), (b) Streptococcus 
infection causing inflammation of the throat and tonsils (Cowan and Talaro Microbiology 
n.d.). 

 

From a statistics, it is estimated that approximately 48 million cases of pathogenic 

diseases occur in the United States in 2010 (Morris, 2011). Such situation has attracted 

interest of the researchers to find a substance that could kill, inhibit, or at least slow down 

the growth of such disease‐causing bacteria. These efforts led to the revolutionary 

discovery of the antibacterial agent “penicillin” in 1928 from Penicillium notatum by Sir 

Alexander Fleming. The field of microbial natural products was unlocked by this 

discovery and so new agents such as newly introduced daptomycin, tigecycline, linezolid, 

were continually added. Gradually, due to various issues arising during the use of 

antibacterial agents, such as the resistance phenomenon, an enormous increase in the 

number and types (e.g., structurally different and agent with a slightly different pattern of 
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activity) of the newly added antibacterial agents has been observed, which made it 

necessary to review and compile the existing classification and functions of almost all the 

antibacterial agents (Ullah and Ali, 2017). 

Because of the resistance problem, a renewed effort is to be made to seek antibacterial 

agents effective against pathogenic bacteria resistant to current antibacterials (Committee 

on New Directions in the Study of Antimicrobial Therapeutics, 2006). Therefore, there is 

a pressing demand to discover novel strategies and identify new antimicrobial agents 

from natural and inorganic substances to develop the next generation of drugs or agents 

to control microbial infections. To treat microbial infections, inorganic antimicrobials 

such as silver and copper were used since ancient times prior to the extensive use of 

chemotherapeutics in modern health care system (Moghimi, 2005). In the recent times, 

with the advancements in the field of nanosciences and nanotechnology, the nanosized 

inorganic and organic particles has been brought to place. These nanosized materials are 

being used in increasing applications as amendments in industrial, medicine and 

therapeutics, synthetic textiles and food packaging products (Gajjar et al., 2009). 

2.2 Naturally Occurring Antibacterial Agents 

The main criteria is to select natural and biological substances that have antioxidant 

property. These biological substances potentially reduce the growth rate of 

microorganisms and some of them can even kill bacteria. From different literature review 

many antibacterial agents have been found on the basis of antioxidant property. Table 2.1 

lists some naturally occurring agents/ fruits/ herbs that have antibacterial property. 
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Table 2.1: List of some naturally occurring antibacterial agents 

Name Of the 

Compounds 

Form of Compounds 

as Preservative 

Useful on Food or Bacteria 

Bitter melon Juice 

Gram positive and gram negative bacteria such as 

E.coli, Salmonella typhi, Shigella dysenteriae, 

Staphylococcus aureus, Pseudomonas 

aeruginosa, Streptobacillus moniliformis , 

Streptococcus pneumoniae, Helicobacter pylori, 

parasitic organisms Entamoeba histoly-tica and 

Plasmodium falciparum (Costa et al., 2000) 

Grape seeds and 

bagasse 
Juice 

Escherichia coli, Salmonella poona, Bacillus 

cereus, Saccharomyces cerevisiae and Can-dida 

albicans (Abouziena et al., 2008) 

Raw milk and 

cheese 

Isolated Lactic Acid 

Bacteria 
Gram positive bacteria (Malundo et al., 2001) 

Sage, black 

cumin and bay 

leaf 

Juice 
S. typhimurium and E. coli (Medlicott and 

Anthony, 1985) 

Garlic 
Fresh garlic powder, 

garlic extract 
Salmonella, E. coli (Watkins, 2008) 

Turmeric  Turmeric extract Unknown 

Cinnamon 

(cinnamon bark, 

fruit, leaf) 

Extracts of the 

cinnamon bark and 

fruit and cinnamon oil 

Anti-microbial, antioxidant and antimutagenic. 

Reduce the levels of E. coli in Apple juice 

(Amidor et al., 2013) 

Punica granatum Juice or extract Gram positive and gram negative bacteria 

Honey Liquid honey Klebsiella, Pseudomonas, Staphylococcus. 

Sugar (n=5)  E. coli 

Ginger  Extract E. coli (Koo, 2008) 

Clove and 

mustard 
Clove oil 

Gram positive and gram negative bacteria (Sobel, 

2005) 

Basil Basil juice and oil Works against gram positive and gram negative 
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2.3 Synthesized Antibacterial Agents 

2.3.1 Chitosan 

Chitosan is one of the most important and valuable biopolymers found in biomass 

resources. It is a partially deacetylated form of chitin. Chitin is the second most abundant 

organic compounds on earth after cellulose. Chitin has a wide range of availability among 

different organisms. Main sources of chitin are the shells of a variety of marine organisms 

such as shrimps, crabs, squids and other shellfishes (Allan and Hadwiger, 1979). The 

crustacean shells may commonly contain 20-30 % chitin (Knorr, 1984). It is also found 

in the shells of insects and molluscan organisms. Chitin and chitosan are also observed 

as one of the cell wall constituents of several fungi, molds and yeasts (Austin et al., 1981). 

However, chitin does not exist in higher plants and vertebrates (Sharp, 1983). In higher 

plants, cellulose is synthesized instead. Table 2.2 shows common sources of chitin. 

Table 2.2: Chitin content found in different organisms (Tharanathan and Kittur, 2003) 

Type of Organisms  Chitin  

Content (%)  

Type of Organisms  Chitin  

Content (%)  

Crustaceans  

Callinectes (blue crab)  

Carcinus (crab)  

Paralithodes (king crab)  

Cancer (crab)  

Crangon (shrimp)  

Nephrops (lobster)  

Homarus (lobster)  

Lepas (barnacles)  

Alasakan shrimp  

 

  

  

14.0a  

64.2b  

35.0b  

72.1c  

69.1c  

69.8c 60-75c  

58.3c  

28.0d  

  

Insects  

Blatella (cockroach)  

Colcoptera (beetle)  

Diptera (truefly)  

Pieris (sulfur butterfly)  

Bombyx (Silk worm)  

Calleria (Wax worm)  

Periplaneta (cockroach)  

 

  

  

18.4c 27-35c  

54.8c  

64.0c  

44.2c  

33.7c  

2.0d  
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Fungi  

Aspergillus niger  

Penicillium notatum  

Penicillium chrysogenum  

Saccharomyces cerevisiae  

Mucor rouxii  

Lactarius vellereus  

(mushroom)  

  

42.0e  

18.5e  

20.1e  

2.9e  

44.5  

19.0  

  

Molluscan Organs  

Clamshell  

Oyster shell  

Squid, Skeletal pen  

Krill, deproteinized shell  

   

  

6.1  

3.6  

41.0  

40.2  

   

a = wet body weight, b = dry body weight, c = organic weight of cuticle d = total dry weight 

of cuticles, e = dry weight of cell wall  

 

Molecular structure of chitin, chitosan and cellulose has significant similarities. Figure 

2.3 shows the structures of these three naturally occurring polymers. 

 

Figure 2.3: Chemical Structures of chitin, chitosan and cellulose (Chemical Book, n.d.) 

Chitin consists of polymeric chain of N-acetyl glucosamine units, which are connected to 

each other by oxygen linking C1 of one unit to C4 of an adjacent unit. Chitosan is formed 
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when the acetyl (CH3CO-) groups are removed from chitin. The process of removing 

acetyl groups from chitin is called deacetylation. A fully deacetylated chitosan contains 

only glucosamine units in their chemical structure. However, in real life, chitosan 

contains both glucosamine and N-acetyl glucosamine units at different ratios. On the other 

hand, chitosan and cellulose structures shown in Figure 2.3 implies that the main 

difference between these two is the presence of amine (-NH2) groups. At C2 position, 

hydroxyl (-OH) groups of cellulose are replaced by amine groups in chitosan. Chitosan 

consists of carbon (44.1%), hydrogen (6.84%), and nitrogen (7.97%) (Maghsoodi et al., 

2008). Since it has a high percentage of nitrogen compared to synthetically substituted 

cellulose, they have gained great commercial interests (Pochanavanich and Suntornsuk, 

2002). 

Studies have been done regarding the antimicrobial activity of chitosan and its derivatives 

against a wide variety of microorganisms. Several factors influence the antimicrobial 

effect including molecular weight of chitosan. Antimicrobial activity of low molecular 

weight chitosan is higher compared to high molecular weight chitosan (Liu et al., 2006). 

It is also influenced by degree of deacetylation of chitosan (Qi et al., 2004) and pH of the 

solution (Rabea et al., 2003). 

Numerous possibilities for the mode of action for chitosan have been proposed starting 

from binding to DNA of bacteria which causes inhibition of mRNA, to activity on 

bacterial surface (Goy et al. 2009). If chitosan had the ability to bind to bacterial DNA, it 

would be applied in gene delivery. But such activity of chitosan is not clear in terms of 

antimicrobial activity. Studies have shown that chitosan cannot enter a cytoplasm to reach 

a target (Bowman and Leong, 2006). It was proposed that chitosan might bind to the 

bacterial membrane to disrupt it (Helander at el., 2001). However, the size of hydrated 

chitosan is bigger compared to that of the cell wall. Therefore, it cannot cross the cell 
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wall and interact with the cell membrane directly (Raafat et al., 2008). Schematic 

representation of antimicrobial mechanisms of chitosan and its derivatives is shown in 

figure 2.4. 

 

Figure 2.4: Schematic representation of antimicrobial mechanisms of chitosan and its 
derivatives (Hosseinnejad and Jafari, 2016) 

 

The hypothesis that is accepted widely says that the presence of amine groups (-NH2) in 

chitosan results in the olycationic nature of chitosan and it might allow chitosan to interact 

with surface molecules of microorganisms that are negatively charged. It eventually leads 

to leakage of cell components through the ruptured cell wall and therefore leads to cell 

death (Ganan et al., 2009. Figure 2.5 depicts the destruction of E.coli cells treated with 

chitosan. 
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Figure 2.5: TEM images of E. coli: (a) native and untreated cells; and (b) after treatment 
with chitosan (Li at el., 2010) 

 

2.3.2 Silver nanoparticles 

Silver compounds have been used to treat burns, wounds and infections (Dunn and 

Edwards-Jones, 2004). As antimicrobial agents various salts of silver and their derivatives 

are used (Russell and Hugo, 1994; Ip et al., 2006). Recent studies have reported that 

nanosized silver particles exhibit antimicrobial properties (Petica et al., 2008; Rai at el., 

2009). Nanoparticles of silver have been studied as a medium for antibiotic delivery. And 

silver nanoparticles are used to synthesize composites, which are used as disinfecting 

filters and coating materials (Kim et al., 2007). 

To explain the inhibitory effect of silver nanoparticles on bacteria, several mechanisms 

have been proposed. Silver has high affinity towards sulfur and phosphorus. It is assumed 

that this is the key element of the antimicrobial effect. There are the abundance of sulfur-

containing proteins on the bacterial cell membrane. Silver nanoparticles can react with 

sulfur-containing amino acids inside or outside the cell membrane, which in turn affects 

bacterial cell viability. It was also suggested that there might be interaction in between 

silver ions (particularly Ag+) released from silver nanoparticles and phosphorus moieties 

in DNA, resulting in inactivation of DNA replication, or silver ions can react with sulfur-
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containing proteins, leading to the inhibition of enzyme functions (Matsumura et al., 

2003). The general understanding is that Ag nanoparticle of typically less than 20 nm 

diameters get attached to sulfur-containing proteins of bacterial cell membranes. This 

leads to greater permeability of the membrane, causing the death of the bacteria (Morones 

et al., 2005). 

Several studies show the dose dependent effect of silver nanoparticles (in the size range 

of 10-15 nm) on the Gram-negative and Gram positive microorganisms (Shrivastava et 

al., 2007). Ag+ ions at micromolar levels are able to uncouple respiratory electron 

transport from oxidative phosphorylation, which inhibit respiratory chain enzymes, or 

interfere with the membrane permeability to protons and phosphate (Bard and Holt, 

2005). In addition, higher concentrations of Ag+ ions have been shown to interact with 

cytoplasmic components and nucleic acids (Dibrov et al., 2002). Antimicrobial 

mechanisms of silver nanoparticle are shown in figure 2.6. 

