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PREFACE 

Plastics are used in current sphere of everyday life. The replacement of plastic are called as 

bioplastics which are highly biodegradable and biocompatible. Polyhydroxybutyrate is an 

important polymeric biomaterial with many properties resembling plastic.  

There are numerous applications of PHB which can be further increased by blending 

technology through the creation of nanocomposites based on PHB matrix and related 

industrially important polymers. 

Major hindrance in these works lie in costly production of PHB and dearth of suitable 

nanocomposites.  

Both of the above described areas have been investigated for cost effective production of PHB 

and suitable nanocomposite production.  

In the current research, investigations have been carried on: 

• Isolation and screening of PHB producing strains from agriculture and saline 

environment. 

• Strain improvement protocols for isolated strains and standard strains of PHB 

production through mutagenesis. 

• Optimization of media and large scale fermenter production of bacterial extracted 

PHB from improved strains and its characterization for quality. 

• Exploration of pure form of PHB for production of nanocomposite biomaterial 

through mixing methods and its characterization through various nanomaterial 

characterization techniques. 

This work will be helpful in production of low cost PHB material and applications in sutures 

production, 3D organ printing, Scaffolds making, biocompatible surgical threads, tissue 

engineering etc. 
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1.1: Plastics 

                Over the past century of industrial growth and anthropogenic development leads to 

profound dependency on plastics and plastic based products. Plastic has light weight, flexible 

and the most desired material utilized in day to day life. Synthetic plastics have come to 

origin and have gained importance since 1940s, from then have replaced glass and various 

other materials including metals in applications such as domestic, environmental and 

industrial (Lee, 1996; Poirier et al., 1995; Lee et al., 1991; Cain, 1992). There are array of 

ways in which  plastics are utilized by human population viz., packaging material, 

strengthened materials, electrical and electronics plates, chips, construction material, medical 

devices, bottles, sports materials and leisure products (Muthu et al., 2012; Lajeunesse, 2004). 

Reliability on plastics depends on their excellent thermostability and other mechanical 

properties which enhances its durability (Rivard et al., 1995).  

 

The molecular weight of plastic is 50,000 to 1, 00,000 Da. The high molecular weight of 

synthetic plastic increases its resistant to natural degradation and its persistence in soil for a 

longer duration (Atlas, 1993). The synthetic plastic is recalcitrant and xenobiotic to the 

environment and its was estimated to be accumulated in soil at the rate of 25 million tons/year 

(Lee et al., 1991). 

 

Global manufacturing of plastic for producing big automobiles to small packaging material is 

about approximately 260 million metric tons per year (Lazarevic et al., 2010; Khardenavis et 

al., 2007). The European researchers have investigated and estimated that the synthetic 

plastics accumulation in the environment leads to an increase its value from 50000 to 100000 

tons and it was also analysed that the value will surpass in the future years (Wolf et al., 2005). 

The observations of the current scenario states that if at this speed, the petroleum based 

products could be used in the coming years; it will take only 60-80 years for its complete 

utilization (Khare and Deshmukh, 2006). Synthetic plastics i.e. polypropylene and 

polyethylene are produced exclusively from non-renewable fossil based resources. The need 

of petroleum based fossils for the production of conventional plastics, in the time period of 
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2010-2015 is likely to be exceeds 300 million tons. Both production and after life remediation 

of plastic generates enormous amount of waste which is difficult to decompose and also 

generates green house gases along with other kind of health hazard problems in humans 

(Chen and Patel, 2012).  

 

Plastic is defying any attempt of disposal approach i.e. recycling and burning as it is easily 

accumulated in landfills and oceans. Researchers investigated in USA and analysed that in the 

year 2006, the percentage of plastic material in landfills were found to be 12% (Khare and 

Deshmukh, 2006). 

 

The adverse environmental impact and problem of solid waste management caused by the 

synthetic plastics, increases the demand of an alternative material that posseses comparable 

physical and chemical properties paralleled with conventional synthetic plastics (Patwardhan 

et al., 2004). Growing ethical, legal and social issues in the European countries has banned 

various non-degradable plastics in various type of different consumer products, due to which 

the demand and development of biodegradable plastic has increased rapidly (Leaversuch, 

1987). 

 

In western world, a major part of fossil fuels were utilized by chemical industries for the 

production of plastics and synthetic polymers (Eggersdorfer et al., 1992). In contemporary 

world petroleum based plastics are the main source of energy.  

 

Several attempts were made for the recycling of plastic, but due to the problems associated 

with human health issues, the approaches were not proven successful. Relying on the limited 

and non-renewable energy sources, is one of the major problem. These non-degradable 

plastics are further accumulating in the environment which has become major global concern 

and cause of people’s apathy (Andrady, 2011). Petroleum based non-renewable resources are 

diminishing because they are continuously consumed to meet the increasing demands of 

industries. 

 

In the world, production of energy contributed 93% of fossil reserves, whereas only 7% are 

utilized by the chemical manufacturing industries including solvents and plastics 

(Eggersdorfer, 1992).  The overall consumption of fossil fuel is influenced if a small part of 



CHAPTER-I INTRODUCTION 

 

 

3 

 

synthetic plastics are replaced with the biodegradable polymers produced from renewable 

resources. In US countries, the scientist estimated that the demand of bio-base polymers rise 

more than 15% per year to 200 million tons valued at $845 million in 2012 (PFFC, 2008).  

The use of biodegradable plastics could reduce this impact, because it is completely degraded 

by microorganisms (Gregory, 2009). The area of “Plastics produced from biological sources” 

is increasing rapidly due to the increase in information about continuous depletion of fossil 

reserves. The methods of biological conversion, for the production of bio-based plastics are 

currently given more concern by various researchers and scientists. The development of bio-

based plastics which are further degradable should be adopted, because the petroleum based 

plastics are non-sustainable. The production of polymer is completely a biological process in 

which various natural materials i.e. including different fatty acids, starch, various sugars, 

different types of proteins and cellulose can be consumed by environmental microorganisms 

as a raw material and converted into various monomers. The bio-based polymers have unique 

properties and applications, which is a focal area of research by polymer scientists, medical 

experts and engineers. These biodegradable plastic is basically a product of multidisciplinary 

research efforts. The advent in application of biodegradable plastics could thus, significantly 

contribute to solve the menace caused by waste disposal and environmental pollution. 

 

1.2: Biodegradable plastics 

Ephemeral commercial goods are produced frequently through synthetic and semi synthetic 

polymers, which are being used in various industries and different types of environment based 

applications (Lee et al., 2011; Poirier
 
et al., 1995). The attractive features of synthetic 

polymer are convenient and useful for human life. The non-degradable nature of synthetic 

polymer creates a major waste burden on the environment. The development of natural 

polymers or biopolymers solves the problem of waste management and also helps in the 

preservation of limited petroleum reserves. The environmental friendly, non-toxic and 

renewable nature of biopolymer, increases its applications in the area of environmental 

science. Bioplastics can act as a potential material to displace this ever-increasing waste of 

plastic and equally can be utilized in all applications. Merit of bioplastic over synthetic 

plastic, is its degradability with time and in certain cases non immunogenic nature which can 

be utilized for designing of medical implants and devices. Bioplastics consists of thermostable 

polyesters and are an important class of advanced biomaterial. Biopolymers have an 

advantage for being degradable under normal environmental conditions and their physio-
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chemical properties are similar to synthetic polymers. Currently, biodegradable polymers such 

as Polylactic acid (PLA), Polyhydroxyalkoanates (PHA) and Polyhydroxybutyate (PHB) and 

cellophane have created a lot of interest for scientists and researchers. Biodegradable natural 

polymers are synthesized by various microbial species (Saharan et al., 2007). Intracellular 

accumulation of granular molecules inside the microbial species occurs during unfavourable 

or starvation conditions (Witholt and Kessler, 2002). Due to the unique properties, members 

of PHA’s family could be utilized in number of applications and have great prospective in the 

future (Saharan, 2012).  

 

Repeating monomeric units are joined together through covalent bonds and defined as 

polymers. PHAs are basically defined as 3-hydroxy fatty acid molecule monomers that are 

attached end to ends with each other to form straight polymeric PHA molecule. 103-104 

monomers join together to form the final polymeric structure. Byrom (1994), firstly described 

about granules of the PHA material which were about 8 to 13 per cell and reported that they 

have a diameter in the range of 0.2 to 0.5μm in the bacterium Alcaligenes eutrophus. PHA 

synthesis were reported to occurs inside bacteria during nutrient imbalance conditions, as 

higher carbon ratio with reduced nitrogen along with phosphorus and oxygen (Anderson and 

Dawes, 1990; Chen, 2009). PHA has been reported to be produced by almost 30% of soil 

thriving bacteria (Wu et al., 2000). Most bacteria observed in sludge and in extreme 

environments are also known to produce PHA. Almost 90 genera of photosynthetic bacteria, 

archaea bacteria, lower eukaryotes, aerobes and anaerobes are capable of producing bioplastic 

(PHAs), along with PHB which is almost 80% of total produced PHA (Kumaravel et al., 

2010). The composition of monomers present, their physiochemical properties, size and 

structure depends on the organism producing the PHA material. PHA has different classes 

which are described on the basis of variance of groups and their position on the chain. PHAs 

could be defined as homopolymer or co-polymer and have almost 150 different constituents 

hydroxyalkanoate (HA), 3-hydroxybutyrate (3HB), 4-hydroxybutyrate (4HB), 3-

hydroxyvalerate (3HV), 3-hydroxyhexanoate (3HHx), 3- hydroxydecanoate (3HD), Short 

chain-length (SCL), and Medium chain-length (MCL) (Loo and Kumar, 2007; Kadouri et al., 

2005; Berlanga et al., 2006). These PHAs are biodegradable in nature and can be produced by 

utilizing renewable resource which provides cost effectiveness as compared to conventional 

synthesized plastics. Bacteria could also degrade PHA at a faster rate of 3–9 months through 

their own synthesized PHA depolymerases making PHA totally biodegradable (Jendrossek, 
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2001). The production cost of PHAs is a major drawback. The utilizing of low cost substrates  

can help in resolving the drawback of high cost production (Jiang et al., 2008). 

 

Properties of pure PHB could be compared well to commonly used bulk plastics, e.g. 

polypropylene and polyethylene. PHB is a unique natural biopolymer, which incorporates 

exceptional properties (Hrabak, 1992): (i)Thermoplastic or Elastomeric processability; (ii) 

Resistant 100% to water and moisture; and (iii) 100% biodegradability and biocompatible. 

The unique properties utilize the biodegradable plastics in several applications that are 

paralleled to the synthetic plastics and a suitable method for new waste-management 

strategies. 

Renewable carbohydrates are being utilized by the researchers for the production of PHA. 

Bio-waste materials can be used effectively for PHA biosynthesis and this can prove to be a 

proficient strategy for enhanced cost subsiding production along with overcoming of disposal 

problems (Koller et al., 2005a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Classification of different biopolymers 
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1.3: Production of PHB a valuable Biodegradable Plastic from PHA class 

The production of PHB polymers is an interesting area of research because these polymers 

can be synthesized through bacterial fermentation by utilization of renewable resources and 

other carbohydrate sources. PHB is recovered by various methods and bacteria synthesize 

them as energy and food reserve in granular form. This accumulation of PHB material in 

bacteria is basically a response mechanism towards variance in nutrient environment, where 

excess of carbon sources are used and limitation of other nutrient i.e. nitrogen, phosphorous 

etc., this physiological condition can be utilized for the production so excessive yields are 

achieved (Du and Yu, 2002b; Steinbüchel, 1991; Yu, 2001; Byron, 1994). 

  

The PHB production requires utilization of carbon and nitrogen substrates, synthetic lab 

media like M9 media, DSC-97 (as synthetic lab medium) for purpose while natural sources 

such as palm oil, sugar cane, pea shell can also be used as biowastes material. 

 

PHB becomes an encouraging substitute for the replacement of non-biodegradable plastic. It 

is biodegradable polymer which is produced in majority among the members of PHA family. 

It is highly biodegradable and biocompatible material that can serve multiple purposes viz., 

firstly as a suitable material for reducing environmental pollution caused by use of non-

degradable plastics; secondary use as a new type of biomaterial that can be utilized in 

formation of various biomedical products through enhanced blending processes. The uses and 

applications become seamless in commercial purposes viz., packaging, paper coating, 

fertilizer, compost bag, controlled drug releases, bone fixation parts, tissue engineering 

products, 3 D organ printing and other varied product. 

 

Development of various applications has taken place which includes biodegradable plastics 

which is environment friendly for packing applications, biomedical applications, body 

implants, guided nano drug release systems and bone tissue engineering. On the basis of these 

developments, microbial PHA became the basis of wide range of industrial applications 

which ranges from various fermentation products, advanced materials development, 

medicinal applications, and biofuel production along with fine chemicals. Numerous 

applications in this field are initiating intensive research globally. All over the world, loads of 

companies are involved for the commercialization of these developments especially in China, 

Korea and Japan (Chen, 2009a). 
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1.4: Structural description of PHB 

PHB was first observed in 1926 in the bacteria Bacillus megaterium (Lemoigne, 1926). It was 

described as a storage material of bacteria which could be further degraded by depolymerases 

of bacterial cell and metabolized to produce carbon and energy as soon as the supply nutrient 

is restored. (Byrom, 1994).  

 

PHAs is composed of R(-)-3-hydroxyalkanoic acid monomers which varies to butyric acid in 

case of PHB with C3 to C14 carbon atoms along with various saturated or unsaturated and 

straight or branched chain with aliphatic or aromatic side groups (Doi et al., 1992; DeSmet et 

al., 1983). The molecular weight of the polymer ranges at 2 × 10
5
 to 3×10

6 
daltons, depending 

upon the type of microorganism and the growth environment (Byron, 1994).  

 

Figure 1.2: Structure of PHA’s: R-group and ‘n’ indicates various members of PHA’s family 

(Ojumu et al., 2004)  

 

PHA’s can be differentiated into two distinctive units depending on the length of the 

monomeric side-chains. Short-chain-length PHA polymers are made of 3-hydroxyalkanoic 

acids along with repeating monomer units of 4–5 carbons, comparatively medium-chain-

length PHA polymers composed of repeating monomer units of C6-C14 carbons. 

 

Figure 1.3: Different chain length of PHA’s 
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PHA synthesis has high level of substrate specificity accepting only 3-hydroxyalkanoates 

(3HAs) of a specific range of carbon length (Anderson and Dawes, 1990).  

 

There is a high level of flexibility in biosynthesis of PHA which makes possible for designing 

and producing related biopolymers with attractive physical properties and numerous 

applications which can range from stiff to brittle plastic or rubbery polymers (Anderson and 

Dawes, 1990). 

 

1.5: Biosynthesis of PHB 

Polyhydroxybutyrate accumulates in cells as separate granules, varying in size and number 

per cell varying depending on various species of organism. Granules can be seen as 

contrasting refractive inclusion through electron microscopy. The microorganisms 

accumulating PHA are very easy to identify by staining with dyes such as Sudan black or Nile 

blue (Schlegel, 1970; Ostle and Holt, 1982).  

 

PHB granules are produced in metabolic pathway of microorganism and deposited as 

intracellular water-insoluble inclusions. Glucose remains the primary substrate for PHB 

production (Rehm et al., 2001). During the pathway glucose is converted in to pyruvate and 

the reaction is catalyzed by various types of enzyme and ions. In this pathway, one molecule 

of glucose are oxidized into CO2 and water to generate approximately 32 moles of ATP. Due 

to this, approximately 2870 kJ or 686 kcal energy is liberated. Pyruvate is converted into 

Acetyl CoA and which is further converted into Poly-β-hydroxybutyrate (PHB) through three 

step process.  The biosynthesis of PHB is carried out by three enzyme, namely as 3-

ketolthiolase (phb A), acetoacyl-CoA reductase (phb B) and PHA synthase (phb C) (Loo and 

Kumar, 2007; Madison et al., 1999).  



 

 

 

Figure 1.4

PHB can be synthesized both by

al., 1999; Kemnitzer et al., 1993)

by bacterial fermentation process (biological method) as compared to chemical based 

methods. Biosynthesis of PHB

structures to be incorporated 

(or PHB synthase) will basically 

et al., 2004). Biosynthesis of PHB

aqueous environments containing 

acids, and also nutrients contained 
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Figure 1.4: Biosynthesis of PHA from Glucose. 
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Table 1.1: There are four classes of PHB Synthases, PhbC (Rehm et al., 2003)  

Class PHA synthase genes Subunit Species Substrate 

I                      Phb C 

 

 

~60-73 kDa Cupriavidus 

nector 

3HASCL-CoA(~C3-

C5) 4HASCL- 

CoA,5HASCL-

CoA,3MASCL-CoA 

II       Phb C1                           Phb C2 

 

~60-73 kDa Pseudomonas 

aeruginosa 

3HAMCL-CoA 

(~>C5) 

III        Phb C              Phb E 

 

~40kDa ~40 kDa Allochromatium 

vinosum 

3HAHCL-CoA 

(3HAMCLCoA[~C

6-C8], 4HA- 

CoA,5HA-CoA 

IV         Phb R                                 Phb C 40 kDa~22kDa Bacillus 

megaterium 

3HAHCL-CoA 

 

1.6: Microbial production of PHA by wild type strains 

PHB has been isolated from soil bacterium. There are variety of strains that have been 

reported to produce PHB e.g. Alcaligenes latus, Bacillus megaterium (Ojumu et al., 2004) 

Pseudomonas oleoverans, Ralstonia eutropha, Aeromonas hydrophila and Pseudomonas 

stutzeri (Chen, 2009). Salt stress conditions also influence the quantity and the quality of PHB 

produced by Cupriavidus nector strain (Passanha et al., 2014) 

 

1.7: PHB from Halophiles 

Halophilic microorganisms can be utilized for the PHB production system. They have 

advantage of capability to grow optimally at high salt concentrations (Quillaguamán et al. 

2010). High concentrations of salt prevents the growth of nonhalophilic microorganisms, 

which allows for an optimal process where strict sterile conditions are not required reducing 

the overall costs. The fermention technology includes sterilized equipments and culture 

media, which requires a huge cost expenses. By using Halophiles, the fermentation process 

becomes cost-effective (Quillaguaman et al., 2010).  

Phb C 

Phb C 

Phb E Phb C 

Phb R Phb C 
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Major Halophilic strains synthesizing PHB are Haloferax mediterranei, Halopiger aswanensi

s,Heloferax alexandrines (Tekin et al., 2011). Halomonas spp., have been the candidates for 

production of diverse products used in various industrial fields (Quillaguamán et al., 2010). 

 

1.8: Enhanced production of PHB through media optimization and strain improvement 

Optimization of different parameters i.e. media, temperature, aeration, pH, incubation time, 

different carbon sources, nitrogen sources and NaCl concentration become highly important 

in the process of high PHB production (Flora et al., 2010). Elsayed et al., 2013 worked on 

Azomonas macrocytogenes and enhanced the production of PHB through modifying medium 

concentration of glucose and potassium nitrate. Enhancement was reported from 24% to 42% 

of total cell dry weight. In the same way many more workers have reported enhancement in 

PHB production through optimization of above defined key parameters. Enhancement of PHB 

production can be carried out by reducing culture time, increasing cell density and finally 

overall PHB content has to be taken into consideration. High-cell density cultures increase 

productivity and reduce the cost of downstream process and wastewater treatment. In order to 

achieve a high cell density and PHB yield, batch cultivation with continuous supply of fed has 

been the most popular fermentation system (Kirithika et al., 2011). 

 

Fed-batch culture has been the most popular culture system to achieve a high-cell-density and 

PHB content (Suzuki et al., 1986; Kim et al., 1992; Lee, 1994; Kim et al., 1994). However, 

besides more complicated operation and increased susceptibility to contamination, fed-batch 

cultivation relies on high cell dry weight accumulation leading to low growth rates before 

induction, which sometimes prolongs the time needed for production (Shokri et al., 2004).  

Comparatively for batch cultivation, bacteria can be inoculated in a stirred tank bioreactor 

under certain predetermined basic conditions (temperature, aeration, pH etc.) going through 

various growth phases (lag phase, exponential phase, stationary phase and decline phase). At 

the end of fermentation process, microbial cells are collected. The fermentor becomes ready 

for another batch after cleaning and sterilization process. Batch culture offers certain 

advantages making it comparable to fed-batch culture. It could be utilized for different 

fermentation reactions and can be sterilized which minimized the risk of infection or strain 

mutation. Batch culture also incurs high labour cost and extended idle time (Nielsen et al., 

1994). 
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Mutations, both chemical and physical, are major experimental protocols that have been used 

to improve industrial strains from long time. Few workers have worked for the enhancement 

of PHB production through mutagenic modification of strains. The common mutagenic agents 

that have been used for the purpose are UV radiations, Acridine orange, Ethyl methane 

sulphonate, Acriflavin etc.  Many strains till date after mutagenesis experiments have been 

improved and have reported enhanced production of PHB eg. Bacillus megaterium Y6, 

Bacillus subtilis K8 and Bacillus firmus G2 (Katircioglu et al., 2003).  

 

1.9: Problems associated with Commercial Exploitation of PHB 

Enhanced production options through various strategies can provide production at large scale 

but there are still certain problems associated with commercial exploitation of PHB. The 

problems are:  

• Polyhydroxybutyrate is stereoregular isotactic polyster, which is completely 

biodegradable in nature. It has been analysed that bacterial PHB shows an outstanding 

crystallinity of over 80%, but have high brittleness and poor impact resistance at room 

temperature.  

• The molten state of PHB is unstable and thus its processing window i.e. the melting 

temperature and the degradation temperature is very much close (Td±Tm). The narrow 

processing window makes it very difficult to work and thus is a major drawback 

associated with its commercial exploitation. Traditional thermal methods i.e. injection 

moulding and extrusion are for the processing of Bacterial PHB. Great efforts are 

often required to control the processing temperature precisely. 

• The processing and production cost of PHB is very much high, which act as a barrier 

for its commercialization and restricts the manufacturer to increase its utility and as a 

substitute of synthetic plastics. 

 

 

To overcome the above shortcomings and enlarge its practical applications, much work has 

been done to modify PHB, through physical blending. Physical blending is a simple, easily 

carried out, and effective method to modify PHB. By blending other polymers with PHB, 

materials with improved properties are often acquired depending on blend component and 

composition. 
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Out of all these blends degradable blends are of considerable importance, as with 

biocompatible PHB, many of the blend components also have biocompatibility. This feature 

provides the possibility of applying them in medical fields, such as surgical sutures and drug 

delivery along with applications in other commercial fields. 

 

1.10: Nanocomposite 

Nanotechnology is the science of 21st century promising greater technological development 

at nano level. Wide varieties of “nanomaterials” are being developed with restricted size and 

composition. The main objective of the studies is to improve the mechanical, electrical, 

physical, optical, and other related properties. Nanocomposites are multiple phase solid 

substance having one, two or three dimensions of less than 100 nm. It can involve porous 

media, gels, copolymers and colloids but is more appropriate for combination of matrix and 

nano-phase. They have different categories based on size (Kamigaito, 1991), less than 5 nm is 

used for catalytic activity, less than 20nm is for producing hard magnetic substance into soft, 

less than 50nm is for changes in refractive index while less than 100nm is for producing 

supermagnetic effects, etc. 

 

They are abundantly found in nature, in abalone shell and in bones. Since mid-1950, organic 

clays of nano origin are employed in checking flow of solutions of polymer. In 1970, the clay 

composites became quiet common but the exact term nanocomposite was not being used for 

such improved materials (Theng, 1979). 

 

1.11: Types Of Nanocomposite 

 

1.11.1: Ceramic matrix nanocomposite 

The major part in this is ceramic, which is a chemical substance belonging to the group of 

nitrides, oxides, silicates, borides and many more. There second component is a metal. Both 

these components, i.e., metal and ceramic are properly mixed with one another to form a 

nanoparticle. Such nanocomposite have enhanced optical, magnetic (Kruis et al., 1998) and 

electrical features and are resistant to corrosion and possess various other protective 

properties (Zhang et al., 2003). The best examples of these are of titanium oxide (ceramic) 

and copper (metal) (Effenberg et al., 2001). 
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1.11.2: Metal matrix nanocomposite 

They are reinforced and are either continuous or non-continuous in nature. The most used 

example is carbon nano tube. The metal matrix nanocomposite are having high tensile 

strength and electrical conductivity. Other examples include boron nitride and carbon nitride 

metal matrix composites (Bakshi et al., 2010). One more type of nanocomposite have high 

energy, existing as mix of sol-gel having base of silica, which on mixing with oxides of 

metals and aluminium powder at nano scale leads to manufacture of super thermal substances 

(Ryan et al., 2008). 

 

1.11.3: Polymer matrix nanocomposite 

The addition of nanoparticles to a polymer matrix enhances the nature and features of the 

polymeric matrix and is termed as nano filled polymer composites (Manias and Evangelos, 

2007). The improved material shows a high performance and stability along with novel 

physical properties, which were earlier absent in pristine polymer (Manias and  Evangelos, 

2007). Many investigations were carried out on the polyhydroxybutyrate and its co-polymers, 

in order to improve its short comings both at physical and mechanical levels. The PHB  

nanocomposite shows improved properties which are paralleled as compared with synthetic 

plastics and become commercialised easily. Example includes Polyhydroxy butyrate blend  

with montmorillonite (nanoclay) matrix (Zubirdikudis, 2007).  

 

 

1.12: Blending of PHB and Polymer Nanocomposites 

In material research, development of polymer nanocomposites could enhance the polymer 

applications in different fields of science and technology. Polymer based nanocomposites are 

considered as the next industrial revolution materials. The significant commercial applications 

of Polymer nanocomposite, provides an alternative to the synthetic plastic based materials 

(Camargo et al., 2009).  

 

Clay minerals are abundant natural material found on earth surface. Clay material have size 

less than 2 µm possessing defined properties of slip formation, rheology, ion exchangeable 

and plasticity within the nanosized silicate layers. Montmorillonite (MMT) consisting of 2:1 

aluminosilicate layers, composed of an octahedral sheet of aluminium oxide sandwiched 

between the tetrahedral sheet of silicate layer having free cations present on its top. (Bailey, 
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1984; Brindley and Brown, 1980; Mittal, 2009)  In the octahedral layer, aluminum atoms are 

replaced with other cations (e.g., magnesium, iron), which creates some charge defects in the 

structure and acts as an inorganic ion exchange material (Morgan, 2011). The high percentage 

of MMT is present in Bentonite clay. Modification done at chemical and structural level for 

raw bentonite clay makes possible the preparation of new nanostructural material which can 

be suitable for varied applications.  The virgin material does not produce combined properties 

and synergestic effect, which could be produced by the blending of polymer-clay 

nanomaterial and would ultimately yield a better nanocomposite with improved properties. 

 

There is plethora of methods available for production of polymer/clay nanocomposites by 

simple blending of inorganic clay with the polymer in order to get the required properties. 

 (Lagashetty and Venkataraman, 2005). The method of in-situ-polymerization involves the 

polymerization of monomeric units in which inorganic material acts as a filler inside the 

swollen galleries of polymeric matrix, where solvent system plays a very important role (Ray 

and Okamoto, 2003), melt intercalation of polymers  etc (Wu et al., 2006; Pluta et al., 2006; 

Thakur and Thakur, 2015). 

 

For the preparation of nanofibres at nanoscale, the technique of Electrospinning has attracted 

the interest of many industrial and academic scientists. The estimated volume of polymer 

blends available world widely is approximately more than 7000,000 metric tons per year. It 

has been also analyzed that the average growth rate for the preparation of such kinds of 

improved material is 6-7% per year. The adjustment of cost-performance balance and altering 

the technology for the preparation of products, which are highly specialized for end use 

applications in the field of medicine, preparation of biodegradable scaffolds and sutures, 

controlled drug delivery, biosensors, photoconductors etc. All these possibility are offered by 

the Polymer blending technology (Zhu et al., 2000; Berkland et al., 2001; Messersmith and 

Giannelis, 1993; Mu and Feng, 2001; Oriakhi and Lerner, 1995; Rosca et al., 2004), 

enhancement in the performance of resin’s, improving specific properties, viz. tensile 

strength., and also solve the problem of waste management. 

 

Polymer nanocomposites become a unique type of engineered material, in which the polymer 

thermal, mechanical, optical and electronic properties could be improved by the addition of 

inorganic particles (nanoclay as filler) at low loading rates. Due to nanoscale size of synthetic 
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inorganic particle, along with their high chemical activity and reactivity, they are hazardous to 

the environment as well as living organisms (Ray and Okamoto, 2003). Naturally derived 

nanoparticles such as cellulose nanoparticles from wood pulp (Mitra et al., 2014) and Poly 

hydroxybutyrate from microorganisms are used for the preparation of nanocomposites. These 

methods could be useful in overcoming   the major drawback caused by the synthetic 

inorganic nanoparticles. The resulting nanocomposite may have desirable properties and 

lesser environmental impact. 

 

Polyhydoxybutyrate is a hydrophobic polymer and is one of the rarest example, which has 

unique properties i.e. completely biocompatible and biodegradable in nature (Jirage et al., 

2013). For the end use applications of PHB, blending technology is utilized to improve its 

properties both at thermal and mechanical levels. The biodegradable materials such as 

nanoclay, resins, other polymers acts as a filler and intercalated in the swollen galleries of 

polymeric matrix, the surface morphology is analyzed by the sophisticated scanning electron 

microscopy technique. 

 

Blending provides numerous opportunities as it involves mixing of characters of parental 

material and different blends are achieved with increased application. Different blends and 

nanocomposites are achieved with the process. The surface morphology and group 

characteristics of the individual parents are important factors for the preparation of successful 

polymer based nanocomposites. Novel exciting materials with new combinatorial properties 

are expanding rapidly in the area of science and technology. These advance material 

possesses properties of their parental material which with combined interactions at nano 

levels can have numerous applications (Yu et al., 2006).  

 

Nanoscopic inorganic particles of size 10-100nm in at least one dimension, are uniformly 

diffused in the matrix of organic PHB polymers matrix, resultant into the formation of PHB 

based polymer nanocomposites (Scott et al., 2004; Ray and Okamoto, 2003).  Coventional 

filled polymers are being replaced by PHB based Polymer nanocomposites, because its 

properties are comparable with the properties of traditional composites. The resultant 

nanocomposites shows an improvement in the surface morphology, it has been analysed that 

the increase in porosity of the nanostructures, increases its end use applications in the field of 

medicines particularly for cell proliferation and differentiation. The properties such as tensile 
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modulus and strength, heat resistance, outstanding barrier properties are also improved by the 

incorporation of nanofillers in the polymeric matrix (Bockstaller et al., 2005; Iyer et al., 2010; 

Iyer et al., 2008, Lagashetty and Venkataraman, 2005). Organo-modified montmorillonite 

nanoclays are utilized for the development of PHB based nanocomposite by blending process. 

These nanocomposites have improved physical and mechanical properties i.e. glass transition 

state, stress-strain, tensile strength etc. 

 

1.13: Nanoclays and Surface modified clays 

Clays, such as montmorillonite (MMT), belong to the structural family of 2:1 phyllosilicates.  

They have a unit layer which includes octahedral sheet of aluminium oxide or magnesium 

oxide sandwiched between two tetrahedral sheets of silicate oxide (Marras et al., 2007; 

Swartzen and Matijevi, 1974).  

 

Silica and aluminum atoms present on the adjacent sheet of MMT are bonded together by 

sharing of oxygen atoms. The surface of inorganic minerals is hydrophilic in nature due to the 

presence of hydrated cations and is not a suitable solvent for organic compounds. the 

adsorption of organic cations altering the properties of inorganic minerals are used to 

synthesized the organo-modified clays (Burgentzle et al., 2004). 

 

There is no formal interaction occurs between the anionic charge defect in the octahedral 

layer with the cations present on the top of silica layer (Gronski  et al., 2000). These cations 

can have the ability to exchange with the other cations of similar charge defects. The below 

figure shows the sodium cation can replace the the ions with alkyl ammonium, phosphonium, 

imidazolium and other +1 cation to yield orano-modified clays (Ogawa and Kuroda, 1997; 

Blumstein, 1965). The montomorrillonite should be organically treated, otherwise its 

dispersion in polymeric matrix would never be possible and preparation of successful 

polymeric nanocomposite will never be achieved. The virgin MMT is micro-sized in nature, 

serving as traditional filler and in order to make it nano sized, it should be organically treated. 

The most commonly used organic treatment is an alkyl ammonium with variety of chain 

lengths or functionality present, and can be a quaternized primary, secondary, or tertiary 

amine. The one common feature to a successful clay organic treatment is the presence of at 

least one long (12 carbons or more) alkyl chain, as without this microcomposites are typically 

obtained (Zilg et al., 2000). 
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Figure 1.5: Typical alkyl ammonium organic treatments 

 

Expansion of interlayer gallery and lowering of clay energy surface is caused by the presence 

of surfactants providing the compatibility of clay with the organic liquids (Burgentzle et al., 

2004) or polymers (Giannelis, 1996). 

These properties of Surfactant-treated layered silicates have attracted significant attention of 

various researchers and scientists. 

 

 

Figure 1.6: The structure of organo-modified clay with alkyl ammonium 

 

1.14: Clay-Nanocomposite preparation 

Diffusion of organo-modified clay into the polymeric matrix surface at nano-level leads to a 

substantial improvement in the physical properties of polymeric matrix (Marras et al., 2007). 

For the preparation process, dispersibility of clay into the polymer matrix is of much 

importance. Proper dispersion of silicate layers nanoclays is of fundamental importance in the 
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designing of biomaterials with desired properties, which can be utilized for number of 

applications (LeBaron et al., 1999). Various factors are responsible for the preparation of a 

successful nanocomposite (molecular weight, presence of reactive groups and hydrophobicity 

of polymers and the type of solvent system used for the blending, i.e., polar, or non-polar 

organic liquids and clay mineral type) (Scott et al., 2004). The above factors are responsible 

for the different interaction mechanism (dropping of pressure into the nano-silicate layers, 

homogenized mixture of polymer and clay, presence of hydrogen, electrostatic and 

coordination bonding etc) and in the preparation of successful polymer-clay nanocomposite. 

Polymer layer silicate nanocomposites are prepared by plethora of methods. The major 

techniques are: in situ intercalative polymerization, melt intercalation process and exfoliated 

adsorption method (Marras et al., 2007).  

 

1.14.1. In situ intercalative polymerization 

The in-situ polymerization involves the liquid monomer, which leads to the swelling of 

layered silicate (i.e. MMT) and further polymerization will be carried out by heat or radiation. 

Suitable organic initiators are an another option for the polymerization process (Usuki et al., 

1993; Alexandre and Dubois, 2000; Rehab and Salahuddin, 2005; Beron, 1999; Halvatty and 

Oya, 1994; Hussain et al., 2002). For example: Nylon-montmorrillonite was successfully 

made by the approach (Kawasumi et al., 1997). Various thermoset-clay nanocomposites are 

prepared from this method (Lan et al., 1995). The advantage of this method is its tethering 

effect. In-situ polymerization method enables the organic chemical i.e. 12 aminododeconoic 

acid (ADA) present on the clay surface, acts as an intermediate to link the nylon 6 polymer 

chains during polymerization. Thus helps in the preparation of a successful nanocomposite. 