 

Figure 2.6: Schematic representation of antimicrobial mechanisms of silver nanoparticle 

(Patil and Kim, 2017) 
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TEM, SEM and X-ray microanalyses are frequently used to study the effect of silver 

nanoparticles on the cell morphology of Escherichia coli and Staphylococcus aureus 

(Feng et al., 2000; Jung et al., 2008). It was revealed that similar morphological changes 

in both the Gram positive and Gram negative bacteria has been found from the treatment 

with the silver ions. The cytoplasmic membrane detaches from cell walls and an electron-

light region containing condensed deoxyribonucleic acid molecules appears in the center 

of the cell. In case of Gram negative bacteria, the inhibitory activity of silver ions is 

higher. The peptidoglycan layer in Gram-positive bacteria cell wall is thicker than cell 

wall of Gram-negative bacteria, which may prevent to some extent, the action of the silver 

ions (Feng et al., 2008). The treatment with silver ions forms the electron-dense granules 

containing silver ions and sulphur ions in the cytoplasm of the bacterial cell. This activity 

suggests that the possible mechanism of action of silver nanoparticles may be due to the 

interaction of silver ions with nucleic acids and impairment of DNA replication which 

results in loss of cell viability and eventually resulting in cell death (Gogoi et al., 2006). 

There are also studies reporting that metal ions induce generation of intracellular reactive 

oxygen species in bacterial cells (Stohs and Bagchi, 1995). Ag ions released by active 

surfaces of silver nanoparticles and silver oxide present on the surfaces of these 

nanoparticles are reported to be the actual biocidal agents (Sondi and Salopek-Sondi, 

2004). The silver ions enter the bacterial cells, where they are reduced as the cell attempts 

to remove them from the cell interior, eventually leading to cell destruction (Morones and 

Elechiguerra, 2005). Recent study shows that silver nanoparticles of less than 10 nm 

diameter make pores on the bacterial cell walls. Because of the release of cytoplasmic 

content to the medium, cell death occurs without affecting the intracellular and 

extracellular proteins and nucleic acids of the bacterium (Sondi and Salopek-Sondi, 

2004). 
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It has been demonstrated that composites of silver nanoparticles with polymer results in 

the improvement of antimicrobial activities of silver nanoparticles at lower 

concentrations (Aymonier et al., 2002; Kumar and Munstedt, 2005). Among the polymers 

chitosan, a cationic polysaccharide composing randomly distributed (1,4)-linked 2-

amino-2-deoxy-β-D-glucose units has been reported to be used as such or in the form of 

composite with silver nanoparticles with high antimicrobial efficacies. It is generally 

accepted that the osmotic stability of the cell is decreased because of the binding of 

polycationic chitosan with negatively charged cell membranes, which causes subsequent 

leakage of intracellular constituents. The chitosan silver composite has greater 

antimicrobial activity than its individual components i.e. chitosan and silver. In the 

composite, the small sized Ag NPs create pores on bacterial wall, while negatively 

charged bacteria is captured by the surface of essential function of the positively charged 

chitosan matrix, thereby causing rapid disintegration of the bacteria (Banerjee et al., 

2010). 

To investigate the mode of antibacterial action of nano-Ag against E. coli, a proteomic 

approach (two dimensional electrophoresis and proteins identification by mass 

spectrometry) is used (Lok et al., 2006). Several primary actions of nano-Ag in E. coli 

cells, namely in envelope protein processing, outer membrane permeability, plasma 

membrane potential and energization are revealed for the first time from the proteomic 

studies. The proteomic analyses revealed that alterations in the expressions of a number 

of envelope proteins and heat shock proteins which are usually induced in a variety of 

stress conditions is the result of just a short exposure of E. coli cells to nano-Ag. The 

entry of foreign substances is resisted by the envelope proteins. In particular, the 

expression of the heat shock proteins IbpA and IbpB is stimulated during the over 

expression of heterologous proteins that are associated inclusion bodies (Kitagawa et al., 
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2000; Otani et al., 2001). The outer membrane and the outer membrane barrier 

components such as lipopolysaccharide or porins are destabilized and disrupted by nano-

Ag, and these cause culmination of the perturbation of the cytoplasmic membrane. An 

accumulation of envelope protein precursors characterizes the proteomic signatures of 

nano-Ag treated E. coli cells. This indicates that the bacterial membrane is attacked by 

nano-Ag, leading to a dissipation of the proton motive force. The electron microscopy 

and optical imaging results suggest that nano-Ag penetrate the outer and inner membranes 

of the Gram negative bacteria, with some nanoparticles found intracellularly, still it is 

needed to elucidate the action of penetration and disruption of the membranes by 

nanoparticles with a diameter of 10 nm (Jakob et al., 1993). Though nano-Ag and Ag+ 

ions share a similar membrane-targeting mechanism of action, the effective 

concentrations of nano-Ag and Ag+ ions are at nanomolar and micromolar levels, 

respectively. Nano-Ag appears to be significantly more efficient than Ag+ ions in 

mediating their antimicrobial activities (Dibrov et al., 2002). 

Size-controlled silver colloid nanoparticles generated using a one-step modified Tollens 

process is assessed for antimicrobial activity against drug resistant pathogens (Panacek 

et al., 2006). The size of particles is influenced by the pH and type of reducing saccharide 

of the reaction system. Using four different saccharides, a wide range of particle size, 

particularly 25-100 nm with narrow size distributions are obtained. Nanoparticles with 

size less than 25 nm have exhibited minimum inhibitory concentration of 6.75-54 μg/mL 

whereas 25 nm size particles showed MIC in the range of 1.69- 13.5 μg/mL against 

including highly multi-resistant bacteria such as methicillin-resistant Staphylococcus 

aureus, methicillin-resistant coagulase-negative staphylococci (e.g., Staphylococcus 

epidermidis), vancomycin-resistant Enterococcus faecium, and ESBL-positive Klebsiella 

pneumoniae. This study plays an important role, particularly when antibiotic resistance 
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among bacterial species is increasing at an alarming rate and very few alternative options 

are available to address the issue. 

Silver nanoparticles have been evaluated for their antimicrobial activities against a wide 

range of pathogenic organisms (Lara et al., 2010). The highest sensitivity was observed 

against Methicillin resistant Staphylococcus aureus (MRSA) followed by Methicillin 

resistant Staphylococcus epidermidis (MRSE) and Streptococcus pyogenes. A moderate 

antimicrobial activity was observed in case of the gram negative pathogens Salmonella 

typhi and Klebsiella pneumonia (Nanda and Saravanan, 2009). 

The size of the particle has great effects in antimicrobial activity (Morones et al., 2005). 

The antibacterial activity of silver nanoparticles also depends on the shape of particles. 

The truncated triangular silver nanoplates has stronger biocidal action than the spherical 

and rod-shaped nanoparticles against E. coli (Pal et al., 2007). 

Smaller particles have high penetration capacity than larger particles and because of this 

small particles exhibited higher antimicrobial activity than big particles. The antibacterial 

properties are related to the total surface area of the nanoparticles. Smaller particles with 

larger surface to volume ratios have greater antibacterial activity (Cho et al., 2005; 

Martínez et al., 2008). 

2.3.3 Gold nanoparticles 

In the Chinese medical history, the therapeutic use of gold can be traced in 2500 BC. For 

rejuvenation and revitalization during old age, red colloidal gold is still used in the Indian 

Ayurvedic medicine under the name of Swarna Bhasma (“Swarna” meaning gold, 

“Bhasma” meaning ash) (Mahdihassan, 1985; Higby, 1982). In the western world, gold 

named as nervine, a substance that could revitalize people suffering from nervous 

conditions, has a long history of use. In the 16th century, for the treatment of epilepsy, 
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gold was recommended. In the beginning of the 19th century gold was used in the 

treatment of syphilis. The bacteriostatic effect of gold cyanide towards the tubercle 

bacillus was discovered by Robert Koch. After that gold based therapy for tuberculosis 

was introduced in 1920s (Shaw, 1999). The major clinical uses of gold compounds are in 

the treatment of rheumatic diseases including psoriasis, juvenile arthritis, planindromic 

rheutamitism and discoid lupus erythematosus (Felson at el., 1990). 

Au particles are particularly and extensively exploited in organisms because of their 

biocompatibility (Bhattacharya and Mukherjee, 2008). Though gold nanoparticles (Au) 

generally are considered to be biologically inert, it can be engineered to possess chemical 

or photothermal functionality. Cancer cells and bacteria can be destroyed through 

photothermal heating by near infrared (NIR) irradiation of the Au-based nanomaterials, 

Au nanospheres, Au nanocages, and Au nanorods with characteristic NIR absorption. For 

photodynamic antimicrobial chemotherapy, Au-based nanoparticles can be combined 

with photosensitizers. Au nanorods conjugated with photosensitizers can kill MRSA by 

photodynamic antimicrobial chemotherapy and NIR photo thermal radiation (Kuo, 2009; 

Pissuwan et al., 2009). The Au nanorods served as both photodynamic and photo thermal 

agents and inactivated MRSA. The combined effect of PACT and hyperthermia has 

enhanced antimicrobial effect of gold nanoparticle. Recent studies have focused on 

functionalizing the gold nanoparticles as photo thermal agents for hyperthermically 

killing pathogens (Norman, 2008; Huang, 2007). 

Antibiotics can be added to gold nanoparticles to increase the efficacy of the antibacterial 

activity (Gu et al., 2003; Burygin, 2009). The coating of aminoglycosidic antibiotics with 

gold nanoparticles has an antibacterial effect on a range of Gram-positive and Gram-

negative bacteria (Grace and Pandian, 2007; Saha, 2007). Comparing with cefaclor and 

gold nanoparticles alone, cefaclor (a second-generation β-lactam antibiotic) reduced gold 
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nanoparticles have potent antimicrobial activity on both Gram-positive and Gram-

negative bacteria. Cefaclor inhibits the synthesis of the peptidoglycan layer, making cell 

walls porous. Further, the gold nanoparticles generate holes in the cell wall, resulting in 

the leakage of cell contents and cell death. It is also possible that gold nanoparticles bind 

to the DNA of bacteria and inhibit the uncoiling and transcription of DNA (Rai at el., 

2010). The Au nanoparticles can be used to coat a wide variety of surfaces for instance 

implants, fabrics for treatment of wounds and glass surfaces to maintain hygienic 

conditions in the home, in hospitals and other places (Das et al., 2009). 

2.3.4 Magnesium oxide nanoparticles 

The preparation of highly ionic nanoparticulate metal oxides can be done with extremely 

high surface areas and unusual crystal morphologies. These metal oxides can have 

numerous edge/corner and reactive surface sites (Stoimenov, 2002). Magnesium oxide 

(MgO) prepared through an aerogel procedure yields square and polyhedral shaped 

nanoparticles. These nanoparticles have diameters varying slightly around 4 nm, arranged 

in an extensive porous structure with considerable pore volume (Klabunde et al., 1996). 

MgO nanoparticles have an interesting property that is their ability to adsorb and retain 

for a long time (in the order of months) significant amounts of elemental chlorine and 

bromine (Huang, 2005). The MgO nanoparticles show biocidal activity and can remove 

certain vegetative Gram-positive bacteria, Gram-negative bacteria and the spores 

(Richards et al., 2000). Magnesium Oxide nanoparticles are found to possess many 

properties that are desirable for a potent disinfectant (Koper et al. 2002). The nanocrystals 

adsorb and carry a high load of active halogens Because of their high surface area and 

enhanced surface reactivity. Because of extremely small size, many particles are able to 

cover the bacteria cells to a high extent and that bring halogen in an active form in high 

concentration in proximity to the cell (Richards et al., 2000).  An excellent bactericidal 
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activity against E.coli and Bacillus megaterium and a good activity against spores of 

Bacillus subtilis have been found from standard bacteriological tests (Koper et al. 2002).  

The bioactivity of MgO nanoparticles against bacteria is because of having opposite 

charges in water suspension. MgO nanoparticles have positive charge and bacteria and 

spore cells have negative charge, which enhances the total bactericidal effect. It has been 

observed from confocal microscopy studies that in water suspension the opposite charge 

brings the bacteria and nanoparticles together in aggregates which is composed of both 

magnesium oxide nanoparticles and bacteria. Halogenated magnesium oxide has a very 

strong influence on microorganisms and their membranes in particular and it has been 

confirmed from atomic force microscopy and electron microscopy studies. Overall, the 

halogen such as chlorine and bromine treated MgO nanoparticles have a stronger and 

faster effect on the killing action of both bacteria and spores (Koper et al. 2002). 