 

1.14.2: Exfoliation-Adsorption 

The process is based on the solvent system in which the polymer is completely soluble and 

the silicate layers of the nanoclays are swellable. Dispersion of layered silicates in adequate 

solvents such as water, acetone and chloroform can be easily possible due to the present of 

weak interaction forces between the clay stacks. The adsorption of polymer occurs onto the 

delaminated sheets and reassembling of sheets occurs when the solvent is completely 

evaporated. The polymeric material then sandwiched between the stacked layers. Epoxy-clay 

nanocomposite are successfully synthesized by this strategy (Lee and Jang, 1998). The main 

disadvantage of this approach is that large amount of solvent is utilized and removal of 
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solvent is a critical issue (Kornmann, 2001). Due to the dispersion of layered silicates in 

aqueous solution, emulsion polymerization is carried out (Rehab and Salahuddin, 2005). 

Polyimide nanocomposites are produced by this method implemented by the Toyota Research 

Group (Alexandre and Dubois, 2000; Yano and Usuki, 1993). 

 

1.14.3. Melt Intercalation: This technique does not require solvent system for the 

preparation of nanocomposite (Burnside and Giannelis, 1995; Rehaband Salahuddin, 2005; 

Vaia et al., 1996; Dennis et al., 2001). This method involves the mixing of silicate within the 

polymeric matrix in the molten state. Conventional methods such as extrusion and injection 

moulding are used for the mechanical mixing of thermoplastic polymer (Kornmann, 2001). 

Nanocomposite are formed by the intercalation or exfoliation of polymer chains. This 

technique is mainly utilized for those thermoplastics, that are not utilized in situ 

polymerization and adsorption strategies (Ray and Okamoto, 2003). 

 

1.15: Characterization of Nanocomposites 

Florescent Emission Scanning electron microscopy (FESEM), Differential Scanning 

Calorimetry (DSC), Thermo-gravimetric analysis (TGA), Instron tensile testing are the major 

techniques which are utilized for the elucidation of physical, mechanical and nano-level 

properties of the prepared nanocomposites.  

 

1.15.1: Differntial Scanning Calorimetry (DSC)  

For the measurement of various phenomena occurring during the thermal heating of polymer 

nanocomposite, Differential Scanning Calorimetry has been widely used. The various 

parameters such as upper working temperature, melting temperature, enthalpy of melting 

(ΔHM ), Crystallization temperature on heating [Thc(
o
C)], Enthalpy of crystallization 

temperature on heating [ΔHhc (J/g)] and glass transition  temperature (Tg) are analysed by 

sophisticated DSC technique  (Corcione and Frigione, 2012). The information of melting and 

crystallization transition, along with the extent of crystallization covered under the area of 

melting transition (melt enthalpy) are analysed by measuring the peaks generated by the DSC 

technique. The effect of nanoclays on the crystallization behaviour of virgin polymeric matrix 

for the preparation of a new improved material can be easily analysed. The organic fillers are 

being modified by chemical synthesis in order to obtain the surface modified organo-clays. 

The DSC technique has been used for the characterization phase transitions and dynamics of 
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the modified surface of organo-clays (Mittal, 2009). Many phenomenon that occurs during the 

thermal scanning of Polymer/clay nanocomposites are easily analysed by Differential 

scanning calorimeter. The dispersion of nanoclay filler brings peculiar changes in the 

properties of nanocomposites, when compared with virgin polymer. 

 

1.15.2: FESEM 

The particle size, its distribution and surface porosity are determined by Florescent Emission 

Scanning electron microscopy (FESEM). The SEM used for this study is capable of 

differentiating particle detail as small as 1 nm depending on elemental contrast and other 

parameters. Due to the non-conductive nature of most of the polymers including PHB, 

instabilities, false x-ray signals are some of the problems faced during the FESEM analysis. 

Charging is a condition during which charge gets accumulated on the polymeric surface. Poor 

quality of images due to excessive brightness is produced during the charging of non-

conductive surface. Fine gold layer coating is required to avoid the issues and to analyse the 

polymeric surface with good quality images (Lu et al., 2005). 

 

The basic measurement of nanocomposites quality as a final material includes various 

parameters such as interfacial de-bonding, aggregation of particles, presence of cracks, 

porosity and voids formation are analysed by Scanning electron microscope. The particle 

dispersion, its orientation and exfoliations are the important parameters required for the 

preparation of successful nanocomposite are characterized using scanning electron 

microscopy (SEM) (Sheiky et al., 2010). 

 

1.15.3: Thermal Gravimetric Analysis 

The change in the decomposition temperature and the effect on the weight loss of 

nanocomposite by the addition of nanoparticles are determined by thermo-gravimetric 

analysis. Function of temperature and time plays a very important role in measuring the 

weight of sample by TGA. The change in the wt% of sample due to the process 

decomposition on heating is corresponding at specific temperature (Torre et al., 2006). The 

attachment of nanoparticles onto the surface of polymeric material corresponds to the amount 

of weight loss experience by the nanocomposite during decomposition experiment. 
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Thermal decomposition behaviour of nanocomposite at different loading rates is measured by 

TGA. Thermal stability of the nanocomposite is also affected by the presence of inorganic 

clays at different concentrations (Corcione and Frigione, 2012). Density and interphase 

bonding are also confirmed by this sophisticated technique (Ciprari et al., 2006).  

 

1.16: Current Work 

Current work involves development of strategies for the production of PHB in economical 

way. Various media modification protocols, mutagenic induction protocols, optimization 

protocols will be utilized for the strategies on efficient and economical production of PHB 

from various PHB producing isolates and already established strains acquired from strain 

banks. Further work will lay emphasis on preparation of blends and nanocomposites of PHB 

with organo-modified nanoclays for improvement of its physical properties and enhancing its 

properties at nano-levels. 
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2.1: Plastic and its Environmental Impact 

Plastic, made up of chemicals, is very hazardous for the environment and additional energy is 

also required for its extraction and processing. These xenobiotic plastics are now posing a 

great threat to humanity and other life forms by contaminating the land, water, soil and 

overall environment (Luengo et al., 2003). It is almost non-biodegradable and has recalcitrant 

in tons every year due to all types of anthropogenic activities. Synthetic polymer i.e. plastics 

are utilized in every manufacturing industries i.e. printing, coating,  food packaging, building 

construction products, toys, electric wires, and medical devices i.e. gloves, synthetic catheters 

etc. The structure of these polymers can be easily modified chemically and morphologically 

to different shapes and of varying strength, as a fibre or as thin sheets to suit array needs. This 

unique property of modification increases the widespread application of synthetic plastics in 

different fields. It has high durability and is resistant to various chemicals (Atlas, 1993). In 

1862, the man made plastic named as “Parkesine” was announced by Alexander Parks at 

International Exhibition in London. This synthetic plastic was chemically made up of 

cellulose nitrate. In 1950’s, many products were introduced and the major growth of plastic 

manufacturing based industries affected the lives of people, by introducing improved 

packaging material to chemically based textile goods (Flechter, 1990). With course of 

duration more development has taken place in plastic goods manufacturing industries both in 

terms of technology and quantity of production. This upsurge in technological development 

has led to the production of halogenated plastics which are technically totally indestructible 

even under higher temperature and variety of conditions. It is very tedious task to dispose 

these types of plastic wastes after their shelf life is completed. Due to the increased demand 

year by year and time needed for its degradation which is unknown, it’s become an issue of 

global concern.  

 

The third largest manufacturing industry is the plastic industry reported by Society of Plastics 

Industry, Washington D.C. In 1980, the average growth rate of plastic is 3.4%. 
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Kurupaalil in 2010 investigated that around 1.1 million workers were employed in plastic 

industries and provides nearly $379 billion in shipments every year. Evan’s in 2010 also 

observed that the recycling of common synthetic plastic i.e. polyethylene, polystyrene require 

more cost as compared to the production of new plastics  

The statistical analysis of Environmental Protection Agency (EPA) concluded that majority of 

waste are originated from plastic industries especially the food packaging industries reported 

by Municipal solid waste in United States. In 2007, approximately 30.7 million tons of plastic 

waere generated, which accounts for almost 12.7% of total Municipal Solid waste (MSW). It 

was also reported that less than 7% of the plastic waste was recovered i.e. 28.6 million tons 

(Municipal solid waste in the United States, 2007).  Average usage of plastic per person was 

100 kg/year in European countries investigated by Mulder in 1998. The worldwide production 

of synthetic plastic in the 20th century is approximately reaches 130 million t/year reported by 

Fomin in 2001.  

The man made plastic being a xenobiotic, becomes highly resistant to microbial degradation 

(Atlas, 1993). Therefore, much more efforts are required for the development of natural or 

biodegradable polymers and to provide a sustainable benefit to both the environment and 

living beings (Willett and Shogren, 1995). 

2.2: Green Plastic 

Naturally derived renewable resources including Green plastics are the topic of interest for 

contemporary scientists as it is a substitute of traditional chemical based plastics. The green 

plastic must have following properties i.e. it should be derived from renewable source, 

biodegradable in nature and must be eco-friendly (Stevens, 2003).  Biopolymers are the 

plastics that are biodegradable and are produced from bio-based source (i.e. they are produced 

from renewable sources. Biodegradability of the plastic depends on their chemical structure; 

some plastics are bio-based but are non-biodegradable. There is a strong carbon-carbon single 

bond existence in the structure of certain polymers i.e. polyethylene are derived from 

renewable masses such as sugarcane. The strong bonding of carbon in their structure makes it 

non-degradable, yet it is recyclable and is produced from bio-based source (Phillips, 2008). It 

was reported in literature that the share of biopolymers in the market is less than 1%. In year 

2015 the expected growth rate of the biopolymers is almost just over 1%. The polymers 

whose physical and chemical properties undergo deterioration and are completely degraded 

by microbial species are termed as biodegradable polymers. The biodegradable nature of 
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polymers is due to the inherent oxygen or nitrogen atoms in their backbone chain. It was 

investigated by American Society for Testing and Materials (ATSM) that biodegradable   

polymers could be classified as compostable material only, if it should yield carbon dioxide, 

inorganic compounds and water at the rate paralleled with the other known compostable 

materials (Stevens, 2002). For number of years, the development of bio-based innovative 

polymers has been in progress and a topic of interest by various nanotechnologists, material 

designers and advance material developers. The data analysis shows that the shipments from 

Canadian bioplastic industry enhanced by 10.6% from 1995 levels to $9.1 billion in year 1996 

(Charron, 1999). Leaversuch in 2002 reported that the demand for biodegradable plastic per 

year was increased by 30%. 

 

Economic concerns for the development of biopolymers must be taken in concern as the cost 

competitiveness and the ability of the society to pay for it is the major factors on which the 

future of the product depends. Sustainability is also a major factor connected directly with 

development of the product. Biodegradable biopolymers are the source materials that can 

solve problems, both related to environmental concerns and can also be significant in 

numerous other fields. They can replace plastic either alone or by blending with materials 

which can enhance their important physical properties. Polyhydroxyalkanoate is a family of 

such type of biodegradable biopolymers (Luengo et al., 2003). 

There is burgeoning need of biodegradable eco-friendly materials and solid waste 

management to overcome the current menace.  

These materials are easily processible, resistant to water and retain their individuality during 

normal conditions and degrade completely in biologically rich medium i.e. in human body 

fluids. A biodegradable polymer is one, which is completely degraded by living organism and 

converted to carbon dioxide, water and humid material (Vroman and Tighzert, 2009) 

Biopolymers came as a solution to the problem and is now emerging a new research field. 

These polymers can reduce the use of plastic to an extent. Biologically based polymers 

studies are being encouraged by many governments by introducing many programmes and 

workshops on the designing and development of bio-based materials/green plastic. These 

areas of biodegradable polymers are being supported by the government of Europe and North 

America along with the German government giving more interest (Grigat et al., 1998).  
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The bio-polymer development has been accelerated worldwide so as to find the alternative of 

fossil based synthetic plastic. In recent years, there is an increase in the number of publication 

citations on the subject of green plastic or polymer reported by ISI. Web of Sciences and 

Thomas Innovations (Chen and Martin, 2012).  

 

The contribution of bio-based polymers helps in reducing the dependency on petroleum based 

fossils and also helps in the development of positive environmental impacts such as 

mitigation in the emission of carbon dioxide due to the burning of synthetic plastics. 

 

The bacterial fermentation helps in the production of bio-based plastics by synthesizing the 

different monomers derived from renewable resources including fatty acids, lignocellulosic 

biomass and organic waste material. The properties of biodegradable plastics are similar to 

the conventional plastics and have its applicability in every field.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Different categories of bio-based polymers production from various processing 

methods (Luc and Eric, 2012) 

 

Natural bio-based polymers are produced from natural renewable resources such as 

polysaccharides (chitosin, collagen), proteins and nucleic acids. The unique properties of 

these bio-based polymers attracts the attention of researchers in terms of their commercial 

applications. Modern Green plastic i.e. bio-based plastics are categorized into three groups 

based on the use of different renewable resources: 

 

Production of Bio-based Polymers 

Agro resources base polymers 

(By extraction and separation 

methods) e.g. Polysaccharides and 

Lipids (Starch, Cellulose etc. 

 

From microorganisms (By 

fermentation) e.g. 

Polyhydroxyalkanoates (mcl- 

PHA,PHB) 

  

From biotechnology via 

conventional synthesis e.g. Poly 

lactides (PLA), PBS etc. 
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1. Natural bio-based polymers extracted directly from plants and animal source with or 

without modification. For example: modified polysaccharide polymers, cellulose 

derived polymers, natural rubber from rubber tree, agar from red algae, chitin and 

chitosin. 

2. Conventional methods of polymerization or fermentation are used for the preparation 

of bio-based monomers by naturally occurring raw-material. For example: naturally 

occurring lactic acid monomers are processed into polylactic acid (PLA). 

3. Large scale fermentation helps in the production of polymer by bacterial fermentation 

such as Poly hydroxyl/butyrate (PHB), co-polymers of PHB i.e. Polyhydroxybutyrate-

co-valerate (PHBV). 

 

 

2.3: Natural bio-based polymers 

2.3.1: Starch 

The starch is a bio-based polymer consisting of linear polysaccharide amylose and highly 

branched polysaccharide amylopectin. It occurs in nature as discrete granules and is present as 

an end-product of photosynthesis process in plants. The major sources of starch are corn, rice, 

potato and wheat, which are rich in carbohydrate and are present abundantly in nature. The 

industries are giving more interest in the utilization of thermo-plastic based starch. 15 

weight% of plasticizer addition in the starch greatly influences the thermal and mechanical 

properties (Sanyang et al., 2015). The glass transition temperature of starch is between -50°C 

and 110°C whereas the young modulus was compared with polyolefins as observed by Jane in 

1995. The ductile nature of the starch is due to the complex molecular structure and it is 

partially non-linear polymer. 

 

Retrogration is a stage in which the high crystalline nature of polymer over time leads to an 

increase in the brittleness. This phenomenon of retrogration is mostly an issue while working 

with the bio-based polymer i.e. starch and starch based thermoplastic. The issue could be 

resolved by adding an appropriate plasticizer, which enhances its mechanical properties. 

Starch blends with plasticizers and composites provide a new opportunity for the development 

of an improved thermoplastic with better mechanical strength, flexibility and wide 

applications in the field of food packaging industries by adding water barrier properties 
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(Maurizio et al., 2005). The leading most company in the processing and production of starch 

based thermoplastic is Novamont as reported by Li et al., 2009. The company engaged in 

manufacturing starch based shopping bags, packaging materials, food containers, sanitary 

products etc, with wide range of other applications. The group of scientists had investigated in 

Europe 2002 that approximately 7.9 million tons of starch and starch derivatives were 

consumed. Out of which 46% was utilized for non-food applications and 54% for food 

applications studied by Frost & Sullivan report in 2009. 

 

2.3.2: Cellulose 

The main element present in the cell wall of plants is cellulose. Complex polysaccharide with 

crystalline morphology is the main characteristic feature that exists in cellulose. The structure 

of cellulose is quite different from starch, consisting of glucose units linked by β-1,4-

glycosidic bonds whereas the linkage in starch structure are α-1,4 linkages. Cotton, fibres and 

wood are the main raw material sources required for the production of cellulose. An orange 

brown solution i.e. viscose is obtained by dissolving the plant fibre in sodium hydroxide and 

carbon bisulphite solution, and then treated with sulphuric acid and sodium bisulphite to 

reconvert the viscose to cellulose in cellophane. This methodology is the basis of 

manufacturing rayon fibres and transparent cellulose films. To separate the cellulose from 

other wood constituents, two main methods are currently used reported by Yan et al., 2009.  

 

The first approach utilizes sulphite and pre-hydrolysis kraft pulping along with high pressure 

in order to separate the cellulose from lignin and hemicelluloses. The cellulose obtained by 

this method is more than 97% pure. For industrial purpose, the main derivatives of cellulose 

are cellulose esters used for molding and extrusion, cellulose acetate etc. The Cellulose has 

high tensile strength of 62-500 MPa and elongation at break is 4%. Bisanda and Ansell, 1992; 

Eichhorn et al., 2001 observed that the fibres of cellulose were very hard on touch. 

 

Eastman chemical is the major producer of cellulose based polymer. Certain types of 

microbial species have the ability to pure cellulose. The purity and high strength are the 

characteristic features of bacterial derived cellulose. Cellulose based materials are very costly, 

due to which its applications are only restricted to the field of food and biomedical designing. 

Thus, the high cost production and low yield of cellulose derived from bacteria acts as a 

barrier to the large scale industrial applications as reported by Prashant et al., 2009. 
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2.3.3: Chitin and chitosan 

Natural amino polysaccharide found abundant in the shells of prawns and crabs. Chitin and 

chitosan is a valuable bio-based polymer and have number of biomedical based applications. 

Roberts in 1997 investigated that chemical extraction methods were used for the commercial 

production of chitin and chitosan derived from the wastes of shrimp, crab and prawn wastes. 

Various aggressive processes are involved for the extraction of chitosan with chemicals. The 

steps include demineralization by acids, deproteination by alkali followed by the process of 

deacetylation.  

 

Another approach for the synthesis of chitin and chitosan involves various enzymatic 

activities by the process of hydrolysis, but was not economically feasible on industrial level as 

reported by Win and Stevens, 2001. Ravi Kumar in 2000 studied the worldwide industrial 

scale pilot plants for the production of chitin and chitosan which were majorly located in 

Scandinavia, USA, some parts of Asia and Canada.  The unique features of chitosan based 

polymers include biocompatibily, good mechanical strength, unique property of forming 

films, cost effective and are chemically inert investigated by Virginia et al., 2011; Marguerite, 

2006; Liu et al., 2012. The potentiality of chitosan increased multi-folds of its applicability in 

various fields ranging from pharmaceutical, cosmetic products to waste treatment and plant 

protection.  

 

The change in the degree of acetylation and molecular weight affects the different properties 

of chitosan in each application. Ravi Kumar in 2000, concluded that Chitosan has high level 

of applicability and is used in the field of cosmetic based products (shampoos, rinses, and 

permanent hair-colouring agents) because it was highly compatible with many biologically 

active components.  

 

Ramya et al., 2012; Bae and Moo-Moo, 2010 documented that the properties of chitosan 

enhances its applicability in various fields i.e. for the preparation of various medical devices 

(scaffolds, sutures and various implants) and pharmaceutical products.  

 

The skin care industries were also used derivatives of chitosan for the manufacturing of 

various products. Valerie and Vinod, 1998; Bansal et al., 2011; Hafdani and Sadeghinia, 2011 

observed that the cost effectiveness feature of chitosan improved its applicability in the 
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preparation of skin moisturizer as its properties are comparable with that of hyaluronic acid. 

The vast applications and the production of bio-based polymeric material of chitin and 

chitosan make it an important material in the field of biomaterial and nanotechnology. 

 

2.3.4: Pullulan 

Pullulan has high solubility in water and a linear molecule, mainly composed of maltotriose 

units connected by α-1, 6 glycosidic units. In 1983, it was first reported by Bauer during 

fermentation experiment. Experiment involved fermentation in broth culture by 

Aureobasidium pullulans (black yeast like fungus). The simple experiment consisted of 

simple sugars as a feedstock, which were then converted into Pullulan as reported by Bernier, 

1958; Sena et al., 2006; Catley, 1971. Chemical modification or the introduction of reactive 

groups in Pullulan produces novel polymers which are hydrophobic in nature (less or not 

soluble in water). The presence of glycosidic linkage imparts unique features to the Pullulan.  

The parental properties of Pullulan i.e. high water solubility and low viscosity increases its 

scope in various commercial applications i.e.  an additive in food, substitute to blood plasma 

and as an adhesive were investigated by Zajic and LeDuy, 1973; Cheng et al., 2011;  Singh et 

al., 2008; Leather in 2003 concluded that the strength, toughness and transparency of Pullulan 

were comparable with polystyrene (PS) as it has the ability to be moulded into any form or 

shape. Pullulan is tasteless as well as odourless and a slow digesting macromolecule. The 

application of Pullulan as a low calorie food additive improves the bulk and texture of the 

food products. Conca and Yang in 1993 reported that Pullulan was an excellent food 

preservative used in the preparation of various food products, it possesses good moisture 

retention and oxygen barrier properties, and also it inhibites the growth of fungus. The 

biomedical applications of Pullulan have been studied in various aspects and researchers 

found that it could be used in targeted drug delivery, healing of wounds, sutures and tissue 

engineering applications as was concluded by Rekha and Chandra, 2007. Other emerging 

markets for pullulan include oral hygienic products as reported by Barkalow et al., 2002 and 

formulations of capsules for dietary supplements and pharmaceuticals as reported by Leathers 

in 2003, leading to increased demand for this unique biopolymer. 

 

2.3.5: Collagen and gelatin 

The extracellular matrix and connective tissue of animals are composed of collagen fibres. 

These fibres are insoluble in water and organic acids and partially soluble in alkaline solution 
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(10%). The fibres are rich in protein component. The collagen is flexible in nature and its 

main application is in the preparation of scaffolds that helps tissues to withstand stretching. 27 

different types of collagens are discovered in the recent years. The animals are the main 

source of collagen which includes pork, skin of pigs and bones of cattle. The source of 

industrial collagen is mainly obtained from non-mammalian species as was reported by 

Gomez-Guille et al., 2011. The process of hydrolysis helps in the production of collagen. 

Johnston-Banks in 1990 observed that the parameters responsible for the degree of conversion 

of collagen into gelatine are function of temperature, extraction time and pH. The unique 

properties of collagen i.e. its biodegradable and biocompatible nature, weak antigenicity, 

increases its applicability in the biomedical sciences as it has all the features required for the 

preparation of a good and unique biomaterial as was investigated by  Maeda et al., 1999. 

Rubin et al., 1973 reported that it has an important application in the area of ophthalmology 

where drug delivery systems are prepared for slow and controlled release of drugs into the 

targeted body cells. Lee et al., 2001 also investigated its applications in the field of tissue 

engineering i.e. for the skin replacement, as a bone substitute and development of artificial 

blood vessels and valves. 

2.3.6: Polylactic acid 

The scientist’s discoveries and researches on bio-based plastics bring a tremendous change in 

the worldwide markets. The world population are attracted towards the unique properties 

exhibited by polymers derived from renewable resources and is termed as Green Plastic. The 

Polylactic acid (PLA) is one among them. It has been known since 1845 but until early 1990, 

it has not been commercialized. Aliphatic polyester is the family to which PLA belongs and 

consists of basic constitutional unit i.e. lactic acid. 

 

Corn (starch) or sugar derived from renewable resources undergoes bacterial fermentation to 

produce monomeric units of lactic acid. The monomer of lactic acid consists of hydroxyl 

carboxylic acid groups. Polycondensation reactions of lactide monomers from lactic acids 

could be an approach for the synthesis of PLA. As compared with polyethylene terephthalate 

(PET), PLA has some similar properties and is a polymer of commercial interest with wide 

range of applications. The unique characteristics of PLA include high rigidity, glossy 

appearance, resistible to different processing conditions and transparent in appearance. 
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The wide applications from packaging to electronics and automotive in which the 

conventional plastic (Poly ethylene, Polystyrene, and Polycaprolactone) performed a major 

role are being replaced by the thermoplastic polyester (PLA) having similar and comparable 

properties (Majid et al., 2010).  

 

The thermal properties of PLA are not attractive due to low glass transition temperature of 

60°C. Blending with other polymers could be one of the strategies to improve the mechanical 

properties of PLA. Another approach including changing the stereochemistry of the polymer 

i.e. crystallinity of the polymer is influenced by changing the ratio of L and D isomer.  

 

PLA based material has been widely used in food packaging which includes spoons, knifes, 

food trays and plates. PLA with carbon and kenaf fibres with enhanced flame retardency and 

thermal properties was manufactured by a renowned company NEC Corporation situated in 

Japan. An improved PLA based blend was prepared by the Fujistu Company in Japan to 

manufacture computer hosing. The applications of PLA and its blends are acceptable world-

wide because of its unique and enhanced properties in the field of automotive and chemical 

industry (Babu et al., 2013). 

 

2.3.7: Polyhydroxyalkanoates 

The hydro-carbon based plastics (Synthetic plastic) are being replaced by the polyesters 

belonging to the family polyhydroxyalkanoates (PHA’s) having paralleled properties and a 

promising material to replace the petroleum based polymers.  These polyesters can be 

produced by bacterial fermentation reactions in large scale fermentor through downstream 

processing. A number of microbial species are capable of producing PHA’s under starvation 

conditions. Recombinant engineered microorganisms can have the ability to tailor the 

properties of PHA’s by adding the co-polymers in their chains inside the cells (Chee et al., 

2010). 

 

The simplest PHAs i.e. Polyhydroxybutyrate is a biodegradable and biocompatible polymer 

and has become a topic of interest by various researchers. The unique characterization of 

pathway and its production at industrial scale has enhanced its application in the field of 

bioengineering technology as reported by Savenkova et al., 2000.  
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Reis et al., 2008 investigated that the shortcoming of PHB i.e. narrow thermal processing 

window, crystalline at room temperature and tendency to creep, restricts its utility in many 

industrial applications.  The blending of PHB with copolymers of PHA are widely used for 

improving its properties both at physical and mechanical levels i.e. 80-95% (R)-3-

hydroxybutyric acid monomer and 5% to 20% of a second monomer (valerate), hence 

develops a new and improved material i.e. PHBV (Polyhydroxybutyrate-co-valerate). 

 

2.4: Comparison of PHAs and PLAs 

Biopolymers, under development for industrial purpose include polylactides (PLAs), 

polyglycolic acids, polyhydroxyalkanoates (PHAs), aliphatic polyesters, polysaccharides and 

their co-polymers and blends. After the rise of petroleum prices in USA in mid-2008, on large 

scale, PLA (Poly lactic acid) and PHA (Polyhydroxyalkaonates) came into existence. Both 

polymers have their own pros and cons. Production cost of PHA is twice as that of a PLA, 

while PHA has comparatively more brittleness and elasticity. PLA is chemically synthesized 

while PHA is synthesized biologically as an intracellular product. PHA is produced by at least 

10 companies all over the world using microbial fermentation, on the other hand only one 

company Nature works produces PLA because polymerization of LA to form PLA is difficult. 

The properties of PHA and PLA vary on the basis of their structural units. Due to the 

availability of PLA in large quantity, it is researched widely for its applications. The energy 

crisis in the present time leads to the research focus on PHA. For the reduction of carbon 

dioxide emission PHA is now considered as a useful bio-plastic. Efforts are required to reduce 

its production cost (Chen, 2009). 

 

Various chains of PHA are also useful in medical field such as in Bone Tissue engineering, as 

drug carriers. These can also be used as raw materials in many packaging companies. Most 

researched PHA is PHB (Polyhydroxybutyrate). 
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Table 2.1: Comparison of Poly lactic acid (PLA) and Polyhydroxyalkanoate (PHA) (Chen, 

2009) 

PLA vs. PHA Poly lactic acid (PLA) Polyhydroxyalkanoate (PHA) 

Structures of 

monomeric units 

Only D- and L- lactic acid (LA) At least 150 monomers 

Methods for 

Production 

Bio-production of LA and 

chemical synthesis of PLA 

Intracellular polymer, which are 

biosynthesized 

Cost of Production Comparable with conventional 

plastic like PET 

Atleast twice that of PLA 

Properties of material Poor in nature, adjusted by 

regulating D- and L- LA ratios 

It can be changed to brittle, 

flexible nad elastc and are fully 

controllable 

 

Advancement in the 

technology 

LA production well established, 

yet LA polymerization toPLA is 

complicated. Only one company, 

Nature work, produce PLAon a 

large scale. 

At least 10 companies, 

worldwide produced or are 

producing PHA upto 2000 t per 

year scale via mictrobial 

fermentation. 

Cost effectiveness Large scale capital investment: 

Nature Work has invested 1 

billion US$ over the past several 

years to run a 1,40,000 ton PLA 

plant. It is not a cost effective 

approach 

Small investment: existing 

aerobic microbial fermentation 

plants with process 

modification can be used for 

PHA production 

Intellectual properties Cover almost all areas of 

production and application 

Still a lot of space for 

exploitation 

Applicability in 

different areas 

Food packaging, medical 

implants, 3 D imprints ,yet limited 

by Tg of 65-75
o
C for cheaper P 

(L-LA) 

Almost all areas of 

conventional plastic industry, 

limited only by current higher 

cost. 
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2.5: Synthetic Plastics versus biodegradable plastic PHB 

Polyhydroxyalkanoates (biopolymers; PHA) are an important class of polymers found in 

bacteria. Earlier, since polyhydro-xybutyrate (PHB) was discovered by Lemogine in Bacillus 

megaterium in 1926, an extensive research started towards industrial PHB production for 

substituting synthetic polymers (Anderson and Dawes, 1990). Ojumu et al., 2004 studied 

about the alternative source, which could take the place of thermo-synthetic plastics produced 

from petroleum based products. He investigated that bio-based plastics produced from 

renewable resources are completely synthesized by microorganisms or produced from plant 

based products i.e. starch, cellulose, chitin etc. 

 

The properties of biodegradable plastics i.e. PHA’s are very much comparable with synthetic 

based plastics. High cost of PHAs required for its production has restricted its application. 

The main focus of the studies right now is to develop a new green technology which can act 

for commercial low cost production of PHB.  

 

              Rivard et al., 1995 analyzed that synthetic plastics have numerous application in 

every field, not only due to the favorable mechanical and thermal properties, but also but 

mainly due to their stability and durability. Discarded plastic have deleterious impact on the 

environment, including negative effects on wildlife and on the aesthetic qualities of cities and 

forest. The increased cost of solid waste disposal as well as the potential hazards from waste 

incineration such as dioxin emission from PVC (Polyvinyl chloride) makes synthetic plastic a 

waste management problem.  

 

            Muller et al., 2001; Amass et al., 1998 studied that from the past two decades, there 

have been a growing public and scientific interest regarding the use and development of 

biopolymer (biodegradable polymers) materials as an ecologically useful alternative to 

plastics, which must retain the desired physical and chemical properties of conventional 

synthetic plastics, hence offering a solution towards the existing grave problem of plastic 

waste.  

 

A number of biodegradable plastic materials mostly biodegradable polyesters, namely 

aliphatic polyesters, polyhydroxyalkanoates (PHAs), polysaccharides, polylactides, and 

copolymer, blends of these, have come up over the past few years and extensive research is 
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going on to fulfill the demands in various areas of industries. Lee, 1996; Steinbuchel and 

Fuchtenbusch, 1998 have studied that these biomaterials provide solution to managing of 

waste and in certain cases, can act as good substitute for conventional plastic where 

mechanical properties are met.  

 

Steinbuchel, 1991 observed that a number of soil inhabiting bacterial species accumulated 

PHA as intracellular granules, which can be utilized as carbon and energy storage materials 

under starvation conditions or nutrient limited conditions. Byrom, 1994 studied that the stored 

PHA gets degraded by intracellular depolymerases and further metabolizes as energy source. 

Different microorganisms with different growth medium produces PHA’s of molecular 

weight ranging from 2 × 10
5
 to 3×10

6
 daltons. 

 

Table 2.2: Comparison between Synthetic Plastic and biodegradable plastic  

 

Synthetic plastic Biodegradable plastic 

Synthetic plastics are man-made plastic 

prepared by various non-renewable  

petroleum derived products by chemical 

synthesis 

Biodegradable plastics are prepared from 

renewable resources i.e. starch, resins, wood, 

bacterial fermentation etc.   

They are non-degradable under natural 

conditions 

They can be degraded by various natural 

factors i.e. ultra-violet radiation, oxygen and 

nitric acid and various bacterial sp.  

Synthetic plastics are not cost–effective, as 

they are produced from expensive petro-

chemical based resources 

Biodegradable plastics are cost-effectives, as 

they are produced from cheaper resources 

The degradation time for synthetic plastics is 

very long or negligible and creates the 

problem of solid waste management 

Long or short period of time is required for 

its complete degradation and resolves the 

problem of solid waste management  

eg:- polyethylene (PE), polycaprolactone 

(pcl) and poly vinyl chloride (PVC) 

eg:- Poly-lactic acid (PLA), 

Polyhydrobutyrate (PHB) and its related 

chains 
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2.6: PHA (Polyhydroxyalkoanates) and its subclasses as most favorable material for 

replacement of synthetic Plastic  

PHA is a family of completely biodegradable polymers and can be used for medical 

applications due to its non toxic nature. PHA are the polymers of HA (hydroxyalkanoates) 

containing hydroxyacyl as its monomeric unit. PHA granules accumulate in the cytoplasm of 

the bacterial cell. They are degraded into oligomers and monomers and then further to carbon 

dioxide and water.  They are classified according to their monomeric units in short chain 

length (scl) and medium chain length polymers (mcl). Scl have C3-C5 carbon atom as its 

monomer while mcl have C6-C16 carbon atoms as monomeric unit. Also there are PHA 

copolymers with monomers of both short and medium chain length (Tripathi et al., 2012). 

PHA properties which make them useful for future use are a) PHAs are thermoplastic in 

nature, b) These are not soluble easily in water, c) They generally consist of R- 

stereoisomerism, d) Less toxic in nature, e) Biodegradable and Biocompatible, f) P3HB & 

PHBV has piezoelectric properties, g) Renewable sources are used to obtain various PHAs,  

h) They are hydrolyzed by PHA depolymerases enzymes and provide energy and carbon 

sources to microbes (Bonartsev et al., 2007). 

PHA family includes PHB, PHBV, P4HB, P3HB4HB, P3HO, PHBHHx. PHA can be used as 

biodegradable plastics and fibre materials, as medical implants such as orthopedic pins, 

adhesion barriers, tendon repair devices, cardiovascular patches, sutures, stents etc. and as 

drug delivery carrier. PHA monomers and oligomers can be used as nutritional supplements. 

Commercially available PHA are PHB (polyhydroxybutyrate), PHBV (poly-3-

hydroxybutyrate valerate), P3HB4HB (poly-3-hydroxybutyrate-co-4-hydroxybutyrate), 

PHBHHx   (poly- 3- hydroxybutyrateco - 3-    polyhydroxyhexanoate),    P4HB    (Poly-4-

hydroxybutyrate). PHB is one of the PHA subclass, studied mostly of all. Its degradation 

temperature and melting temperature is very close and also has similar physical properties 

(Chen, 2009). 

As compared to PHB its copolymers such as PHBV have better thermal and mechanical 

properties but its production in bacteria is very less as compared to PHB. It has been studied 

that when PHB is mixed with PHV then the polymer obtains high flexibility and strength 

(Otari and Ghosh, 2009). The property of PHBV changes according to the proportion of the 

HV monomers added to it. As per the carbon source used in the medium, the PHBV structure 
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can be modified (Wang et al., 2013). Copolymer PHBV is less brittle and less crystalline than 

PHB and can be used in bone tissue engineering and in making of biodegradable drug carriers 

(Chen and Wu, 2005). Major disadvantage of PHBV is its low productivity which is in 

fractions as compared to PHB. 

2.7: Structural Details and Storage of PHB 

Doi et al., 1992 provided structural details about the majority of PHAs, which are composed 

of R-(3)-hydroxyalkanoic acid monomers having C3 to C14 carbon atoms with varying 

saturated or unsaturated and straight or branched chains containing aliphatic or aromatic side 

groups.  

 

Discrete granules of PHB were observed inside the bacterial cells when analyzed by 

transmission electron microscopy (TEM), their size and number depends on the type of 

bacterial species.  

 

Winfred and Robards, 1973 provided the information that Poly hydroxy butyrate (PHB) is a 

biodegradable thermo-polyester synthesized by bacterial sp. Lipid inclusions as PHB was 

observed in the cellular structure of Bacillus sp. In Alcaligenes eutrophus, 8-13 granules were 

observed per cell with a diameter of 0.2 to 0.5μm reported by Byrom in 1994. 

Ostle and Holt, 1982 analyzed that granules appear as highly refractive inclusion when 

observed under electron microscope. Accumulated PHB granules can be easily identified by 

screening with Sudan black B staining.  Steinbuchel, 1991 worked on about 250 different 

bacterial isolates, including gram-negative and gram-positive species, and reported them to 

accumulate various PHAs. Ojumu et al., 2004 analyzed that PHA synthetases of A. eutrophus 

can only polymerize 3HAs of Short Chain Length (SCL) size, while that of Pseudomonas 

oleovorans can only polymerize 3HAs of Medium Chain Length (MCL) size. In Short Chain 

PHAs the monomer units are oxidized at any positions except the third carbons while for 

Medium Chain PHAs monomers units are oxidized at the third position except in few cases. 

According to Anderson and Dawes, 1990, there is flexibility in PHA biosynthesis which 

makes possible to design and produce related biopolymers having useful physical properties 

ranging from stiff and brittle plastic to rubbery polymers. Atlic et al., 2011 concluded that 

Cupriavidus necator is the most extensively studied strain for PHA production on industrial 
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scale due to its versatile behavior for accumulation of poly [(R)-3-hydroxybutyrate] (PHB) 

and its copolymers.  

 

2.8: Production of PHB and Subclasses 

2.8.1: Role of naturally occurring microbes 

Bacillus megaterium NCIM 2475 has been used for the production of PHV with PHB. The 

growth of cells and polymer production studied from the 8
th

 hour to 100
th

 hour provided best 

results in 96
th

 hour. In the presence of sucrose PHB-co-PHV was obtained. (Otari and Ghosh, 

2009).  

 

Ralstonia eutropha has been widely researched for the production of PHAs. Wang et al., 

(2013) studied the production of PHBV in presence of levulinic acid (LA) concentration as a 

co-carbon source. The structure of LA is analogous to pentanoic acid and it is an easily 

available cheap carbon source as well. Highest yield obtained with LA is 12.61 g/litre, which 

is upto 81.2% of cell weight. NH4Cl was used as the nitrogen source and casein peptone 

produced 70% more PHBV as compared to urea as a nitogen source initially. The study 

revealed that HV monomer concentration can be modified by using stress resistance condition 

and appropriate C:N ratio. 

 

Figure 2.2: TEM images of PHB particles at different stages of recovery by the pH method: 

(A) in vivo at pH 7; (B-C) after partial polymer recovery; (D) after complete polymer 

recovery (Porter et al., 2011)  

Ramsay et al., (1990) studied six microbes for the production of PHBV. These were Bacillus 

cereus, Alcaligenes eutrophus, Pseudomonas pseudoflava, Alcaligenes latus, Micrococcus 

halodenitrificans and Pseudomonas cepacia. Under the nitrogen limiting conditions, and 

glucose, propionic acid in media (sucrose for Alcaligenes latus) 17g/l PHBV was produced 

from Alcaligenes eutrophus and 43% (w/w) PHBV was produced from Alcaligenes latus. The 
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concentration of propionic acid was used to regulate the HV monomer concentration in the 

PHBV. 3.4 mole % HV monomers were produced by Alcaligenes latus while 50 mol % HV 

monomer by Bacillus cereus, were produced under same conditions.  Alcaligenes sp. A-04 

produced a terpolymer P(3H-co-3HV-co-4HB) which also contains valerate and butyrate in it, 

and it is reported to have better physical and chemical properties over other PHA. 68% (w/w) 

terpolymer was obtained at 60h of shake flask cultivation. At the cultivation time of 96h, 93 

mol% of 3HB unit was obtained (Prateep and Kulpreecha, 2006). PHA of 6 to 11 carbon 

atoms are also produced from Pseudomonas oleovorans. The carbon varied due to the 

variation in substrates. When hexaonate was used as a sole carbon source high yield was 

obtained (Brandl et al., 1996). 

 

Rhodobacter spharoides U7 produced PHB and PHBV in dark conditions, with oxygen 

supply to it. The culture was grown at 200rpm at the temperature of 37⁰C. Propionate and 

valerate were used as carbon sources at different concentrations (Kemavongse et al., 2007).  

2.8.2: Role of metabolically engineered microbes 

Science is growing at a very fast pace and technologies such as genome sequencing, 

recombinant DNA technology, engineering of metabolic pathways have provided various 

breakthroughs in plants. These technologies are now researched for making recombinants and 

to produce PHA and PHB in efficient manner and in large amount. E.coli. is metabolically 

engineered in various ways to produce PHA. One of the strains of recombinant E.coli 

produced by introducing genes coding for enzyme PhaA, PhaB, ptb that lead to 35g/l PHB 

production in the presence of glucose (Steinbuchel and Lutke-Eversloh, 2003).  

 

In another strain, PHA synthesizing genes from Alcaligenes latus were transferred to E.coli. 

and this recombinant produced 42.5 wt% PHBV and also PHB at high concentration in fed 

batch culture where glucose concentration was made upto 20g/l and propionic acid upto 20 

mM (Choi and Lee, 1999).  

Carbon sources are also manipulated to get high polymer amount. Polythioesus are added to 

Ralstonia eutropha (wild type) which produced PHB. Different monomers of varying chain 

length were produced when acrylate was added to Ralstonia eutropha, as an inhibitor of β-

oxidation pathway. Properties and yield of the polymers are also manipulated by the process 

of mutagenesis as well (Aldor and Keasling, 2003). Enzyme PHA synthase is mutated in 
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some cases to increase PHA quality. CO2, oil of plants, waste material is used as cheap carbon 

source, which are renewable and therefore, reduce the cost of production (Tsuge, 2009). 

 

Engineering was done in the strain of Pseudomonas putida KT2442 to produce PHB and 

PHHx by deleting β-oxidation cycle in it. PHB produced was 58 mol% while PHHx produced 

was 42 mol%. The blend of PHB and PHHx came up with better structural and mechanical 

properties (Tripathi et al., 2012). 

 

Li et al., 2011 also used the same strain and transferred phaPCJA (a PHA synthesizing gene 

obtained from Aeromonas caviae). 70 mol% of PHB and 30 mol% of PHBV was produced 

from it. The properties such as tensile strength and Young’s modulus were found to be 

improved as well. 

 

2.8.3: PHB production from environment Soil 

Wei et al., 2011 worked on the isolation and screening of PHB producing strains originated 

naturally from soil sources i.e. Cupriavidus taiwanensis strains. 7 bacterial isolates of 

Cupriavidus taiwanensis i.e. 184, 185, 186, 187, 204, 208, 209 were screened for PHB 

production along with Pseudomona oleovorans ATCC 29347 taken as control. An optimized 

pH of 7.0, temperature at 30
o
C  and agitation rate of 200rpm were used for the production of 

PHB. It was observed that the PHB yield was 10% and PHB production was 0.14g/l. The 

carbon and nitrogen sources were also optimized and it was analyzed that for C. taiwanensis 

184, the best optimized carbon source was gluconic acid and best nitrogen was ammonium 

chloride. Optimized carbon/nitrogen ratio was also determined for high PHB production. It 

was observed that after optimization studies, PHB yield was 58.81% and PHB production was 

2.44g/l. The best optimized carbon/nitrogen ratio was taken as 8/1 for the high PHB 

production on the selected strain i.e. C. taiwanensis 184. 

 

       PHB produced from microbial strains from environmental samples are being tested by 

gas chromatography-mass spectrometry (GC/MS) reported by Elhottova et al., 2000.     

    

Nurbas and Kutsal, 2004 worked on the Infrared (IR) and Gas Chromatography (GC) for PHB 

analysis. PHB content and its production was significantly increased by two stage 

fermentation strategy investigated by Hartmann, 2010. 
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C. taiwanensis 184, when undergoes two stage fermentation technology with optimized 

condition of temperature and pH, enhanced the PHB yield upto 72% with PHB content of 

7g/l. The potency of indigenous strain Cupriavidus taiwanensis 184 for PHB production was 

screened by Sudan Black B staining reported by Burdon, 1946. 

 

Ceyhan and Ozdemir, 2011 worked on the isolation and identification of PHB producing 

strains i.e. Enterobacter aerogenes (designated E. aerogenes 12Bi). Biochemical and 

phylogenetic characterization were used for the identification of strains. 

 

Scientists reported first time that domestic wastewater medium (DWW) could be utilized as 

an inexpensive or cheap source for high production of PHB. DWW medium was utilized as 

sole carbon source and it was observed that the PHB yield was enhanced upto 90% cdw, by 

utilizing DWW as a substrate. Chien et al., 2007 observed a high number of intracellular lipid 

granules in the bacterial strain, which were analyzed by Transmission electron microscopy 

(TEM). The scientists reported that PHB production was determined by Hypochlorite method 

and PHB yield was increased from 16.66 to 96.25% (w/w).  

 

Rodriguez-Contreras et al., 2013a reported that the conventional media were utilized by a 

novel bacterium sp. capable of producing industrial biopolymers of different chain lengths. 

The biopolymer was then characterized and identified. Among the isolates, it was investigated 

that strain S29 through fed-batch fermentation in shaker flask could generate bio-based 

polymer. The identification result shows that the biopolymer is a homo-polymer of 

Polyhydroxybutyrate. The molecular characterization shows that the strain S29 was a novel 

strain of Bacillus megaterium. The unique properties of the strain attracts researcher and 

scientist, not only to work on its culture growth and PHB accumulation but also on the 

thermal stability of the produced polymer i.e. PHB. 

 

2.8.4: PHB production from Saline environment and Halophilic bacteria  

Wei et al., 2011; Chien et al., 2007 worked on the PHB production from the Vibrio sp. BM1 

isolated from Saline Marine environment. The study analyzed production of PHB by Vibrio 

sp. BM-1, isolated from marine environment through improvement of medium constituents 

and implementing an appropriate fermentation strategy. The studies developed a glycerol-

yeast extract-tryptone (GYT) medium that facilitates the growth of Vibrio sp. BM-1 leads to 
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the production of 1.4 g/L PHB at 20 h cultivation. This study proved that GYT medium was 

the most effective medium for cultivating Vibrio sp. BM-1. Mineral salts such as Na2HPO4, 

KH2PO4, (NH4)2HPO4 and MgSO4·7H2O significantly affected PHB production. The 

findings of this study acts as a reference for further work into the use of PHB for 

manufacturing biodegradable polymers using marine microorganisms. 

 

Roohi et al., 2012 worked on the isolation and characterization of Halotolerant and Halophilic 

bacteria from salt mines of Karak, Pakistan. The workers investigated the isolation of twenty 

one halotolerant bacterial strains from salt mines. The salt concentration in media was in the 

range of 5-40% concentrations. These strains can grow in media with 5-40% NaCl 

concentrations. The growth conditions i.e. temperature, pH and aeration rate were optimized 

in order to study the morphological, physiological and biochemical characteristics. On the 

basis of sodium chloride concentration, halophiles were divided into 3 groups i.e. slightly 

halotolereant, second; moderately halophilic and third, extreme halophilic bacteria. Various 

factors responsible for the growth of halophiles were temperature, Ph, NaCl and medium 

composition. Lichfield and Gillevet, 2002 reported that ecological, taxonomical and 

phylogenetically studies have been conducted along with their biotechnological applications. 

The results show that slightly and moderately halophilic bacteria were present more abundant 

than the extremely halophilic bacteria. Quesada et al., also observed these types of results in 

1982.  

 

The analysis also shows that saline environment favors the growth of moderately halotolerant 

bacterium sp. as compared to extremely halophilic bacteria reported by Rodriguez-Valera, 

1988. The physiology of extremely halophilic bacteria requires high concentration of sodium 

chloride and most of them also require magnesium ions for their growth. The slightly and 

moderate halophiles, do not require magnesium ions reported by Grant et al., 2001. 

Optimized conditions were taken for the growth of halophiles. It was investigated that a 28–

37ºC temperature and 7.0–8.0 pH, supplemented with 5-20% of sodium chloride in medium 

culture was utilized for the growth of halophiles. 

 

In the study by Hongyu et al., 2009 halophilic bacteria was isolated from salt ponds of China 

and growth of these microorganisms was observed at the temperature of 35-40ºC and at pH 

7.0–8.0 with 20% (w/v) of NaCl.  
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Tekin et al., 2011 investigated the work on the extreme halophilic archaeon Heloferx sp. 

MA10 isolated from Camalti Saltern, Izmir. Izmir Camaltı Saltern is the biggest seawater-

based saltern lake in Turkey. In this study, the scientists Tekin et al., isolated 14 extremely 

halophilic archaea, and screened for PHB production. One strain was then selected as best 

PHB producer and was further cultivated in different PHB media. PHB was extracted from 

cells and measured with spectrophotometer, and further the amount of PHB was measured 

through comparison with standard PHB. The detected PHB yield was 6.53% of the dry cell 

weight in the PHB medium supplemented with acetate. Partial 16S rRNA gene sequence 

analysis showed 99% similarity to Haloferax alexandrinus strain TMT; therefore, the strain 

was named Haloferax sp. MA10. Haloferax sp. MA10 and Haloferax alexandrinus TMT 

have some differences in phenotypic and biochemical properties. With this study, the 

discovery of PHB-producing extreme halophilic archaeon Haloferax sp. MA10 at İzmir’s 

Camalti Saltern was reported for the first time. 

 

Upasani, 2008 reported in his work on the Sambhar Lake, the largest inland saline and 

alkaline lake of India is situated in the State of Rajasthan. He reported that isolation and 

characterization of extremely Haloalkaliphilic microorganisms especially archaebacteria from 

Sambhar Lake. Isolation of moderately halophilic bacteria (Haloferax volacanii) was also 

achieved. Scientist in this work isolated and characterized several strains of red, extremely 

haloalkiphilic archae from the salt samples. 

 

2.9: Enhanced PHB Production through Optimization strategies 

Elsayed et al., 2013 screened PHB producing strains Azomonas macrocytogenes isolate P173 

by utilizing various screening methods. It was analyzed by the studies that the strain produced 

24% PHB per cell dry weight after 48 h. Elsayed et al., 2013 carried out further studies with 

several experiments for optimization of the composition of the culture medium and 

environmental factor for maximum PHB production. For optimum PHB production, various 

parameters were optimized and the results shows that temperature of 37
o
C, aeration rate of 

60% and pH of 7.5 were required for high PHB production. Culture medium were also 

modified and designed to increase the PHB yield by adding 0.7% glucose and 100 mg/L 

potassium nitrate as carbon and nitrogen sources. The combination of optimized parameters 

along with modified medium were utilized and it was reported by Elsayed et al., 2013 that the 

PHB yield was increased 24 to 42% in a time incubation of 24 hrs. Second experiment 
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included the mutagenesis studies on the variant 173A2 by Acraflavin as mutagenic agent, 

which increased the PHB Yield to 47% in a time incubation of 24 hrs using same optimized 

condition combination with modified medium. 

 

Poly hydroxyl butyrate was produced by Rhodobacter sphaerodies as a major component 

with a yield of 97%. Small amount of poly hydroxyl valerate (PHV) was also produced by the 

bacterial sp. i.e. 3% under anaerobic conditions reported by Brandl et al., 1991. 

 

Mahuya et al., 2005 investigated the effect of nutrient limitation on accumulation of PHB by 

Rps. palustris SP5212. Khatipov et al., 1998 analyzed combinations of various ratios of 

carbon and nitrogen substrates to study poly-β- hydroxybutyrate accumulation and H2 

evolution by Rhodobacter sphaeroides RV.  

 

Studies were investigated on tannery effluents of Warangal district of South India, for the 

isolation and screening of purple non-sulphur bacterial strains (Merugu et al., 2010).Nine 

bacterial species, were isolated which included Rhodospirillum rubrum, R. acdiophila, Rhodo

pseudomonas palustris, Rsp. Photometricum R. rutila,  Rhodopila globiformis, Rhodobacter s

phaeroides, Rb. capsulatus, Rhodobacter sp. and Rhodocyclus gelatinosus. Among them 

Rhodopseudomonas palustris KU003 was the best producer of Polyhydroxybutyrate (PHB). 

Further media was optimized and nitrogen limitation was observed on the production of PHB. 

PHB accumulation was found more when nitrogen limitation of 78 mg/L of ammonium 

chloride was maintained. The maximum PHB produced was 180 mg/L of BP (Biebl and 

Pfennig’s) medium containing glucose as carbon source.  

 

Morgesin and Schinner, 2001 investigated that halotolerant photosynthetic bacteria have the 

advantage over other microorganisms for their ability to adjust themselves to both presence 

and absence of light as well as able to survive in saline condition which offers a multitude of 

applications in various fields of biotechnology. 

 

The research was carried out on Egyptian soil to isolate the highly efficient PHB producing 

bacterial isolates. 30 different isolates of Acetobacter were studied and screened for PHB 

production. It was investigated that optimized carbon and nitrogen sources at different 

temperature and aeration, effects the accumulation of PHB in the cell. The maximum yield of 
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PHB was observed as 0.88gm/mg dry cells. The efficient bacterial isolate was molecular 

characterised by 16S rRNA and named as Azotobacter vinelandii (El-Shanshoury et al., 

2013).  

 

The scope of the study was to develop a fermentation process which includes high PHB 

producing bacterial strains along with optimized conditions, which favors high PHB 

production. The effect of nutrients and environmental conditions on the PHB accumulation 

was studied on the selected strain R. sphaeroides N20. The scientists concluded from their 

work that the highest PHB production was estimated as 8.02 ± 0.10 g/l and 88% PHB yield. 

Cheap substrates were utilized for high PHB production. 

 

2.10: Enhanced PHB production through Mutagenesis strategies 

Adwitiya et al., 2008 isolated gram-positive bacterium that accumulated PHB from local 

garden soil in Bangalore. Based on its morphological and physiological properties, and 

nucleotide sequence (about 1.5 kb) of its 16S rDNA it was identified as Bacillus thuringiensis 

IAM 12077. Scientists observed PHB-producing capacity of putative mutant strains of 

Bacillus thuringiensis IAM 12077. The strain was capable of producing PHB 10%-15% dry 

cell weight (DCW). PHB producing strains were grown in nutrient broth medium  for 48 hrs 

and was subjected to random mutagenesis by physical (UV) and chemical (acridine orange) 

method. The scientists investigated that among the UV-mutants screened, 19 putative mutants 

produced more PHB than the parental, while 2 strains produced less. Of these mutants, B8 

exhibited promising PHB accumulation (24.68%; 1.54-fold) with more PHB production (1.3 

g/l; 5.4-fold) than the parental strain. Chemical mutagenesis yielded putative mutants, of 

which 6 had a decrease, 3 had no change, and 2 had an increase (B3, C2) in PHB production. 

While the increase in accumulation (19.69%, 1.43-fold and 22.22%, 1.62-fold, respectively, 

for B3 and C2) was comparable to the increase shown by the UV mutant (B8), the yields did 

not concomitantly increase (0.43g/l, 1.13- fold and 0.6g/l, 1.57-fold, respectively). 

 

Sreeju et al., 2011 studied about the strain improvement, which can be carried out by physical 

agents such as gamma-rays, x-rays and ultraviolet irradiation, and chemical, agents such as 

ethyl methane sulphonate (EMS) and nitroso-methyl guanidine (NTG). The best mutagen and 

conditions for its use are not identical for all organisms and can only be found by trial and 

error. The efficiency of alkylating mutagen treated bacterial isolates showed effective 
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reactions depending on the duration of exposure. EMS mainly added the ethyl group to 

numerous positions on bases of DNA. 

 

On the basis of the results obtained, all the four cultures namely, P. putida, B. megterium, E. 

coli and R. eutropha have higher activity on duration of exposure to UV light. When the 

period of exposure is for longer duration, less will be the survival of the specific cells and all 

the mutant forms which have the ability to survive alone will remain forever. Similar results 

were found by the Random Amplified Polymorphic DNA (RAPD), a PCR based method 

which could be used to distinguish strains within a species. Genetic analysis for identifying 

mutation using the primer A9 revealed a moderate genetic variability proving mutation. 

 

Sangkharak and Prasertsan, 2007 worked on chemical and physical mutagenesis effect on 

three halotolerant bacterial strains; Rhodobacter sphaeroides ES16 (the wild type) and two 

mutant strains of R. sphaeroides ES16, namely N20 and U7. Chemical mutagen was N-

methyl- N’-nitro-N-nitrosoguanidine (NTG) and physical mutagen was ultraviolet (UV) 

radiations at 254nm respectively. Glutamate-malate (GM) medium was used as culture 

medium. Further, screening was carried out for PHB production. The parental strain produced 

a PHB of 19.5% cdw, whereas the mutant strain produced PHB of 53.9% and 42.0% of dcw. 

 

Katircioglu et al., 2003 investigated mutant strains for high PHB production i.e. B. subtilis 

K8, Bacillus megaterium Y6, and B. firmus G2 for their poly-hydroxybutyrate (PHB). 

Experiments were carried out to induce mutations by using Ultra-violet light, acriflavin and 5-

bromouracil. SDS-PAGE was used for the comparison of proteins extracted from 59 bacterial 

strains.  The range of PHB yield was 1.46-63.45%, depending on the type of each strain. 

Eight mutant strains have high level of PHB production as compared to wild-type strain. 

Mutant strain of B. sphaericus X3 was analysed and it was observed that no increase in PHB 

was observed in mutant strain as compared with parental ones. SDS-PAGE revealed the 

protein profiling and it was observed that the protein profile of parental and mutant strain was 

entirely different. 

 

 

 

` 
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2.11: PHB and its applications 

Saharan et al., 2012 focused his work for production of bioplastic towards sustainable 

development. The current work focused on the production, fermentation, types, challenges, 

applications, sustainability, process development and use of cheap substrates for bio-based 

plastic production. Synthetic plastics in many applications are being replaced by bio-based 

plastics, as they are derived from renewable resources and are full degrade in natural 

biological systems. Commercial development of bio-based plastics is very expensive as they 

required large scale fermentation costs along with proper sterilized conditions. Engineered 

microbial strains, mixed culture approached, two-stage fermentation technology and use of 

cheaper substrates can be used as inexpensive methods for PHA’s production. Broad area of 

applications and the presence of unique characteristics of bio-based materials i.e. PHA’s show 

an extremely promising future. 

 

Chen, 2009 worked on the microbial polyhydroxyalkanoates and concluded from his studies 

about the industrial importance of PHA.  

 

Production of bio-based polymers i.e. Polyhydroxybutyrate by different microbial sp. have 

been investigated by various academic researchers, polymer expertise and medical 

researchers. PHA production was established extensively in research and development 

departments (R$D) of many companies. 

 

For the improvement of industrial microbial robustness, PHA synthesis from microbial strains 

is very useful in this aspect. Specific drug targeting applications were achieved from the 

proteins encoded by certain enzymes present in the biosynthetic mechanisms of PHB 

production i.e. PhaP, PhaZ or PhaC. The production and applicability of PHAs require an 

interdisciplinary research, which includes various fields of sciences and technology. Some of 

the fields are chemistry, physical sciences, material sciences, polymer sciences, biology and 

biomedical areas reported by the scientists. 

              

Orts et al., 2008; Chen and Wu, 2005 have strongly promoted the PHA field to become an 

industrial value chain ranging from packaging, plastics, agriculture, fermentation, biofuels,  

medicine to nutrition and fine chemicals. Sufficient amount of PHA’s availability attracts the 
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other specialized companies to get involved and increases its applicability as a substitute of 

synthetic thermo-polyesters. 

 

The widespread application of PHA’s are covered in critical review by Chen et al., 2009 

ranging from its utility in bioplastic to medicines. 

               

Table 2.3: Various application of PHA class material (Chen et al., 2009) 

 

Applications Description Example 

Packaging industry All packaging materials that are used for a short 

period of time, including food utensils, films, 

daily consumables, electronic appliances 

example:  

PHBV, PHB 

Other bulk chemicals 

 

Heat sensitive adhesives, latex, smart gels. PHA 

nonwoven matrices can be used to remove facial 

oils.  

PHB 

Fine chemical 

industry 

 

 

 

PHA monomers are all chiral R-forms, and can 

be used as chiral starting materials for the 

synthesis of antibiotics and other fine chemicals.  

PHB and 

PHBV 

Healthy food 

Additives 

PHA oligomers can be used as food 

supplements for obtaining ketone bodies.  

PHB 

Medical implant 

Biomaterials 

PHA have biodegradability and 

biocompatibility,and can be developed into 

medical implant materials. PHA can also be 

turned into drug controlled release matrices 

PHB, PHBV, 

P3HB4HB, 

P4HB, P3HO 

(poly-(R)-3-

hydroxyoctano

ate) and 

PHBHHx 

Medical PHA monomers, have therapeutic effects on 

especially R3HB Alzheimer’s and Parkinson’s 

PHB 
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diseases, osteoporosis and even memory 

improvement.  

Biofuels or fuel 

additives 

 

PHA can be hydrolyzed to form 

hydroxyalkanoates methyl esters that are 

combustible. 

PHB 

Specific drug 

delivery 

 

Coexpression of PhaP and specific ligands can 

help achieve specific targeting to diseased 

tissues 

PHB 

 

2.12: Application of PHB and related classes in bone tissue engineering 

As per studies done on PHB and related classes, these polymers comes up with many 

applications in different fields. As the composition of PHB changes under particular 

physiological conditions, its mechanical and biocompatible property also changes. This 

feature leads to use of PHB, PHBV, P4HB etc. and their blends in making medical implants 

such as bone marrow scaffolds, sutures, nerve guides, repair patches (Chen and Wu, 2005). 

Immunological response during organ transplantation is one of the major problems across the 

medical field. Transplantation of whole organ from human as a donor or donor from another 

species like pig has led to rejections due to immunological barriers. Concept of tissue 

engineering has evolved with the idea of growing cells on the base called as scaffold, for the 

development of organ before implantation. A biochemical base is provided by scaffold till the 

time cells produce their own extracellular matrix. As the cells grow, deposit and organize the 

scaffold starts degrading, leaving an organ/tissue at its place (Stock and Vacanti, 2001).  

 

Poly 4-hydroxybutyrate and copolymers of 3-hydroxybutyrate and 4-hydroxybutyrate 

including P3HB-co-3HV (3-hydroxyvalerate) P3HB-co-3HD (3-hydroxydecanoate) and 

P3HB-co-3HH (3-hydroxyhexanoate) are the polymers among the PHA family with very high 

elasticity and 400-1,100% of elongation.  In the cardiovascular tissue engineering these 

polymers are showing much progress. In the bone marrow and cartilage engineering, the 

application of these elastic and soft PHAs is still under investigation, as they have potential 

there, more exploration is required (Chen et al., 2012).  

 

PHAs are biocompatible, support growth of cells; allow in growth of tissues, lead to 

degradation of non-toxic products, organization of cells, which make them useful for tissue 



CHAPTER-II REVIEW OF LITERATURE 

 

 

51 

 

engineering (Williams et al., 1999). PHA family can be exploited for the heart valves and 

blood vessel’s tissue engineering as they are flexible and produce less inflammatory 

responses. PGA (Polyglycolic acid), PHA and P4HB were studied for the making of scaffolds 

and it was concluded that PHA and P4HB provide cell attachment and collagen formation, 

also their molding into trileaflet valve is easy because of thermoplastic nature. Scaffolds made 

from the composite of PGA and P4HB and trileaflet valve from porous PHA, provided 

increase in collagen content and laminated fibrous tissue formation observed in histology 

(Fuchus et al., 2001).  

 

 

Figure 2.3: Schematic structures of representative polyhydroxyalkanoates. The 

representatives shown here are biocompatible and have been examined in different medical 

applications (Brigham and Anthony, 2012)  

 

In the field of bone tissue application, role of P3HB is well researched and identified. After 12 

months of transplantation no chronic inflammatory response was diagnosed, a satisfactory 

bone tissue adaptation was obtained. During the transplantation done in vivo, no sign of 

structural breakdown was obtained. In the rabbit bone marrow and chondrocytes, P3HB-3HH 

(3-hydroxyhexanoate) has shown better attachment, proliferation and differentiation capacity 

(Doyle et al., 1991). PHBHHx being immunotolerant and with low toxicity, is exploited for 

the growth of human mesenchymal stem cells (hMSCs), embryonic stem cells (hESCs) and 

spontaneously differentiated human embryonic stem cells (SDhESCs). Results obtained after 

20 days and it was observed that culture shows 50% cell viability for SDhESCs and 90% for 

hMSCs in PHBHHx collagen hybrid scaffold. Adipogenic, chondrogenic and osteogenic 

differentiation on hybrid scaffold was observed for RUNX2, SOX9, PPARγ genes 

respectively (Lomas et al., 2013). 
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2.13: Blending of PHB with other polymers for tissue engineering 

Bone tissue engineering consists of making of scaffolds for the growth of tissues on them. It 

was studied that mechanical strength and bioactivity of scaffold can be improved by a blend 

of PAM (polyacrlamide)-PHBV-Bioactive glass. The process used was photo-initiated 

polymerization. In this new scaffold, hydrophilicity of PHBV is increased by PAM, strength 

and bioactivity is incremented by bioactive glass. This scaffold is efficient enough to be used 

for bone repair mechanism (Wang et al., 2004). PHB and PHBV were mixed in the ratio of 

91:9 to make foam, inoculated with oesteoblasts taken from rat periosteum and studied for 

bone regeneration (Orban and Marra, 2002). Composite of P3HB and Bioglass with Vitamin 

E in it, increased the rate of cell proliferation of MG-63 human osteoblasts for bone 

regeneration. It may be due to increase in protein adsorption and hydrophilicity. Albumin was 

reported as the most adsorbed protein (Misra et al., 2009). As vitamin E, used for surface 

modification, ammonia was also used for PHB thin films using plasma treatment at low 

pressure. This treatment changed the hydrophobic group to hydrophilic, making surface better 

for cell attachment. 

 

RGD peptide with PhaP (a PHA granule binding protein) coated on a PHA scaffold, provided 

more adhesion of the cells on surface, equal distribution of cells all over, better differentiation 

and proliferation as compared to uncoated scaffold, after three weeks (You et al., 2011). 

Porous patches of P4HB led to organized tissue formation when seeded with ovine venous 

cells (Martin et al., 2003). Abdominal aorta of lambs was replaced by copolymer of PGA and 

PHA up to the length of 3 to 4 cm (Fuchus et al., 2001). Chen et al., 2009 determined 

P3HB4HB (poly-3-hydroxybutyrate-co-4-hydroxybutyrate) with 4% 4HB monomer in it, was 

the best for growing RaSMCs (Rabbit blood vessel smooth muscle cell). The formation and 

accumulation of elastin was improved by 4HB component of P3HB4HB, which can be further 

researched for the making of artificial blood vessels.  
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Figure 2.4: Scanning Electron Microscopy (SEM) study of PHBHHx scaffolds with or 

without cell growth. (A) Uncoated scaffolds sections; (B) PhaP-RGD coated scaffolds; (C) 

Chondrogenic differentiation studies by inoculating PhaP-RGD coated scaffolds with hBMSC 

cells for an incubation period of 21 days (You et al., 2011) 

 

The research was carried out on Poly(3-hydroxybutyrate) applicability in tissue engineering. 

Solvent casting and particulate leaching techniques by employing commercially available 

sugar cubes as porogen were utilized for the preparation of Poly(3-hydroxybutyrate) [P(3HB)] 

foams exhibiting highly interconnected porosity (85% porosity). In the scaffold 

microstructures, bioactive grade (BG) particles of 45S5 Bioglass
_
 grade were incorporated 

both in micrometer ((m-BG), <5 mm) and nanometer ((n-BG), 30 nm) sizes. Simulated body 

fluid (SBF) assay was done to confirm the in vitro bioactivity of the P(3HB)/BG foams. It 

was observed that the foams shows high level of protein absorption after immersion in SBF 

solution for 10 days. The blend matrix has interconnected porous microstructure, which 

proved to be suitable for MG-63 osteoblast cell attachment and proliferation. The analysis 

shows that the foams implanted in rats as subcutaneous implants and observed that implant 

was non- toxic and do not produce any immunogenic responses after 1 week of implantation. 

The bioactivity and biocompatibility of the implant were proved by analysis its bactericidal 

properties. Staphylococcus aureus as a pathogenic bacteria was tested against the P(3HB)/BG 

composite foams. Selected concentration of Vitamin E was also incorporated in addition to 

BG, in order to develop multifunctional scaffolds. The whole work concluded that the P(3HB) 
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scaffolds with multifunctionalities viz. bioactive, bactericidal, antioxidative behaviour, 

electrically conductivepaves the way for the development of an improved material with 

enhanced properties, which could be utilized in the advanced scaffolds for bone tissue 

engineering (Misra et al., 2010). 

 

 

Figure 2.5: (b) Poly-3-hydroxybutyrate foams consisting of  MG-63 cell layer on its surface, 

(c) Preparation of Poly-3-hydroxybutyrate /Bioactive Glass foams, (d) P(3HB) foams 

highlighting the spread of the cells and bridging the pores  and, (e) P(3HB)/m-BG foams 

demonstrating the ability of the cells to bridge the pores and also to take up the contours of 

the substrate (Misra et al., 2010) 

 

2.14: Application of PHB in drug delivery system 

Yilgor et al., 2009 studied the use in drug delivery system. They made a 3-D construct to 

deliver growth factors. PHBV was used for making nanocapsules carrying BMP-7 which 

helped in long term release of it. In invitro release of drug various parameters such as drug 

loading, additional coating of the implant surface and type of active reagent used are very 

important.  
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In the therapy of chronic osteomyelitis, the implantable rods were made of PHB, PHBV, 

P (3HB-4HB) for the local antibiotic i.e. ducoid and sulparazone administration. It was 

observed that drug release was more dependent on dissolution of drug than on diffusion or 

degradation of polymer. The polymer coated rod released antibiotic at constant rate for two 

weeks while the uncoated rod released them in less than one week. The release from ducoid 

rods was more as compared to that of rods containing sulperazone (Chen and Wu, 2005). 