2.3.5 Zinc oxide nanoparticles 

Zinc oxide nanoparticles have been found to be highly toxic among the various metal 

oxides studied for their antibacterial activity. Moreover, they are very stable under harsh 

processing conditions and less toxic to human combined with the potent antimicrobial 

properties favors their application as antimicrobials (Stoimenov, 2002). Many studies 

have shown that some NPs made of metal oxides, such as ZnO NP, have selective toxicity 

to bacteria and only exhibit minimal effect on human cells. This property has recommend 

them in many prospective uses such as in agricultural and food industries (Brayner et al., 

2006; Zhang et al., 2007) 

The antimicrobial activity of zinc oxide nanoparticles have been studied against the food 

related bacteria Bacillus subtilis, Escherichia coli and Pseudomonas fluorescens (Jiang 

et al., 2009). To protect agricultural and food safety from foodborne pathogens, especially 
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E. coli O157:H7, zinc oxide nanoparticles could potentially be used as an effective 

antibacterial agent (Zhang et al., 2007). ZnO nanoparticles show antimicrobial activities 

against Listeria monocytogenes, Salmonella enteritidis also (Jiang et al., 2009). There are 

also other studies confirming the strong antimicrobial activity of ZnO nanoparticles 

wherein the nanoparticles could completely lyse the food-borne bacteria Salmonella 

typhimurium and Staphylococcus aureus (Liu et al., 2009). In another study, ZnO 

nanoparticles (12 nm) disintegrates the cell membrane of E. coli and increases the 

membrane permeability. As a result, the growth of bacteria gets stopped (Jin et al., 2009). 

 

Figure 2.7: Correlation between the (a) influence of essential ZnO-NPs parameters on the 
antibacterial response and the (b) different possible mechanisms of ZnO-NPs 
antibacterial activity, including: ROS formation, Zn2+ release, internalization of ZnO-NPs 
into bacteria, and electrostatic interactions (Sirelkhatim et al., 2015) 

 

To explain the antibacterial activity of ZnO nanoparticles, several mechanisms have been 

proposed. It is considered that the generation of hydrogen peroxide from the surface of 

ZnO is an effective mean for the inhibition of bacterial growth (Yamamoto, 2001). The 

surface area increases with the increase of ZnO powder particles per unit volume of 

powder slurry. So it is presumed that decrease in particle size increases generation of 

hydrogen peroxide. Another possible mechanism for ZnO antibacterial activity is the 
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release of Zn2+ ions which can the damage cell membrane and interact with intracellular 

contents (Brayner et al., 2006). Mechanism of ZnO nanoparticles on bacteria cells is 

shown in figure 2.7. 

2.3.6 Copper oxide nanoparticles 

Copper oxide (CuO) is a semiconducting compound having monoclinic structure. Though 

it is the simplest member among all copper compounds, it exhibits a range of potentially 

useful physical properties such as high temperature, superconductivity, electron 

correlation effects and spin dynamics. Because of these properties, it has a wide 

application (Tranquada et al., 1995). CuO crystal also has photocatalytic or photovoltaic 

properties and photoconductive functionalities (Kwak and Kim, 2005). Detailed 

information about the antimicrobial activity of nano CuO is not available. Copper oxide 

is used widely as it is cheaper than silver, easily mixes with polymers and relatively stable 

in terms of both chemical and physical properties (Xu et al., 1999). It is suggested that 

CuO may have potential application as antimicrobial agents if they are prepared with 

extremely high surface areas and unusual crystal morphologies (Stoimenov, 2002). 

A range of bacterial pathogens involved in hospital-acquired infections can be killed 

effectively by CuO nanoparticles. But for achieving a bactericidal effect, a high 

concentration of nano CuO is required (Ren at el., 2009). However, if nano CuO is 

combined with nano Ag, the Gram-negative strains showed a greater susceptibility in the 

time-kill experiments. Studies have been conducted to assess the potential of nano CuO 

embedded in a range of polymer materials. A lower contact-killing ability was observed 

in comparison with release killing ability against MRSA strains. This suggests that a 

release of ions into the local environment is required for optimal antimicrobial activity 

(Cioffi et al., 2005; Ren at al., 2009). 
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As there is greater abundance of amines and carboxyl groups on cell surface of B. subtilis 

and copper has greater affinity towards these groups, copper nanoparticles have a high 

antimicrobial activity against B. subtilis. Copper ions released from copper nanoparticles 

may also interact with DNA molecules and nucleic acid strands. Copper ions those go 

inside bacterial cells also disrupt biochemical processes (Rupareli et al., 2008). The exact 

mechanism behind bactericidal effect of copper nanoparticles is not clear and extensive 

research is going on to identify this.  

2.3.7 Titanium dioxide nanoparticles 

The inhibitory activity of TiO2 is expected to the photocatalytic generation of strong 

oxidizing power when lit up with UV light at wavelength of under 385 nm 

(Chorianopoulos et al., 2011). The killing of bacteria on illumination by near-UV light is 

generally catalyzed by TiO2 nanoparticles. The photo-excitation TiO2 particles generates 

active free hydroxyl radicals (-OH) particles, which is probably responsible for the 

antibacterial activity (Wei at el., 1994; Pham and McDiwell, 1995). TiO2 photocatalyst 

shows strong antimicrobial effect on Escherichia coli in water and also shows 

photocatalytic activity against fungi and bacteria (Kim at el., 2003; Chawengkijwanich 

and Hayata, 2008). 

Nitrogen-doped metal oxide nanocatalysts show strong bactericidal activity against E. 

coli biofilms. There are also studies on the photocatalytic oxidation of biofilm 

components on TiO2- coated surfaces (Matsunga et al., 1988). In conclusion, Titanium 

dioxide photocatalysts can be used as alternative means of self-disinfecting contaminated 

surfaces and further improvement may provide potent disinfecting solutions for 

prevention of biofilm formation. In food processing industries, TiO2 photocatalysts can 

be used as effective biofilm disinfectant (Wolfrum et al., 2002; Liu at el., 2007). 
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Escherichia coli can be removed easily by the suspensions containing TiO2. The 

development of photocatalytic methods for the killing of bacteria and viruses using TiO2 

in aqueous media has been possible because of the above findings (Duffy et al., 2002). 

It has been suggested that an effective way to reduce the disinfection time is the treatment 

with nanostructured TiO2 on UV irradiation. It can also eliminate pathogenic 

microorganisms in food contact surfaces and enhance food safety (Chorianopoulos et al., 

2011). Though titanium dioxide nanoparticle is used in inhibit the growth of 

microorganisms, UV light is required to activate the photocatalyst and initiate the killing 

of the bacteria and viruses, which is the major disadvantage of TiO2. In recent years, 

photocatalysts such as Ag/AgBr/TiO2 those absorb visible light, has proved to be 

successful at killing S. aureus and E. coli (Sunada et al., 1998; Hu at el., 2006). 

2.3.8 Graphene oxide nanoparticles 

Graphene which is an exceptional material able to conduct electrons and heat, has 

emerged in the last few years. Most advantageous thing of graphene is it possess an 

extremely high mechanical strength associated to a high elasticity. Graphene is a 2D 

material with a very high aspect ratio and therefore a low weight/superficial area value 

which helps it to carry all the above properties (Novoselov et al., 2004). All of these 

features, possessed by one material, have made graphene characteristics of high interest 

for meaningful applications. 

From recent studies it has been reported that, GO exhibits strong antibacterial activity 

towards both Gram-positive and Gram-negative bacteria (Akhavan and Ghaderi, 2010). 

The demand of creating and exploring novel materials for biological applications is 

increasing day by day as they have huge impact on health care (Krishnamoorthy et al., 

2012). In this scenario, GO nanosheets are of special interest due to their size 



30 
 

controllability, ability to tune their property by altering the oxidation level and high 

dispersibility in water etc. (Krishnamoorthy et al., 2012). 

The previous report shows that for selective photocatalyze of nucleic acids and proteins 

of viruses GO-aptamer conjugate act as smart photocatalyst (Yang at el., 2013). The 

nanostructured materials are highly multi-drug resistance of bacteria and in recent years 

they are recognized as effective antibacterial agents. Graphene based materials also 

exhibit the antibacterial properties against wide range of bacteria and virus.  

 

 

(a) (b) 

Figure 2.8: (a) Structure of Graphene oxide, (b) Synthesized GO solution and powder 
(Paulchamy et al., 2015) 

 

The mechanism by which pure graphene and graphene oxide act as antimicrobial agents 

remains controversial and continues to be a subject of debate. Generally, it is believed 

that the antimicrobial action of GO is due to physical and chemical factors 

(Krishnamoorthy et al., 2012).The former is mechanical in nature, which mainly involves 

the ‘‘sharp’’ edges of the graphene nanosheets cutting through the bacterium’s cell 

membrane causing the intracellular matrix to leak, eventually leading to the bacterium’s 

death (figure 2.9). A wrapping mechanism of larger GO sheets preventing the bacterium 
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proliferation was also reported. On the other hand, the chemical factor involves the over 

production of reactive oxygen species (ROS) that was later found to oxidize fatty acids 

leading to the production of lipid peroxides that stimulate a chain reaction, eventually 

leading to the disintegration of the cell membrane followed by cell death.  

 

Figure 2.9: Antibacterial mechanism of graphene oxide (Mangadlao et al., 2015) 

2.3.9 Nanocomposites 

In recent years, the potential antibacterial applications of GO-Ag nanocomposites have 

also attracted much attention (Tang at el., 2013). GO−Ag nanohybrid have synthesized 

by depositing Ag nanoparticles on the surface of GO following different methods, which 

contains remarkable antibacterial properties. GO−Ag nanohybrid, a new generation of 

antibacterial agent possess many advantages such as unique and synergistic antibacterial 

efficacy over the simple physical blend of GO and Ag nanoparticles (Tang at el., 2013). 

Previous studies revealed that synthetic or natural zeolites (A, X, Y, and Z) and 

clinoptilolite assembled with inorganic metal ions such as silver, copper, etc. can be used 

as bactericides for water disinfection Zeolites are crystalline aluminosilicates, the basic 

crystalline skeletons of which are composed of SiO44- and AlO4
5- tetrahedra. Cation 

exchange is one of the outstanding properties of zeolites. 
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Other nanocomposites such as nanocomposites of Ag with organic montmorillonite, Ag 

with montmorillonite, and organic montmorillonite also exhibits antibacterial properties 

(Zhang et al., 2018). 

There is a lot of works going on the antibacterial properties of nanocomposites. But their 

antibacterial mechanism is not fully understood till now. So there is a lots of scope to 

work on nanocomposites and their potential use. 

2.4 Characterization Techniques of materials  

X-ray diffraction (XRD) analysis 

The crystallographic structure and morphology of any material can easily be determined 

using X-ray diffraction, a conventional technique. The intensity becomes increased or 

decreased with the amount of constituent. This Technique gives information on metallic 

nature of a particle, translational symmetry size and shape of the unit cell. Crystallite size 

is calculated using Scherrer equation:  

CS= Kλ /βcosθ 

Where, 

 CS is the crystallite size,  

Constant [K] = 0.94, λ=1.5406 Å,  

β is the full width at half maximum [FWHM], 

Cosθ = Bragg angle.  

Generally, X-ray diffraction analysis with various nanoparticles is studied by various 

research workers to find the high crystallinity of the prepared sample (Arasi et al., 2012). 
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Scanning Electron Microscope (SEM) 

Since the invention of Scanning Electron Microscopy (SEM), it has become an 

indispensable tool in research and has significantly contributed towards biology, 

medicine and material sciences research (Saleh et al., 2003). SEM analysis is employed 

to determine the size, shape and morphologies of particles. The working principle of SEM 

is similar to an optical microscope, but it measures the electrons scattered from the sample 

rather than photon. SEM is capable of magnifying images up to 200000 times. It can 

measure the particle size and shape of any conductive or sputter coated sample and the 

sensitivity is down to 1nm (Umer et al., 2012). Figure 2.10 is showing SEM image of Ag 

nanoparticles. The most of the silver nanoparticles are found to be triangle, some pyramid 

shaped and some are spherical in nature (Shareef at el., 2017). The particle size of Ag 

nanoparticles can be determined from SEM image. 

 

Figure 2.10: SEM image of Ag nanoparticles (Shareef at el., 2017). 

Degree of Deacetylation 

The deacetylation of chitin is required to get chitosan. It is a copolymer of N-acetyl 

glucosamine units and D-glucosamine units. Degree of deacetylation (DD%) is defined 
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as molar fraction of N- acetyl glucosamine units in the chitosan polymer chain 

(Czechowska-Biskup et al., 2012). 

                                             DD% = nGlcN / (nGlcN+ nGlcNAc) 

Where,  

nGlcN = glucosamine unit,  

nGlcNAc = N-acetyl glucosamine unit. 

Sometimes degree of acetylation is calculated by using the formula DA = 100 – DD 

(Czechowska-Biskup et al., 2012). 

Several methods are available to measure degree of deacetylation. The simplest and low 

cost method among them is the pH-metric titration. Other methods include FTIR (Fourier 

Transform Infrared Spectroscopy), UV-vis Spectroscopy, X-ray Spectroscopy and NMR 

(Nuclear Magnetic Resonance) Spectroscopy. NMR is the most accurate, but it is very 

expensive. 