 

It was reported that release of drugs from PHBV and PHB matrices is obtained by formation 

of pore and water penetration. Also, the mass of these matrices is reduced on a slow rate as 

compared to PGLA (polylactideglyotide) system. The blending of these polymers can be done 

to control erosion rate, porosity and therefore release rate of drug. 

 

2.15: Application of PHB in therapeutics 

PHB is not only confined to bacterial species. The complex PHB (c-PHB) is found in various 

organisms of different phyla where it performs many physiological functions. The c-PHB 

structure has altered physiochemical properties which are very helpful in maintaining its 

stable form, in cytoplasm, intracellular fluids, membranes and lipoprotein as well. C-PHB is 

an important part of metabolic cycles as it dissolves salts and transfers them through 

hydrophobic barriers (Reusch, 1995). 

 

The therapeutic use of PHA such as oligomer P4HB and monomer 4HB is stated for various 

diseases. They are circulatory collapse, withdrawal of drug addiction, narcolepsy, atypical 

psychoses, neurosis, cancer and chronic schizophrenia. Further, they can be used for the 

production of growth hormones, anesthesia induction, euphoria, and production of muscle 

mass and heightened sexual desire (Williams and Martin, 2000). According to the 

investigation done on PHB, PHV, PHHX, it was observed that these are administered as a 

nutritional or food supplement or injected intravenously, the level of blood ketone rises which 

is very useful for treatment of diabetes, metabolic disease control, epilepsy, parenteral 

nutrition, increasing cardiac efficiency and effects in neurodegenerative disorders (Martin et 

al.,1999). 
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2.16: Degradation of PHB in Biological System 

Degradation of the scaffolds is also required, when they are implanted in the body. If the 

degradation is slow, it can be recognized as a foreign material and can led to inflammatory 

responses. R-3-hydroxybutyric acid is a component of blood and eukaryotic cell envelope, 

which makes PHB as a biocompatible material. Also, the degradation rate of PHBHHx can be 

controlled by manipulating the molar ratio of the monomer, 3-hydroxyhexanoate. In-vitro and 

in-vivo biocompatibility is good in case of P(HB-HV) (Yang et al., 2004). The study shows 

that the crystalline nature and melting temperature of PHB are reduced when it is mixed with 

TCP (Tricalciumphosphate). As less crystallinity leads to higher rate of degradation, 

PHB/TCP composites can be used for tissue regeneration (Wang et al., 2001). 

 

Hydrolytic enzymes degrade biological polymers very fast, in the biological medium. But the 

chemically produced synthetic organic polymers degrade comparatively slow (Hasirci et al., 

2001). The mechanical properties of polymers, their service life and their response towards 

biological system are influenced by rate and mode by which they are degraded. It was studied 

that amorphous PLLA takes only 1 year to get degraded in biological system than to 

polymeric PLLA, that takes about 5.6 years. However, PHB and PHBV take long time than 

PLLA and PLGA (Hasirci et al., 2001). 

 

Holland et al., in 1990 reported that at the pH of 7.4 and 37oC temperature, PHBV took 400 

days to get degraded, which can be reduced by treatments such as blending. Amylose, sodium 

alginate, talcum powder and dextrin can be used to blend with PHBV to increase rate of 

degradation. Matrixes made up of Poly (anhydride-co-imide) are capable of adhering 

osteoblasts, and polygonal cell morphology as was observed within 24 hours. In 14 days, 

interconnecting layers were formed. The rapid proliferation can be due to presence of an 

essential amino acid, alanine, in Poly (anhydride-co-imide) matrix. 

 

In the study of osteoblasts attachment on PHBV matrix, it was inferred that, pH change in 

degradation is insignificant to be taken as degradation indicator, while changes in density and 

weight can serve the cause. Degradation of PHBV foam with time without affecting structural 

integrity is required as it implies that structure do not provide any restriction to the growing 

cell.  

 



CHAPTER-II REVIEW OF LITERATURE 

 

 

57 

 

2.17: Introduction to Nanocomposites 

Nanotechnology is the science of 21st century promising greater technological development 

at nano level. In material science research, development of polymer nanocomposites could 

enhance the polymer applications in different fields of science and technology. Wide varieties 

of “nanomaterials” are being developed with controlled size and composition for the aim of 

improving optical, mechanical, magnetic, electrical and other related properties. Polymer 

based nanocomposites are considered as the next industrial revolution materials. The current 

focus area is identification of nanocomposite material which is light weight, eco-friendly, bio-

degradable, cost-effective, performance-oriented and also suits diverse applicatory needs. 

Some above functionalities can be achieved by using organic and natural materials as filler 

material in different polymer blends. Polymer nanocomposites provide a new alternative as 

compared to conventionally filled polymers with significant commercial application. Clay 

minerals are abundant natural material found on earth surface. Clay material have size less 

than 2 µm size possessing specific properties of plasticity, shapeability, rheology, slip 

formation, ion-exchangeable property, etc. within nanosized layer. Montmorillonite clay acts 

as an inorganic ion exchange material which is composed of alluminosilicate layers which are 

stacked one over the other, so are 2:1 layer type silicates. A high percentage of MMT is 

present in Bentonite clay. Modification done at chemical and structural level for raw bentonite 

clay makes possible the preparation of new nanostructural material which can be suitable for 

varied applications. Combined properties and synergetic effect of comprising components of 

polymer nanocomposites material would yield advance morphologies and improved 

properties which could not be obtained from the individual material. There are plethora of 

methods available for production of polymer nanocomposites such as simple mixing of 

required inorganic materials with polymers (Lagashetty and Venkataraman, 2005), in-situ 

polymerization of monomers inside the galleries of the inorganic host (Okamoto et al., 2000), 

melt intercalation of polymers (Ramos et al., 2000; Wu et al., 2006) etc. Polymer 

nanocomposites fibres are prepared by the technique of electrospinning, which has attracted 

great interest among researchers and industrial scientists. Manufacturing of polymeric blends 

availability in current market is estimated to be more than 700,000 metric tons/year. The 

average growth rate is estimated to be 6-7%.   

 

The polymer blending offers possibility of adjusting the cost-performance balance and 

tailoring the technology to make products for specific end use applications i.e. biocompatible 
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thin coatings, optics, drug delivery system electrical devices, and photoconductors, 

biodegradable scaffolds and filter systems (Zhu et al., 2000; Berkland et al., 2001; Ma et al., 

1999; Messersmith and Giannelis, 1993; Mu and Feng, 2001; Oriakhi and Lerner, 1995; 

Rosca et al., 2004), enhancing resin’s performance, improving specific properties, viz. impact 

strength, resistant to solvent system etc., and provide means for the recycling of industrial and 

consumers wastes. 

 

Polymer nanocomposites become a unique type of engineered material where the polymeric 

system properties could be improved by loading the concentration of nanoclays in the 

polymeric system. Loading of nanoclays improves the thermal, mechanical and optical 

properties of the polymeric matrix system. Nanoparticles, used in the processing of 

nanocomposites are hazardous to human health and environment due to its size and high 

reactive nature. The drawback could be resolved by preparation of nanocomposites using 

plant derived nanoparticles or sourced from naturally derived products i.e. naturally occurring 

polyhydroxybutyrate (PHB) extracted from microorganisms. The resulting nanocomposite 

may have desirable properties and lesser environmental impact. 

 

Poly hydroxybutyrate, a hydrophobic molecule with unique properties of biocompatibility and 

degradability, also have higher melting temperature and crystallinity. For its end use, many 

properties i.e. its strength, thermal stability should be improved.  The properties could be 

enhanced by blending strategy approaches, which utilized mixing of PHB polymeric system 

with other biodegradable materials i.e. nanoclays and resins. 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: Classification of natural polymers and its blend 
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2.17.1: Cellulose based blends 

The vogue for material applications has become more by the utilization of renewable 

resources. A natural raw material in this respect is cellulose, major component of wood and 

most plants. In the field of nanomaterial, the cellulose composite at nanoscale has started to 

steal the limelight as a strengthen materials because of their versatile and unique properties 

i.e. their low cost of production, availability at higher rates, renewable in nature, dimension at 

nanoscale level, high surface area, uniqueness in morphology, ease of modification in 

chemical structure, low density, and resistant to stress and strain. Various experiments have 

been involved for the extraction of cellulose nanofibres from wheat straw by chemical 

treatment, resulting to purify cellulose (Alemdar and Sain, 2008a). Chemically treated fibre 

further undergoes mechanical treatment (cryocrushing, disintegration, and defibrillation steps) 

to individualize the nanofibres from the cell walls. Collectively, the technique was known to 

be chemo-mechanical technique (Alemdar and Sain, 2008b). The analysis shows the physical 

characterization of the nanofibres in the range of 10-80 nm (diameter) and a few thousand 

nanometers (length). 

 

There have been many methods that have been described for preparation of cellulose based 

nanocomposites. The method i.e. one-pot synthetic reaction has been used for the preparation 

of waterborne polyurethane (WPU)/ cellulose nanofibres (CN) composites (Eichhorn et al., 

2010). The nanocomposite were formed in this case by the presence of exposed hydroxyl 

functional group present on the surface of CNs and isocyanate on the ends of the WPU 

prepolymer, added during the preparation of nanocomposite. 

The properties of cellulose nanofibres are analyzed by surface morphology and by observing 

other thermal and physical properties (Kalia et al., 2011).  

Figure 2.7: This work represented that cellulose nano-crystal blends with water borne 

polyurethane (WPU) in order to improve its interfacial adhesion (Cao et al., 2009) 
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The incorporation of grafted WPU as filler in the cellulose nanocrystals enhanced the 

crystallization behaviour of WPU polymeric chains.  Utilization of nanocrystals as a template 

for the preparation of an improved nanomaterial having enhanced properties was a very useful 

and paradigmatic approach. The resulted nanocomposite prepared showed a good dispersion 

and strong interfacial adhesions as compared with the pristine polymer. The blending of CNs 

WPU, leading to the development of cellulose nanocrysal grafted waterborne polyurethane. 

Many other examples were involved in the preparation of improved nanomaterial from the 

plants derived cellulose i.e. Eucalyptus. The derived cellulose was firstly dissolved in N-

methyl morpholine oxide (N-MMO) at 120
o
C and diluted with dimethyl sulfoxide (DMSO). 

The resulted solution as a sheath solution was used in an external concentric capillary needle. 

In the internal concentric capillary needle, sulphuric acid hydrolysis of sisal bleached and 

cotton fibres resulted in the production of cellulose nanocrystal suspension at the end of the 

reaction. These nanocrystal fibres as compared with pure cellulose fibres are superior in their 

mechanical properties. This technology of reactive extrusion to develop starch/cellulose 

acetate blends leading to the development of improved and superior nanomaterial both in their 

physical and mechanical properties.  

 

Reactive processing technology has been employed for the development of thermoplastic 

polysaccharides i.e. cellulose- 2, 5 acetate. Utilization of grafting technique on cyclic 

lactones, simultaneously onto polysaccharides, hydroxy-functionalized plasticizer, and 

optionally also onto hydroxy-functional fillers has been employed (Warth et al., 1997). 

 

Casting methods were utilized for the preparation of nanocomposites in which cellulose nano-

crystals suspension from flax fibres were undergone acid hydrolysis and then reinforced in 

plasticized starch with a low loading rate ranges from 5 to 30wt%. Better adhesion properties 

in interfacial areas were shown by cellulose nano-crystals as filler in the plasticized flax 

cellulose matrix with uniform dispersivity as analyzed by Scanning Electron Microscopy 

(SEM). In the glycerol rich phase (Tg1), no changes were observed at low temperature, when 

fillers were loaded from 0 to 30 wt% reported by the scientists. In the starch rich phase, it was 

observed that flax cellulose nano-crystals restricts the mobility of starch chains by forming 

strong intermolecular interactions between the starch chains and stiff fillers, due to which the 

temperature ranges shifted from 43.3 to 48.8
o
C. 



 

 

The FTIR spectra of the neat PS and other loading rates o

20 and PS/FCNs-30 films had been analzsed to study the presence of various

groups, which depicts its molecular structure. 

reported the peaks at 3280 cm

hydrogen bonding) and 993 cm

bonding. Due to the chemical similarity of cellulose and starch molecular structure, the 

nanocomposite FTIR analysis depicted the same FTIR spectra for cellulose nano

fillers in plasticized starch polymeric matrix syste

Figure 2.8: The Differential Scanning Calorimetry data of PS and the PS/FCNs 

nanocomposites (ΔCp is a characteristic constant number for a given amorphous polymer 

(Cao et al., 2008) 

Tg1: glycerol rich phase of temperature range 

Tg2: starch rich phase of temperature range 30 to 60°C
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The FTIR spectra of the neat PS and other loading rates of FCNs i.e. PS/ FCNs

30 films had been analzsed to study the presence of various

groups, which depicts its molecular structure. Chen et al., 2008; Zhang and Han, 2006 

reported the peaks at 3280 cm
-1

 corresponds to the –OH group (stretching vibration of the 

cm
-1 

corresponds to the stretching vibration in starch of carbonyl 

bonding. Due to the chemical similarity of cellulose and starch molecular structure, the 

nanocomposite FTIR analysis depicted the same FTIR spectra for cellulose nano

fillers in plasticized starch polymeric matrix system. 

The Differential Scanning Calorimetry data of PS and the PS/FCNs 

is a characteristic constant number for a given amorphous polymer 

1: glycerol rich phase of temperature range –80 to –50°C 

starch rich phase of temperature range 30 to 60°C 

PS/FCNs-5 PS/FCNs-10 PS/FCNs-20 PS/FCNs-30

Δ[Cp1[J/g.K]

Δ[Cp2[J/g.K]

PS/FCNs-5 PS/FCNs-10 PS/FCNS-20 PS/FCNs-30

Tg1,mid [

Tg2,mid [
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PS/ FCNs-10, PS/FCNs-

30 films had been analzsed to study the presence of various functional 

2008; Zhang and Han, 2006 

OH group (stretching vibration of the 

on in starch of carbonyl 

bonding. Due to the chemical similarity of cellulose and starch molecular structure, the 

nanocomposite FTIR analysis depicted the same FTIR spectra for cellulose nano-crystals as 

 

The Differential Scanning Calorimetry data of PS and the PS/FCNs 

is a characteristic constant number for a given amorphous polymer 

Δ[Cp1[J/g.K]

Δ[Cp2[J/g.K]

Tg1,mid [°C]

Tg2,mid [°C]



CHAPTER-II REVIEW OF LITERATURE 

 

 

62 

 

2.17.2: Chitin and chitosin based blends 

Chitosin, a naturally derived polyesters produced from the deacetylation of chitin fibres, 

which is a major components of crustaceans shell (Moraes et al., 2010). 

 

Figure 2.9:  Production of chitosan from chitin by deacetylation and its chemical structural 

details (Ramya et al., 2012) 

Patel et al., 1996 reported that the chitosan in pharmaceutical industries attracts various 

pharmaceutical chemists due to its many interesting properties. Chitosan could be used as a 

biomaterial, if the fragile nature and membrane permeability of the material should be 

improved. The unique functional properties of the chitosan are useful in the development of 

various blends with other polymeric systems investigated by Japanese Chitin and Chitosan 

Society, 1994). Studies have been carried out for the preparation of chitosan with various 

polymers to improve its properties both at thermal and mechanical levels observed by Kim et 

al., 1992; Hasegawa et al., 1992; Yao et al.,  1996; Guan et al., 1998; Xiao et al., 2000. 

There have been important studies carried out by various workers. One of the studies by 

Moraes et al., 2010 has the goal to prepare and characterize Silk Fibroin/chitosan blend films. 

The aim was to prepare insoluble film, with more stable crystalline structures. Blending of 

natural derived polymers is a challenging task because they do not posses regular molecular 

structures. The presence of wide range of molecular masses along with the influence of 

processing factors results in the production of different products. The factor which was 

necessary for the effective interaction of SF/CHI composite was pH. The pH 5.5 should be 



 

 

adjusted prior to mixing in order to avoid phase separation and for the successful preparation 

of SF/CHI nanocomposite. 

The optimized pH conditions, favors the Chitosan (CHI) to expose their amino groups in 

protonated form and allows its

and thermal properties of the blended CHI/SF films were analyzed by sophisticated 

instruments. The functional groups of chitosan can be modified by blending it with other 

polymers increases is utility in many useful applications. Materials with unique properties 

were prepared by the development of polymeric blends especially derived from natural 

materials (Moraes et al., 2010).

Figure 2.10: Water solubility test of the Silk Fibroin/Chitosan b

The physical integrity of the SFI/Chitosan was evaluated by observing the water solubility 

test of blended films. The physical structure of the blends were maintained after immersing in 

water for a period of time, shows that the

fibroin, which shows its solubility in water. The stability of SF/CHI composites paves a way 

for the development of more stable and improved materials.

The scientists concluded that in XRD analysis by add

crystalline halos at 2Ѳ = 14° and 17° could be observed. Tao 

increase in CHI content is directly proportion to the intensity of halos. CHI diffractograms 

characterized the CHI by observing the halos 

the difference in halos intensities as observed by Kweon 

molecular hydrogen bonds were formed by the presence of 

chitosan structure. Duan and h
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adjusted prior to mixing in order to avoid phase separation and for the successful preparation 

The optimized pH conditions, favors the Chitosan (CHI) to expose their amino groups in 

protonated form and allows its interaction with the carbonyl groups of Silk fibroin. Chemical 

and thermal properties of the blended CHI/SF films were analyzed by sophisticated 

instruments. The functional groups of chitosan can be modified by blending it with other 

utility in many useful applications. Materials with unique properties 

were prepared by the development of polymeric blends especially derived from natural 

2010). 

Water solubility test of the Silk Fibroin/Chitosan blends (Moraes

The physical integrity of the SFI/Chitosan was evaluated by observing the water solubility 

test of blended films. The physical structure of the blends were maintained after immersing in 

water for a period of time, shows that the blends were insoluble in water as compared to silk 

fibroin, which shows its solubility in water. The stability of SF/CHI composites paves a way 

for the development of more stable and improved materials. 

The scientists concluded that in XRD analysis by adding CHI into the blends, some 

 = 14° and 17° could be observed. Tao et al., 

increase in CHI content is directly proportion to the intensity of halos. CHI diffractograms 

characterized the CHI by observing the halos at 2Ѳ = 20°. Difference in CHI content depicted 

the difference in halos intensities as observed by Kweon et al., 2001a. Strong inter and intra 

molecular hydrogen bonds were formed by the presence of –OH and –

chitosan structure. Duan and his co-workers investigated with his studies and also proved that 

Non 
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adjusted prior to mixing in order to avoid phase separation and for the successful preparation 

The optimized pH conditions, favors the Chitosan (CHI) to expose their amino groups in 

interaction with the carbonyl groups of Silk fibroin. Chemical 

and thermal properties of the blended CHI/SF films were analyzed by sophisticated 

instruments. The functional groups of chitosan can be modified by blending it with other 

utility in many useful applications. Materials with unique properties 

were prepared by the development of polymeric blends especially derived from natural 

 

lends (Moraes et al., 2010) 

The physical integrity of the SFI/Chitosan was evaluated by observing the water solubility 

test of blended films. The physical structure of the blends were maintained after immersing in 

blends were insoluble in water as compared to silk 

fibroin, which shows its solubility in water. The stability of SF/CHI composites paves a way 

ing CHI into the blends, some 

 2007 reported that 

increase in CHI content is directly proportion to the intensity of halos. CHI diffractograms 

 = 20°. Difference in CHI content depicted 

2001a. Strong inter and intra 

–NH2 groups in the 

workers investigated with his studies and also proved that 

SF CHI
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the presence of regularity in the chitosan structures promoted the formation of crystalline 

regions, which were depicted by the intensity of halos. 

 

The FTIR analysis shows that the spectra at 3454 cm
-1

 corresponds to the –OH stretching 

vibration for pristine chitosan and migrated to a lower peak at 3434 cm
-1 

as observed in 1:1 

Chitosan/Silk Fibroin blend. Terin and Elvan in 2009 investigated from their studies that 

intermolecular interactions were formed between the SF/CHI blends, which were depicted by 

the disappearance of C=O amide group observed at spectral peak at 1628 cm
-1

 as compared to 

neat chitosan. 

 

Kweon  et al., 2001b; Park  et al., 1999 studied that the silk fibroin was more stable in the 

presence of chitosan with 25wt%, which shows that maximum CHI content should be 

incorporated in the silk fibroin solution to induce modification in structural conformation of 

silk fibroin and to make it more stable and crystalline.   

 

DCS analysis shows that the thermograms of the blend films, presented a mixture of 

components. It observed that, as compared with to pure chitosan, the blended composite do 

not show peaks at 204.6 and 224°C. Kweon et al., 2001a observed similar results in A. pernyi 

SF/CHI blends, in which crystallization exothermic peak of SF was not presented in the 

composite material. The silk fibroin chains undergo pre-crystallization, which was due to the 

diffusion of acetic acid in the blended films. The acetic acid was used to dissolve the chitosan 

fibres. Water evaporations leads to decrease in the initial weight, which was below 100
o
C. 

The silk fibroin provides thermal stability to the blended film with each increase in the 

loading wt%. As the content of SF increases, thermal degradation temperature of the blend 

also increased. It was analyzed that 50:50 was the weight residues and thermal weight 

residues of the blended film. Similar behavior was observed in all the blended films with a 

weight loss peak of below 100
o
C and thermal degradation peak near to 300

o
C. 

 

The pure chitosan % decomposition was low as compared to blend chitosan/silk fibroin (1:1) 

analyzed by thermo-gravimetric analysis thermogram (TGA). 

 

Degradation percentage was increased from 14 to 50%, when compared with neat chitosan. 

Blended films was more stable than parental ones (Paul et al., 1989 Sandford et al., 1990) but 



 

 

sometimes unusual behavior was due to the presence of crystalline structures and variation at 

morphological levels in the blended film

 

The molecules of silk fibroin show

Park et al., 1999. Silk fibroin is a natural derived protein fibres with excellent mechanic

properties. It has good biocompatibity and is permeable to oxygen and water molecules. Its 

applicability could be broaden in the area of medical sciences particularly in wound dressing.

The silk fibroin is very brittle when dried during casting, which l

Reinforced structure preparation was done by blending of Silk Fibroin with chitosan broaden 

its applications in biomedical field (Bansal, 2010).

. 

Figure 2.11: Comparative Analysis of Decomposition Temperature of Pure Chitosin and 

Chitosan/ Silk fibroin blend (1:1) (Ramya 

Binary blended Silk Fibroin/Chitosan films have smooth surfaces and could be used as 

antibacterial and antioxidant compound in w

as a barrier for microorganisms and removes excess fluids from the wound sites. The unique 

properties of the film with plant extracts find a potential application as a wound dressing 

contact layer. The properties include high area to volume surface ratio, diameter of fibre in 

micro-scale, light weight and large pore size.
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unusual behavior was due to the presence of crystalline structures and variation at 

vels in the blended films  reported by Viciosa and Dionisio in 2004. 

of silk fibroin show interaction in the system reported by Kweon 

1999. Silk fibroin is a natural derived protein fibres with excellent mechanic

properties. It has good biocompatibity and is permeable to oxygen and water molecules. Its 

applicability could be broaden in the area of medical sciences particularly in wound dressing.

The silk fibroin is very brittle when dried during casting, which limits its practical use. 

Reinforced structure preparation was done by blending of Silk Fibroin with chitosan broaden 

its applications in biomedical field (Bansal, 2010).  

Comparative Analysis of Decomposition Temperature of Pure Chitosin and 

Chitosan/ Silk fibroin blend (1:1) (Ramya et al., 2012) 

Binary blended Silk Fibroin/Chitosan films have smooth surfaces and could be used as 

antibacterial and antioxidant compound in wound healing. Chitosan in the blended film acts 

as a barrier for microorganisms and removes excess fluids from the wound sites. The unique 

properties of the film with plant extracts find a potential application as a wound dressing 

ties include high area to volume surface ratio, diameter of fibre in 

scale, light weight and large pore size. 
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2.17.3: PLA based blends 

The biodegradability, ease of processing, transparency and price makes bio-based 

biodegradable polymers, one of the most attractive material that posses facile commercial 

availability. Although, scientists are increasing their interest in using PLA for disposable 

degradable plastic articles; however, there are properties such as high flexibility, gas 

retardency, high melt viscosity and melt strength/elasticity that are often not good enough for 

some end-use applications, such as blow molding (Singh et al., 2003; Di et al., 2005). 

Different investigations were carried out, to improve the physical properties of PLA, 

especially in terms of thermo-mechanical stability by the addition of different fillers 

(nanoparticles) in PLA was explored (Sinha and Okamoto, 2003; Pollet et al., 2003; Utracki, 

2004; Pluta et al., 2002). Various melt blending techniques were used to prepare PLA based 

nanocomposite by the addition of 5 % wt of an organically modified montmorillonite (CLO) 

[CLOISITE 20A], unmodified sepiolite (SEP) [PANGEL S9] and organically modified 

zirconium phosphonate (ZrP) [ZrP 102].  At room temperature, a completely amorphous 

structure for the polymer matrix was obtained. The results revealed that during the film 

cooling process (ca. 10°C/min), the PLA matrix was not able to crystallize. For the PLA/CLO 

and PLA/ZrP nanocomposites, the WAXS analysis indicated a similar broad halo with 

maximum at. 2θ = 17º and shows an amorphous structure of the polymer matrix in these 

specimens. So, depending on the type and functionalization of nanoparticles, different 

dispersion levels were analyzed by Scanning electron microscopy (SEM) and Wide angle X-

ray scattering (WAXS) (Fukushima et al., 2012). 

 

Further, Differential Scanning Calorimetric analysis shows that pristine PLA on heating was 

fully crystalline, whereas the addition of ZrP could promote extent of PLA crystallization, but 

the addition of CLO and SEP to PLA did not significantly affect the crystallization on heating 

and melting behavior of PLA matrix. There was remarkable increase of elastic properties (E’) 

of PLA nanocomposites by the addition of all the nanoparticles shown by the Dynamic 

Mechanical Thermoanalysis (DMTA). The presence of CLO and SEP attributed to the 

formation of a PLA/nanoparticle interconnected structure within the polymer matrix and 

analysis shows that there was a significant enhancement in the melt viscosity and dynamic 

shear moduli (G!,G") of PLA nanocomposites. The addition of SEP and ZrP nanoparticles to 

the PLA polymer matrix did not significantly effects the oxygen permeability of PLA. The 

results also revealed that only the CLO has the positive impact on the permeability of PLA. 
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The analysis shows that the addition of CLO leads to about 30% decrease as compared to 

PLA permeability, due to the good clay dispersion and clay platelet-like morphology. Based 

on these achievements, a high potential of these PLA nanocomposites in sustainable 

packaging applications could be envisaged (Weber, 2011). 

 

2.17.3.1: PLA/Layered Silicate Nanocomposites 

Organo-modified nanoclays are easily dispersed in the hydrophobic polymeric systems for the 

preparation of successful polymer/nanoclay composite. Organo-clays are prepared by utilizing 

various organo-modifiers of different chain lengths and are examined in MMT, bentonite, 

smectite and mica. Comparative studies were carried out on nanoclays by incorporating 

organo-modifiers and it was analyzed that the gallery spacing was increased in case of mica, 

when treated with organo-modifiers. The smallest galleries were observed in case of smectite 

layers. Clay of larger size restricted the conformation of modifier by physical jamming. The 

mica has the property of ion exchange, thus utilizing these properties in formation of organo-

modified clays (Okamoto et al., 2002). 

 

The PLA nanocomposite with smectite shows an increment in the young’s modulus as 

compared to the nanocomposites formed by MMT or mica. The same clay loading in smectite 

system has better dispersion than other clay systems. Improvement in the gas barrier 

properties were observed in smectite PLA composite as compared with MMT or mica 

systems. The large galleries of MMT or mica are stacked in nature, within their 

nanocomposites. PLA i.e. Poly lactic acids are produced from the fermentation processes, 

which includes naturally derived or plant based substrates such as potato, corn and other 

waste products. The green technology behind the production of PLA makes it a potential 

packaging material. PLA applicability in biomedical devices includes sutures with 

bioabsorbent, medical implants, culturing of tissues (Kohn
  

et al., 1994) and controlled drug 

delivery carrier (Park et al., 1994). 

 

For the end use applications, thermal and mechanical properties should be enhanced, which 

could only possible by the development of improved nanocomposites. The properties are 

thermal degradation, melting temperature, crystalline temperature, enthalpy of melting, 

young’s modulus, enlongation at break, stress and strain etc.  Pristine PHB blending with two 

dimensional alumino-silicate layer galleries is one of the successful way to enhance the 
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material performance (Giannelis, 1996; Garces et al., 1835; LeBaron et al., 1999; Vaia et al., 

1995; Usuki et al., 1998; Lan et al., 1996; Alexandre and Dubois, 2000; Maiti et al., 2002). 

Table 2.4: Characteristics of the clay used (natural, organically modified and in  

nanocomposites) (Ray and okamoto, 2003) 

 

a
size of organically modified clays x 

b
calculated from wide-angle X-ray diffraction data  

c
Calculated from Scherrer equation Dhkj= (kλ)/ (β cosθ) 

where k is a constant, β is the half-width, and θ is the peak angle. 

 

 

Figure 2.12: Organoclays and its nanocomposites 

 

Properties Smectite MMT Mica 

Size
a
 (nm) 50-60 100-130 200-300 

CEC (mequiv/100g) 87 113 120 

D(001)
b
(clay) Na

+
 (nm) 1.2 1.2 1.25 

D(001)
b
(organoclay with C16 clay (nm) 1.87 2.13 2.44 

D(001)
b
 in nanocompositeswith C16 clay 

(=3wt%) (nm) 

2.27 2.55 2.69 

Crystalline size
c
 of organoclay with C16 

salt (nm) 

7 12 20 

Crystalline size
c
 in nanocomposites  

(=3wt%) (nm) 

3.5 10 22 
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Poly (lactic acid) (PLA) based nanocomposites prepared by adding 5wt% filler content of 

organically modified montmorillonite (CLO) and unmodified sepiolite (SEP) were obtained 

by melt blending procedure. WAXS and SEM analysis shows a good dispersion of CLO and 

SEP into the polymer matrix (Boo et al., 2007; Wu et al., 2009; Alberti et al., 1991). PLA 

containing ZrP shows a limited dispersion on PLA matrix as compared to CLO, likely due to 

its significant lower interlayer thickness, leading to formation of a polymer microcomposite. 

DSC analysis shows that neat PLA and composites presented no tendency to crystallize on 

cooling. Nevertheless, it was observed that PLA was able to crystallize on heating, and that 

the addition of ZrP can promote the extent of crystallization of the PLA on heating, which can 

be explained by the regular distribution of ZrP micronic particles able to act as efficient 

nucleating agents for PLA crystallization. The dynamo-mechanical results showed 

improvements in storage modulus (E!) with the addition of all particles, resulting in a 

remarkable increase of elastic properties for PLA composites, especially at temperatures close 

to the glass transition temperature. These (E!) increases were associated to possible 

interactions between the particles and PLA molecules originated from hydrogen bonding 

between the carbonyl group of PLA and the hydroxyl groups belonging to the structure of 

CLO, SEP and ZrP. Interestingly, similar increases of E! was obtained upon the addition of 

ZrP into PLA as compared to CLO and SEP, despite its low dispersion level into the PLA 

matrix, possibly explained by the high crystallinity of ZrP particles as well as the very regular 

distribution of ZrP micronic particles along all the polymer matrix. The melt viscosity and 

dynamic shear moduli of nanocomposites were also enhanced significantly by the presence of 

CLO and SEP (Fukushima et al., 2012).  

 

The oxygen permeability of PLA did not significantly vary upon addition of SEP and ZrP 

particles (Ray and Okamoto, 2003). Only addition of CLO leaded to an important decrease of 

the PLA oxygen permeability. Optical transparency measurements show the transparency of 

PLA in the visible region with the presence of particles, thus preserving the good optical 

properties typical of PLA. The improvements in the viscosity of PLA composites as well as 

the similar transparency and improved gas barrier properties could provide to these 

composites an opportunity in the field of packaging. Even more, it is reasonable to expect that 

by controlling the nanoparticle content and processing conditions, PLA based nanocomposite 

films with improved properties could be obtained for various industrial applications. 
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Figure 2.13: Scanning electron micrograph (a) and transmission electron micrograph (b) for 

PLA + 5% CLO (Fukushima et al., 2012)  

 

2.17.3.2: PLA with PHB along with Maleic Acid (MA) as compatibilizer 

Melt mixing method was utilized for the preparation of partial miscible blend of PLA and 

PHB (Ohkosh et al., 2000). Maleic anhydride was used as a compatibilizer which creates 

interpenetration network structure between the two matrices by providing additional 

interactions. The compatibilizer also increased the misciblity of two matrices, which was 

further characterized by FT-IR and SEM analysis. Hydrogen bonding with intermolecular 

flexibility was uniformaly distributed within the matrix of polymer blend. As compared to 

virgin PLA matrix, it was analysed that the blend enlongation at break and Izod impact 

strength has been analyzed at a maximum of 540.17% and 99%, respectively (Hongzhi and 

Jinwen, 2011). The tensile strength of the blend matrix was improved by the incorporation of 

layered silicates into the blend and has been modified to 49% without compromising the 

flexible characteristics. To promote the thermal stability of the blend,  the insulation property 

of intercalated/exfoliated  layered silicates works very efficiently. Natural montmorillonite 

(NaMMT) and commercially modified montmorillonite Cloisite 30B [(C30B)] were utilised 

for the comparative study, to analyse the effect of each layered silicates on the physical 

properties of the mixed blend composed of PLA/PHB/MA (Jandas et al., 2014). 
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Figure 2.14: Transmission Electron Microscopy images of the blend composites prepared 

from (a) Organo-modified MMT and (b) Cloisite 30B (Jandas et al., 2014) 

 

2.17.4: PHB blends and its superiority for biomedical applications  

Poly(hydroxybutyrate)-PHB (-[CH(CH3)CH2COO]n-) has attracted much attention in recent 

years. It is eco-friendly in nature and is fully bio-based thermo-polyester, which is produced 

by the fermentation of bacterial strains. Polyhydroxybutyrate produced by microbial 

fermentation as intracellular lipids inclusion within the cytoplasm of many microorganisms. 

Griffin in 1993 reported that the properties of PHB are very similar to the synthetic derived 

polymers i.e. polypropylene, which increases its applications in industries. The properties 

include high crystalline nature (50-70%) and excellent insulator for gas (permeable to water 

vapor 560 g.μm/m
2
/day) etc. The drawbacks of PHB include high fragile nature indicate 3-5% 

elongation at break and are not physically stable above its melting point with degradation 

starts from 200°C. These drawbacks hindered the technology of thermo-polyester processing. 

Three factors are responsible for the brittle nature of PHB i.e. 

1. Glass transition temperature (Tg 
o
C) is close to room temperature. 

2. Storage at room temperature leads to secondary crystallization 

3. Low nucleation density. 

 

All these drawbacks are derived its high purity nature and regularity in stereo-chemical 

structures. Enhancement in thermal and mechanical properties of PHB are achieved by 

blending technology i.e. with other biodegradable polymers, resins etc. Misra et al., 2006; 

Doyle et al., 1991; Knowles et al., 1992;  Luklinska and Bonfield, 1997 reported that the 

composite of PHB/hydroxyapatite (HA) have been utilized in the preparation of scaffolds to 

treat the fractured bones. 
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Shum-Tim  et al., 1999 investigated from their studies that a blend of polyglycolic acid 

(PGA) and PHB were used in the preparation of pulmonary valve leaflets and arteries 

scaffolds in animal model i.e. sheep. Sodian et al., in 1999 designed PHB based scaffolds 

used in pulmonary valves and inserted again in the sheep animal model. Biopolymers pave 

the way for the development of successful scaffolds, which could enhance its application s in 

tissue engineering. Novikov et al., 2002 reported that after several experiments and 

investigations, PHB has been successfully used as a graft matrix for neuronal generation after 

spinal cord injury in rats. PHB films were also found to provide scaffolding to patch a large 

bowel defect in rats and were shown to degrade more readily in vivo (Freier et al., 2002). 

 

The exceptional properties of polymer/nanocomposites based PHB gained huge popularity 

among researchers and industrial scientists, because its properties are superior as compared to 

virgin polymer. Homogeneous dispersion of nanoclays by blending technology is carried out 

in polymeric matrix. These nanoclays are inorganic in nature with atleast one dimension 

measures in nanometer scale. The interaction of nanoclays with polymeric matrix by 

intermolecular hydrogen bonding substantially improves the physical and mechanical 

properties. Ray and Bousmina, 2005 investigated that Poly (-3-hydroxybutyrate) (PHB) is 

rapidly gaining recognition as one of the most promising biopolymers.  

 

                Many of the researchers have worked on blending and modification of PHB 

characters. The major concluding output come reveals that much work is needed for 

preparation of appropriate blends of PHB, which can prove appropriate for various industrial 

applications.  

 

Low molecular weight additives incorporation in PHB polymeric matrix lowers the glass 

transition temperature which deteriorates the tensile properties of polyhydroxybutyrate. 

Decrease in the extension ratio at break was due to the necking and cold drawing at room 

temperature and was observed at elevated testing temperature in blends of 40 and 50% PHB 

polymer. 

 

The PHB content of less than 60% observed to have a crystallinity of less than 0.4%. The 

amorphous component (extension ratio λR >3) should have a molar mass of Mn > 30,000 

g/mol when blended with the polymeric matrix in order to obtain good mechanical properties. 
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Various blends of PHB have been prepared taking into consideration the shortcomings of 

pristine PHB. Strategies have been followed to increase the mechanical and physical strength 

of this important polymeric material.  

 

2.17.4.1: PHB/nanoclays 

Blending of PHB with certain nanoclays or resins improves the material performance 

including biodegradation. Addition of inorganic nanoclays to form nanocomposites (Garces et 

al., 2000; LeBaron et al., 1999; Vaia et al., 1995; Usuki et al., 1995), enhance the material 

performance both at thermal and mechanical levels.  

 

The flexibility and optical clarity of the neat polymer was achieved by improving the barrier 

properties, which could only be possible by clay nanocomposites investigated by Yano et al., 

1997; Xu et al., 2001. The charged nature of inorganic clays is hydrophilic in nature,  which 

make its incompatible with most of the hydrophobic natural polymeric material systems is 

one of the major consequence. Alteration at the polarity of inorganic clays helps in the 

successful formation of polymer-clay nanocomposites. The ion exchange reactions occur in 

the hydrophilic clays by cationic exchange such as alkylammonium ion reported by Maiti et 

al., 2007. 12-aminododecanoic acid (ADA) was added in MMT as an organic modifier, in 

which sodium ion was being replaced by amino acid via. cationic exchange by ion-exchange 

reactions (Ling et al., 2002). 

       Na
+
-CLAY + HO2C-R-NH3

+
Cl

-
                       HO2C-R-NH3

+
-CLAY + NaCl 

 

2.17.4.2: PHB blend with MMT modified by 12-aminolauric acid 

Montmorillonite (MMT) nanoclay was modified with 12-aminolauric acid and mixed with 

PHB solution. PHB/clay nanocomposites with 1 wt% loading shows a great effect on the 

crystallization behavior of PHB (Cheng et al., 2014; Galego et al., 2002) . The mechanical 

properties of PHB/MMT, including tensile strength, Young’s modulus, elongation at break 

and toughness, were characterized by Instron (Sun et al., 1999). An exfoliated morphology  

with almost complete dispersion of the silicate layers was observed. The exfoliated 

nanocomposite exhibits higher crystallization temperature and faster crystallization rate 

resulted from the heterogeneous nucleating effect due to the nano-scale dispersed silicate 

layers. The effect became less evident when the MMT loading was increased. Due to the 

formation of nanocomposites, small amounts of clay acts as effective reinforcing filler to 
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enhance the mechanical properties of PHB, such as tensile strength and Young’s modulus. 

The novel effect of addition of weight load % of nanoclay for the formation of nanocomposite 

will benefit to the processing and commercial applications of microbial poly(3-

hydroxyalkanoate) (Cheng et al., 2014).   

 

Blending of PHB is carried out for improving its physical properties. Cheng and his co-

workers, worked on the physical and mechanical properties of polyhydroxybutyrate/clay 

nanocomposite membranes. They investigated that montmorrillonite (MMT) type of nanoclay 

organically modified with 12-aminolauric acid and further blended with PHB for the 

preparation of nanocomposites. The scientists observed that PHB/clay nanocomposites with 1 

wt% loading show a great effect on the crystallization behavior of PHB.  

 

2.17.4.3: PHB blend with MMT modified by octadecylamine (C18 MMT) 

Nanocomposites were prepared by various loading wt% of organically modified MMT with 

octadecylamine (C18MMT), which were uniformly dispersed in polymeric system i.e. PHB by 

melt intercalation method. Achieving improved thermal properties was the main aim of the 

current studies. Morphological characterization of the composites was conducted by x-ray 

diffraction analysis (XRD). The effect of clay content on the thermal properties of the 

material was studied by differential scanning calorimetry (DSC) and thermogravimetric 

analysis (TGA) (Zuburtikudis et al., 2008). 

 

The structure of the nanocomposite materials was investigated by XRD using a Rich. Seifert 

3003 TT diffractometer and Ni-filtered CuKα radiation (λ=0.154 nm) (Marras et al., 2007). 

The scanning range was varied from 2θ=2
o 

to 10
o
. Basal spacing (natural polymer)=1.2 nm, 

Basal spacing (C18MMT)=2 nm. Thermal Gravimetric Analysis measures the melting 

behavior of pure and nanocomposite PHB. TGA data for pure PHB and its hybrids, was taken 

in a N2 atmosphere and in the temperature range of 150
o
C, (where the samples are considered 

to be free of humidity), to 750
o
C. With a heating rate of 10

o
C/min, PHB volatilizes 

completely in a single step beginning at about 220
o
C (Zanetti et al., 2001). The introduction 

of organophilic inorganic material significantly improves the thermal stability of the polymer 

raising the temperature of decomposition initiation. The degradation properties of the polymer 

clay nanocomposites were also investigated under oxidative atmosphere and isothermal 

conditions (190
o
C). The organoclay addition significantly delays the polymer mass loss. The 
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incorporation of 10wt% of OMMT into the polymer system, enhanced its weight loss time % 

five times more as compared to neat polymer film as observed by Zuburtikudis et al., 2008. 

 

The nanocomposites displayed improved thermal stability compared to pristine polymer. The 

dispersed inorganic platelets assist the formation of a protective layer on the surface of the 

polymer, which acts as an insulator and a mass transport barrier retarding the decomposition 

rate of the polymer matrix. 

 

Marras et al., 2007 demonstrated the modification of sodium montmorillonite (NaMMT) 

through the insertion of amphiphilic hexadecylammonium cations into the clay’s interlayer 

galleries. The researchers concluded that the important aspects for incorporation of the 

organomodified MMT particles into different media for various applications such as polymer 

nanocomposite preparation. From these studies scientists confirmed about the implications of 

the alkylammonium surfactant concentration in the modification process of NaMMT which 

influences significantly preparation of polymer nanocomposites. 

 

2.17.4.4. PHB blend with PCL/ stearate Mg-Al LDH 

Liau et al., 2014 observed that XRD shows the increasing of basal spacing from 8.66 to 

32.97
o
A in modified stearate Mg-Al LDH, and TEM results revealed that the stearate Mg-Al 

LDH layers were homogeneously distributed in the PHB/PCL polymer blends matrix.  

Scanning electron microscopy (SEM) proved that clay improves compatibility between 

polymer matrix and the best ratio 80PHB/20PCL/1stearate. Mg-Al LDH surface was well 

dispersed and stretched before it breaks gradually which increases the flexibility and 

compatibility of nanocomposites. The presence of 1wt% of stearate Mg-Al LDH content 

shows higher interlayer spacing and production of intercalated nanocomposites by addition of 

high filler content. The Mechanical analysis show that an 80PHB/20PCL/1stearate Mg-Al 

LDH nanocomposite was drastically enhanced by about 66% and 300% for its tensile strength 

and elongation at break  (Liau et al., 2014).  
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Figure 2.15: Scanning electron micrographs (SEM) of (a) 80: 20 Polyhydroxybutyrate: 

Polycaprolactone blend and Polyhydroxybutyrate: Polycaprolactone: stearate Mg-Al LDH 

nanocomposites with 0.25%, 0.5%, 1%, 1.5% and 2 wt%  stearate Mg-Al LDH content (Liau 

et al., 2014) 

 

2.17.4.5: PHB/Carbon nanotubes 

The most effective way for improving the properties of PHB has been developed by the 

addition of carbon nanotubes (CNT). Addition of carbon nanotubes even at low loading rate 

wt% significantly improves the thermal and mechanical properties of the PHB reported by 

Maiti et al., 2007; Xu and Qiu, 2009. The work by Xu and Qiu, 2009 was focused on the 

analysis of the dynamic crystallization and melting behaviour of PHB nanocomposites 

containing small amounts of environmentally friendly IF (fullerene) like nanoparticles 

including layered metal dichalcogenides such as WS2 and MoS2 with unique physical and 

chemical properties. In DSC analysis, neat PHB shows a Tcc (Crystallization temperature) 

around 80ºC; however, with blending Tcc shift to around 94, 105 and 104ºC for PHB/IF-WS2 

(0.1 wt%), PHB/IF-WS2 (0.5 wt%) and PHB/IF-WS2 (1 wt%), respectively. The results 

indicate that IF-WS2 act as highly nucleating agents for PHB crystallization. Complementary 

information on the nucleating effect of IF-WS2 was also investigated through the melting 

behavior of the PHB/IF-WS2 nanocomposites, for samples previously crystallized at various 

cooling rates. Two melting endothermic peaks (Tm1 and Tm2) are observed for both neat 

PHB and the PHB/IF-WS2 (1 wt%) nanocomposites by Xu and Qiu, 2009. Variation in the 
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shape of two melting endotherms was found due to increase in cooling rate. The magnitude of 

Tm2 in area relative to that of Tm1 became larger with increasing cooling rate, indicating that 

the re-crystallization of PHB was enhanced with increasing cooling rate. Under the same 

condition, Tm2 does not appear so obvious in the nanocomposite than in neat PHB, indicating 

that the presence of IF-WS2 may hinder the re-crystallization of PHB in the nanocomposites 

compared with that of the neat PHB. The restricted re-crystallization of PHB in the 

nanocomposites may be explained by the strong heterogeneous nucleation role that IF-WS2 

plays in enhancing the crystallization rate of PHB. As compared to neat PHB, crystals of 

nanocomposites were more perfect and stable as observed by Naffakh et al., 2011. 

                     

 2.17.4.6: PHB/ starch blend 

Investigations on the thermal behavior and structural morphology of PHB with starch acetate 

(SA) blends were carried out by Zhang et al., 1997.  Derivatives of cellulose and starch were 

naturally derived biodegradable polymers. The thermal behavior and surface morphology of 

PHB/starch acetate blends were studied by various sophisticated techniques have been already 

discussed in many part of literature. The sodium acetate component does not affect the glass 

transition temperature of the blended composite and remain same at 9
o
C, similar to that of 

virgin PHB. Small depression areas were seen when the content of sodium acetate increased 

in the PHB blend, which shows a little increase in the value of melting temperature, when 

compared with pure PHB. 

 

The FTIR spectra shows peak at 3470 cm
-1 

corresponds to the hydroxyl groups of sodium 

acetate and another peak at 1724 cm
-1 

correspond to the carbonyl groups were observed in the 

blended films. The addition of sodium acetate affects the crystallization nature of PHB both 

from melting to cooling and from glassy state on heating. The pure PHB has higher 

temperature and enthalpy of non-isothermal crystallization, when compared with blended 

nanocomposites. The peaks of cold crystallization of polyhydroxybutyrate in the blends were 

shifted to higher temperature as compared to virgin PHB.  

 

 



 

 

 

Figure 2.16: Differential Scanning Calorimetry results on heating run after rapid cooling 

(Run I) and (Run III) (Zhang et al.,

Tg = glass transition temperature, T

temperature, ΔHf = apparent melting enthalpy 
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Differential Scanning Calorimetry results on heating run after rapid cooling 

et al., 1997) 

= glass transition temperature, Tcc = temperatures of cold crystallization, T

= apparent melting enthalpy  

): Temperature and enthalpy of non-isothermal crystallization and 

-1
 (Zhang et al., 1997) 
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Tc: Temperature of crystallization; ΔHc PHB(Jg
-1

) 

ΔHc: enthalpy of crystallization; ΔT: supercooling temperature (Zhang et al., 1997) 

 

 

Figure 2.18: Scanning electron micrographs of the blend (a) PHB: SA 80:20; (b) PHB:SA 40: 

60 (Zhang et al., 1997) 

2.17.4.7: Blends of poly[(R)-3-hydroxybutyrate] with poly(g-benzyl-L-glutamate) 

Recently work have begun on exploration of a new blend family of PHB with poly (amino-

acid)s or their derivatives because of their attractive potentials as biomaterials. The 

combination of tough PBLG with high-crystalline PHB may produce PBLG-based blends 

with good mechanical properties. In the present work, our investigation mainly focused on the 

miscibility, thermal behaviour, morphology and mechanical properties of PHB/PBLG blends. 

The mechanical properties of the blends have been well correlated, in particular with regard to 

blend morphology (Deng et al., 2001). The DSC curves of the melt-quenched samples (run 

IV), except for pure PBLG, shows a single distinct glass transition and a cold-crystallization 

peak during the heating run from -30
o
C to 100

o
C. No glass transition is observed for pure 

PBLG under the present experimental conditions. 
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Deng et al., 2001 investigated work on the miscibility, thermal behavior, morphology and 

mechanical properties of poly [(R)-3-hydroxybutyrate] (PHB) with poly(g-benzyl-L-

glutamate) (PBLG) by means of differential scanning colorimetry (DSC), scanning electron 

microscopy (SEM) and tensile tests.  

 

Figure 2.19: Scanning electron micrographs (SEM) of blend films after tetrahydrofuran 

etching: (a) PHB: PBLG (80:20); (b) PHB:PBLG (60:40); (c), (d) PHB:PBLG (40:60). (Deng 

et al., 2001) 

 

The mechanical properties varied considerably with blend composition. Compared with pure 

components, the PHB/PBLG (20/80) blend shows a certain improvement in mechanical 

properties. The composition-independent Tg definitely showed the immiscibility of 

PHB/PBLG blends in the molten state over their whole composition range. Such 

immiscibility also exists in the amorphous state due to a constant Tm together with a clear two 

phase separated structure revealed by SEM observation. The current blending patterns 

produced show improved properties over pure PHB. Naffakh et al., 2011 investigated their 

work on the PHB nanocomposite and analyzed the composite, crystallization and melting 

behaviour by time resolved synchrotron X-ray diffraction.  

 



 

 

Figure 2.20: Data from heating curves of PHB/PBLG melt

 Tg= Glass transition temperature; T

increment (Deng et al., 2001).

 

Figure 2.21: Mechanical Properties of PHB/PBLG blends (Deng 

 The mechanical properties of the blends depend markedly on composition. The PHB

blends show poor mechanical properties. However, for the PHB/PBLG (20/80) blend, where 

PBLG replaces PHB as the matrix phase, im

compared to either of the individual components.

 

SEM analysis shows the morphology of 
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Data from heating curves of PHB/PBLG melt-quenched samples

= Glass transition temperature; Tcc= Cold-crystallization temperature ; Δ

2001). 

Mechanical Properties of PHB/PBLG blends (Deng et al.,

The mechanical properties of the blends depend markedly on composition. The PHB

blends show poor mechanical properties. However, for the PHB/PBLG (20/80) blend, where 

PBLG replaces PHB as the matrix phase, improved mechanical properties were

compared to either of the individual components. 

the morphology of the PHB/PBLG blend and concludes

(80/20) and PBLG (60/40) blends possess a microphase separated structure, in which PBLG 

acts as the dispersed phase of the diameter below 0.01mm. However, in the case of the 
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et al., 2001). 

The mechanical properties of the blends depend markedly on composition. The PHB-based 
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inversion. The size of the dispersed phase of this blend was as large as 1mm in diameter, 

characteristic of a macro-phase separated structure. For the PHB/PBLG (20/80) blend, the 

micro-phase separated structure appears again with the diameter of the dispersed phase also 

being below 0.01mm. 

 

2.17.4.8: PHB blend with epoxy rubber 

In this work the scientists investigated about the chemical modification of pristine 

montmorillonite with an alkyl-titanate complex. The hydroxyl functionality on the surface of 

the clay platelet was substituted by alkyl-titanate group from the titanate modifier making the 

surface organophilic. These titanate coupling agents form chemical bonds between inorganic 

and organic species via proton coordination and form an atomic layer on the surface of the 

clay by chemical modification (Monte, 2002; Parulekar and Mohanty, 2005). This large alkyl 

group also increases the inter-clay spacing and hence can facilitate intercalation and 

exfoliation. 

 

Various toughening mechanisms for PHB were employed in the current work. The optimal 

toughening was achieved by the incorporation of various organo-modified clays and 

functionalized elastomeric components into the PHB matrix. The compatibilizer was also 

investigated to improve the interfacial adhesion between the incompatible elastomer and 

plastic phases. Different blends of PHB were prepared i.e. PHB+Rubber, 

PHB+Rubber+Comatibilizer, PHB+Rubber+Compatibilizer+Cloisite 30B, PHB+Rubber+Co

mpatibilizer+Modified Clay and TPO+Clay, where TPO and PHB acted as control. Various 

techniques have been used to analyze the morphology and toughening of the blends (Duncan, 

2003).  

 

Izod notched impact (impact strength) properties of the materials were measured on an Izod 

impact tester (TMI model 43-02,TMI,NY) as per ASTM D256 for notched Izod impact 

testing with a 5lb-f pendulum. The studies revealed that the Semi-crystalline polymer and 

natural rubber form an immiscible blend, rubber used in the experiment was of high purity 

and hence its viscosity values were a magnitude of 50 higher than that of PHB. The blending 

of rubber with the PHB should be continuous, which could not be possible because of high 

viscous property of rubber. Thus, compatibilizer having Maleated polybutadiene with reactive 

maleic anhydride group should be added with the blend which improves its properties and 
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provides high impact strength and toughness. The toughening reduces the modulus which was 

regained to the permissible extent by the addition of novel nanoclays i.e. addition of ENR and 

MMT. Elemental analysis and contact angel measurements validated the successful 

modification of pristine montmorillonite clay using titanate coupling agent as calculated by 

X-ray diffraction analysis (XRD) (Sherwood, 1990). The modulus of the toughened PHB 

reduced to 0.7 GPa from 1.6 GPa of virgin PHB because of the impact modulus. The titanate-

modified clay nanocomposite regained the modulus to 0.9GPa (Duncan, 2003). This 

improvement in modulus from the toughened PHB gives a material with the required stiffness 

for structural applications as well as retains the impact strength. Nanocomposite with this 

modified clay shows more than 400% improvement in impact properties and around 40% 

reduction in modulus in comparison with virgin PHB. The TEM micrograph of the titanate-

modified clay shows morphology of the clay platelets. Clusters of platelets have been 

observed that suggest incomplete exfoliation. Further processing and material optimization 

studies are in progress to find more improved performance of these developed toughened 

PHB based nanocomposites (Duncan, 2003). 

 

 

Figure 2.22: ESEM micrographs of fracture surfaces of pure PHB and its toughened blends. 

A)  

 

Pure PHB (scale bar: 50μm), B) PHB:40% ENR (scale bar: 100μm), C) PHB:10% MR: 30%  

ENR (scale bar: 100μm) (Parulekar and Mohanty, 2005) 

 

2.17.4.9: PHB/Hydroxyapatite blends 

Fabrication technology was used to prepare the composites of porous hydroxyapatite and 

polyhydroxybutyrate (HA-PHB).  In this method, centrifugation was done to infilterate PHB 

micro-/nano-particles inside rigid HA scaffolds which were followed by heating at 175°C so 
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that the PHB melts into appropriate sized scaffolds. Pielichowska and Blazewicz, 2010; Porter 

et al., 2011 investigated that hydroxyapatite scaffolds were obtained by heating trabecular 

bovine femur bone at 1350°C to remove the organic content and sinter the HA. 

 

Microbial fermentation technology was utilized for the recovery of PHB granules. 

Investigations were carried out on mechanical properties, HA:PHB ratios, surface adhesion 

and porosity were compared with neat hydroxyapatite scaffolds. The porosity percentage was 

observed to be ~54% in case of filled composites and ~67% in case coated composites. 

Addition of PHB slightly increases the strength of all the hydroxyapatite and 

polyhydroxybutyrate blends. The incorporation of PHB in filled composites does not show 

any stiffness, whereas the coated composites show an increased in the stiffness as compared 

to HA scaffolds. It increased from the range of ~35 MPa to ~105 MPa. Strong intermolecular 

interactions between hydroxyapaptite and polyhydroxybutyrate lead to an improvement in the 

stiffness of coated composites. Shishatskaya et al., in 2006 observed that filled composites 

shows very little inter-constituent adhesion 

 

In this paper, Medvecky in 2012 studied the preparation, microstructure, and properties of the 

polyhydroxybutyrate-chitosan-hydroxyapatite composite scaffolds using the polymer 

precipitation by mutual polymer solution mixing. This preparation process allows the 

fabrication of above composite scaffolds without applying the toxic fluorinated co-solvent, 

whereas the propylenecarbonate and acetic acid were used as polyhydroxybutyrate (PHB) and 

chitosan (CHT) biopolymer solvents. The researchers aim was to prepare relatively soft 

biocomposite material, which could be simply tamable to required shape. 

 

The composite with PHB : CHT = 3 : 1 had more compact microstructure, where a very small 

fraction of large 100 μm pores and the high amount of irregular pores with dimension <10 μm 

can be observed. Despite increased amount of the large spherical-shaped pores with chitosan 

content in composites, the high amount of pores with average size of 10-20 μm were found in 

microstructures. From the analysis of micrographs result it could be concluded that the 

microstructures of all samples are very porous and the micropores with dimensions less than 

1 μm are clearly visible too. The thermal decomposition of both biopolymers in composites 

was strongly affected by the addition of nanohydroxyapatite. The PHB thermal decomposition 

in PHB-HAP composite was shifted about 70°C to lower temperature in comparison with 
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pure PHB. Chen and Wang, 2002 shows approximately 20°C depression in the degradation 

temperature after 30 wt% addition of HAP to polyhydroxybutyrate-co-valerate biopolymer 

(composite was prepared by compression moulding). 

The results of the current experimental work can be summarized in following points. 

1. Observation of high porous microstructure in composite scaffolds and the 

macroporosity of scaffolds rose with the chitosan content in composites. 

2. Rise in amount of the amorphous PHB component was found after chitosan addition 

to the PHB-HAP mixture. 

3. Reductions in both the melting and thermal degradation temperatures of PHB and 

chitosan biopolymers in composites were noted, which confirms mutual interaction 

between polymers and the decrease of PHB lamellar thickness. 

4. Biopolymers were homogeneously distributed in composite scaffold microstructures. 

5. Compressive strengths of macroporous PHB-CHT-HAP scaffolds were approximately 

2.5 MPa. 

6. High nanohydroxyapatite loading of biopolymer matrix was achieved; which 

preserves the appropriate in-vitro apatite-ability forming of composites. 

7. Composite scaffolds were prepared without applying of the high toxic fluorinated co-

solvents. 

With the analysis and review of all data available it can be concluded well that PHB is an 

important biopolymer and can be used in numerous types of applications. The hinges stopping 

the widespread use of this polymer are its cost and improvement required in the physical and 

mechanical properties. The economical production of PHB can be carried out by utilizing 

various strategies of optimization and production enhancement through mutagenesis 

approaches. On the contrary the enhancement in physical and mechanical properties can be 

carried out by blending approaches. Nanoclay based nanoparticles can prove to be of 

immense importance in enhancement of the physical and mechanical properties of the 

material. Use of PHB polymeric material in tissue engineering and scaffold preparation owing 

to its high level of biocompatibility makes it the most sought after material in the advance 

field of material and polymer science.    
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2.18: The Gap associated with the present proposal 

1. PHB analysis from individual isolated bacteria has been done earlier. But no 

comparative analysis has been performed for the PHB production. 

2. PHB production from halophilic bacteria of Sambhar Lake Rajasthan has never been 

explored. The proposed work involves the investigation of PHB production from 

isolates of Sambhar Lake. 

3. Mutagenic investigations have been sparingly carried out for PHB production. The 

current work involves novel approach for carrying out mutagenic experiments on the 

isolated strains for PHB production and modifying their capability. The investigations 

will also involve mutagenesis of known PHB producers (procured from microbial cell 

banks) and comparative analysis between mutated and non mutated strains.   

4. Investigations regarding improvement in physical properties of PHB will be carried 

out through blending. Blending with nanoclays, can improve the property of PHB at 

enhanced levels. Blending experiments will be carried out with compounds that have 

never been used by other workers earlier. The main objective of the approach is to 

develop an improved biomaterial which will be a product of green technology, a 

biodegradable material which will be a substitute of the commercially used synthetic 

plastics. 
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Synthetic manufactured plastics mainly polyethylene and other related classes are utilized as 

industry material, in day to day commodity uses etc. There anthropogenic use is increasing 

every passing day and after the passage of their life cycle, they end up as large garbage 

material. In countries like India where the management of waste material is already quite 

tedious with large population outputs, plastic waste material management becomes a 

nightmare. This causes accumulation of plastic waste material as large dump yards at most of 

the places; choking water bodies, rivers, canals, lakes, ponds etc.  The degradation time 

counted for this kind of polluting material is more than 1000 years which worsens the 

condition more. This condition is causing the focus of peoples on demand for material which 

is having properties almost similar to plastic but having self biodegradation capability. The 

closest materials that appear with all such parameters are the bioplastics. Among all 

bioplastics, Poly-hydroxybutyrate and its related classes are the strongest contenders; they are 

supposed to be very innovative molecules that could be used for the purpose and in place of 

chemically manufactured plastic. These PHB molecules can be isolated from variety of 

bacteria and halophiles. They can be used as such or can be modified for the enhancement of 

their properties. The modification process involves blending of PHB material with variety of 

resins and different clay material to control their rigidity, tensile strength and degradation 

time for suiting across the needs of various sectors. With all these modification this future 

material can very well be used in place of Polyethylene based plastic with their degradation 

time already defined. With degradation time defined and inherent basic biocompatible nature 

of PHB material, it could also be used for exclusive biomedical applications such as bone 

tissue engineering, manufacture of scaffold material for production of artificial organs, 

sutures etc. The basic difficulty in achieving this task is expensive production of PHB 

material. There could be certain strategies employed for economical production of PHB 

material, such as through increased production by mutagenesis and with well formulated 

strategy for optimization of production of PHB with variation in basic ingredients of growth 

such as carbon and nitrogen sources and their concentration.  
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The current strategy has been followed in this thesis work and proves that definitely the 

production level of PHB in bacteria can be enhanced by these strategies. The mixing of PHB 

with various nanoclay materials has also been worked out here. Organically modified 

nanoclay material provides better filling and mixing with PHB matrix material. Mixing with 

nanoclay material increases the mechanical and physical property of the PHB material. The 

output of the blending experiments with nanoclay material justifies the hypothesis. These 

materials have enhanced medical application as carrier molecules for drug delivery, scaffold 

development for tissue engineering and numerous other fields.  
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The objectives undertaken to accomplish the proposed work were: 

• Isolation and screening of PHB producing strains from agriculture and saline 

environment. 

• Strain improvement protocols for isolated strains and standard strains of PHB 

production through mutagenesis. 

• Optimization of media and large scale fermenter production of bacterial extracted 

PHB from improved strains and its characterization for quality. 

• Exploration of pure form of PHB for production of nanocomposite biomaterial 

through mixing methods and its characterization through various nanomaterial 

characterization techniques. 
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5.1: Chemicals 

All the chemicals and microbiological media were procured from Loba Chem, Moly Chem 

and Himedia. The nanoclays utilized for work were procured from Sigma Aldrich, USA. The 

PHB utilized in nanocomposites preparation were procured from Good fellow UK.  

 

5.2: Isolation and screening of PHB producing strains from agriculture and saline 

environmental sites was the first objective of the work and was accomplished through 

following experimental procedures 

Soil samples were chosen as the basic environmental entities for screening and isolation of 

PHB producing microorganisms. Soil of natural environment are subjected to stress due to 

varying climatic conditions hence have higher chances of inducing stress and causing 

variation in physiology of bacteria for production of PHB. Induction of PHB production 

occurs under stressed conditions.  

 

Dry agricultural sites and saline lake soil sites were chosen for sample collection as they pose 

considerable physiological stress to bacteria thriving at these sites. Hence chances for 

presence of PHB producing bacteria are quite high at these sites. Details of geographical sites 

of sample collection are given under. 

 

5.3: Collection of Soil samples from different geographical areas 

Soil samples were collected for screening and isolation of PHB producing bacterial strains 

from two types of environment sites. 

(i) Agriculture soil sites: Various agriculture sites were selected for isolation, 

screening, of PHB producing microorganisms. 

Sites selected were from different geographical regions of Punjab 

(a) Faridkot District Agriculture sites (Malwa Region of Punjab) 30.6°N 74.7°E 

(b) Amritsar District Agriculture sites (Majha Region of Punjab) 31.58°N 74.98°E 

(c) Kapurthala District Agriculture sites (Doaba Region of Punjab) 31.37°N 75.38°E 
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(ii) Saline soil sites: Sites surrounding various Saline lakes were considered for 

isolation, screening of PHB producing Halophilic microorganisms. 

(a) Sambhar lake (96 km south west of the city of Jaipur, Rajasthan) 26.96°N 

75.08°E 

(b) Pichola lake (Udaipur, Rajasthan) 24.57°N 73.67°E 

 

5.4: Collection Method 

Standard Sample collection protocols were followed (APHA, 2008). Soil Samples were 

collected under sterile conditions and transferred to laboratory in ice at 4
o
C (Kalaivani and 

Sukumaran, 2013; Sankara and Babu, 2013). The soil samples were collected in new sterile 

polybags, sterile new gloves and fresh sterile labwares were used in each sample collection 

site. Each sample was minimum of 100 gm. Surface soils (0-5 cm) were taken from 

representative areas of various sites. Recently soiled surfaces and areas were not considered. 

Extraneous matters such as rock particles, plant parts roots and other such debris etc were not 

collected with the samples. The collected samples were properly sealed in the polybags, and 

transferred to laboratory on ice.    

 

5.4.1: Processing of soil samples 

Soil samples collected were divided in two parts  

1. Part one was used for soil sample Physio-chemical analysis. 

           2.       Part two was used for Microbiological analysis. 

     

5.5: Soil sample Physio-chemical analysis 

Physio-chemical analysis was carried out from Punjab Agriculture University (Soil Testing 

Laboratory) in order to know the pH and electrical conductivity of the samples. 

 

5.5.1: Measurement of Soil pH 

The soil samples collected from different sites were filtered through the sieve (6.3mm) to 

remove the particles greater than 6.3 mm. Take 30 grams of soil into a glass beaker and add 

equal amount of distilled water to it. Proper stirring was required to obtain the slurry and was 

covered properly. Sample was stirred after every 10-15 minutes and allowed to stand for 1 

hour, which helps in the stabilization of slurry pH and temperature. The pH meter controller 

was maintained at the temperature of soil slurry, prior to testing. pH meter electrode was 
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standardized with the standard buffer solution i.e. phosphate buffer having pH 7. Sample was 

stirred with a glass rod before immersing the pH electrode. The glass electrode required only 

30 seconds immersion into the soil slurry before it get stabilized. The stabilization of the 

electrode signaled positively. The pH value was read and recorded. pH electrode was rinsed 

with distilled water and then dab with tissue to remove the particle or film formed on the 

electrode (Geotechnical Engineering Bureau, 2007). 

 

5.5.2: Measurement of Soil Electrical Conductivity 

The electrical conductivity of the soil sample was measured with the help of electrical 

conductivity meter. The meter was calibrated with the help of dry potassium chloride solution 

(dissolved 0.7456 gm of dry potassium chloride in 1 litre of distilled water at temperature 

25
o
C). The electrical conductivity of this solution is 1.41 mS/cm. The experiment was carried 

out by dissolving 20 gm of soil with 40 ml of distilled water in 250 ml of conical flask in a 

ratio 1:2. Soil slurry solution was prepared and allowed to stand for a time lag of 1 hour. 

 

Conductivity of the supernatant was measured after calibrating the electrode with the solution 

of potassium chloride (APHA, 2006). 

 

5.6: Preparation and Composition of different growth medium 

Nutrient agar and DSC-97 were prepared with different salt concentration in order to optimize 

the culture condition for the growth of bacterial isolates (Trigui et al., 2011). Nutrient Agar 

media was utilized mainly for culture of agricultural isolates with 1, 2, 3 M NaCl salt 

concentration and pH 7.2. DSC-97 is a specialized media reported for culture of halophilic 

bacterial isolates. DSC-97 was used with 1, 2, 3 M NaCl salt concentration and pH of 7.4 for 

culture of halophilic isolates. Slightly alkaline pH favours the growth of halophile bacteria. 