Deacetylation of chitin exposes amino groups along the molecule chain. Properties of the 

molecule undergo several changes depending upon the extent and distribution of these 

amino groups. Since the amino groups can be ionized, chitosan becomes polycationic in 

acidic media. This particular quality allows chitosan to form solutions and interact with 

a wide diversity of molecules. Thus, degree of deacetylation can determine most of the 

properties of chitosan. 

Fourier Transform Infrared (FTIR) spectroscopy  

 FTIR is an analytical technique used to identify organic, polymeric, and in some cases, 

inorganic materials. The principle of FTIR is related to the vibrations of the atoms in a 

molecule or polymer. The infrared zone of the electromagnetic radiation is utilized to 
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determining what fraction of the incident radiation is transmitted or absorbed at a 

particular energy (Stuart, 2004). Each peak in the absorption spectrum corresponds to the 

vibration of a molecule part. Thus, it gives a qualitative identification of certain functional 

groups and bonds in the polymer sample. FTIR spectroscopy measures infrared intensity 

vs. wavelength of light. It gives the information about the nature of associated functional 

groups and structural features of biological extracts of nanoparticles (Heera and 

Shanmugam, 2015). 

Transmission electron microscopy (TEM)  

Transmission electron microscope is mainly used for morphological studies of particles. 

A beam of electrons is transmitted through an ultra-thin specimen which interacts with 

the specimen in TEM microscope technique. As the interaction of the electrons occurs 

with the specimen, an image is formed. Then the image is magnified and focused onto an 

imaging device, such as a fluorescent screen or to be detected by a sensor such as a CCD 

camera.  

TEM is one of the major analysis methods in scientific fields, for both physical and 

biological sciences. In cancer research, virology, materials science as well as pollution, 

and nanotechnology research, TEM is heavily used (Heera and Shanmugam, 2015). 

2.5 Cytotoxicity of Nanoparticles/ Nanocomposites 

As nanoparticles is used largely in commercially available products, it has become more 

common. Today the production of nanoparticles is estimated 2300 tons but it is predicted 

that the production of these particles will increase to 58000 tons by 2020 (The Royal 

Society, 2004; Maynard, 2006). As the discovery of new applications of nanoparticles is 

progressing, its use in merchandise is also increasing. But it is surprising that knowledge 

on the health effects of nanoparticle exposure is still limited. However, for the 
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determination of the health risks associated with nanoparticle exposure the number of 

efforts are continued to grow. The event named “nano scare” in 2006 in Germany, 

involving the aerosol glass protective Magic-Nano can threaten the massive use of 

different nanoparticles (Wolinsky, 2006). It also found from the report of United States 

Environmental Protection Agency that sunscreen containing nanometersized titanium 

dioxide particles could cause brain damage in mice (Long et al., 2006). These two 

incidents exemplify the need of verifying the toxicity of nanoparticles before use. 

The applications of nanoparticles or nanocomposites as drug-delivery agents or 

biosensors involves deliberate ingestion and injection of different antibacterial agents into 

the body which might be harmful for human body. For example, biodegraded 

nanoparticles may accumulate within cells and lead to intracellular changes such as 

disruption of organelle integrity or gene alterations. For such biomedical purposes, 

cytotoxicity is a crucial factor to consider when evaluating their potential (Lewinski et 

al., 2008). 
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CHAPTER 3 

METHODOLOGY 

This chapter describes the different analytical methods and experimental procedures that 

were performed to obtain desired results of this thesis work. It includes the brief 

procedure of preparation of chitosan, zinc oxide (ZnO) nanoparticles, silver/zinc (Ag/Zn) 

loaded zeolite nanocomposites, graphene oxide (GO) nanoparticles, and graphene oxide 

(GO)-silver (Ag) nanocomposites. In addition, incubation of E. coli bacteria cells with 

different antibacterial agents, measuring number of cells by taking optical density at 600 

nm wavelength (OD600) data, observation of inhibition zone formed by different 

antibacterial agents, and evaluation of cytotoxicity are discussed here under different 

subsections.  

3.1 Consumables Used  

To accomplish the whole thesis work, 15/50-ml centrifuge tubes (HXBL), Gloves, 

Culture dishes (Petri dishes), Cell culture media (Lab M, UK), Serological pipette, prawn 

shell (local market), Sodium hydroxide (GR grade; DUKSAN reagents, Korea), 

Hydrochloric acid (37% fuming; MERCK, Germany), Zinc nitrate (95%;, Starch, 

MERCK, Germany), Zeolite (90-92%; Heiltropfen, USA), Silver nitrate (99%; Universal 

Chemicals, India), Sodium Nitrate (MERCK, Germany), Graphite powder (99.99%; 

Sigma-Aldrich), Sulfuric acid (98%; MERCK, Germany), Nitric acid (65%; MERCK, 

Germany), Hydrogen peroxide (30%; Scharlau), Potassium Permanganate (98.5%; 

MERCK, Germany), Sodium borohydride (98%; ACROS Organics), Acetic acid (glacial 

100%; MERCK, Germany), Milli-Q water, 70% Ethanol were used as consumables. 

 

 



39 
 

3.2 Preparation of Antibacterial Agents 

3.2.1 Extraction of chitosan from waste prawn shell  

Chitosan was extracted from waste prawn shell using a modified method of No and 

Meyers (Rashid et al., 2011). The waste prawn shells (Macrobrachium rosenbergii; 

collected from local market) were boiled in water for 1 h and then washed thoroughly 

with hot water several times. Then the prawn shells were dried in a gravity convection 

oven at 105℃ for 24 h. The dried prawn shells were treated with 3–4% solution of 

aqueous NaOH at a ratio of 1:16 (w/w) for 3 h to remove the protein. The mixture was 

washed with water several times and placed in the gravity convection oven at 105℃ for 

24 h. The dried samples were treated with 1N HCl at a ratio of 1:16 (w/w) with stirring 

for 3h. The mixture was washed and dried in the gravity convention oven at 105℃  for 

24 h and chitin was obtained. 

  

(a) (b) 

Figure 3.1: Image of (a) chitosan preparation from waste shrimp shell (de-acetylation 
step) (b) Prepared chitosan from waste shrimp shell 
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The chitin was deacetylated by heating under boiling conditions (150–160℃) with 50% 

(w/w) NaOH solution at a ratio of 1:20 (w/w) for 3 h. The mixture was then washed 

thoroughly with distilled water to remove the NaOH completely from the product. The 

chitosan thus produced was dried in a gravity convection oven for 72 h at 60℃. 

3.2.2 Preparation of zinc oxide (ZnO) nanoparticles  

The ZnO nanoparticles were prepared by the precipitation method using zinc nitrate and 

sodium hydroxide as precursors and soluble starch as a stabilizing agent (Lanje et al., 

2013). 0.3 g of starch was dissolved in 100 ml of distilled water at 27℃. 10 ml of 0.1 M 

zinc nitrate was added to the starch solution. The obtained solution was stirred constantly 

using the magnetic stirrer for 2h until the complete dissolution occurs. Subsequently, 10 

ml of 0.2 M sodium hydroxide solution was added drop by drop to the above solution 

from the sidewalls. The reaction was allowed to proceed for 2 h after the complete 

addition of sodium hydroxide solution.  

  

(a) (b) 
 

Figure 3.2: Image of (a) ZnO nanoparticle solution (b) powdered ZnO nanoparticle 
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After the completion of the reaction, the solution was allowed to settle down for 24 h. 

The supernatant solution was discarded carefully and the remaining solution was 

centrifuged. In order to remove the byproducts and excessive starch bound to the 

nanoparticles, the precipitate was washed with ethanol repeatedly. The powder of the 

ZnO nanoparticles was obtained after drying at 100℃ for 2 h. 

3.2.3 Preparation of silver/zinc (Ag/Zn) loaded zeolite nanocomposites  

50 g of zeolite clinoptilolite powder dried at 105℃ for 1 h, was slurried with 50 g of 

distilled water. 95 ml of 0.5 N nitric acid solution was added to the solution to adjust the 

pH between 5 and 7. The zeolite clinoptilolite slurry was put into contact with zinc nitrate 

and silver nitrate solutions, prepared at the concentration of 0.1 M/l and 0.4 M/l, 

respectively. Liquid/solid ratio of the solution was kept as 5:1 (w/w). The slurry was 

stirred at a temperature of 50℃ for 5 h to obtain significant ion exchange. The slurry was 

filtered, washed five times with distilled water, dried at 110℃ for 5 h, and crushed into 

powder form (Dogan, 2009). 

 

Figure 3.3: Image of prepared Ag/Zn Ze nanocomposite 



42 
 

3.2.4 Preparation of graphene oxide (GO) nanoparticles  

Oxidized graphene powders were synthesized according to the modified Hummers 

method (Tetsuka, 2012). 2 g of graphite was put into an 80℃ solution of concentrated 

H2SO4 (12 mL) and HNO3 (8 mL). The mixture was kept at 80℃ for 8h using an oil-bath. 

After cooling to room temperature, the mixture was diluted with 0.5 L of de-ionized (DI) 

water and left overnight. Then, the mixture was filtered and washed with DI water using 

vacuum pump filtration system to remove the residual acid. The product was dried under 

ambient condition overnight. This pre-oxidized graphite was then subjected to oxidation 

by Hummer’s method described as follows. Pretreated graphite powder (1g), NaNO3 

(1.03g), and concentrated H2SO4 (62g) were placed in a flask. Then, 4.5g of KMnO4 was 

slowly added under stirring and the temperature of the mixture was kept to below 20℃ 

for 2 h.  

  

(a) (b) 

Figure 3.4: Image for (a) Preparation of GO nanoparticle (filtering by Vacuum Pump 
Filtration System) (b) Prepared GO nanoparticle 
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After further vigorous stirring for 2 days at room temperature, the reaction was terminated 

by the addition of DI water (140 mL) and 30% H2O2 solution (2.5 mL). The mixture was 

filtered and washed by repeated centrifugation and filtration, first with 1 M HCl aqueous 

solution and then with DI water. DI water (50 mL) was added to the final product. The 

obtained mixture was dialysed through semipermeable membranes for one week to 

remove the remaining metal species. Finally, the resulting solid was dried at 50℃. 

3.2.5 Preparation of graphene oxide (GO)-silver (Ag) nanocomposites  

GO−Ag nanoparticle was fabricated via reducing AgNO3 salt using Sodium borohydride 

in the presence of GO dispersion. Typically, 3 mg of prepared GO powder was 

incorporated into 100 ml of distilled water.  

  

(a) (b) 

Figure 3.5: Image for (a) Preparation of GO-Ag nanocomposite (mixture of GO, AgNO3, 
and sodium borohydride is ready for boiling) (b) Prepared GO-Ag nanocomposite 
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Then, 60 mg of AgNO3 salt was added to the GO dispersion. After that, the obtained 

dispersion was boiled, 22 mg of sodium borohydride salt was rapidly added to the reaction 

mixture, and it was further boiled for 2 h. In this reaction, the reduction of Ag+ ions were 

first occurred on the defects of the GO sheets, forming small Ag nucleation centers, from 

which Ag nanoparticles were grown. Finally, the fabricated GO−Ag nanohybrid were 

centrifuged at 20000 rpm for 20min, washed several times with distilled water to remove 

unreacted sodium borohydride and AgNO3 salt on the surface of powder, and dried at 50 

°C under vacuum for 12 h (Rasoulzadehzali and Namazi, 2017). 

3.3 Characterization Techniques of Antibacterial Agents 

To characterize the studied antibacterial agents, Field Emission Scanning Electron 

Microscopy (FESEM; JEOL JSM-7600F, USA) and XRD (Panalytical Empyrean x-ray 

diffractometer) methods were used. Also, to find out the degree of de-acetylation (DD%) 

of chitosan, acid-base titration method was followed.  

3.3.1 FESEM imaging of antibacterial agents 

A field emission scanning electron microscope (FESEM) is a type of electron 

microscope that produces images of a sample by scanning the surface with a focused 

beam of electrons. The electrons interact with atoms in the sample, producing various 

signals that contain information about the surface topography and composition of the 

sample. 

FESEM imaging of chitosan, ZnO nanoparticles, silver/zinc (Ag/Zn) loaded zeolite 

nanocomposites, graphene oxide (GO) nanoparticles, and graphene oxide (GO)-silver 

(Ag) nanocomposites was done in the department of glass and ceramic engineering, 

BUET. Particle size was observed from these images. 