Isolation was carried out in varying salt concentration. Isolates growing better in specific 

molarity of salt were further grown in that molarity only. The composition of different 

medium is as follow: 
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A): Composition of Nutrient Broth (NB) 

Constituents     Quantity in g/L 

Beef Extract 10 

Peptone 10 

NaCl at different molar concentration 

Distilled water 1.0L 

pH 7.2 

 

B): Composition of DSC-97 

Constituents Quantity in g/L 

Casamino acids 7.5 

Yeast extract 10.0 

Trisodium citrate 3.0 

KCl 2.0 

MgO4.4H2O 20.0 

FeCl2 0.023 

NaCl at different molar concentration 

Distilled Water 1.0L 

pH 7.4  (± 0.2) 

 

5.7: Isolation of Microbial cultures 

Soil samples from diverse environmental habitats were utilized for the isolation of pure 

microbial strains. Serial dilution agar plating method or plate count through viability method 

is the most common method utilized for isolation and further culturing of soil microorganisms 

(Aneja et al., 1996). Selective medium (Nutrient Agar and DSC-97 with varying salt 

concentration) were utilized for the isolation of sample specific isolates. Temperature was 

maintained at 37
o
C. 

 

After appearance of visual colonies, streaking was carried out for the isolation of pure 

colonies. Selection of isolates was based on the shape, colour and morphological distinctions 

(Aneja, 2003). 
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5.7.1: Serial dilution agar plating method or Viable plate count method     

In this method, a known amount (10 gm) of the samples was suspended and mixed in known 

volume (90 ml) of sterile saline (0.85% NaCl in Double distilled water) so a microbial 

suspension of 100 ml total volume is prepared. Further Serial dilutions at continuous range of 

10
-2

, 10
-3

,…..,10
-7

 were prepared by adding volumes (usually 1 ml or 10 ml) into dilution 

blanks (having 99 ml or 90 ml sterile saline). Finally 1 ml solution from different dilutions 

(triplicate for each dilutions) were added to sterile Petri dishes (containing sterile 15ml of 

nutrient agar medium for agriculture isolates and selective medium DSC- 97, for halophile 

population). The plates were inoculated to have an even spreading and sterile glass rod 

spreader was used to equally spread the sample aliquot over the plate. Upon drying of the 

aliquot, the plates were incubated, in an inverted position for 3-7 days at 37°C (Aneja, 2003).  

5.7.1(i): Requirements 

Soil sample  

Molten and cooled media  

90 ml (7-8) sterile saline solution blanks. 

Sterile petri dishes (36) 

Sterile syringe with needle 

Sterile 10ml pipettes and micropipettes 

Colony counter 

Bunsen burner /Spirit lamp 

Marker pen. 

Autoclave bag 

500 ml conical flasks 

Glass Rod 

L Shaped glass spreader 

 

5.7.1(ii): Observation  

After incubation period the plates were observed carefully for the growth of bacterial 

colonies. As the dilution plates are replicates of each other; the average of triplicate microbial 

count is taken. Results were recorded carefully in the chart or data book for further use. The 

plates were stored for further purification of the bacterial strains. 
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5.8. Purification of Isolated bacterial colonies by Sub-culturing (or picking off) technique 

After incubation has been completed in serial dilution or spread plate method and appearance of 

discrete, well separated colonies has been examined, the next step was sub-culturing. Some of 

the cells from one of the colonies were streaked in zig-zag manner to separate nutrient agar 

plates with predetermined salt concentration (1-3 M), DSC-97 plates with predetermined salt 

concentration (1-3 M) with a sterilized loop for further examination and use. These new 

individual cultures demonstrate the growth of a single species and were called a pure or stock 

culture (Aneja, 2003).                   

5.8.1: Requirements 

Petri plates with bacterial cultures grown in serial dilution technique after incubation period. 

Nutrient agar slants and nutrient agar plates, DSC-97 media 

Inoculating loops 

Permanent marking pen 

Microscope 

5.8.1(i): Procedure 

1. The nutrient agar slants and agar plates were labeled with separate markings for 

identification. 

2. The inoculating loop was sterilized by immersing in the hottest portion of the burner flame. 

3. The loop was flamed until it is red hot and further cooled for few seconds.  

4. After cooling tip of the loop was touched with the surface of a selected discrete colony on 

the agar culture plate. 

5. The fresh petri plates with required media were inoculated by lifting the lid of the agar 

plate at 45°C; streaking through parallel lines in the center of the plate over the hardened agar 

surface by the loop with culture and finally recapping them.  

6. The agar slants were inoculated by removing the plug of agar slants, grasping the plug with 

little finger of the left hand and passing the neck of the tube rapidly over Bunsen burner 

flame. The loop with culture was inserted into the slant and was drawn lightly over the 

hardened agar surface in a zig-zag motion and the tube was closed.     

7. The inoculating loop/needle was flamed again for destroying existing organism. 

8. The cultures (in slants/petri plates) were subjected to incubated at 37°C for 48-72 hours. 
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5.8.1(ii): Observations 

After incubation, the slants or plates were observed for the appearance of pure colonies. The 

slants and the plates having uniform and uncontaminated growth were stored for further 

usage.  

 

5.9: Culture of Pure strains 

Pure strains known for high production capacity for PHB were procured from MTCC 

Chandigarh. These strains were maintained on nutrient agar plates. The strains collected were 

mainly representative of high end producers of PHB:    

 

(a) Bacillus megaterium MTCC 453  

(b) Pseudomonas oleoverans MTCC617 

                                              

5.10: Screening method for PHB producing bacteria 

Isolated bacterial strains were further screened by Sudan Black B staining method (Krithika et 

al., 2011; Flora et al., 2010; Juan et al., 1998; Collee et al., 1989). Sudan black stain was used 

to show microbial intracellular lipid (Collee et al., 1989). In the resultant visualization the 

bacterial cytoplasm stains light pink, while lipid inclusion granules appear blue- black stained. 

The bacterial smear was prepared on the glass slide and heat fixed. The stock solution was 

prepared by dissolving 0.3 g of sudan black in 100 ml of 60% ethanol solution and was 

filtered by syringe filter. Dropper was used to pour the solution drop-wise on the bacterial 

smear. A time lag of 15 min was given and then washing was done by distilled water. Further, 

0.5% solution of safranin dye as a counter-stain was added for 30 seconds. Slide was dried 

under room temperature and further observed under camera microscope at 100X 

magnification (Magnus Microscope) (Singh and Parmar, 2011; Murray et al., 1994). The 

selected bacterial isolates, showing positive test for PHB production were further treated for 

strain improvement and optimization for large scale PHB production. 
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5.11: Strain improvement protocols for isolated strains and standard strains of PHB 

production through mutagenesis was the second objective and was achieved through 

following experimental procedures 

 

5.11.1: Quantitative analysis of PHB production from strains isolated in first objective 

through biphasic induction of PHB production:   

Standard method devised for the PHB production involves 2 steps: 

The first stage consists of the task of achieving high cell biomass and cell number. The 

second stage involves limiting the nutrient condition with excess of carbon source and 

limiting nitrogen source, which favors the high production of poly hydroxy butyrate and 

storage of PHB granules in the bacterial cell. So, the exact stage of maximum PHB 

production was achieved by introducing biphasic growth condition with excess carbon source 

exactly at that point where the cell biomass was maximum and the phase was known as 

stationary phase (Madison and Huisman, 1999; Saharan et al., 2012). Individual pure bacterial 

isolates were grown in 100 ml of respective medium (Nutrient broth 1 & 2 M salt 

concentration DSC-97; 1, 2 and 3 M salt concentration) with predetermined salt concentration 

in which they were isolated and show best growth at 37
o
C. These salt concentrations were 

determined earlier during purification stages of bacteria. The point of maximum cell biomass 

was ascertained by observing the growth curve of each bacterial strain with the help of 

spectrophotometer at O.D. 600 nm. For agricultural soil isolates, maximum cell mass was 

obtained at time period of 48-72 hrs, where as the stationary phase or maximum growth in 

case of Salty lake isolates was achieved in a period of  96-120hrs. The induction for PHB 

production was accomplished utilizing biphasic growth condition. The bacterial cell biomass 

was centrifuged at 8000 rpm for 15 minutes and the pellet was washed with mineral salt 

medium. Pellet was further suspended in 100 ml of mineral salt medium and incubated at 37
 

o
C. Mineral medium composition was KH2PO4, 1.5 g; Na2HPO4. 12H2O, 9 g; MgO4. 7H2O, 

0.2 g; CaCl2. 2H2O, 0.01 g; citric acid, 0.1 g; and trace element solution, 1 ml pH 7.2 for 

ariculture isolate and 7.4 for halophiles. Trace element solution contains (per liter): FeSO4. 

7H2O, 20 g; H3BO4, 0.3 g; CoCl2. 6H2O, 0.2 g; ZnSO4. 7H2O, 0.03 g; MnCl2. 4H2O, 0.03 g; 

pH 7.0) (NH4)6Mo7O24 . 4H2O,0.03 g; NiSO4. 7H2O, 0.03 g; and CuSO4. 5H2O, 0.01 g 

(Adwitiya et al., 2009; Mercan et al., 2002; Wang and Lee, 1997). This mineral salt medium 

was supplemented with 2% glucose as sole carbon source inducing excess carbon condition 

for high PHB production. After 30 hrs of growth the bacterial cells were harvested through 



 

 

 

centrifugation and extraction of PHB was carried out

2013).   

 

5.11.2: PHB production and extr

extraction protocol   

PHB production for quantification from microbial strains was 

flasks. Extraction of PHB was performed by 

of the culture centrifugation 

minutes. Supernatant was discarded and pellet was 

ethanol. These pellets were dried at 37

weight in g/L (cdw). Digestion of

for 1-2 hours. Boiling chloroform 

get completely dissolved in the chloroform and settl

solution was separated from sodium hypochlorite mixture 

overnight at room temperature to obtain crystals of PHB.

1995). The percentage of PHB was estimated by evaluating the amount of PHB pres

dry weight. 

 

The percentage of intracellular PHB accumulation was

composition of PHB present in the dry cell weight.

PHB accumulation (%) = Dry 

Figure 5.1: Protocol for extraction of PHB from harvested bacterial cells
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centrifugation and extraction of PHB was carried out (Amoli et al., 2003; Passahna 

PHB production and extraction from microbial cells through chloroform 

quantification from microbial strains was carried out in 

Extraction of PHB was performed by chloroform extraction method. 

 of the bacterial culture was carried out at 8000 rpm for 15 

minutes. Supernatant was discarded and pellet was washed with distilled water, acetone and 

These pellets were dried at 37
o
C and weighted which was further called as cell 

ion of these pellets in sodium hypochlorite was carried out 

oiling chloroform was added in the digested pellet, so that intracellular lipid

ly dissolved in the chloroform and settle down at the bottom. C

from sodium hypochlorite mixture and was allowed to evaporate 

overnight at room temperature to obtain crystals of PHB. (Hahn et al., 

The percentage of PHB was estimated by evaluating the amount of PHB pres

ntracellular PHB accumulation was estimated as the percentage 

composition of PHB present in the dry cell weight. 

PHB accumulation (%) = Dry weight of extracted PHB (g/L) × 100 / cell dry weight

Protocol for extraction of PHB from harvested bacterial cells 
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2003; Passahna et al., 

through chloroform 

in 100 ml of conical 

chloroform extraction method. After incubation 

at 8000 rpm for 15 

distilled water, acetone and 

C and weighted which was further called as cell dry 

was carried out at 37
o
C 

in the digested pellet, so that intracellular lipids 

at the bottom. Chloroform 

allowed to evaporate 

 1993; Hahn et al., 

The percentage of PHB was estimated by evaluating the amount of PHB present in cell 

estimated as the percentage 

) × 100 / cell dry weight (g/L) 
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5.12: Strain improvement protocols for isolated strains and standard strains of PHB 

production through mutagenesis 

Strain improvement protocols have been utilized all over the world from long time back for 

improvement of production of commercially important products from microbial species. 

Strain improvement protocols for PHB were utilized for improvement of both isolated 

screened strains of PHB production and procured known PHB producer strains. 

      

5.13: Mutagenic protocols with physical and chemical mutagens  

5.13.1: Preparation of control culture solution 

Overnight grown bacterial culture broth 20 ml was centrifuged at 10,000 rpm for 15 minutes 

at room temperature. Supernatant was discarded and pellets were taken and re-suspended in 

1ml sterile saline. Sterile saline was prepared by dissolving 7.4 gm of NaCl per litre of 

distilled water. Pellets in sterile saline were spread on growth media plates. Incubation time 

and temperature was dependent on the type of bacterial strain. Total viable count (TVC) was 

measured (Adwitiya, 2008; Miller, 1992; Sreeju et al., 2011). All the experiments were 

carried out in triplicates. 

 

5.13.1.1: Physical mutagens:   

5.13.1.1(i): Procedure: 

UV mutagenesis was utilized for carrying out Physical mutagenesis protocol. Direct-Plate 

Irradiation procedure was utilized for carrying out UV mutagenesis as described by Lin and 

Wang 2001. Direct-plate kill experiments were performed by growing sub-cultures overnight 

on Nutrient broth and DSC-97 (for halophiles) (20 ml final volume) to about 1 x 10
8
 cells per 

ml, approximately 0.7 to 0.8 OD 660 nm. When these sub-cultures reached desired optical 

density, they were used to make final plates for the ultraviolet irradiation by spread-plating 

0.1 ml of the sub-cultures on nutrient plates & DSC-97.  

 

After plating, the plates were kept in a black box (plastic cooler box) before and after 

irradiation unless otherwise noted. All UV irradiations were performed in UV chamber with 

glass front. Major part of the experiment was performed in the dark to avoid photo-

reactivation. The only time a light source was present was during the transfer of the plates 

into the UV chamber. Before each irradiation, the UV lamp was warmed up for at least 30 
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minutes. The time set for UV exposure was 0, 1, 3, 5, 7, 10 minutes and was controlled by 

manually adjusting the power switch of the UV lamp. Lids of the treatment plates were 

removed before placing them in chamber for avoiding shielding effect by the lids. After 

irradiation, the lids were replaced and the plates were immediately transferred into the black 

box. All the plates were grown in 37°C incubator for 48-72 hrs for agriculture isolates and 96 

to 120 hrs for halophiles before counting the number of colonies. 

 

Mutant colonies were taken and total viable count was measured (Adwitiya, 2008; Sreeju et 

al., 2011). 

5.13.1.1(ii): Chemicals mutagens  

(I). Inducing mutation by Acridine Orange 

Procedure: 

Acridine orange was used as chemical mutagen for inducing mutations for improvement of 

PHB production of microbial strains. 0.01 ml of bacterial culture was taken from overnight 

grown bacterial broth and spread on NA media plates and DSC-97 media plates (for 

Halophiles) without the exposure of mutagenic agent as Control. Incubation was performed at 

37
o
C. Total viable colonies were counted after 24-36 hrs. Quantity of 10 ml of nutrient broth 

in 3 test tubes was taken & DSC broth for halophiles. Stock solution of Acridine orange (1000 

µg/ml) was separately prepared by adding 0.1 gm of Acridine orange in 10 ml distilled water. 

Different concentrations; 50 μg/ml, 100 μg/ml and 200 μg/ml of acridine orange were 

maintained in the test tubes along with inoculation by overnight grown bacterial broth. 

Incubation of these test tubes for 2-6 hours was carried out in dark at 37
o
C and then further 

incubation was carried out in orbital shaker for 24 hours at 37
o
C for the growth of mutated 

species. After incubation culture was spread over NA media, DSC-97 plates and incubation 

was carried out at 37
o
C. Further total viable colony count was measured (Adwitiya et al., 

2008; Miller, 1992; Sreeju et al., 2011).  

 

II). Inducing mutation by EMS (Ethyl Methyl Sulphonate)  

Procedure 

Nutrient Agar & DSC-97 tubes were prepared. Stock solution of Ethyl methane sulphonate 

was prepared at a concentration of 1000 µg/ml by following standard calculation. Different 

concentration of EMS solution was maintained into the test tubes of growth broth from the 
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stock solution (50 µg/ml, 100 µg/ml and 200 µg/ml) and they were further inoculated with 

overnight grown bacterial strains. They were incubated at 37
o
C in orbital shaker. One test 

tube was taken as control in which no mutagenic agent was added. Incubation of these test 

tubes for 2-6 hours was carried out in dark at 37
o
C and then further incubation was carried out 

in orbital shaker for 24 hours at 37
o
C for the growth of mutated species. After incubation 

culture was spread over NA media, DSC-97 plates and incubation was carried out at 37
o
C. 

Further total viable colony count was measured (Adwitiya et al., 2008; Miller, 1992; Sreeju et 

al., 2011).  

 

III). Inducing mutation by Ethidium Bromide (EtBr)  

Ethidium bromide mutagenesis involves the exposure of bacterial isolates at different 

concentration of EtBr. Nutrient Agar & DSC-97 tubes were prepared. Stock solution of 

Ethidium bromide was prepared by dissolving 0.01 gram of Ethidium bromide in 10 ml of 

distilled water (1000 µg/ml). Different concentration of Ethidium bromide solution was 

maintained into the test tubes of growth broth from the stock solution (50 µg/ml, 100 µg/ml 

and 200 µg/ml) and they were further inoculated with overnight grown bacterial strains. They 

were incubated at 37ºC in orbital shaker. One test tube was taken as control in which no 

mutagenic agent was added. Incubation of these test tubes for 2-6 hours was carried out in 

dark at 37
o
C and then further incubation was carried out in orbital shaker for 24 hours at 37

o
C 

for the growth of mutated species. After incubation culture was spread over NA media, DSC-

97 plates and incubation was carried out at 37
o
C. Further total viable colony count was 

measured (Adwitiya et al., 2008; Miller, 1992; Sreeju et al., 2011; Walter et al., 2013).  

 

 IV). Inducing mutation by Sodium Azide  

Radom Mutation was carried out by exposing the bacterial culture broth at different 

concentrations of sodium azide. Nutrient Agar & DSC-97 tubes were prepared. Stock solution 

of Sodium Azide was prepared by dissolving 0.01 gram of Sodium Azide in 10 ml of distilled 

water (1000 µg/ml). Different concentration of Sodium Azide solution was maintained into 

the test tubes of growth broth from the stock solution (50 µg/ml, 100 µg/ml and 200 µg/ml) 

and they were further inoculated with overnight grown bacterial strains. They were incubated 

at 37ºC in orbital shaker. One test tube was taken as control in which no mutagenic agent was 

added. Incubation of these test tubes for 2-6 hours was carried out in dark at 37
o
C and then 

further incubation was carried out in orbital shaker for 24 hours at 37
o
C for the growth of 
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mutated species. After incubation culture was spread over NA media, DSC-97 plates and 

incubation was carried out at 37
o
C. Further total viable colony count was measured (Adwitiya 

et al., 2008; Miller, 1992; Sreeju et al., 2011; Fortin et al., 1990). 

 

These experiments will be carried out in order to improve the bacterial strains, in terms of 

PHB production. 

 

5.14: PHB production and extraction from microbial cells   

PHB production for mutated strains was carried out in 250 ml of conical flasks for analysis of 

any enhancement in quantity of PHB production. The culture was carried out in biphasic 

condition with utilization of 100 ml of nutrient agar medium and DSC-97 at the starting phase 

for production of maximum amount of cell biomass and utilization of mineral salt medium 

with 2% glucose in the secondary phase for maximum accumulation of PHB. All of the 

biphasic culture conditions were similar as described earlier. Extraction of PHB was 

performed by sodium hypochlorite and chloroform extraction method as discussed earlier in 

the above section from the mutated strains and wild strainS (Hahn et al., 1993; Hahn et al., 

1995; Zakaria et al., 2010).  

 

5.15: Optimization of media and large scale fermenter production of bacterial extracted 

PHB from improved strains and its characterization for quality was the third objective 

and was achieved with following experiments 

 

5.15.1. Media optimization protocol for improved strains 

Media optimization was carried out for key ingredients required for growth and PHB 

production. Carbon and nitrogen sources play a major role during growth of the bacteria. 

Carbon optimization during secondary stage of biphasic culture for enhanced PHB production 

becomes very important. Different carbon sources can have variation on the level of PHB 

production. These variations were investigated by introducing different carbon sources at the 

time of PHB production induction. Nitrogen optimization was carried out by introducing 

different nitrogen sources in the mineral salt medium preparation. Negative control for PHB 

production was taken as the media in which no carbon or nitrogen source was included.     
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5.15.1.1: Effect of different carbon sources on PHB production 

Different carbon sources sucrose, fructose, glucose, lactose and maltose were introduced 

during the induction stage to observe the maximum PHB production from microbial isolates 

as per protocols described by Elsayed et al., 2013; Krithika et al., 2011; Singh and Parmar, 

2011. 

 

The experiment was conducted in 250 ml of culture flasks. Flasks were taken with 100 ml of 

nutrient broth solution (DSC-97 for halophiles) as they are prescribed and they promote 

highest growth in terms of biomass production for different groups of bacteria taken. These 

flasks were inoculated with overnight grown bacterial culture and incubated at 37
o
C. These 

flasks were observed for their stationary phases for achievement of maximum biomass by 

observing OD at 600nm as described in earlier part. Biphasic culture condition was 

introduced with 5 different carbon sources sucrose, fructose, glucose, lactose and maltose 

included in the mineral salt medium separately with conceNtration levels at 1%, 2% and 3%.  

This carbon source supplementation acts as inducer for maximum PHB production. Rest of 

the biphasic culture protocol as described earlier was followed. After 30 hrs of incubation 

bacterial cells were harvested through centrifugation. PHB was extracted and quantified. 

Extraction of PHB was performed by chloroform extraction method as discussed earlier in the 

above section (Hahn et al., 1993; Hahn et al., 1995; Zakaria et al., 2010). 

 

5.15.1.2: Effect of different nitrogen sources on PHB production  

Isolates providing best yield in the carbon optimization protocol were further tested for best 

nitrogen source. Mineral medium described earlier was utilized for the purpose (Adwitiya et 

al., 2009; Mercan et al., 2002; Wang and Lee, 1997). Different nitrogen sources at 1% 

concentration were added additionally to the medium. The nitrogen sources added were yeast 

extract, peptone, ammonium chloride, ammonium sulphate and ammonium carbonate. Best 

carbon source with specific concentration obtained in the carbon optimization protocol 

according to the bacterial strain was also added in the medium. Rest of the biphasic culture 

protocol as described earlier was followed. Incubated was carried out at 37
o
C till 30 hrs 

(Amoli et al., 2013, Passanha et al., 2013). After 30 hrs the culture were harvested and 

extraction of PHB was carried by chloroform extraction method and yield percentage was 

calculated (Saranya and Shenbagarathai, 2010). Negative control for PHB production was 

taken as the mineral media in which no carbon or nitrogen source was included. Positive 
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control was the mineral media with the best carbon source with specific concentration without 

any nitrogen source. 

 

5.15.2: Large Scale production of Polyhydroxybutyrate (PHB) from improved microbial 

strain at optimized conditions 

The highest PHB producing microorganism at optimized conditions was selected for large 

scale fermentation in fermenter vessel for large scale PHB production. Fermenter vessel 

(Bioage, Lab No. 29-403, LPU) was autoclaved at 121
o
C at 15 psi for 20 minutes. 1 liter of 

Nutrient broth (DSC-97 for halophiles) with optimized salt molarity were sterilized and 

introduced in the fermenter vessel for fermentation experiment. Overnight grown bacterial 

culture was inoculated in the media with inoculum size of 2%. Aerobic conditions were 

provided with agitation speed of 150 rpm. Optimized best conditions obtained in biphasic 

culture condition with specific carbon and nitrogen source along with their concentration for 

the highest PHB production were provided at temperature of 37
o
C. Rest all biphasic culture 

conditions were followed as described earlier. PHB was extracted by chloroform extraction 

method and was quantified as described earlier (Kshirsagar et al., 2012; Heinrich et al., 

2012). Statistical analysis was carried out for highest PHB producing strains by using 

ANOVA SPSS 16.0 tool to find out the significant values. 

 

 

Figure 5.2: Bioage fermenter installed at LPU [Lab no. 29-403] 
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5.16: Characterization for quality  

Characterization and qualitative analysis of pure PHB extracted from bacterial strains was 

performed by techniques such as Fourier Transform Infra-red Spectroscopy. FTIR (Kirithika 

et al., 2011; Pak et al., 2013; Shah, 2011) measures the functional groups in the desired 

samples, Electrospray ionization- high resonance mass spectroscopy (Panda et al., 2007; 

Elhottova et al., 2000) measures the purity of the compound and separates different 

components of the mixture. 

 

5.17: FTIR (Fourier Transform infrared spectroscopy) based Characterization of PHB  

FTIR technique was utilized for the initial identification of PHB sample. 1 mg of PHB and 10 

mg of spectral pure anhydrous potassium bromide crystal were mixed for IR analysis. The 

relative intensity of transmitted light was measured against the wavelength of absorption for 

the region. The Shimadzu FTIR facility in laboratory at Chemistry department of Lovely 

Professional University was utilized for the FTIR testing analysis (Rohini and Rawal, 2006). 

Standard highly purified PHB samples procured from Sigma Aldrich USA was also analyzed 

by FTIR facility. The graph of standard PHB from Sigma Aldrich would be utilized for 

comparison and analysis of the quality of the PHB obtained from bacterial isolates.   

 

5.18: ESI-HRMS 

Combination of electrospray ionizer (ESI) and mass spectroscopy (MS) was developed by 

Fern and co-workers (Yamashita and Fenn, 1984a; Fenn et al., 1989; Yamashita and Fenn, 

1984b). Non-fragmented multiple charged ions are generated by Electrospray ionization and 

hence allows the determination of mass of heavy biomolecules of few thousand m/z. Soft 

ionization without fragmentation of the analyte molecules is the key feature which causes 

immense use of electrospray in the analysis of non-volatile chargeable molecules such as 

proteins (Domon and Aebersold, 2006), nucleic acids (Nordhoff et al., 1996) or whole viruses 

(Bothner and Siuzdak, 2004).  

 

This test was performed for the final confirmation of quality. The samples that provided best 

yield and FTIR graph similar to standard were processed in SAIF Laboratories, CDRI, 

Lucknow for the ESI-HRMS analysis. The Model number Agilent 6520 Q-TOF was used by 

laboratory scientists for the analysis of samples. Standard highly purified PHB sample 
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procured from Sigma Aldrich USA was also sent for analysis at ESI-HRMS facility for ease 

of comparison of graphs for establishing the quality of PHB obtained.    

 

 

Figure 5.3: Principle of electrospray ionizer (ESI) and mass spectroscopy (MS) 

 

5.19: Molecular characterization of bacterial isolates by 16s rRNA sequencing 

16 rRNA sequencing was carried out at Yaazh genomics Mumbai.  

 

5.19.1: DNA Extraction: 

1. Bacterial Genomic DNA was isolated using the Insta Gene TM Matrix Genomic DNA 

isolation kit – The kit instructions were followed. 

2. 1 ml of sterile water in microfuge was used to suspend bacterial colony. 

3. Centrifugation was done to get the bacterial pellet for 1 minute at 10,000-12,000 rpm. 

4. The pellet was then mixed with 200 μl of Insta Gene matrix  at 56
o
C for incubation 

time of 15 minutes. 

5. Vortexing was done for 10 seconds and then place the microfuge tube at 100
o
C in 

boiling water bath for 8 minutes. 

6. Again vortex the bacterial content for 10 seconds and spinning was done at 10,000-

12,000 rpm for 2 minutes. 

7. 20μl of the supernatant DNA solution was obtained which was used per 50 μl of PCR 

reaction. 

 

5.19.2: PCR Protocol 

16S rRNA Universal primers sequence was utilized for amplification procedure. The 

sequence is given below. MJ Research Peltier Thermal Cycler was utilized for amplification 

process. 
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5.19.2.1:  Primer Details 

Primer Name  Sequence Details Number of Base 

27F  AGAGTTTGATCMTGGCTCAG 20 

1492R  TACGGYTACCTTGTTACGACTT 22 

 

Addition of 11 μL of template DNA in 200μL of PCR reaction solution. 1 μL of 27F/1492R 

primers were used for amplification procedure, and further PCR reaction was performed with 

conditions as follows: 

 

Initial Denaturation cycle 94°C for 2 min and then 35 amplification cycles at 94°C for 45 sec, 

55°C for 60sec, and 72°C for 60 sec. Final Extension at 72°C for 10 min. DNA fragments are 

amplified were about 1,400bp in the case of bacteria. A positive control (E.coli genomic 

DNA) and a negative control in the PCR were included. 

 

5.19.3: Purification of PCR products 

Montage PCR cleaning kit (Millipore) was used to remove the unincorporated dNTPs and 

PCR primers. The primers used for sequencing the PCR product was 518F/800R primers. 

 

Sequencing reactions were performed using a ABI PRISM® BigDyeTM Terminator Cycle 

Sequencing Kits with AmpliTaq® DNA polymerase (FS enzyme) (Applied Biosystems). 

 

5.19.3.1: Sequencing Primer Details: 

Primer Name  Sequence Details Number of Base 

518F CCAGCAGCCGCGGTAATACG  20 

800R TACCAGGGTATCTAATCC 18 

Sequence data was aligned and analyzed for Identifying the Sample. 

 

5.19.5. Bioinformatics protocol: 

1. The 16s r RNA sequence was blast using NCBI blast similarity search tool. The phylogeny 

analysis of our sequence with the closely related sequence of blast results was performed 

followed by multiple sequence alignment. 
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2. The program MUSCLE 3.7 was used for multiple alignments of sequences (Edgar, 2004). 

The resulting aligned sequences were cured using the program Gblocks 0.91b. This Gblocks 

eliminates poorly aligned positions and divergent regions (removes alignment noise) 

(Talavera and Castresana, 2007). Finally, the program PhyML 3.0 aLRT was used for 

phylogeny analysis and HKY85 as Substitution model. 

3. The program Tree Dyn 198.3 was used for tree rendering. (Dereeper et al., 2008). 

 

5.20:Visualization of bacterial PHB accumulation by Transmission Electron Microscopy 

(TEM) 

 

5.20.1: Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) is a microscopy technique whereby a beam of 

electrons is transmitted through an ultra-thin specimen, interacting with the specimen while 

passing through it. TEM was carried out at SAIF Labs, Punjab University, Chandigarh using 

the Hitachi (H-7500) 120KW instrument equipped with CCD camera, highest resolution 

magnification of 6 lakhs. The selected bacterial strains were grown under optimized 

conditions as discussed earlier. After 30 hrs of induction of PHB production, cells were 

harvested and sample for visualization were prepared as given below.  

 

5.20.2: Preparation of 0.2 M phosphate buffer (pH 7.4) 

3.12 gm of Sodium dihydrogen orthophosphate (NaH2PO4.2H2O; MW 156) was dissolved in 

100 ml of distilled water taken in 250 ml of glass conical flask and marked as solution A. 2.84 

gm of Disodium hydrogen orthophosphate anhydrous (Na2HPO4; MW 142) was dissolved in 

100 ml of distilled water taken in 250 ml of glass conical flask and marked as solution B. Mix 

19 ml of solution A with 81 ml of solution B. Adjust the pH with HCl and NaOH. Similar 

protocol was followed for the preparation of 0.1 M phosphate buffer as per its molecular 

weight. 

 

5.20.3: Preparation of fixative for electron microscopy 

4 gram of dry powder of paraformaldehyde was added in 100ml of distilled water and heated 

at 60
o
C until powder becomes completely dissolved in distilled water. Mouth of conical flask 

was covered with aluminum foil. 0.1 N sodium hydroxide was used if not dissolved properly. 

The solution was cooled and filtered. Equal amount of 0.2 M phosphate buffer (pH 7.2) was 
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added to the paraformaldehyde solution to make it 2% solution in 0.1 M phosphate buffer. 10 

ml of glutaraldehyde solution was added to 90ml of 2% paraformaldehyde solution. The final 

concentration of the fixative was 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M 

phosphate buffer. 

 

5.20.4: Sample preparation: 

The bacterial culture was centrifuged at 1000 rpm for 10 minutes. Supernatant was discarded. 

Bacterial pellet was suspended in 0.1 M of phosphate buffer (pH 7.4) and again centrifuged.  

Supernatant was discarded again. The pellet was again resuspended and fixed into the mixture 

of 2% paraformaldehyde and 2.5% of glutaraldehyde in buffer solution for 3-4 hrs at 4
o
C. The 

pellet was centrifuged again for 10 minutes at 4
o
C and fixative as supernatant was discarded. 

0.1M phosphate buffer was added into the pellet and centrifuged for clear visualization (at 

least 2 mm in diameter).  

 

 

Figure 5.4: Transmission Electron Microscopy (TEM) installed at SAIF LAB Punjab University 

(Chandigarh) (Model no. Hitachi H-7500) 
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5.21: Exploration of pure form of PHB for production of nanocomposite biomaterial through 

mixing methods and its characterization through various nanomaterial characterization 

techniques was the fourth objective and was accomplished by following experiments 

5.21.1: Blend preparation of PHB with nanoclay 

Blends of PHB were prepared for overcoming its physical barriers and increasing its 

applicability for industrial applications. Many approaches have been utilized for the 

preparation of PHB blends/nanocomposites by various workers (El-Taweel, 2004; Liau et al., 

2014; Maiti et al., 2007). Solvent casting method was utilized in the current work for 

preparation of blends of varying concentrations. 

High quality standard PHB procured from Goodfellow Chemical Supplier (UK) was utilized 

for the preparation of nanocomposite biomaterial. PHB produced during experimental 

procedure in the current work could have contaminants hence have not been utilized in the 

nanocomposite biomaterial preparation. High quality standard PHB from Goodfellow 

Chemical Supplier (UK) has been used as a model purified PHB for observing the changes in 

morphological, physical and mechanical properties during nanocomposite biomaterial 

formation.     

The method for formation of exfoliated and intercalated nanocomposites with enhanced 

properties (such as polarity, molecular weight, hydrophobicity, reactive groups, charge 

density, etc.) is named as solvent casting method (Cheng et al., 2004). In the solvent casting 

technique, polymer and nanoclays are mixed together in the solvent i.e. chloroform, leading to 

insertion of the polymer chains into the galleries of the swollen clay. Polyhydroxybutyrate 

(PHB) was utilized as an organic polymer which acts as a matrix for the preparation of 

polymeric blend. Nanoclay employed for preparing nanocomposite was montmorillonite 

(MMT) surface modified with Di-methyl Di-alkyl Amine and Zeolite.  

 

Table 5.1: Physical properties of Poly-hydroxy butyrate needing improvement 

Property PHB 

Melting point (
o
C) 175 

Degradation temp (
o
C) 200 
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Generally, introduction of clay into polymeric matrices can improve their thermal stabilities 

since the clay can hinder the permeability of volatile degradation products out of the 

materials. The dispersed clay generates a barrier which delays the release of thermal 

degradation products in comparison with PHB. The incorporation of clay causes pores into 

the surface of polymeric matrix. The intensity of pores plays an important role in biomedical 

application of PHB especially in the preparation of scaffolds (tissue engineering). 

 

5.21.1.1: Solvent casting method  

One grams of PHB was dissolved in 150 ml of CHCl3 solution and was maintained at 60
o
C 

for about 2 hours that facilitates the expansion of PHB matrix and dissolve into its natural 

solvent CHCl3. The final volume of CHCl3 and PHB left was 100 ml after intensive mixing 

on magnetic stirrer. 