 

https://en.wikipedia.org/wiki/Electron_microscope
https://en.wikipedia.org/wiki/Electron_microscope
https://en.wikipedia.org/wiki/Electron
https://en.wikipedia.org/wiki/Atom
https://en.wikipedia.org/wiki/Topography
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3.3.2 XRD analysis of antibacterial agents 

XRD is a rapid analytical technique primarily used for phase identification of a crystalline 

material and can provide information on unit cell dimensions. The information about the 

purity of the material can also be known from XRD.  XRD analysis was done for chitosan, 

ZnO nanoparticles, Ag/Zn-zeolite nanocomposites, GO nanoparticles and GO-Ag 

nanocomposites. 

3.3.3 Degree of De-acetylation (DD%) of chitosan 

0.2 g dried chitosan was dissolved in 20 mL 0.1 M HCl and 25 mL distilled water was 

added to it. After 30 min of continuous stirring, next portion of 25 mL distilled water was 

added. The whole solution was stirred for another 30 min. It was then titrated using 0.1 

M NaOH. Degree of Deacetylation (DD%) was determined using Equation 

DD% =    2.03 ✕ (V2 − V1) 

m + 0.0042 ✕ (V2 − V1)
 

Here,  

m is the amount of chitosan used in the titration (0.2 g for these experiments),  

V1 and V2 are the inflection points in the pH curve,  

Coefficient 2.03 results from molecular weight of chitin monomer unit,  

Coefficient 0.0042 results from difference between molecular weights of chitin and 

chitosan monomer units. 

3.4 Determination of Antimicrobial Activity 

Antimicrobial activity of chitosan, ZnO, Ag/Zn loaded zeolite, GO and GO-Ag was tested 

against Escherichia coli. Shake flask method and Zone of inhibition method were adopted 

to evaluate the antibacterial activity against microorganism. 
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3.4.1 Growth of bacterial strain 

Some E. coli was picked from stock broth and uniformly spread on freshly prepared 

MHAB culture plate. The agar plate was kept at 37℃ for 24 h in incubator (Lanline, USA 

and Pol-eko-aparatura, Poland), 

3.4.2 Preparation of bacterial solution  

An individual colony of E. coli was selected and picked up from an MHAB culture plate 

using a sterile inoculum loop. The colony was then aseptically transferred into 50 mL of 

sterile nutrient broth inside biosafety hood (LabTech, Korea), The solution was mixed 

well. After that optical density at 600 nm (OD600) was measured.  

3.4.3 Preparation of chitosan solution  

Chitosan stock solution was prepared with 80 mg chitosan powder dissolving into 10 mL 

of 1% acetic acid which makes 8.0 g/L chitosan solution. The stock solution was used to 

prepare different concentrations of chitosan solution by adding 1% acetic acid. 

3.4.4 Assay for antibacterial activity in solution: Shake flask method 

The microorganisms (∼107 and 105 cells/mL) were incubated with seven different 

concentrations of chitosan, ZnO nanoparticles, Ag/Zn Zeolite nanocomposites, GO 

nanoparticles and GO-Ag nanocomposites in nutrient broth at 200 rpm (Shaker: Phoenix 

Instrument, Germany), and 37℃ for 3h. A negative control was also prepared. After 

incubation, optical density (OD600) was measured in a spectrophotometer (Hach DR6000, 

USA). Then the antibacterial activity was expressed as a function of cell viability loss. 

The loss of cell viability (%) was determined using the number of cells found in the 

experimental mixture incubated with agents and the number of cells found in the blank, 

incubated without agents. From this experiment minimum inhibitory concentration 
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(MIC), minimum bactericidal concentration (MBC) and antibacterial concentration at 

which 50% cells were inhibited (IC50) were found for different antibacterial agents. The 

experiments were done in triplicate and the average values were reported. 

 

Figure 3.6: Incubation of bacteria cells with different concentrations of antimicrobial 
agents 

 

3.4.5 Antibacterial test in plate culture: Zone of inhibition method 

Test organism (∼107 cells/mL) were streaked over the surface of MHAB culture plate by 

a streaking loop. The nanoparticles/nanocomposites were made as paste. These paste 

were poured onto agar plates. For chitosan, well was punched into the agar medium and 

solution was poured into well. The plates were incubated at 37°C for 18 - 24 hours. The 

antibacterial activity was measured by taking the thickness of inhibition zone using 

ImageJ software. The experiment was performed in a triplicate and the mean value was 

taken. 
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3.5 Antibacterial Surface Preparation 

At first, filter paper/cloth was cut at a certain size. It was kept in the solution of 

antibacterial agents and shaking was done overnight. Nutrient broth solution was taken 

in conical flask and the mouth was closed by coated filter paper. It was kept 24 hr in air 

inside the environmental laboratory, ChE Department, BUET, and optical density at 600 

nm (OD600) was measured. 

 

Figure 3.7: Experiment of antibacterial surface performance test (from left first one for 
control, second and third for GO-Ag, fourth and fifth for Ag/Zn-Ze) 

 

3.6 Cytotoxicity Test of Antibacterial Agents 

With a view to determining the Cytotoxicity of antibacterial agents, Vero cells (15 × 104 

cells per ml) were seeded into 96-well plate and incubated at 37°C, 5% CO2 inside an 

incubator. After 24 hours, media was removed and 80 µL fresh media (DMEM) with 20 

µL of solution of antibacterial agents were added into each well. Then cytotoxicity was 

examined after 24 hours using CellTiter 96 Non-Radioactive Cell Proliferation Assay kit 

(Promega, USA).  
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CHAPTER 4 

RESULTS AND DISCUSSION 

In this chapter, the experimental results are presented and discussed elaborately. The key 

parts of this chapter comprise characterization of five antibacterial agents, and their 

antibacterial activity test. At the end of the chapter, cytotoxic evaluation was done for 

two nanocomposites which have shown to have better inhibition capacity. 

4.1 Characterization of Prepared Antibacterial Agents 

Field Emission Scanning Electron Microscope (FESEM) imaging and X-ray diffraction 

(XRD) analysis were done for all five samples (chitosan, ZnO, Ag/Zn-Ze, GO and GO-

Ag). Along with FESEM imaging, degree of de-acetylation (DD%) was measured using 

acid-base titration method.  

4.1.1 Characterization of chitosan 

The percentage of yield of the prepared chitosan was found to be 11±1.2. The previous 

studies show that usual yield percentage of chitin and chitosan from prawn shell waste 

are around 15 and 12, respectively (Varun et al., 2017). Then, Degree of De-acetylation 

and FESEM imaging were done to characterize the prepared chitosan. 

Degree of De-acetylation (DD%) 

Chitosan samples that were obtained from waste prawn shells were characterized using 

acid base titration method. Values of degree of deacetylation were calculated using the 

following equation:  

DD% =    2.03 ✕ (V2 − V1) 

m + 0.0042 ✕ (V2 − V1)
 

Where, m is the amount of chitosan used in the titration (0.2 g for these experiments),  
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V1 and V2 are the deflection points in the pH curve,  

Coefficient 2.03 results from molecular weight of chitin monomer unit,  

Coefficient 0.0042 results from difference between molecular weights of chitin and 

chitosan monomer units. 

The titration curve for chitosan has been shown in Figure 4.1. 

 

Figure 4.1: Acid base titration curve to determine DD% of chitosan sample 

 

From figure 4.1, it is observed that addition of sodium hydroxide increases the pH 

consistently. After addition of 12 mL of NaOH, the pH underwent a sharp rise. In the 

derivative curve, this point was clearly visible and taken as a value for V1. The curve 

showed a second sharp rise after addition of 22 mL of NaOH. This point was taken as 

V2. Using these data, the degree of deacetylation (DD%) was determined using above 

equation and the value was found to be 83.88%. Again, Typical DD% for chitosan is in 

the range to 70 to 99% (Yuan et al., 2011; Kamal et al., 2011). 
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FESEM Images of chitosan 

The morphology of chitosan sample was obtained by FESEM. FESEM is globally used 

to identify the morphological structures of samples or its derivatives.  

 

Figure 4.2: FESEM image of chitin taken from literature (Zelencova et al., 2015) 

  

(a) (b) 

Figure 4.3: FESEM images of chitosan (a) magnification range 20,000 (b) magnification 
range 30,000 
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The morphology of chitosan is fibrous network forming porous structure (Antonino et al., 

2017; Sugivanti et al., 2019). It also have rock structure (Kandile et al., 2018). The 

prepared chitosan sample also exhibited same type of structure. FESEM images obtained 

at different magnifications and of different portions of the chitosan samples derived from 

shrimp shells are presented in figure 4.3. Also, differences of microscopic appearances 

of chitin and chitosan is depictable from figure 4.2 and 4.3.  

XRD analysis of chitosan 

The XRD pattern of chitosan prepared from waste prawn shells exhibited two 

characteristic broad diffraction peaks at 2θ around 10.59o and 20.87o that are typical 

fingerprints of semi- crystalline chitosan as indicated in figure 4.4. The previous X-ray 

diffraction studies of  pure chitosan exhibit  very  broad  peaks around 10o and 20o (Kumar 

at el., 2011). The XRD analysis matches with previous studies that chitosan has good 

compatibility,  which  leads  to  the  formation  of  a  porous  xerogel  network (Kumar 

and Koh, 2012).  
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Figure 4.4: XRD analysis of chitosan 
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4.1.2 Characterization of nanoparticles/ nanocomposites 

FESEM analysis of nanoparticles/nanocomposites 

Generally, ZnO nanoparticles are spherical in shape (Talam et al., 2012). It is also in the 

form of agglomerates (Zhang et al., 2007).  

  
(a) (b) 

  
(c) (d) 

Figure 4.5: FESEM images of (a) ZnO (b) Ag-Zn/Zeolite (c) GO, and (d) GO-Ag 
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FESEM image of ZnO nanoparticles is presented in Figure 4.5(a). From the image, it is 

confirmed that the particles are spherical and size range was 30-80 nm. 

FESEM image of Ag/Zn-Ze nanocomposites is presented in Figure 4.5(b). The particles 

are spherical in shape and size range was around 70-100 nm. 

GO have well defined porous network that resembles a loose sponge like structure 

(Paulchamy et al., 2015) and flaky texture (Tsai and Sui, 1999). FESEM image of GO 

nanoparticles is presented in Figure 4.5(c). Similar morphology was found for prepared 

sample and size range was around 20-90 nm. 

GO-Ag is generally spherical in shape (Pichaimuthu et al., 2018). FESEM image of GO-

Ag nanocomposites is presented in Figure 4.5(d). From the image it has been found that 

silver nanoparticles are well distributed on GO-Ag and particle size was 20-100 nm. 

XRD analysis of nanoparticles/nanocomposites 

The XRD pattern of ZnO nanoparticles prepared at 100℃ is shown in figure 4.6(a). The 

ZnO nanoparticles was observed to be crystalline and similar type of peak was found in 

literature (Lanje et al. 2013).  

The XRD peaks are broad due to the nano-size effect. The average crystallite size of 

prepared ZnO nanoparticles was calculated using Scherrer’s relation is about 20.77 nm. 

The XRD pattern of Ag/Zn-Ze nanocomposites is shown in figure 4.6 (b). From the XRD 

analysis, it has been found that it is highly crystalline. By using Scherrer’s relation, the 

average crystallite size of Ag/Zn-Ze nanocomposites was found to be 18 nm. 
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 (c)  (d) 

Figure 4.6: XRD analysis of (a) ZnO nanoparticles (b) Ag/Zn-Ze nanocomposites (c) GO 
nanoparticles (d) GO-Ag nanocomposites  
 

The XRD pattern of GO nanoparticles [figure 4.6(c)] shows a diffraction peak at 2θ = 

9.4o which confirms the formation of graphene oxide (Krishnamoorthy et al., 2012) The 

corresponding interlayer spacing is measured as 0.93 nm via Bragg’s equation and it was 

nearly similar to previous studies (Krishnamoorthy et al., 2012). The interlayer spacing 
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of GO is usually higher than graphite and is caused by loosely stacked GO (Zhu et al., 

2013). The presence of many oxygen-based groups makes the interlayer spacing big 

(Othman at el., 2018). The complete disappearance of the graphitic peak at 2θ = 34o 

ensures the product is completely oxidized. The average crystal size of GO nanoparticles 

was 14 nm. 

The X-ray diffraction curve of GO-Ag nanocomposites [figure 4.6 (d)] showed 

characteristic peaks at 2θ values of about 37.5°, 44°, and 64.1°. These values are related 

to the planes (1 1 1), (2 0 0), and (2 2 0) of silver crystal structure. The formation of silver 

crystal nanoparticles on the surface of GO sheet have been confirmed by these peaks 

(Rasoulzadehzali1 and Namazi, 2017). The average crystal size of GO-Ag 

nanocomposites was 25 nm. 

4.2 Antibacterial Activity Test 

Chitosan, ZnO, Ag/Zn-Ze, GO and GO-Ag were further studied to check their 

antibacterial properties. Antibacterial activity of prepared materials was observed by 

adopting following two methods and their inhibitory effects against E. coli are presented 

here with brief discussion.  

4.2.1 Shake flask method 

Using shake flask technique OD600 values, number of viable cells, percentage of viable 

cells and percentage removal of cells were obtained for studied antibacterial agents for 3 

hrs incubation period.  

Chitosan 

For two initial bacterial concentrations (105 and 107 cells/ml), OD600 values were taken at 

different concentrations of chitosan. Number of viable cells are proportional to the values 
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of OD600. In case of both bacterial concentrations, percentage removal increased with the 

increasing concentrations of chitosan. Table 4.1 shows the details of average OD600 

values, average number of viable cells per ml, percentage of viable cells and percentage 

removal of cells. 

Table 4.1:  Growth phenomena observation of E. coli bacteria incubated for 3 hrs with 
different concentration of chitosan 

Chitosan 

concentrations, 

µg/ml 

Average OD600 

Values 

Average Number 

of Viable Cells 

per ml, 107 

% of Viable 

Cells 

% Removal of 

Cells 

L* H* L* H* L* H* L* H* 

Control 0.0800 0.733 6.40 58.67 100 100 0 0 

20 0.0720 0.720 5.76 57.60 90 98 10 2 

40 0.0667 0.715 5.33 57.17 83 97 17 3 

80 0.0560 0.701 4.48 56.11 71 96 29 4 

160 0.0373 0.573 2.99 45.87 47 78 53 22 

320 0.0187 0.504 1.49 40.32 24 69 76 31 

640 0.0027 0.443 0.21 35.41 3 60 97 40 

1280 0.0000 0.733 0 16.21 0 28 100 72 

L* = Initial cell concentration 105 cells/ml 

H*= Initial cell concentration 107 cells/ml 

 

From figure 4.7(a), it has been found that after three hours incubation period, OD600 

values were high for higher initial concentration of bacteria (107 cells/ml) than those for 

lower initial concentration of bacteria (105 cells/ml) with respect to control for different 

concentration of chitosan. Same phenomena were observed in case of percentage of 

viable cells and percentage removal of cells. 
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(a) (b) 

 
(c) 

Figure 4.7: Incubation of E.coli bacteria for 3 hrs with different concentrations of chitosan 
solution (a) OD600 values against chitosan concentration (b) curve to measure IC50 (c) bar 
chart to estimate MIC and MBC 

In case of lower initial cell concentration, 100% removal of bacteria was achieved 

whereas only 72% removal of bacteria was possible at higher initial cell concentration. 

Several previous studies of antibacterial efficiency of chitosan against E. coli bacteria 

have also shown that chitosan cannot remove bacteria fully (Tsai and Sui, 1999). 

Inhibition capacities at which 50% cells died were calculated from figure 4.7(b) and the 
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values are 150 µg/ml for 105 cells/ml initial bacterial concentration and 850 µg/ml for 107 

cells/ml initial bacterial concentration.  

From figure 4.7(c), minimum inhibitory concentrations were 20 µg/ml and 80-160 µg/ml 

for 105 and 107 cells/ml bacterial concentration respectively. Minimum bactericidal 

concentration was 1280 µg/ml for lower initial bacterial concentration but at higher initial 

concentration minimum bactericidal concentration was not found. From figure 4.7, it is 

evident that inhibition capacity is higher for 105 cells/ml as there were less number of 

bacteria present at initial condition, chitosan has inhibited their growth at the beginning 

of incubation and their growth rate became low. But in case of higher bacterial 

concentration, chitosan might not inhibit the bacterial growth for a large number of 

bacteria and as a consequence bacterial growth rate was higher. 

ZnO nanoparticles 

Bacteria was incubated for 3hrs with different concentrations of ZnO nanoparticles for 

two initial bacterial concentrations (105 and 107 cells/ml), OD600 values were taken for 

each concentration. Number of viable cells increase linearly with OD600. In case of both 

bacterial concentrations, percentage removal increased with the increasing concentrations 

of ZnO nanoparticles. For ZnO concentration of 20-80 µg/ml, no inhibition capacity was 

exhibited. Table 4.2 shows the details of average OD600 values, average number of viable 

cells per ml, percentage of viable cells and percentage removal of cells. 

Then, from figure 4.8(a), it has been found that there is distinct difference in OD600 values 

for higher initial concentration of bacteria (107 cells/ml) and lower initial concentration 

of bacteria (105 cells/ml) with respect to control for different concentrations of ZnO 

nanoparticles. Same phenomena were observed in case of percentage of viable cells and 

percentage removal of cells. 95% and 85% removal of bacteria were achieved for lower 



61 
 

and higher initial cell concentration respectively. Several previous studies of antibacterial 

efficiency of ZnO against E. coli bacteria have also shown that ZnO rarely removes 

bacteria cells completely (Rokbani et al., 2018). 

Table 4.2:  Growth phenomena observation of E.coli bacteria incubated for 3 hrs with 
different concentration of ZnO nanoparticles 

ZnO 

nanoparticle 

concentrations, 

µg/ml 

Average 

OD600Values 

Average Number 

of Viable Cells 

per ml, 107 

% of Viable 

Cells 

% Removal of 

Cells 

L* H* L* H* L* H* L* H* 

Control 0.112 1.224 8.96 97.92 100 100 0 0 

20 0.112 1.219 8.98 97.49 100 100 0 0 

40 0.109 1.219 8.68 97.49 97 100 3 0 

80 0.107 1.131 8.60 90.45 96 93 4 7 

160 0.088 1.104 7.04 88.32 79 90 21 10 

320 0.029 1.040 2.35 83.20 26 85 74 15 

640 0.021 0.741 1.71 59.31 19 61 81 39 

1280 0.005 0.187 0.43 14.93 5 15 95 85 

L* = Initial cell concentration 105 cells/ml 

H*= Initial cell concentration 107 cells/ml 

 

Interpolation of plot showed in figure 4.8(b) gave the inhibition capacities at which 50% 

cells died and the values are 250 µg/ml for 105 cells/ml initial bacterial concentration and 

785 µg/ml for 107 cells/ml initial bacterial concentration. From figure 4.8(c) it has been 

shown that no MBC was found in case of ZnO and MICs were 80-160 µg/ml and 160 

µg/ml for 105 and 107 cells/ml bacterial concentrations respectively.  
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(a) (b) 

 
(c) 

Figure 4.8: Incubation of E.coli bacteria for 3 hrs with different concentrations of ZnO 
nanoparticles (a) OD600 values against chitosan concentration (b) curve to measure IC50 
(c) bar chart to estimate MIC and MBC 
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concentration, ZnO was not able to inhibit the bacterial growth sufficiently for a large 

number of bacteria and as a consequence bacterial growth rate was higher. 

Ag/Zn-Ze nanocomposites 

For determination of antibacterial activity of Ag-Zn-zeolite composites, OD600 values 

were taken after 3 hrs of incubation at different concentrations of nanocomposites for two 

initial bacterial concentrations (105 and 107 cells/ml).  

Table 4.3:  Growth phenomena observation of E.coli bacteria incubated for 3 hrs with 
different concentrations of Ag/Zn-Ze Nanocomposites 

Ag/Zn-Ze 

concentrations, 

µg/ml 

Average OD600 

Values 

Average Number 

of Viable Cells 

per ml, 107 

% of Viable 

Cells 

% Removal of 

Cells 

L* H* L* H* L* H* L* H* 

Control 0.123 1.064 9.81 85.12 100 100 0 0 

20 0.104 1.040 8.32 83.20 88 98 12 2 

40 0.069 0.824 5.55 65.92 58 77 42 23 

80 0.005 0.533 0.43 42.67 5 50 95 50 

160 0.000 0.432 0.00 34.56 0 41 100 59 

320 0.000 0.003 0.00 0.21 0 0 100 100 

640 0.000 0.000 0.00 0.00 0 0 100 100 

1280 0.000 0.000 0.00 0.00 0 0 100 100 

L* = Initial cell concentration 105 cells/ml 

H*= Initial cell concentration 107 cells/ml 

Number of viable cells are proportional to OD600. In case of both bacterial concentrations, 

inhibition of bacterial growth started at very low concentration of agent and percentage 

removal increased with the concentration of nanocomposites. Table 4.3 shows the details 
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of average OD600 values, average number of viable cells per ml, percentage of viable cells 

and percentage removal of cells. 

  
(a) (b) 

 

(c) 
 

Figure 4.9: Incubation of E.coli bacteria for 3 hrs with different concentrations of Ag/Zn-
Ze nanocomposites (a) OD600 values against chitosan concentration (b) curve to measure 
IC50 (c) bar chart to estimate MIC and MBC 
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concentration of Ag/Zn-Ze than chitosan and ZnO. Same phenomena were observed in 

case of percentage of viable cells and percentage removal of cells.  

At both initial cell concentrations, 100% removal of bacteria was achieved successfully. 

Inhibition capacities at which 50% cells died were calculated from figure 4.9(b) and the 

values are 47 µg/ml for 105 cells/ml initial bacterial concentration and 83 µg/ml for 107 

cells/ml initial bacterial concentration. Finally, figure 4.9(c) confirms that 100% removal 

of cell was gained at low concentration compared to previous two antibacterial agents. 

MICs were 0-20 µg/ml and 20-40 µg/ml for lower and higher concentrations of bacteria 

respectively. MBCs were found to be less than 160 µg/ml and 320 µg/ml for lower and 

higher initial bacterial concentrations respectively. From these values, it was indicative 

that Ag/Zn-Ze nanocomposite is a good antibacterial agent. 

GO nanoparticles 

Table 4.4 shows the details of average OD600 values, average number of viable cells per 

ml, percentage of viable cells and percentage removal of cells. For 105 and 107 cells/ml 

initial bacterial concentrations, OD600 values were taken at different concentrations of GO 

nanoparticles. Number of viable cells were calculated from OD600 data. In case of both 

bacterial concentrations, at very low concentration removal efficiency was negligible and 

efficiency increased with GO concentration.  

From figure 4.10(a), it has been revealed that OD600 values were high for higher initial 

concentration of bacteria (107 cells/ml) and low for lower initial concentration of bacteria 

(105 cells/ml) with respect to control for different concentrations of GO. Same 

phenomena were observed in case of percentage of viable cells and percentage removal 

of cells. For both initial cell concentrations, 100% removal of bacteria was gained. 
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Table 4.4:  Growth phenomena observation of E.coli bacteria incubated for 3 hrs with 
different concentrations of GO Nanoparticles 

GO 

concentrations, 

µg/ml 

Average OD600 

Values 

Average Number 

of Viable Cells 

per ml, 107 

% of Viable 

Cells 

% Removal of 

Cells 

L* H* L* H* L* H* L* H* 

Control 0.109 1.131 8.75 90.45 100 100 0 0 

20 0.104 1.120 8.32 89.60 95 99 5 1 

40 0.088 1.133 7.04 90.67 81 100 19 0 

80 0.059 1.131 4.69 90.45 54 100 46 0 

160 0.008 0.987 0.64 78.93 7 87 93 13 

320 0.000 0.680 0.00 54.40 0 61 100 39 

640 0.000 0.008 0.00 0.64 0 1 100 99 

1280 0.003 0.003 0.21 0.21 0 0 98 100 

L* = Initial cell concentration 105 cells/ml 

H*= Initial cell concentration 107 cells/ml 

Several previous studies of antibacterial efficiency of GO against E. coli bacteria have 

also shown that GO can fully remove bacteria (Krishnamoorthy and Umasuthan, 2012). 

Inhibition capacities at which 50% cells died were calculated using interpolation method 

from figure 4.10(b) and the values are 90 µg/ml for 105 cells/ml initial bacterial 

concentration and 370 µg/ml for 107 cells/ml initial bacterial concentration. Minimum 

bactericidal concentration was <320 µg/ml for lower initial bacterial concentration but at 

higher concentration it was 640 µg/ml and minimum inhibition concentrations were 20-

40 µg/ml and 80-160 µg/ml for initial bacterial cell concentration of 105 cells/ml and 107 

cells/ml respectively. [see figure 4.10(c)] 
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(a) (b) 

 
(c) 

Figure 4.10: Incubation of E.coli bacteria for 3 hrs with different concentrations of GO 
nanoparticles (a) OD600 values against chitosan concentration (b) curve to measure IC50 
(c) bar chart to estimate MIC and MBC 
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concentration of GO-Ag. Table 4.5 shows the details of average OD600 values, average 

number of viable cells per ml, percentage of viable cells and percentage removal of cells. 