  

Further procedure was carried out separately for dried Zeolite and organo-modified MMT. 

Various amounts (1-10 wt%) of dried Zeolite and organo-modified MMT (OMMT) were 

added into the solution of PHB/CHCl3 separately and the solutions were stirred at 60
o
C for 2 

hrs. The obtained PHB/Zeolite and PHB/OMMT nanocomposites were cast on a slide glass, 

maintained at room temperature for 24 hrs, and dried in a oven at 60
o
C for next 24 hrs. 

Prepared nanocomposites were stored at room temperature for further analysis (Choi et al., 

2001; Ling et al., 2009). 

 

5.21.2: Characterization of produced blends/nano-composites through various nano- 

imaging and related techniques 

 Nanocomposite blends produced were characterized through following techniques 

 

5.21.2.1: Field Emission Scanning electron microscopy (FE-SEM)  

The technique was used for visualizing inside the ultrathin specimen by the transmission of 

electron beams which produce a very high resolution image as compared to a light 

microscope. SEM imaging systems are routinely used for observation of nanoscale structure 

of nanocomposite material and comparison of morphology (Marras et al., 2007; Pak et al., 

2013; Sangkharak and Prasertsan, 2008; Rohini et al., 2006). Scanning Electron Microscopy 

was done using FEI Quanta 200F with Oxford-EDS system IE 250 X Max 80; Netherlands 

operated at 15 kV available at SMITHA LAB, Department of textile technology at Indian 
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Institute of Technology, New Delhi. The surface of nanofilms was sputter coated with gold. 

The surface of the blend was examined for changes in its surface morphology and distribution 

of nanoclays in the matrix of PHB. 

 

 

Figure 5.5: Field-Emission Scanning Electron Microscopy (FE-SEM) facility at Textile 

Technology Dept. IIT Delhi 

 

5.21.2.2: Differential Scanning Calorimetry  

The thermal behavior of the polymeric film or its polymer based nanocomposites was 

analysed by DSC analytical tool. Enthalpy of Melting (HM), Melting temperature(Tm) is 

measured by this technique. Increment in the melting temperature shows the presence of 

inorganic silicates in the polymeric matrix system (El-Taweel et al., 2004; Rohini et al., 

2005). DSC analysis was done by DSC Q200 V24.4 Build 116 available at SMITHA LAB, 

Department of textile technology at Indian Institute of Technology, New Delhi. DSC was 

performed to study the thermal behavior of the blends produced. The blended films obtained 

were prepared by dissecting them into squares of size 2mm×2mm and were placed in an 

aluminum cell by casting and were heated from -20°C to 200°C. DSC endothermic peaks 

analysed the melting temperature (Tm) apparent enthalpies of melting (ΔHm). After keeping 

for 2 min at 200°C, the samples were cooled to room temperature. All the experiments were 

carried out in liquid nitrogen environment at a flow rate of 50 ml/min for preserving the 

matrix intact.   
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Figure 5.6: Differential Scanning Calorimetry (DSC) facility at  Textile Technology Dept. 

IIT Delhi 

 

5.21.2.3: Thermogravimetric Analysis: The mass change in the nanocomposite and its 

thermal degradation rates by the addition of inorganic silicates was measured by the 

quantitative measurement i.e. Thermogravimetric analysis (TGA). Variation in mass from 

decomposition and degradation with time and temperature is recorded by thermographs 

(Jandas et al., 2014; Zuburtikudis et al., 2008). Thermo gravimetric analysis was performed 

using a TGA Q500 V20.10 Build 36 available at SMITHA LAB, Department of textile 

technology at Indian Institute of Technology. The weight of the samples used was about 10 

mg and were heated from 30 to 600°C at the heating rate of 20°C/min. The analysis was 

carried in nitrogen flow rate of 40 ml/min. The weight loss of samples were recorded and 

plotted as the function of temperature. 

 

 

Figure 5.7: Thermo-gravimetric Analysis facility at Textile Technology Dept. IIT Delhi 
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5.21.2.4: Tensile testing: The mechanical analysis of films was done by instron micro tensile 

tester. Micro tensile tester is highly precise low force material testing system having two 

column load frame allowing both, horizontal and vertical test orientation. It can operate at 10 

N and 2 kN load capacity. Instron Microtensile Tester, Model 5848, Singapore available at 

SMITHA LAB, Department of textile technology at Indian Institute of Technology, was used 

for measuring the mechanical properties of nanofilms i.e. tensile stress, strain, extension at 

max. Load, yield strength, modulus etc. (Pak et al., 2013; Liu et al.; 2007; Shokrieh et al., 

2013). Statistical analysis were carried out by using ANOVA SPSS 16.0 tool to find out the 

significant values. 

 

 

Figure 5.8: Instron Microtensile tester facility at Textile Technology Dept. IIT Delhi 

 

5.22: Biodegradation study  

5.22.1: Biodegradation by bacteria  

In vitro biodegradation studies were carried out on PHB/OMMT, PHB/Zeolite blended 

nanocomposites and were compared with the degradation percentage of pure PHB film. As 

cited in literatures PHB can be degraded by many bacterial species like E.coli, Pseudomonas, 

Bacillus, Azospirillum, Mycobacterium, and Streptomyces (Bonartseva et al., 2002; Bhatia et 

al., 2014). For the current study E.coli (MTCC 40) species was utilized.  

 

5.22.2: Preparation of Nutrient broth and Biodegradation assay by bacteria 

Nutrient broth medium was prepared in order to culture the bacterial species. 28 grams of 

nutrient broth was added in 1000 ml of distilled water. For carrying out the biodegradation 

test, 100 ml of nutrient broth was poured in 250 ml of plastic conical flask. The media was 
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autoclaved under proper sterilized conditions. Each percentage of film i.e. Control, 1%, 3%, 

5%, 7% and 10% was cut into small pieces and pre-weighted before carrying out the 

experiment. The films were then added into each conical flask along with 1 ml of bacterial 

inoculum. Flasks were incubated at 37
o
C for a defined period of 21 days. Experiments were 

conducted in triplicate. The same protocols were followed for both the bacterial species. After 

21 days, films were washed in distilled water and were weighted using weighing balance 

(Bonartseva et al., 2002; Bhatia et al., 2014). 

 

5.22.3: Biodegradation study by PBS solution  

In vitro degradation of pure PHB, PHB/OMMT and PHB/Zeolite blended films were carried 

in phosphate buffer saline.  

 

Table 5.2: The Composition of PBS in 1000ml of distilled water are as follow: 

S.No Chemicals Quantity (gm/1000ml) 

1 NaCl 10 

2 KCl 0.25 

3 Na2HPO4 1.8 

4 KH2PO4 0.3 

 

The solution was maintained at 7.2 pH. The solution was sterilized in autoclave at 15 psi and 

at temperature121
o
C for 20 minutes.  

 

The biodegradation studies by phosphate buffer saline were carried out in 100 ml of plastic 

conical flasks. The films were cut into pieces and initial weight was noted. 100ml of PBS 

solution in each conical flask along with each percentage of film was set up. The conical 

flasks were incubated at 37
o
C in rotary shaker for a definite period of 21 days. The films were 

filtered using whattman’s filter paper and were washed with distilled water. The weight of the 

film was noted using weighing balance (Martínez-Valencia et al., 2011; Murali et al., 2013; 

Diba et al., 2012). 

 

The degradation percentage was calculated by using the formula given below:-  

% weight degradation = Initial Weight – Final Weight X 100  

                                                   Initial Weight  
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5.23: SIMULATED BODY FLUID ASSAY 

The bone-binding abilities of the biomaterials are evaluated by the development of Simulated  

body fluid assay, which is based on the conceptual approach of the formation of apatite like 

layer on the surface when implanted in living body.  

 

The calcium phosphate ions are consumed by the material from the surrounding SBF fluid 

and stimulate the formation of apatite nuclei like layer on the material. The growth of calcium 

apatite layer on variety of biomaterial in laboratory conditions has very good application in 

tissue engineering especially in bone regeneration (Chavan et al., 2010; Diba et al., 2012). 

 

The ionic concentration of Simulated body fluid prepared in laboratory conditions are nearly 

equal to human blood plasma as depicted in the table below:- 

 

Table 5.3: Ion concentrations (mmol/dm3) of SBF and Human Blood plasma (Kokubo et al., 

1990) 

Ionic concentration (mmol/dm
3
) Simulated body fluid Blood plasma 

Na
+
 142 142 

K
+
 5.0 5.0 

Mg
+
 1.5 1.5 

Ca
+
 2.5 2.5 

Cl- 147.8 103.0 

HCO3
-
 4.2 27 

HPO4
-
 1.0 1.0 

SO4
-
 0.5 0.5 

 

Kokubo developed the procedure for the preparation of Simulated body fluid and is known as 

Kukubo method. The reagents used for the preparation of SBF fluid are as follow: 

Reagents used for preparing SBF (pH 7.4) (Ohtsuki  et al., 1995). 
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Table 5.4: Preparation of Simulated Body fluid with different components 

S. no Reagent Amount (g/l) 

1 NaCl 7.996g 

2 NaHCO3 0.350g 

3 KCl 0.224g 

4 K2HPO4.3H2O 0.228g 

5 MgCl2.6H2O 0.305g 

6 1M-HCl 40ml 

7 CaCl2 0.278g 

8 Na2SO4 0.071g 

9 (CH2OH)3CNH2 6.057g 

 

The reagents were dissolved in 1litre of double distilled water. The reagents were added one 

after another, ensuring that the earlier reagents were completely dissolved in the order given 

in the above table. pH was maintained at 7.4 and temperature of the fluid was maintained at 

37
o
C. Nanocomposites were added in the fluid for 7, 14, 21 days without the addition or 

refreshing of SBF solution. The films were removed from solution after the time lag and were 

dried at room temperature (Yan et al., 2011; Khalil et al., 2011). The formation of apatite 

layer was evaluated by FE-SEM technique (Model no. FEI QUANTA 200F, Netherlands 

operated at 15 kV) available at SMITHA LAB, Department of textile technology at Indian 

Institute of Technology, New Delhi. 
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6.1: Isolation and screening of PHB producing strains from agriculture and saline 

environment sites. 

First series of sites taken for collection of soil and analysis of bacteria were agricultural 

sites of different regions of Punjab. Geographically Punjab is divided into three regions 

Malwa Region, Doaba Region and Majha Region. Representative Samples were collected 

from all the three regions. Different sites of collection are shown in the map of Punjab 

(Figure 6.1.1) under given. 

 

 

Figure 6.1.1: Map of Punjab showing geographical location of soil sample collection sites 
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6.1.1: Agriculture sites: Various agriculture sites selected for soil samples collection are 

given. 

 6.1.1.1: Agriculture sites (Malwa Region of Punjab) 30.6
o
N 74.7

o
E  

Faridkot District was taken as representative site for Malwa Region of Punjab. Dried 

agriculture sites were selected for collection of soil samples. 

 

 

Figure 6.1.2: Faridkot District Agriculture sites (Malwa Region of Punjab) 

 

6.1.1.1a: Sample Collection Photographs 

 

                     

 

                   Figure 6.1.3: Site 1                                           Figure 6.1.4: Site 2 

                     

 

                   Figure 6.1.5: Site 3                                            Figure 6.1.6: Site 4 



CHAPTER- VI RESULTS AND DISCUSSION 

 

 

120  

6.1.1.2: Agriculture sites (Majha Region of Punjab) 31.58
o
N 74.98

o
E 

Amritsar District was taken as representative site for Majha Region of Punjab. Dried 

agriculture sites were selected for collection of soil samples. 3 different representative sites 

were chosen for soil sample collection. Figures showing sample collection sites are shown 

below. 

 

Figure 6.1.7: Amritsar District agriculture sites (Majha Region of Punjab) 

 

6.1.1.2a: Sample Collection Photographs 

 

                      

 

                 Figure 6.1.8: Site 1                                     Figure 6.1.9: Site 2 

                          

                 

Figure 6.1.10: Site 3                                               Figure 6.1.11: Site 4         
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6.1.1.3: Agriculture sites (Doaba Region of Punjab) 31.37
o
N 75.38

o
E 

Kapurthala district agricultural sites and Lovely Professional University agricultural sites 

were taken as representative sites for Doaba Region of Punjab. Dried agriculture sites were 

selected for collection of soil samples. 4 different representative sites were chosen for soil 

sample collection. Figures of sample collection are shown below.  

 

 

Figure 6.1.12: Kapurthala District Agriculture sites (Doaba Region of Punjab) 

 

6.1.1.3a: Sample Collection Photographs 

 

                     

 

                      Figure 6.1.13: Site 1                                        Figure 6.1.14: Site 2 

                    

 

                        Figure 6.1.15: Site 3                                      Figure 6.1.16: Site 4 



CHAPTER- VI RESULTS AND DISCUSSION 

 

 

122  

6.1.2.: Saline sites: Various Saline sites selected for soil samples collection are given 

below 

 

Figure 6.1.17: Map of Rajasthan showing geographical location of Soil sample collection 

sites 

State of Rajasthan contains saline lake geographical sites of India. Different sites were 

selected and collection method was followed as described in material and method section.  

 

6.1.2.1: Sambhar lake (96 km south west of the city Jaipur, Rajasthan) 26.96
o
N 75.08

o
E  

 

Figure 6.2.18: Sambhar lake (96 km south west of the city Jaipur, Rajasthan) 



 

6.1.2.1a: Sample Collection Photographs

 

 

              Figure 6.1.19: Site 1         

               Figure 6.1.21: Site 3

 

                Figure 6.1.23: Site 5

                Figure 6.2.25: Site 7
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Photographs 

                        

                                                  Figure 6.1.20: 

                         

3                                        Figure 6.1.22: 

                        

5                                        Figure 6.1.24: 

                         

7                                          Figure 6.2.26: 

RESULTS AND DISCUSSION 

 

 

Figure 6.1.20: Site 2 

 

Figure 6.1.22: Site 4 

 

Figure 6.1.24: Site 6 

 

Figure 6.2.26: Site 8 
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6.1.2.2: Pichola lake (Udaipur, Rajasthan) 24.57
o
N, 73.67

o
E 

 

Figure 6.1.27: Pichola lake (Udaipur, Rajasthan) 

 

6.1.2.2a: Sample Collection Photographs 

 

                                 

               Figure 6.1.28: Site1                                                      Figure 6.1.29: Site 2 

 

Table 6.1: Physio-chemical analysis of Soil samples from different sites 

Sample Collection Sites pH Electrical conductivity 

Majha Site-1 7.9 9.14 µs/cm 

Malwa Site-1 8.12 17.62 µs/cm 

Malwa Site-2 8.01 34.10 µs/cm 

Malwa Site-3 8.44 48.2 µs/cm 

Doaba Site-1 7.44 7.41 µs/cm 

Doaba Site-2 8.08 17.08 µs/cm 

Pichola Site-1 7.77 54.3 µs/cm 

Sambhar Site-1 9.31 125.2 ms/cm 

Sambhar Site-3 9.94 28.5 ms/cm 

Sambhar Site-5 8.94 157.5 ms/cm 

Sambhar Site-8 9.64 12.68 ms/cm 
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6.1.3: Analysis of Physio-chemical testing values 

6.1.3.1: Analysis of pH values 

It was observed from the physio-chemical analysis that the pH value of Majha region Site-1 

(7.9) and Daoba Region Site-1 (7.44) was almost near to the neutral value. The analysis also 

shows that Malwa region Site-1 (8.12), Site-2 (8.01) and Site-3 (8.44) was slightly alkaline in 

nature. The pichola site samples was having close to neutral pH of 7.77, it shows that despite 

of being a salty lake, still it is having less alkaline soil. The analysis of Sambhar samples 

justified the well-established fact that it is a true salt lake and due to continuous evaporation 

of water, the aqueous environment of the lake is considerably alkaline (Sambhar Site-1: 9.31 

pH, Site-3: 9.94 pH , Site-5: 8.94 pH and Site-8: 9.64 pH. 

 

6.1.3.2: Analysis of Electrical conductivity values 

Different sites electrical conductivity analysis shows the electron conductance value OH
-
 of 

the Majha region Site-1 (9.14 µs/cm), Malwa region Site-1 (17.62 µs/cm), Site-2 (34.10 

µs/cm), Site-3 (48.2 µs/cm) and Doaba Region Site 1 (7.41 µs/cm), Site 2 (17.08 µs/cm). The 

Pichola Site samples were having an electrical conductivity of 54µs/cm. The analysis of 

Sambhar Lake samples Site 1 (125 ms/cm) and Site 5 (157.5 ms/s) have a high electrical 

conductivity, as compared to other samples, whereas two other sites of Sambhar Lake i.e. Site 

3 (28.5 ms/cm) and Site 8 (12.68 ms/cm). The analysis shows that the Sambhar lake samples 

were having a high electrical conductivity due to its alkaline nature. 

 

6.1.4:  Isolated bacteria from different sites of Punjab Agriculture Region and Salty Lake 

sites 

Bacteria were isolated from different soil samples as detailed above. Nutrient Agar media 

along with different salt level modifications, selective media for halophiles (DSC-97 and 

Halobacterium medium) were utilized in the isolation protocols along with temperature and 

other conditions as discussed in material and method section. Purified bacteria further were 

sub-cultured from the mixed preliminary isolates as described in material and method section 
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6.1.4.1: Photographs of Purified Bacterial isolates from different agriculture sites of 

Punjab   

6.1.4.1a: Malwa Region 

 

           Figure 6.1.30: S3 Site-1     Figure 6.1.31: S7 Site-2     Figure 6.1.32: S9 Site-3    

   

          

           Figure 6.1.33: S14 Site-1     

 

6.1.4.1b: Majha Region 

 

         Figure 6.1.34:  M1 Site-2     Figure 6.1.35: M2 Site-3  Figure 6.1.36: M4 Site-1  
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         Figure 6.1.37: M5 Site-4  Figure 6.1.38: M7 and M10 Site-2 Figure 6.1.39: M8 Site-2  

      

          

         Figure 6.1.40: M13 Site-4   Figure 6.1.41: M14 Site-3     

 

6.1.4.1c: Doaba region 

 

Figure 6.1.42: MD1 Site-1 Figure 6.1.43: MD2 Site-1  Figure 6.1.44: MD4 Site-2 

 

 

         Figure 6.1.45: MD5 Site-3  Figure 6.1.46: MD6 Site-1  Figure 5.1.47: MD9 Site-4 
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        Figure 5.1.48: MD12 Site-3 

6.1.4.1d: Purified bacterial isolates from different sites of Sambhar Region 

 

         Figure 6.1.49:AM1 Site-1  Figure 6.1.450:AM2 Site-1   Figure 6.1.51: AL2 Site-4   

 

 

         Figure 6.1.52:AM3 Site-1   Figure 6.1.53: AM4 Site-3  Figure 6.1.54: AM6 Site-5 

 

 

         Figure 6.1.55: AM7 Site-4 Figure 6.1.56: AM9 Site-6 Figure 6.1.57: AM12 Site-5 
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        Figure 6.1.58: AM17 and AM18 Site-4 

6.1.4.1e: Pichola Lake 

 

         Figure 6.1.59: PS1 Site-1    Figure 6.1.60: PS3 Site-2   Figure 6.1.61:PS5 Site-2          

 

6.1.5: Standard Microbial type culture collection (MTCC) strain for high 

Polyhydroxybutyrate (PHB) production 

6.1.5.1: Pure MTCC strain cultured on plates 

Pure MTCC strains were cultured on nutrient agar plates as described in Material and Method 

section 

 

6.1.5.1a: Figures of pure MTCC strains cultured on Nutrient agar medium 

                                          

   Figure 6.1.62: Pseudomonas oleovorans       Figure 6.1.63: Bacillus megaterium 
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6.1.6: Screening for PHB producing bacteria 

Isolated bacterial strains were further screened by Sudan Black B staining method as 

described in material & method section. Bacterial isolates, showing positive test for PHB 

production, are shown under. 

 

6.1.6.1: Screening of isolates for PHB production from different regions of Punjab 

6.1.6.1a: Malwa Region 

 

           

 

             Figure 6.1.64: Malwa Region S1                  Figure 6.1.65: Malwa Region S3 

 

           

 

              Figure 6.1.66: Malwa Region S8                 Figure 6.1.67: Malwa Region S10 

 

6.1.6.1b: Majha Region 

 

            

 

             Figure 6.1.68: Majha Region M1                    Figure 6.1.69: Majha Region M2 
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            Figure 6.1.70: Majha Region M10                 Figure 6.1.71: Majha Region M10 

 

6.1.6.1c: Doaba Region 

 

           

 

            Figure 6.1.72: Doaba Region MD1                 Figure 6.1.73: Doaba Region MD2 

 

              

 

             Figure 6.1.74: Doaba Region MD5                 Figure 6.1.75: Doaba Region MD14 

 

6.1.6.2: Screening of Isolates from Saline Salt Lake Sites 

6.1.6.2a: Sambhar Lake (Rajasthan) 

 

                 

            Figure 6.1.76: Sambhar Site-1 AM1                 Figure 6.1.77: Sambhar Site-1 AM2 
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             Figure 6.1.78: Sambhar Site-1 AM6                 Figure 6.1.79: Sambhar Site-1 AM9  

 

         

               Figure 6.1.80: MTCC 617 

 

6.2: Strain improvement protocols for isolated strains and standard strains of PHB 

production through mutagenesis 

6.2.1: Investigation for maximum PHB production of isolated strains through induction. 

The induction protocol defined in material and method section required first step of 

investigation of growth curve. Conditions of growth curve determination were maintained as 

described in material and method section. Growth curves of different bacterial strains are 

shown in figures. 

6.2.1.1: Growth curves of different bacterial isolates 

 

Figure 6.2.1: Data represents the growth curve of different isolates of Majha Region (Punjab) 
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Figure 6.2.2: Data represents the growth curve of different isolates of Doaba Region 

(Punjab) 

   

Figure 6.2.3: Data represents the growth curve of different isolates of Malwa Region 

(Punjab) 

 

Figure 6.2.4: Data represents the growth curve of different isolates of Sambhar Lake 

(Rajasthan).  
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  Figure 6.2.5: Data represents the growth curve of MTCC strains 

 

6.2.1.2: PHB extraction and quantification from bacterial strains isolated from different 

geographical areas 

6.2.1.2a: PHB quantification and extraction from strains isolated from Malwa Region 

(Punjab) 
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Figure 6.2.6: Cell dry weight (g/l) and PHB (g/l) of the bacterial strains isolated from Malwa 

Region (Punjab) 
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Figure 6.2.7: PHB yield (%) from the bacterial strains isolated from Malwa Region (Punjab) 

6.2.1.1a (i): Observation of PHB quantification from strains of Malwa Region (Punjab) 

PHB quantification was carried out for the isolates from Malwa Region of Punjab, which 

were screened and have shown positive results by Sudan Black Staining technique. PHB 

extraction protocol was carried out as described in material and method section. S-3 isolate 

yielded a cell dry weight (cdw) of 6.46 g/l and S-13 isolate yielded a cell dry weight (cdw) of 

5.3 g/l. Highest accumulation of PHB production was observed in S-3 with PHB yield of 

2.588 g/l from culture broth and S-13 with PHB yield of 1.03 g/l. Percentage yield of PHB in 

S-3 isolate was 40.13% and S-13 was 19.37%  

 

According to the analysis of literature available there are certain conditions defined for high 

PHB production, the first necessary condition is achievement of high cell mass density and 

second is high percentage yield of PHB product. On the basis of these conditions from Malwa 

region 1 isolate namely S-3 was selected. 

 

 

 

 

 

 

S-1 S-2 S-3 S-7 S-8 S-9 S-10 S-11 S-12 S-13 S-14 S-16

0%

5%

10%

15%

20%

25%

30%

35%

40%

45%

 

 
P

H
B

 Y
ie

ld
 (

%
)

  PHB Yield (%)



CHAPTER- VI RESULTS AND DISCUSSION 

 

 

136  

6.2.1.2c: PHB quantification and extraction from strains isolated from Doaba Region 

(Punjab) 
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Figure 6.2.10: Cell dry weight (g/l) and PHB (g/l) of the bacterial strains isolated from Doaba 

Region (Punjab) 
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Figure 6.2.11: PHB yield (%) from the bacterial strains isolated from Doaba Region (Punjab) 
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6.2.1.2a(i): Observation of PHB quantification from strains of Doaba Region (Punjab) 

PHB quantification was carried out for the isolates from Doaba Region of Punjab, which were 

screened and have shown positive results by Sudan Black Staining technique. PHB extraction 

protocol was carried out as described in material and method section. MD1 isolate yielded a 

cell dry weight (cdw) of 1.563 g/l, MD2 isolate yielded a cell dry weight (cdw) of 3.66 g/l and 

MD5 isolate yielded a cell dry weight (cdw) of 3.606 g/l. It was observed that PHB yield in 

MD5 was 1.1373 g/l from culture broth, MD2 with PHB yield of 0.993 g/l and MD1 with 

PHB yield of 0.5133 g/l. Percentage yield of PHB in MD1 isolate was 32.77%, MD2 28.41% 

and MD5 28.69%. 

 

According to the analysis of literature available there are certain conditions defined for high 

PHB production, the first necessary condition is achievement of high cell mass density and 

second is high percentage yield of PHB product. On the basis of these conditions from Doaba 

regions 3 isolates namely MD1, MD2 and MD5 were selected. 

 

6.2.1.3b: PHB quantification and extraction from strains isolated from Majha Region 

(Punjab) 
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Figure 6.2.8: Cell dry weight (g/l) and PHB (g/l) of the bacterial strains isolated from Majha 

Region (Punjab) 
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Figure 6.2.9: PHB yield (%) from the bacterial strains isolated from Majha Region (Punjab) 

6.2.1.3b(i): Observation of PHB quantification from strains of Majha Region (Punjab) 

PHB quantification was carried out for the isolates from Majha Region of Punjab, which were 

screened and have shown positive results by Sudan Black Staining technique. PHB extraction 

protocol was carried out as described in material and method section. M1 isolate yielded a cell 

dry weight (cdw) of 2.15 g/l, M7 isolate yielded a cell dry weight (cdw) of 2.05 g/l and M10 

isolate yielded a cell dry weight (cdw) of 2.7 g/l. Highest accumulation of PHB production 

was observed in M1 with PHB yield of 0.33 g/l from culture broth, M7 with PHB 

accumulation of 0.208 g/l and M10 with PHB accumulation of 0.343 g/l. Percentage yield of 

PHB in M1 isolate was 15.34%, M10 12.69% and M7 10.17%.  

 

According to the analysis of literature available there are certain conditions defined for high 

PHB production, the first necessary condition necessary is achievement of high cell mass 

density and second is high percentage yield of PHB product. On the basis of these conditions 

from Majha regions 2 isolates namely M1 and M10 were selected. 
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6.2.1.4d: PHB quantification and extraction from strains isolated from Salty Sambhar 

lake sites (Rajasthan) 
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Figure 6.2.12: Cell dry weight (g/l) and PHB (g/l) from the bacterial strains isolated from 

Sambhar Lake Region (Punjab) 
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Figure 6.2.13: PHB yield (%) of the bacterial strains isolated from Sambhar Lake Region 

Region (Punjab) 
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6.2.1.4a(i): Observation of PHB quantification from strains of Salty Sambhar Lake 

Region (Rajasthan) 

PHB quantification was carried out for the isolates from Malwa Region of Punjab, which 

were screened and have shown positive results by Sudan Black Staining technique. PHB 

extraction protocol was carried out as described in material and method section. AM1 isolate 

yielded a cell dry weight (cdw) of 1.553 g/l, AM2 isolate yielded a cell dry weight (cdw) of 

1.093 g/l, AM6 isolate yielded a cell dry weight (cdw) of 7.3 g/l, AM4 isolate yielded a cell 

dry weight (cdw) of 1.4 g/l, AL2 isolate yielded a cell dry weight (cdw) of 1.8 g/l and AM9 

isolate yielded a cell dry weight (cdw) of 7.64 g/l. Highest accumulation of PHB production 

was observed in AM9 with PHB of 3.91 g/l from culture broth, AM6 with PHB yield of 2.016 

g/l, AM4 with PHB  of 0.433 g/l, AL2 with PHB accumulation of  0.353 g/l, AM1 with PHB 

of 0.31 g/l and AM2 with PHB accumulation of 0.251 g/l. Percentage yield of PHB in AM6 

was 27.60%, AM9 51.19%, AM1 19.97%, AM2 23.06% AM4 20.66%, and AL2 19%.  

According to the analysis of literature available there are certain conditions defined for high 

PHB production, the first necessary condition is achievement of high cell mass density and 

second is high percentage yield of PHB product. On the basis of these conditions from 

Sambhar regions 2 isolates namely AM6 and AM9 were selected.  

On the basis of performance for PHB production, yield, less time consumption for growth 

finally the following given bacteria were selected for further work from all the regions.   

 

Table 6.2: Selected strains for further analysis of PHB production with their isolaton site and 

optimum salt concentration for their growth 

S.no Isolate 

name 

Isolated Site Salt molar concentration 

for growth 

pH for 

growth 

1. S-3 Malwa Region Site-1 2 Molarity 7.2 

2. M1 Majha Region Site-2 1 Molarity 7.2 

3. M10 Majha Region Site-2 2 Molarity 7.2 

4. MD1 Doaba Region Site-1 2 Molarity 7.2 

5. MD2 Doaba Region Site-1 2 Molarity 7.2 

6. MD5 Doaba Region Site-3 1 Molarity 7.2 

7. AM6 Sambhar Lake Region Site-5 2 Molarity 7.4 

8. AM9 Sambhar Lake Region Site-6 2 Molarity 7.4 
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6.2.1.2e: PHB quantification and extraction from strains procured from MTCC 

(Chandigarh) 

MTCC453 MTCC617
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Figure 6.2.14: Cell dry weight (g/l), PHB (g/l) and PHB yield (%) from the MTCC strains 

(Bacillus megaterium MTCC 453 and  Pseudomonas oleoverans MTCC 617) 

 

6.2.1.2e (i): Observation of PHB quantification from standard strains procured from 

IMTECH CHANDIGARH 

PHB quantification was carried out on standard PHB producer strains procured from 

IMTECH Chandigarh. The strains were MTCC 453 (Bacillus megaterium) and MTCC 617 

(Pseudomonas oleoverans). PHB extraction protocol was carried out as described in material 

and method section. MTCC 453 yielded a cell dry weight (cdw) of 9.616 g/l, MTCC617 

yielded a cell dry weight (cdw) of 8.566 g/l. Highest accumulation of PHB production was 

observed in MTCC617 with PHB yield of 4.166 g/l from culture broth. MTCC 453 with PHB 

accumulation of 3.543 g/l. Percentage yield of PHB in MTCC 617 isolate was 48.44% and 

MTCC453 36.85%. 
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6.2.2: Strain improvement through Mutagenesis 

Strain improvement protocols were followed as described in the material and method section. 

 6.2.3: Results of mutagenesis experiments 

 

6.2.3.1: Number of colonies in control & mutated samples after Exposure to different 

mutagenic agents [S-3 bacterial isolate from Malwa Region Punjab]  

 

Table 6.3: Differential Exposure of Acridine orange mutagen and Total viable count (S-3) 

observed on petri-plate 

Control Mean colony count 

at 50 µg/ml 

Mean colony count 

at 100 µg/ml 

Mean colony count at 

200 µg/ml 

More than 200 17 3 0 

 

Table 6.4: Differential Exposure of Sodium azide mutagen and Total viable count (S-3) 

observed on petri-plate 

Control Mean colony count 

of 50 µg/ml 

Mean colony count 

of 100 µg/ml 

Mean colony count of 

200 µg/ml  

More than 200 17 7 2 

 

Table 6.5: Differential Exposure of Ethidium bromide and Total viable count (S-3) observed 

on petri-plate 

Control Mean colony count 

of 50 µg/ml 

Mean colony count 

of 100 µg/ml 

Mean colony count of 

200 µg/ml 

More than 200 178 60 10 

 

Table 6.6: Differential Exposure of Ethyl methane sulphonate (EMS) and Total viable count 

(S-3) observed on petri-plate 

Control Mean colony 

count of 50 µg/ml 

Mean colony count of 

100 µg/ml 

Mean colony count of 200 

µg/ml 

More than 200 94 76 4 
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Table 6.7: Differential Exposure of Ultra-violet radiation mutagen and Total viable count (S-

3) observed on petri-plate 

Control Mean colony 

count of 1 min 

Mean colony 

count of 3 min 

Mean colony count 

of 5 min 

Mean colony count 

of 7 min 

More 

than 200 

157 102 77 8 

 

6.2.3.1a: Graphical representation of Cell dry weight (g/l), PHB (g/l) and PHB yield (%) 

of bacterial isolate S-3 
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Figure 6.2.15: Cell dry weight (g/l) and PHB (g/l) of S-3 strain exposed to Acridine orange 

mutagen 
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Figure 6.2.16: PHB Yield (%) of S-3 strain exposed to Acridine orange mutagen 
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Figure 6.2.17: Cell dry weight (g/l) and PHB (g/l) of S-3 strain exposed to Sodium azide 

mutagen 

 

Figure 6.2.18: PHB Yield (%) of S-3 strain exposed to Sodium azide mutagen 
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Figure 6.2.19: Cell dry weight (g/l) and PHB (g/l) of S-3 strain exposed to EMS mutagen 

Control 50µg/ml 100µg/ml 200µg/ml

0%

10%

20%

30%

40%

50%

 

P
H

B
 Y

ie
ld

 (
%

)

Different concentration of Sodium azide exposed to bacterial strain S-3

  PHB Yield (%)



CHAPTER- VI RESULTS AND DISCUSSION 

 

 

145  

                     

Control 50µg/ml 100µg/ml 200µg/ml

0%

10%

20%

30%

40%

50%

 

 

P
H

B
 Y

ie
ld

 (
%

)

Different concentraton of Ethyl Methane Sulphonate exposed to bacterial strain S-3

  PHB Yield (%)

 

Figure 6.2.20: PHB Yield (%) of S-3 strain exposed to EMS mutagen 
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Figure 6.2.21: Cell dry weight (g/l) and PHB (g/l) of S-3 strain exposed to EtBr mutagen 
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Figure 6.2.22: PHB Yield (%) of S-3 strain exposed to Ethidium bromide (EtBr) mutagen 
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Figure 6.2.23:  Cell dry weight (g/l) and PHB (g/l) of S-3 strain exposed to UV radiation 
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Figure 6.2.24:  PHB Yield (%) of S-3 strain exposed to Ultra-violet (UV) radiation mutagen 

6.2.3.1a (i): Observation of Mutagenesis Studies using different Mutagenic agents in 

isolate S-3 

Mutagenic investigations were carried out with the above described agents to the isolate S-3. 

Isolate S3 initial PHB production was 40.13%, which increases to 50.53% with 100 µg/ml t of 

Acridine orange treatment. In case of control, cdw was 6.46 g/l and in 50 µg/ml it was 5.4 g/l. 