Table 4.5:  Growth phenomena observation of E.coli bacteria incubated for 3 hrs with 
different concentrations of GO-Ag Nanocomposites 

GO- Ag 

concentrations, 

µg/ml 

Average OD600 

Values 

Average Number of 

Viable Cells per ml, 

107 

% of Viable 

Cells 

% Removal of 

Cells 

L* H* L* H* L* H* L* H* 

Control 0.112 1.152 8.96 92.16 100 100 0 0 

20 0.115 1.133 9.17 90.67 100 98 0 2 

40 0.093 1.013 7.47 81.07 84 88 16 12 

80 0.040 0.856 3.20 68.48 35 75 65 25 

160 0.003 0.173 0.21 13.87 2 15 99 85 

320 0.000 0.005 0.00 0.43 0 0 100 100 

640 0.000 0.003 0.00 0.21 0 0 100 100 

1280 0.000 0.000 0.00 0.00 0 0 100 100 

L* = Initial cell concentration 105 cells/ml 

H*= Initial cell concentration 107 cells/ml 

Again from figure 4.11(a), it has been found that OD600 values were more for higher 

initial concentration of bacteria (107 cells/ml) than lower initial concentration of bacteria 

(105 cells/ml) with respect to control for different concentration of GO-Ag 

nanocomposites. Same trends were observed in case of percentage of viable cells and 

percentage removal of cells. GO-Ag proved to be very effective in removing E. coli 

bacteria. Even at low concentrations of GO-Ag, 100% removal of bacteria was achieved. 

Several previous studies of antibacterial efficiency of GO-Ag against E. coli bacteria have 

also shown that it is more effective than GO (Sheet et al., 2013). Same result has been 

revealed from this study. IC50 values were calculated from figure 4.11(b) and those are 
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78 µg/ml for 105 cells/ml initial bacterial concentration and 113 µg/ml for 107 cells/ml 

initial bacterial concentration. Then, from figure 4.11(c) minimum bactericidal 

concentrations were 160 and 320 µg/ml lower and higher initial bacterial concentrations 

respectively, and 20-40 µg/ml was minimum inhibition concentration for both cases.  

  
(a) (b) 

 
(c) 

Figure 4.11: Incubation of E.coli bacteria for 3 hrs with different concentrations of GO-
Ag nanocomposites (a) OD600 values against chitosan concentration (b) curve to measure 
IC50 (c) bar chart to estimate MIC and MBC 
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Comparison of antibacterial agents 

Table 4.6 shows the details of the percentage of viable cells of E.coli bacteria after 3 hrs 

of incubation with different antibacterial agents of different concentrations at initial cell 

concentration 105 cells/ml. Here it shows how the performance of antibacterial agents are 

related to their concentrations. The activity of Ag/Zn-Ze was better than other four agents 

as it fully inhibited the growth of bacteria at 160 µg/ml concentration whereas these 

values are 1280 µg/ml, 320 µg/ml and 320 µg/ml for chitosan, GO and GO-Ag 

respectively. And no such activity was found in case of ZnO. 

Table 4.6: Comparing the percentage of viable cells of E.coli bacteria after 3 hrs of 
incubation with different antibacterial agents of different concentrations, Initial cell 
concentration 105 cells/ml 

Antibacterial 

agents 

% of viable cells for different concentration of antibacterial agents 

0 

(control) 

20 

µg/ml 

40 

µg/ml 

80 

µg/ml 

160 

µg/ml 

320 

µg/ml 

640 

µg/ml 

1280 

µg/ml 

Control 100 100 100 100 100 100 100 100 

Chitosan 100 90 83 71 47 24 3 0 

ZnO 100 100 97 96 79 26 19 5 

Ag/Zn-Ze 100 88 58 5 0 0 0 0 

GO 100 95 81 54 7 0 0 2 

GO-Ag 100 100 84 35 2 0 0 0 

 

Table 4.7 also shows how the performance of antibacterial agents are related to their 

concentration but it is for higher initial bacterial concentration. Here, the activity of 

Ag/Zn-Ze and GO-Ag was better than other three agents. It is also observed that at higher 

initial cell concentration the activity of chitosan and ZnO is not good. From table 4.6 and 
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4.7, it is interesting that antibacterial activity is highly dependent of initial bacterial 

concentration.   

Table 4.7: Comparing the percentage of viable cells of E.coli bacteria after 3 hours of 
incubation with different antibacterial agents of different concentrations, Initial cell 
concentration 107 cells/ml 

Antibacterial 

agents 

% of viable cells for different concentration of antibacterial agents 

0 

(control) 

20 

µg/ml 

40 

µg/ml 

80 

µg/ml 

160 

µg/ml 

320 

µg/ml 

640 

µg/ml 

1280 

µg/ml 

Control 100 100 100 100 100 100 100 100 

Chitosan 100 98 97 96 78 69 60 28 

ZnO 100 100 100 93 90 85 61 15 

Ag/Zn-Ze 100 98 77 50 41 0 0 0 

GO 100 99 100 100 87 61 1 0 

GO-Ag 100 98 88 75 15 0 0 0 

 

 

Figure 4.12: Percentage removal of E.coli cells for different antibacterial agents incubated 
for 3 hrs with 20 µg/ml concentration 
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From figure 4.12, at 20 µg/ml antibacterial agents’ concentration, the activity of all agents 

are more or less same at higher initial bacterial concentration. At lower initial bacterial 

concentration Ag/Zn-Ze performed better than other agents. 

In figure 4.13, it has been shown that chitosan performed better than ZnO and as same as 

GO and GO-Ag at 105 cells/ml bacterial concentration. But at higher bacterial 

concentration GO-Ag showed greater inhibitory capacity than chitosan, ZnO and GO. 

Here, Ag/Zn-Ze exhibited the best performance among studied antibacterial agents. 

 

Figure 4.13: Percentage removal of E.coli cells for different antibacterial agents incubated 
for 3 hrs with 40 µg/ml concentration 
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Figure 4.14: Percentage removal of E.coli cells for different antibacterial agents incubated 
for 3 hrs with 80 µg/ml concentration 

 

 

Figure 4.15: Percentage removal of E.coli cells for different antibacterial agents incubated 
for 3 hrs with 160 µg/ml concentration 
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Figure 4.16: Percentage removal of E.coli cells for different antibacterial agents incubated 
for 3 hrs with 320 µg/ml concentration 

 

Figure 4.17: Percentage removal of E.coli cells for different antibacterial agents incubated 
for 3 hrs with 640 µg/ml concentration 

 

 

Figure 4.18: Percentage removal of E.coli cells for different antibacterial agents incubated 
for 3 hrs with 1280 µg/ml concentration 
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In table 4.8 it is appeared that minimum inhibitory concentration, inhibition capacity at 

which 50% cells died and minimum bactericidal concentration were the lowest among 

five antibacterial agents. So, it can be said Ag/Zn-Ze will be required in less amount than 

others to achieve same antibacterial activity. Table 4.8 presents the details about MIC, 

IC50 and MBC. 

Table 4.8:  MIC, IC50, MBC values for different antibacterial agents (Here, MIC values 
were considered as those concentrations at which the percentage removal of viable cells 
was at least 10% because the measuring device was not capable to make precision upto 
around 10% removal of viable cells) 

Antibacterial 

agents 

Initial cell concentration 105 cells/ml Initial cell concentration 107 cells/ml 

MIC 

(µg/ml) 

IC50  

(µg/ml) 

MBC 

(µg/ml) 

MIC 

(µg/ml) 

IC50  

(µg/ml) 

MBC 

(µg/ml) 

Chitosan 20 150 <1280 80-160 850 Not found 

ZnO 80-160 250 Not found 160 785 Not found 

Ag/Zn-Ze 0-20 47 <160 20-40 83 <320 

GO 20-40 90 <320 80-160 370 640 

GO-Ag 20-40 78 <320 20-40 113 <320 

 

The antibacterial properties of chitosan start from 20 µg/ml concentration (Rejane et al., 

2009) and increase with the increase of concentration of it. Here the MIC varies from 20-

160 µg/ml which matches with past studies.  

For ZnO nanoparticles the antibacterial properties is highly dependent on initial bacterial 

concentration. It has been found that the MIC varies from 70 µg/ml to 3.1 mg/ml for E. 

coli (Liu et al., 2009). The MIC, MBC and IC50 values of ZnO nanoparticles clearly shows 

its activity highly depends on the initial bacterial concentration as with the increase of 
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initial bacterial concentration it cannot prohibit the growth of E. coli completely (Rokbani 

et al., 2018).  

Past studies show that for E. coli the MICs of Ag and Zn loaded zeolite are 32-64 µg/ml 

and 512-2048 µg/ml, respectively (Demirci et al., 2014). As it is known that composites 

have synergist effect in killing microorganisms, the prepared Ag/Zn-Ze nanocomposites 

exhibited antibacterial activities at lower concentration than Ag-Ze and Zn-Ze both 

nanoparticles. 

The MIC of prepared GO is 20-160 µg/ml depending on initial bacterial concentration. 

This result is nearly similar with previous study of GO having MIC >60 µg/ml against E. 

coli (Moraes et al., 2015). Another study shows that MBC of GO is 500-1000 µg/ml 

(Sheet et al., 2013), which matches the MBC found for GO from shake flask method.  

Literature on GO-Ag nanocomposites shows that the MIC of GO-Ag can be 15 µg/ml 

(Moraes et al., 2015) which is nearly similar to the MIC of studied GO-Ag. The MBC of 

GO-Ag might be 100-1000 µg/ml depending on initial bacterial concentration 

(Krishnamoorthy et al., 2012; Sheet et al., 2013). The MBC of prepared nanocomposite 

is within the concentration range and comparatively lower than that from preceding 

studies. 

4.2.2 Antimicrobial assay in plate culture 

From the zone of inhibition method, it has been found that below 2 mg/ml chitosan 

concentration the antibacterial activity is insignificant. The average inhibition zone was 

reached the maximum at 4 mg/ml and inhibition thickness was 2.3 mm [table 4.9]. After 

that the inhibition thickness decreased to 1.1 mm at 8 mg/ml chitosan concentration (see 

the figure 4.19 and 4.20). This incident has a possible explanation in terms of polymer 

chain arrangements.  
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Table 4.9: Determination of inhibition capacity of chitosan (here inhibition thickness for 
control solution, i.e., 1% acetic acid solution was subtracted to calculate the average 
inhibition thickness) 

Chitosan 

concentrations, mg/ml 

Hole diameter, 

mm 

Average Inhibition 

diameter, mm 

Average inhibition 

thickness , mm 

0.25 5.7 11.7 0.1 

0.5 5.4 11.8 0.1 

1.0 5.5 11.6 0.1 

2.0 5.4 11.6 0.3 

4.0 5.4 14.9 2.3 

8.0 4.6 12.0 1.1 

 

  

Figure 4.19: Observation of inhibition zone of different concentrations of chitosan on the 
plate culture of E.coli bacteria 

 

With lower concentration of polymer, interaction between the neighboring chains 

becomes lower which leads to better molecular distribution in the solvent and therefore 

availability of the charged sites for external coupling can be maximized (Palermo et al., 
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2010). Lower number of chain-chain bonds also increases interfacial interactions of 

active sites (Gabriel et al., 2009). It has been found that inhibition zone thickness varies 

from 1 to 3.5 mm depending on the concentration of chitosan (Chauhan et al., 2017). 

Here, the inhibition zone thickness found for chitosan is similar to past research works. 

  

(a) (b) 

Figure 4.20: Inhibition zone thickness against the concentration of chitosan (a) bar chart 
of inhibition thickness including control (b) inhibition thickness subtracting the inhibition 
thickness found at control 

 

Table 4.10: Determination of inhibition capacity of ZnO, Ag/Zn-Ze, GO, and GO-Ag  

Antibacterial agents’ name Mound 

diameter, mm 

Average Inhibition 

diameter, mm 

Inhibition thickness, 

mm 

ZnO nanoparticles 6.8 11 2.1± 0.06 

Ag/Zn-Ze nanocomposites 8.4 13 2.3± 0.03 

GO nanoparticles 5.3 7.5 1.1± 0.06 

GO-Ag nanocomposites 8.0 12.4 2.2± 0.10 
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Table 4.10 and figure 4.21 show that the inhibition zone of ZnO nanoparticles, Ag/Zn-Ze 

nanocomposites and GO-Ag nanocomposites was more or less same as chitosan. But GO 

nanoparticles showed poor performance in plate culture. The reason is that GO does not 

diffuse through agar medium, as a result its interaction with bacteria happens less that 

other agents. 

 

 

Figure 4.21: Observation of inhibition zone of ZnO, GO, Ag/Zn-Ze and GO-Ag on the 
plate culture of E.coli bacteria 

 

In case of ZnO nanoparticles, it has been found that it exhibits inhibition zone thickness 

of 3 mm (Chaudhary et al. 2019) at 1 mg/ml concentration and the inhibition zone 

thickness found from experiments is close to this. No such previous study has been found 
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to get the information about the zone of inhibition thickness of Ag/Zn-Ze 

nanocomposites. The inhibition zone thicknesses of GO nanoparticles and GO-Ag 

nanocomposites were found to be 2 mm and 3 mm, respectively (Sheet et al., 2013).   

4.3 Antibacterial Surface Preparation   

On the basis of the antibacterial susceptibility test, Ag/Zn-Ze nanocomposites and GO-

Ag nanocomposites were chosen for antibacterial surface preparation. These composites 

resisted the entrance of bacteria through the filter paper. Ag/Zn-Ze nanocomposites 

prevented around 50% of bacteria to enter to the nutrient broth solution with respect to 

control. At this test, GO-Ag nanocomposites showed 97% prevention capacity with 

respect to negative control. The results of this experiment is presented in table 4.11. [for 

details calculation see the appendix]  

Table 4.11: Bacterial prevention capacity of filter paper treated with Ag/Zn-Ze and GO-
Ag nanocomposites 

Antibacterial agents Prevention capacity (%) 

Ag/Zn-Ze nanocomposites 50 ± 11 

GO-Ag nanocomposites 97± 3 

 

The reason of better performance of GO-Ag over Ag/Zn-Ze might be the binding of GO-

Ag nanocomposites with filter paper was higher than the Ag/Zn-Ze nanocomposites. 

From figure 4.22 and 4.23, it is observed that control solution was more turbid than other 

two solutions whose opening were covered by antibacterial agent coated filter paper. 
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Figure: 4.22: Turbidity observation after 12 hrs (b) flask opening was covered with a filter 
paper coated with Ag/Zn-Ze nanocomposites (c) flask opening was covered with a usual 
filter paper 

 

Figure: 4.23: Turbidity observation after 12 hrs (a) flask opening was covered with a filter 
paper coated with GO-Ag nanocomposites (c) flask opening was covered with a usual 
filter paper 
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4.4 Cytotoxicity Test 

With a view to evaluating the cytotoxicity of two nanocomposites, i.e., Ag/Zn-Ze and 

GO-Ag nanocomposites (which have performed better in antibacterial test), Vero, a 

healthy mammalian cell line of 15× 104 cells/ml was cultured in 96 well plates. After 24 

hrs, 25 µL of different concentrations of Ag/Zn-Ze and GO-Ag nanocomposites were 

added in each well. Then cytotoxicity was measured after 24 hrs of incubation. Figure 

4.24(a) indicates the highest absorbance value for control and it was also observed that 

greater absorbance value was found for Ag/Zn-Ze compared to GO-Ag for each 

concentration. Here, higher absorbance value means the higher number of viable cells. 

Using this correlation, figure 4.24(b) was generated. From this figure, it is obvious that 

for Ag/Zn-Ze nanocomposites, negligible cytotoxic effect was observed up to 500 µg/ml 

whereas GO-Ag started to show its cytotoxicity from the beginning and percentage of 

viable cells gradually decreased with the increment of agent’s concentration.  

  

(a) (b) 

Figure 4.24: Observation of cytotoxicity of Ag/Zn-Ze and GO-Ag nanocomposites on 
mammalian cells (Vero cells) (a) absorbance data at 490 nm wavelength (b) Percentage 
of viable cells after incubation of 24 hrs with different concentrations of Ag/Zn-Ze and 
GO-Ag nanocomposites 
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(a) (b) 

Figure 4.25: Comparison of survival of mammalian cells (Vero) and bacterial cells (E. 
coli) with different concentrations of antibacterial agents (a) Ag/Zn-Ze nanocomposites 
(b) GO-Ag nanocomposites  

 

From previous studies it has been found that Ag/Zn-Ze nanocomposite has cytotoxicity 

effect at 1000 µg/ml concentration on A549 alveolar adenocarcinoma cells (Samiei et al., 

2017). As here Vero cell was used to perform cytotoxicity test, the concentration of 

antibacterial agents might be different to get similar type of cytotoxicity behavior. GO-

Ag nanocomposite has cytotoxicity effect even at lower concentration of 5 µg/ml (Ali et 

al., 2018). 

Now, figure 4.25(a) and 4.25(b) compare the percentage of viable mammalian cells and 

viable bacterial cells incubated with different concentrations of Ag/Zn-Ze and GO-Ag 

nanocomposites respectively. Flat solid line from figure 4.25(a) confirms the nontoxic 

behavior of Ag/Zn-Ze nanocomposites, but it is highly toxic for E. coli cells as 

dotted/dash line from this figure cuts the x-axis very quickly. On the contrary, for GO-

Ag nanocomposites [figure 4.25(b)], gradual downward curves for Vero cells and E. coli 

cells with the increment of agent’s concentration indicates the cytotoxic behavior of GO-
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Ag. However, IC50 for GO-Ag is 78 µg/ml and at that concentration the toxicity is not 

significant. And if this antibacterial agent is used externally, the cytotoxicity effect might 

be low. Thus, such evaluation of cytotoxicity of these two highly effective antibacterial 

agents make a clear way out of their field of applications.  
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CHAPTER 5 

CONCLUSION AND FUTURE WORK 

5.1 Conclusion 

Antibacterial efficacy of the different concentration of chitosan, ZnO nanoparticles, 

Ag/Zn-Ze nanocomposites, GO nanoparticles and GO-Ag nanocomposites were 

evaluated against Escherichia coli. It is found that the antibacterial activities (MIC, IC50, 

MBC) are highly dependent on initial bacterial concentrations. Ag/Zn-Ze 

nanocomposites and GO-Ag nanocomposites exhibited better antibacterial property in 

solution. Their MICs were 0-20 µg/ml and 20-40 µg/ml for Ag/Zn-Ze and GO-Ag, 

respectively for lower initial bacterial concentration. In case of higher initial bacterial 

concentration this was 20-40 µg/ml for both antibacterial agents. However, MBCs were 

found to be less than 320 µg/ml at higher initial bacterial concentration which is much 

lower than other three antibacterial agents’ MBC. 

Performance of chitosan, ZnO, Ag/Zn-Ze and GO-Ag was nearly same in zone of 

inhibition test, however, GO exhibited poor efficacy compared to others.  

Interestingly, GO-Ag exhibited 97% prevention capacity when used in an antibacterial 

surface, whereas Ag/Zn-Ze efficacy was only 50%.  

Finally, Ag/Zn-Ze showed less cytotoxicity than GO-Ag when tested against healthy 

mammalian cells.  

5.2 Future Work 

Based on the findings of this study, the followings are proposed for extending the present 

body of work. 
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In this research work, the antibacterial test has been done on E. coli only. Different 

bacterial species such as gram positive Staphylococcus aureus, Staphylococcus 

epidermidis, Bacillus subtilis, Clostridium, Listeria etc. and gram negative Helicobacter 

pylori, Klebsiella pneumoniae etc. can be taken for the antibacterial susceptibility test. In 

addition, cellular research can be done to investigate the actual antibacterial mechanism 

of nanoparticles and nanocomposites through studying the morphological alteration of 

bacteria incubated with different concentrations of antibacterial agents. 

Again, here in case of surface preparation test, no binding agent was used, but regarding 

practical application, antibacterial surface preparation can be tested with different types 

of binding materials (dopamine, polymers) applied on wide range of surfaces such as 

cloth, mask, paper etc. 
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Appendix A: Characterization of Chitosan 

Table A1: Titration data table to determine DD% of chitosan 

Volume of NaOH (ml) pH DelpH/delV 

0.0 2.51 0.04 

2.0 2.59 0.05 

4.0 2.68 0.06 

6.0 2.79 0.09 

8.0 2.96 0.09 

9.0 3.05 0.14 

10.0 3.19 0.21 

11.0 3.40 0.33 

12.0 3.73 0.78 

13.0 4.51 0.68 

14.0 5.19 0.50 

14.5 5.44 0.32 

15.0 5.60 0.22 

15.5 5.71 0.34 

16.0 5.88 0.28 

16.5 6.02 0.26 

17.0 6.15 0.26 

17.5 6.28 0.12 

18.0 6.34 0.20 

18.5 6.44 0.16 

19.0 6.52 0.14 

19.5 6.59 0.30 

20.0 6.74 0.20 
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20.5 6.84 0.16 

21.0 6.92 0.46 

21.5 7.15 1.02 

22.0 7.66 3.04 

22.5 9.18 0.98 

23.0 9.67 0.80 

23.5 10.07 0.36 

24.0 10.25 0.38 

25.0 10.63 0.19 

26.0 10.82 0.15 

27.0 10.97 0.11 

28.0 11.08 0.07 
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Appendix B: Viable Cell Counting 

Chitosan: 

Figure B1: Number of viable E.coli cells incubated for 3 hrs with different concentrations 
of chitosan solution 
 

ZnO Nanoparticles: 

 

Figure B2: Number of viable E.coli cells incubated for 3 hrs with different concentrations 
of ZnO nanoparticles  
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Ag/Zn-Ze Nanocomposites: 

 

Figure B3: Number of viable E.coli cells incubated for 3 hrs with different concentrations 
of Ag/Zn-Ze nanocomposites 

 

GO Nanoparticles: 

 

Figure B4: Number of viable E.coli cells incubated for 3 hrs with different concentrations 
of GO nanoparticles 
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GO-Ag Nanocomposites: 

 

Figure B5: Number of viable E.coli cells incubated for 3 hrs with different concentrations 
of GO-Ag nanocomposites 
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Appendix C: Antibacterial Surface Preparation 

Table C1: Table showing the calculation of prevention capacity of GO-Ag and Ag/Zn-Ze 
nanocomposites  

GO-Ag 

Condition OD600 

Number of 

viable cells, 

107 

Prevention 

capacity, % 

Average of 

prevention 

capacity, % 

Error, % 

control 0.077 61.6 0 

97 3 
run 1 0.005 4.0 93.5 

run 2 0.002 1.6 97.4 

run 3 0.000 0.0 100 

Ag/Zn-Ze 

Condition OD600 

Number of 

viable cells, 

107 

Prevention 

capacity, % 

Average of 

prevention 

capacity, % 

Error, % 

control 0.230 18.4 0 

50 11 
run 1 0.090 7.2 60.7 

run 2 0.142 11.4 38.3 

run 3 0.110 8.8 52.2 
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Appendix D: Cytotoxicity Test 

Table D1: Absorbance values from MTT test of mammalian cells (Vero cells) incubated 
for 24 hrs with different concentrations of Ag/Zn-Ze nanocomposites 

 

Concentration of Ag/Zn-Ze 

nanocomposites, µg/ml 

Absorbance at 490 nm 

Run 1 Run 2 Average 

0 3.471 3.611 3.541 

62.5 3.477 3.398 3.437 

125 3.299 3.194 3.246 

250 3.314 3.068 3.191 

500 3.074 3.218 3.146 

1000 2.179 2.279 2.229 

 

Table D2: Absorbance values from MTT test of mammalian cells (Vero cells) incubated 
for 24 hrs with different concentrations of GO-Ag nanocomposites 

 

Concentration of GO-Ag 

nanocomposites, µg/ml 

Absorbance at 490 nm 

Run 1 Run 2 Average 

0 3.471 3.611 3.541 

62.5 2.546 3.343 2.944 

125 2.500 3.087 2.793 

250 1.873 1.674 1.773 

500 0.672 0.722 0.697 

1000 0.332 0.343 0.337 
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Table D3: Percentage of viable mammalian cells (Vero cells) incubated for 24 hrs with 
different concentrations of Ag/Zn-Ze nanocomposites 

 

Concentration of Ag/Zn-Ze 

nanocomposites, µg/ml 

% viable cells 

Run 1 Run 2 Average 

0 100 100 100 

62.5 100 94 97 

125 95 88 92 

250 95 85 90 

500 89 89 89 

1000 63 63 63 

 

Table D4: Percentage of viable mammalian cells (Vero cells) incubated for 24 hrs with 
different concentrations of GO-Ag nanocomposites 

 

Concentration of GO-Ag 

nanocomposites, µg/ml 

% viable cells 

Run 1 Run 2 Average 

0 100 100 100 

63 73 93 83 

125 72 85 79 

250 54 46 50 

500 19 20 20 

1000 10 9 10 

 

 

 