PHB accumulation was 2.588 g/l (control), 1.85 g/l (50 µg/ml) and 3.372 g/l in 100 µg/ml 

treatment of acridine orange. The highest PHB yield was observed in 100 µg/ml A.O 

concentrations treatment i.e. 50.53%, 36.38% in 50 µg/ml and 40.13% in control. From the 

overall observation, it was found that in terms of PHB yield 100 µg/ml was the best exposure 

for high PHB yield. The overall analysis shows the results that 100 µg/ml treated strain 

accumulated the PHB around 3.86 g/l.  The main aim of the study was to get high PHB yield 

in g/l. 
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Sodium azide treatment at 50 µg/ml concentration yields PHB production level of 43.39%.  In 

terms of cell dry weight, maximum cell mass was observed in case of 50 µg/ml (7.5 g/l) as 

compared to other exposed concentrations of sodium azide. Cell mass was less in case of 100 

µg/ml (3.1 g/l), 200 µg/ml (5.1 g/l) and control (6.46 g/l) as compared to 50 µg/ml (7.5 g/l). 

PHB accumulation was 2.588 g/l (control), 1g/l (100 µg/ml) and 1.096 g/l (200 µg/ml). 

Maximum accumulation was observed in 50 µg/ml i.e. 3.266 g/l. The highest PHB yield was 

observed at 50 µg/ml sodium azide treatment i.e. 43.39%. The other concentrations were 

analysed for PHB yield and were 28.36% in 100 µg/ml, 21.37% in 200 µg/ml and 40.13% in 

control. From the overall observation, it was found that in terms of PHB yield 50 µg/ml was 

the best exposure concentration for high PHB yield.  

 

Ethyl methane sulphonate (EMS) treatment at 100 µg/ml concentration yields PHB 

production level of 48.52%.  In terms of cell dry weight, maximum cell mass was observed at 

100 µg/ml (8.44 g/l) as compared to other exposed concentrations of EMS. Cell mass was less 

in case of 50 µg/ml (3.86 g/l), 200 µg/ml (7.96 g/l) and control (6.46 g/l). PHB accumulation 

was 2.588 g/l (control), 1.23 g/l (50 µg/ml), 4.09 g/l (100 µg/ml) and 3.67 g/l (200 µg/ml). 

The highest PHB yield was observed at 100 µg/ml sodium azide concentrations i.e. 48.52%. 

The others were 32.16% in 50 µg/ml, 46.11% in 100 µg/ml and 40.13% in control. From the 

overall observation, it was found that in terms of PHB yield 100 µg/ml was the best exposure 

treatment for high PHB yield i.e. 43.39%. 

 

Ethidium bromide treated bacterial isolate S-3 at different concentration shows the maximum 

cdw in control i.e. 6.46 g/l. The high concentration of EtBr affects the cell growth rate. It was 

observed that cdw of 50 µg/ml was 3.66 g/l, 100 µg/ml was 3.196 g/l and 200 µg/ml was 2.82 

g/l. The PHB accumulation also gets reduced by the effect of mutagenic agent on the stored 

bacterial lipid granules. The analysis shows that in control PHB accumulation was 2.588 g/l, 

which was maximum as compared to the mutagenic affected strains. The accumulation of 

PHB was 1.106 g/l in 50 µg/ml, 0.716 g/l in 100 µg/ml and 0.58 g/l in 200 µg/ml. The PHB 

yield was highest in control i.e. 40.13%. The other yield percentage was 30.15% in 50 µg/ml, 

22.44% in 100 µg/ml and 20.61% in 200 µg/ml. The overall analysis shows that maximum 

PHB accumulated in control sample per litres of culture medium i.e. 2.588 g/l, which shows 

that in terms of PHB production, control strain was better among the other mutated strains. 
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For UV treatment PHB yield was 40.13% observed in case of control. In terms of cell dry 

weight, maximum cell mass was observed in case of control i.e. 6.46 g/l as compared to other 

UV exposed timing. Cell mass was reduced in case of 1 minute UV exposure i.e. (3.18 g/l), 3 

min (3.23 g/l), 5 min (2.33 g/l) and 7 min (2.09 g/l). No growth was observed at 10 min 

exposure. The observation for PHB accumulation in terms of exposure time was 1.09 g/l (1  

min), 0.9 g/l (3  min), 0.63 g/l (5 min) and 0.44 g/l (7 min). Maximum PHB accumulation was 

observed in control i.e. The highest PHB yield was observed at control, which was 40.13%. 

The other exposure yielded PHB of 33.08% in 1 min, 27.78% in 3 min, 24.19% in 5 min and 

21.12% in 7 min UV exposure. From the overall observation, it was found that in terms of 

PHB yield control shows a high PHB yield. The results are in coherence with Adwitiya et al., 

2009. 

 

6.2.3.2: Number of colonies in control & mutated samples after Exposure to different 

mutagenic agents [M1 bacterial isolate from Majha Region Punjab]  

 

Table 6.8: Differential Exposure of Acridine orange and Total viable count (M1) observed on 

petri-plate 

Control Mean colony count of 

50 µg/ml 

Mean colony count of 

100 µg/ml 

Mean colony count of 200 

µg/ml 

67 39 17 - 

 

Table 6.9: Differential Exposure of Ultra-violet radiation and Total viable count (M1) 

observed on petri-plate 

Control Mean colony 

count of 1 min 

Mean colony 

count of 3 min 

Mean colony 

count of 5 min 

Mean colony 

count of 7 min 

Mean colony 

count of 10 

min 

More 

than 

200 

56 28 15 6 2 
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6.2.3.2a: Graphical representation of Cell dry weight (g/l), PHB (g/l) and PHB yield (%)  

of bacterial isolate M1  
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Figure 6.2.25: Cell dry weight (g/l) and PHB (g/l) of M1 strain exposed to Acridine orange 

mutagen 

 

Figure 6.2.26:  PHB Yield (%) of M1 strain exposed to Acridine orange mutagen 
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Figure 6.2.27: Cell dry weight (g/l) and PHB (g/l) of M1 strain exposed to UV radiation 

mutagen 
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Figure 6.2.28: PHB Yield (%) of bacterial isolate M1 exposed to UV radiation mutagen 

6.2.3.2a (i): Observation of Mutagenesis Studies using different Mutagenic agents in 

isolate M1 

Mutagenic investigations were carried out with different agents on the isolate M1. Isolate M1 

initial PHB production was 15.34%, which increases to 17.80% with 200 µg/ml of Acridine 

orange treatment.  

 

It was observed that cdw was maximum in case of 100 µg/ml i.e. 2.49 g/l. The other cdw was 

2.28 g/l in 50 µg/ml, 2.4 g/l in 200 µg/ml and 2.15 g/l in case of control. The PHB 

accumulation was highest in case of 100 µg/ml i.e. 0.446 g/l. The PHB accumulation in 50 

µg/ml was 0.36 g/l, 200 µg/ml (0.373 g/l) and control (0.33 g/l). The PHB yield was highest 

in 100 µg/ml i.e. 17.80%. The PHB yield observed in other concentrations was 16.01% (50 

µg/ml), 15.75% (200 µg/ml) and 15.34% (control). The overall analysis demonstrated that 

100µg/ml exposure produced the best results in both aspects of PHB accumulation and PHB 

yield.  

 

UV mutagenesis, 7 minutes exposure yields PHB at 24.99%. In terms of cell dry weight, 

maximum cell mass was observed in case of 7 min UV exposure i.e. 2.66 g/l as compared to 

other mutagen exposed strains.  Cell mass was reduced in case of 1 minute UV exposure i.e. 

(2.01 g/l), 3 min (2.643 g/l), 5 min (2.81 g/l), 10 min (0.79 g/l) and control (2.15 g/l). PHB 

accumulation was maximum in 7 min UV exposure i.e. 0.6656 g/l. The observation shows 

that the PHB accumulation was 0.3216 g/l (1 min), 0.548 g/l (3 min), 0.646 g/l (5 min), 0.168 

g/l (10 min) and 0.33 g/l (control). The highest PHB yield was observed at 7 min UV 

exposure, which was 24.99%. The other exposure yielded PHB of 16.01% in 1 min, 20.77% 



CHAPTER- VI RESULTS AND DISCUSSION 

 

 

151  

in 3 min, 23.01% in 5 min, 21.39% in 10 min and 15.34% in control. From the overall 

observation, it was found that in terms of PHB yield 7 min UV exposed strain shows a high 

PHB yield i.e. 24.99% with high accumulation of PHB i.e. 0.646 g/l. The results are in 

coherence with Adwitiya et al., 2009. 

 

No effect of mutagenic agents was observed in the case of Ethidium bromide, Ethyl methane 

sulphonate (EMS) and sodium azide at different concentrations as no reduction in number of 

colonies was observed as compared with the control. 

 

6.2.3.3: Number of colonies in control & mutated samples after Exposure to different 

mutagenic agents [M10 bacterial isolate] 

  

Table 6.10: Differential Exposure of Acridine orange mutagen and Total viable count (M10) 

observed on petri-plate 

Control Mean colony count 

of 50 µg/ml 

Mean colony count 

of 100 µg/ml 

Mean colony count of 200 

µg/ml 

More than 200 65 21 7 

 

Table 6.11: Differential Exposure of Sodium azide mutagen and Total viable count (M10) 

observed on petri-plate 

Control Mean colony count 

of 50 µg/ml 

Mean colony count 

of 100 µg/ml 

Mean colony count of 200 

µg/ml 

More than 200 44 16 8 

 

Table 6.12: Differential Exposure of Ethidium bromide (EtBr) mutagen and Total viable 

count (M10) observed on petri-plate 

Control Mean colony count of 

50 µg/ml 

Mean colony count 

of 100 µg/ml 

Mean colony count of 200 

µg/ml 

More than 

200 

165 7 2 
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Table 6.13: Differential Exposure of Ethyl Methane Sulphonate (EMS) and Total viable 

count (M10) observed on petri-plate 

Control Mean colony count 

of 50 µg/ml 

Mean colony count 

of 100 µg/ml 

Mean colony count of 200 

µg/ml 

More than 200 14 5 2 

 

Table 6.14: Differential Exposure of Ultra-violet radiations (mins) and Total viable count 

(M10) observed on petri-plate 

Control Mean colony 

count of 1  

min 

Mean colony 

count of 

3 min 

Mean colony 

count of 

5 min 

Mean colony 

count of 7 min 

Mean colony 

count of 10 

min 

More 

than 200 

125 111 29 4 0 

 

6.2.3.3a: Graphical representation of Cell dry weight (g/l), PHB (g/l) and PHB yield (%) 

of bacterial isolate M10 
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Figure 6.2.29: Cell dry weight (g/l) and PHB (g/l) of M10 strain exposed to Acridine orange 

mutagen 
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Figure 6.2.30: PHB Yield (%) of M10 strain exposed to Acridine orange mutagen 
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Figure 6.2.31: Cell dry weight (g/l) and PHB (g/l) of M10 strain exposed to Sodium azide 

mutagen 
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Figure 6.2.32:  PHB Yield (%) of M10 strain exposed to Sodium azide mutagen 
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Figure 6.2.33: Cell dry weight (g/l) and PHB (g/l) of M10 strain exposed to EMS mutagen 
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 Figure 6.2.34:  PHB Yield (%) of M10 strain exposed to EMS mutagen 
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Figure 6.2.35: Cell dry weight (g/l) and PHB (g/l) of M10 strain exposed to EtBr mutagen 
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Figure 6.2.36: PHB Yield (%) of M10 strain exposed to EtBr mutagen 
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Figure 6.2.37: Cell dry weight (g/l) and PHB (g/l) of M10 strain exposed to UV radiation 

mutagen 
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Figure 6.2.38: PHB Yield (%) of M10 strain exposed to Ultra-violet (UV) radiation mutagen 
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6.2.3.3a (i): Observation of Mutagenesis Studies using different Mutagenic agents in 

isolate M10 

Mutagenic investigations were carried out with the different agents on the isolate M10. Isolate 

M10 initial PHB production was 12.69%, which increases to 18% with 100 µg/ml of Acridine 

orange treatment. In terms of cell dry weight, maximum cell mass was observed in case of 50 

µg/ml (2.36 g/l) as compared to control.  Cell mass was 200 µg/ml (1.39 g/l) and 100 µg/ml 

2.216 g/l, whereas cdw in control was 2.7 g/l. Maximum PHB accumulation was 0.42 g/l in 

100 µg/ml. PHB accumulation in other treatment was 0.343 g/l (control), 0.384 g/l (50 µg/ml) 

and 0.224 g/l (200 µg/ml). The highest PHB yield was observed in 100 µg/ml A.O 

concentrations. The other exposed bacterial strain yield PHB 12.69% in control, 16% in 50 

µg/ml and 16% in 200 µg/ml treatment. From the overall observation, it was found that in 

terms of PHB yield 100 µg/ml was the best exposed concentration for high yield. The main 

aim of the study was to get high PHB g/l, which was achieved in 100 µg/ml of Acridine 

orange treatment. 

 

Sodium azide treatment at 50 µg/ml concentration yields PHB production level of 27%. In 

terms of cell dry weight, maximum cell mass was observed in case of control (2.7 g/l) as 

compared to other exposed concentrations of sodium azide treatment.  Cell mass was reduced 

in case of 50 µg/ml (2.23 g/l), 100 µg/ml (0.9 g/l) and 200 µg/ml (0.69 g/l). PHB 

accumulation was 0.343 g/l (control), 0.236 g/l (100 µg/ml) and 0.116 g/l (200µg/ml). 

Maximum accumulation was observed in 50 µg/ml i.e. 0.612 g/l.  The highest PHB yield was 

observed at 50 µg/ml sodium azide concentrations i.e. 27%. The other concentrations were 

analysed for PHB yield and were 22% in 100 µg/ml, 16% in 200 µg/ml and 12.69% in 

control. From the overall observation, it was found that in terms of PHB yield and 

accumulation 50 µg/ml was the best exposed concentration.  

 

Ethyl methane sulphonate (EMS) treatment at 100 µg/ml concentration yields PHB 

production level of 23.74%.  In terms of cell dry weight, maximum cell mass was observed in 

case of 200 µg/ml (2.87 g/l) as compared to other exposed concentrations of EMS.  Cell mass 

was reduced in case of 50 µg/ml (2.04 g/l), 100 µg/ml (2.11 g/l) and control (2.7 g/l). PHB 

accumulation was 0.343 g/l (control), 0.434 g/l (50 µg/ml) and 0.448 g/l (200 µg/ml). 

Maximum PHB accumulation was observed in 100 µg/ml treatment i.e. 0.498 g/l.  The 

highest PHB yield was observed at 100 µg/ml sodium azide concentrations i.e. 23.74%. The 
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others were 21.28% in 50 µg/ml, 15.62% in 200 µg/ml and 12.69% in control. From the 

overall observation, it was found that in terms of PHB yield 100 µg/ml was the best exposed 

concentration for high PHB yield i.e. 23.74% 

 

Ethidium bromide treated bacterial isolate M10 at different concentration shows the 

maximum cdw at control i.e. 2.7 g/l. It was observed that cdw at 50 µg/ml was 2.35 g/l, 100 

µg/ml was 2.283 g/l and 200 µg/ml was 2.47 g/l. The analysis shows that in 50 µg/ml PHB 

accumulation was 0.579 g/l, which was maximum as compared to all mutagenic affected 

strains. The accumulation of PHB was 0.461 g/l in 200 µg/ml, 0.475 g/l in 100 µg/ml and 

0.343 g/l in control. The PHB yield was highest in 50 µg/ml concentration of EtBtr i.e. 

24.70%. The other yield percentage was 18.68% in 200 µg/ml, 20.81% in 100 µg/ml and 

12.96% in control. The overall analysis shows that maximum PHB accumulated in 50 µg/ml 

exposed concentration i.e. 0.579 g/l. 

 

 The PHB yield was 37.80% observed in case of 5 min UV exposure. Cell mass was reduced 

in case of 1 min UV exposure i.e. (2.37 g/l), 3 min (2.723 g/l), 5 min (2.1 g/l) and 7 min (1.78 

g/l). No Colony was observed in 10 min UV exposure. PHB accumulation was maximum in 5 

min UV exposure i.e. 0.7933 g/l. The observation shows that the PHB accumulation was 

0.5043 g/l (1 min), 0.7166 g/l (3 min), 0.656 g/l (7 min) and 0.343 g/l (control). The highest 

PHB yield was observed at 5 min UV exposure, which was 37.80%. The other exposure 

yielded PHB of 21.26% in 1 min, 26.29% in 3 min, 36.74% in 7 min and 12.69% in control. 

From the overall observation, it was found that in terms of PHB yield and PHB accumulation 

5 min UV exposed strain shows a high PHB yield i.e. 37.80% and PHB accumulation i.e. 

0.7933 g/l. The results are in coherence with Adwitiya et al., 2009. 

 

6.2.3.4: Number of colonies in control & mutated samples after Exposure to different 

mutagenic agents [MD1 bacterial isolate from Doaba Region Punjab]  

 

Table 6.15: Differential Exposure of Acridine orange and Total viable count (MD1) observed 

on petri-plate observed on petri-plate 

Control Mean colony 

count of 50 µg/ml 

Mean colony count of 

100 µg/ml 

Mean colony count of 200 

µg/ml 

43 16 10 3 
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Table 6.16: Differential Exposure of Sodium azide and Total viable count (MD1) 

Control Mean colony 

count of 50 µg/ml 

Mean colony count of 

100 µg/ml 

Mean colony count of 200 

µg/ml 

43 12 2 1 

 

6.2.3.4a: Graphical representation of Cell dry weight (g/l), PHB (g/l) and PHB yield (%) 

of bacterial isolate MD1 
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Figure 6.2.39: Cell dry weight (g/l) and PHB (g/l) of MD1 strain exposed to Acridine orange 

mutagen 
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Figure 6.2.40: PHB Yield (%) of MD1 strain exposed to Acridine orange mutagen 
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Figure 6.2.41:  Cell dry weight (g/l) and PHB (g/l) of MD1 strain exposed to Sodium azide 

mutagen 
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Figure 6.2.42:  PHB Yield (%) of MD1 strain exposed to Sodium azide mutagen 

6.2.3.4a (i): Observation of Mutagenesis Studies using different Mutagenic agents in 

isolate MD1 

Mutagenic investigations were carried out with the different agents on the isolate MD1. 

Isolate MD1 initial PHB production was 32.77%, which was highest among all the exposed 

strain at different concentration of Acridine orange. It was observed that cdw was maximum 

in case of 100 µg/ml i.e. 2.11 g/l. The other cdw was 1.656 g/l in 200 µg/ml, 1.0 g/l in 50 

µg/ml and 1.563 g/l in case of control. The PHB accumulation was highest in case of control 

i.e. 0.513 g/l. The PHB accumulation in 50 µg/ml was 0.253 g/l, 100 µg/ml (0.4148 g/l) and 

200 µg/ml (0.193 g/l). The PHB yield was highest in control i.e. 32.77%. The PHB yield 

observed in other concentrations was 25.39% (50 µg/ml), 19.67% (100 µg/ml) and 11.67% 

(200 µg/ml). The overall analysis shows that the control was better in both aspect of PHB 



CHAPTER- VI RESULTS AND DISCUSSION 

 

 

160  

accumulation and PHB yield. Negative effect of Acridine orange was observed, when 

exposed to MD1 strain. 

 

Sodium Azide treatment analysis shows that there was an increment in PHB yield from 

32.77% to 45.77% with 100 µg/ml treatment of sodium azide. Maximum cdw was observed 

in control i.e. 1.563 g/l. The cdw of other exposed strain was 1.346 g/l (50 µg/ml), 1.083 g/l 

(100 µg/ml) and 0.883 g/l (200 µg/ml). The PHB accumulation was maximum observed at 

control i.e.0.5133 g/l.   PHB accumulation was also analysed in other concentration, which 

was 0.2889 g/l (50 µg/ml), 0.1605 g/l (200 µg/ml), and 0.494 g/l (100 µg/ml). PHB yield was 

32.77% in control, 23.89% in 50 µg/ml and 18.16% in 200 µg/ml. Maximum yield was 

observed in 100 µg/ml i.e. 45.77%. The above investigation provides conclusive evidence that 

Sodium Azide treatment at 100 µg/ml produced high PHB yield of 45.77%. But in terms of 

PHB accumulation, best was observed in control i.e. 0.513 g/l. 

 

No effect of mutagenic agents was observed in the case of Ethidium bromide, Ethyl methane 

sulphonate (EMS) and UV treatment at different concentrations as no reduction in number of 

colonies was observed as compared with the control. 

  

Mutagenesis effect in isolate MD2 and MD5 was not observed as no decrease in the number 

of colonies were observed when treated with different mutagenic agents at different 

concentrations. 

 

6.2.3.5: Number of colonies in control & mutated samples after Exposure to different 

mutagenic agents [AM6 bacterial isolate from Salty Sambhar Lake] 

 

Table 6.17: Differential Exposure of Acridine orange mutagen and Total viable count (AM6) 

observed on petri-plate 

Control Mean colony count 

of 50 µg/ml 

Mean colony count of 

100 µg/ml 

Mean colony count of 200 

µg/ml 

More than 200 42 7 2 

 

 

 



CHAPTER- VI RESULTS AND DISCUSSION 

 

 

161  

Table 6.18: Differential Exposure of Sodium azide mutagen and Total viable count (AM6) 

observed on petri-plate 

Control Mean colony 

count of 50 µg/ml 

Mean colony count of 

100 µg/ml 

Mean colony count of 200 

µg/ml 

More than 200 12 8 0 

 

Table 6.19: Differential Exposure of Ultra-violet radiation mutagen and Total viable count 

(AM6) observed on petri-plate 

Control Mean colony 

count of 1 min 

Mean colony 

count of 3 min 

Mean colony 

count of 5 min 

Mean colony 

count of 7 min 

More than 200 28 5 4 0 

 

6.2.3.5a: Graphical representation of Cell dry weight (g/l), PHB (g/l) and PHB yield (%) 

of bacterial isolate AM6 
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Figure 6.2.43: Cell dry weight (g/l) and PHB (g/l) of AM6 strain exposed to Acridine orange 

mutagen 
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Figure 6.2.44:  PHB Yield (%) of AM6 strain exposed to Acridine orange mutagen 
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Figure 6.2.45: Cell dry weight (g/l) and PHB (g/l) of bacterial isolate AM6 exposed to 

Sodium azide mutagen 
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Figure 6.2.46: PHB Yield (%) of AM6 strain exposed to Sodium azide mutagen 
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Figure 6.2.47:  Cell dry weight (g/l) and PHB (g/l) of AM6 strain exposed to Ultra-violet 

radiation mutagen 
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Figure 6.2.48: PHB Yield (%) of AM6 strain exposed to Ultra-violet radiation mutagen 

6.2.3.5a(i): Observation of Mutagenesis Studies using different Mutagenic agents in 

isolate AM6 

Isolate AM6 initial PHB production was 27.60% in control without A.O. treatment. In terms 

of cell dry weight, maximum cell mass was observed in case of control (7.3 g/l).  Cell mass 

was reduced in case of 50 µg/ml (4.13 g/l), 100 µg/ml (5.323 g/l) and 200 µg/ml (3.84 g/l). 

PHB accumulation was 2.01 g/l (control), 1.02 g/l (50 µg/ml), 1.593 g/l (100 µg/ml) and 

0.996 g/l (200 µg/ml). The highest PHB yield was observed in 100 µg/ml A.O concentrations 

i.e. 29.92%, 23.88% in 200 µg/ml, 24.63% in 50 µg/ml and 27.60% in control. From the 

overall observation, it was found that in terms of PHB yield 100 µg/ml was the best exposure 

of high PHB yield. The overall highest PHB accumulation was observed in control. 

 

In Sodium azide treatment maximum PHB yield was observed in control 27.60%. In terms of 

cell dry weight, maximum cell mass was observed in case of control (7.3 g/l) as compared to 

other exposed concentrations of sodium azide.  Cell mass was reduced in case of 50 µg/ml 

(4.56 g/l), 100 µg/ml (4.03 g/l) and in 200 µg/ml treatment no growth was observed. PHB 

accumulation was 2.01 g/l (control), 0.889 g/l (50 µg/ml) and 1.01 g/l (100 µg/ml). The 

highest PHB yield was observed in control 27.60%. The others were 19.57% in 50 µg/ml and 

25.16% in 100 µg/ml treatment.  

 

In UV exposure, maximum cell mass was observed in case of control (7.3 g/l) as compared to 

other mutagen exposures.  Cell mass was reduced in case of 1 minute UV exposure i.e. (6.306 

g/l), 3 min (3.506 g/l), 5 min (4.286 g/l) and in 7 min no growth was observed. PHB 

accumulation was 2.01 g/l (control), 1.383 g/l (1 min), 0.786 g/l (3 min) and 0.682 g/l in 5 
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min. The highest PHB yield was observed at control, which was 27.60%. The other exposure 

yielded PHB of 21.86% in 1 min, 22.43% in 3 min and 15.97% in 5 min. The overall analysis 

optimized the results that control strain accumulated the PHB of around 2.01 g/l., which was 

higher than the other exposed concentration. The results are in coherence with Adwitiya et al., 

2009. No effect of mutagenic agents was observed in the case of Ethidium bromide and Ethyl 

methane sulphonate (EMS) treatment at different concentrations as no reduction in number of 

colonies was observed as compared with the control.  

 

6.2.3.6: Number of colonies in control & mutated samples after Exposure to different 

mutagenic agents [AM9 bacterial isolate from Saltren Sambhar Lake]  

 

Table 6.20: Differential Exposure of Acridine orange mutagen and Total viable count (AM9) 

Control Mean colony count 

of 50 µg/ml 

Mean colony count of 

100 µg/ml 

Mean colony count of 

200 µg/ml 

More than 200 64 15 1 

 

Table 6.21:  Differential Exposure of Sodium azide mutagen and Total viable count (AM9) 

Control Mean colony count 

of 50 µg/ml 

Mean colony count of 

100 µg/ml 

Mean colony count of 

200 µg/ml 

More than 200 26 12 4 

 

Table 6.22:  Differential Exposure of Ethidium bromide (EtBr) mutagen and Total viable 

count (AM9) 

Control Mean colony count 

of 50 µg/ml 

Mean colony count of 

100 µg/ml 

Mean colony count of 

200 µg/ml 

More than 200 10 - - 

 

Table 6.23: Differential Exposure of Ethyl Methane Sulphonate (EMS) mutagen and Total 

viable count (AM9) 

Control Mean colony count 

of 50 µg/ml 

Mean colony count of 

100 µg/ml 

Mean colony count of 

200 µg/ml 

More than 200 33 16 5 
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Table 6.24: Differential Exposure of Ultra-violet radiation mutagen and Total viable count 

(AM9) 

Control Mean colony 

count of 1 

min 

Mean colony 

count of 3 

min 

Mean colony 

count of 5 

min 

Mean 

colony 

count of 7 

min 

Mean 

colony 

count of 10 

min 

More than 200 196 124 44 14 0 

 

6.2.3.6a. Graphical representation of Cell dry weight (g/l), PHB (g/l) and PHB yield (%) 

of bacterial isolate AM9 
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Figure 6.2.49: Cell dry weight (g/l) and PHB (g/l) of AM9 strain exposed to Acridine orange 

mutagen 

 

Figure 6.2.50: PHB Yield (%) of AM9 strain exposed to Acridine orange mutagen 
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Figure 6.2.51: Cell dry weight (g/l) and PHB (g/l) of AM9 strain exposed to Sodium azide 

mutagen 

 

Figure 6.2.52:  PHB Yield (%) of AM9 strain exposed to Sodium azide mutagen 
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Figure 6.2.53:  Cell dry weight (g/l) and PHB (g/l) of AM9 strain exposed to EMS mutagen 
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Figure 6.2.54: PHB Yield (%) of bacterial isolate AM9 exposed to EMS mutagen 
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Figure 6.2.55: Cell dry weight (g/l) and PHB (g/l) of AM9 strain exposed to EtBr mutagen 
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Figure 6.2.56:  PHB Yield (%) of AM9 strain exposed to EtBr mutagen 
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Figure 6.2.57: Cell dry weight (g/l) and PHB (g/l) of AM9 strain exposed to UV radiation 

mutagen 
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Figure 6.2.58: PHB Yield (%) of bacterial isolate AM9 exposed to UV radiation mutagen 
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initial PHB production was 51.19%. Negative effect of mutagenic agents was observed in the 

case of Acridine orange, Sodium Azide, Ethyl methane sulphonate, Ethidium bromide and 

UV treatment at different concentrations as reduction in PHB Yield was observed as 

compared with the control. 

 

Initially without the treatment of Acridine orange, cdw for control was 7.646 g/l, PHB 

accumulation was 3.916 g/l and PHB yield was 51.19%. The effect of Acridine orange 
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concentration of mutagenic agent increases. It was observed that 50 µg/ml accumulated PHB 

of 2.004 g/l in cdw of 6.743 g/l, 100 µg/ml (1.463 g/l) in cdw of 5.39 g/l, 200 µg/ml (1.948 

g/l) in cdw 5.126 g/l.  The PHB yield was also decreased i.e. 50 µg/ml (29.74%), 100 µg/ml 

(27.20%) and 200 µg/ml (38%). 

 

In case of sodium azide mutagenesis, as compared to control isolate AM9, it was observed 

that there was no increase in cdw, when treated with different concentrations of Sodium azide 

i.e 50 µg/ml, 100 µg/ml and 200 µg/ml. It was analyzed that the cell dry weight in 50 µg/ml 

of sodium azide concentration treatment was 1.516 g/l, 100 µg/ml (2.216 g/l) and 200 µg/ml 

(1.86 g/l), where as PHB accumulation was 50 µg/ml (0.673 g/l), 100 µg/ml (0.83 g/l) and 

200 µg/ml (0.7302 g/l) and PHB yield was 44.04% (50 µg/ml), 37.41% (100 µg/ml) and 

39.25% (200 µg/ml). The analysis shows that negative effect was observed in sodium azide 

treatment both in terms of cell dry weight and PHB accumulation. 

 

The treatment of ethyl methane sulphonate (EMS) shows that there was no increase in cell dry 

weight of 50, 100 and 200 µg/ml concentration of EMS, which was observed to be 4.193 g/l, 

3.586 g/l and 3.47 g/l. Reduction in PHB accumulation was observed in all the treated 

concentration i.e. 0.973 g/l (50 µg/ml), 1.052 g/l (100 µg/ml), 0.8899 g/l (200 µg/ml) and 

3.91g/l (control). The negative effect was also observed in case of PHB yield, which was 

observed as 21.64% (50 µg/ml), 29.48% (100 µg/ml), 25.64% (200 µg/ml) as compared to 

control 51.19%.  

 

Ethidium bromide treated bacterial isolate AM9 at different concentration also shows negative 

effect on cdw i.e. 6.266 g/l in case of 50 µg/ml EtBr treatment, 4.186 g/l in case of 100 µg/ml, 

3.57 g/l in case of 200 µg/ml and 7.64 g/l in control. PHB accumulation was observed to be 

2.162 g/l (50 µg/ml), 1.3 g/l (100 µg/ml), 1.206 g/l (200 µg/ml) and 3.916 g/l for control. The 

PHB yield was also reduced to 34.50% (50 µg/ml), 30.81% (100 µg/ml) and 33.82% (200 

µg/ml) as compared to control i.e. 51.19% 

 

Physical mutagenesis by Ultra-violet radiation at 254nm on PHB production shows that there 

was decrease in cdw i.e. 7.64 g/l in control sample, which was reduced to 2.966 g/l in case of 

1 min UV exposure, 2.033 g/l in 3 min, 2.866 g/l in 5 min, 2.476 g/l in 7 min UV and no 

growth in 10 min exposure. The effect of UV exposure at different time intervals shows that 
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the PHB accumulation was also reduced to 1.44 g/l in 1 min treatment, 0.59 g/l (3 min), 0.976 

g/l (5 min) and 0.597 g/l (7 min). The PHB yield was also decreases from 51.19% in case of 

AM9 control to 48.55% (1 min), 29.11% (3 min), 34.03 (5 min) and 24.34% (7 min).  The 

above investigation provides conclusive evidence that control was better all mutated strains. 

The results are in coherence with Adwitiya et al., 2009. 

 

6.2.3.7: Number of colonies in control & mutated samples after Exposure to different 

mutagenic agents  [MTCC 453 bacterial isolate] observed on petri-plate 

 

Table 6.25: Differential Exposure of Acridine orange mutagen and Total viable count 

(MTCC 453) observed on petri-plate 

Control Mean colony count 

of 50 µg/ml 

Mean colony count of 

100 µg/ml 

Mean colony count of 

200 µg/ml 

More than 200 44 11 3 

 

Table 6.26: Differential Exposure of Sodium Azide mutagen and Total viable count (MTCC 

453) observed on petri-plate 

Control Mean colony count 

of 50 µg/ml 

Mean colony count of 

100 µg/ml 

Mean colony count of 

200 µg/ml 

More than 200 38 18 0 

 

Table 6.27: Differential Exposure of Ethidium bromide mutagen and Total viable count 

(MTCC 453) observed on petri-plate 

Control Mean colony count 

of 50 µg/ml 

Mean colony count of 

100 µg/ml 

Mean colony count of 

200 µg/ml 

More than 200 21 8 0 

 

Table 6.28:  Differential Exposure of Ethyl Methane Sulphonate (EMS) mutagen and Total 

viable count (MTCC 453) observed on petri-plate 

Control Mean colony count 

of 50 µg/ml 

Mean colony count of 

100 µg/ml 

Mean colony count of 

200 µg/ml 

More than 200 24 12 0 

 



CHAPTER- VI RESULTS AND DISCUSSION 

 

 

171  

6.2.3.7a: Graphical representation of Cell dry weight (g/l), PHB (g/l) and PHB yield (%) 

of bacterial isolate MTCC 453 

C o n t ro l 5 0 µ g /m l 1 0 0 µ g /m l 2 0 0 µ g /m l

0

2

4

6

8

1 0

0

2

4

6

8

1 0

 P
H

B
 (

g
/l
)

 
C

e
ll
 d

ry
 w

e
ig

h
t 

(g
/l
)

D if fe re n t  c o n c e n tra t io n  o f  A c r id in e  o ra n g e  e x p o s e d  to  b a c te r ia l s t r a in  M T C C 4 5 3

  C e ll d ry  w e ig h t  ( g / l)

  P H B  (g / l)

 

Figure 6.2.59:  Cell dry weight (g/l) and PHB (g/l) of MTCC 453 strain exposed to Acridine 

orange mutagen 
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Figure 6.2.60:  PHB Yield (%) of MTCC 453 strain exposed to Acridine orange mutagen 
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Figure 6.2.61:  Cell dry weight (g/l) and PHB (g/l) of MTCC 453 strain exposed to Sodium 

azide mutagen 
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Figure 6.2.62:  PHB Yield (%) of MTCC 453 strain exposed to Sodium azide mutagen 
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Figure 6.2.63: Cell dry weight (g/l) and PHB (g/l) of MTCC 453 strain exposed to EMS 

mutagen 
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Figure 6.2.64:  PHB Yield (%) of bacterial isolate MTCC 453 strain exposed EMS mutagen 
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Figure 6.2.65:  Cell dry weight (g/l) and PHB (g/l) of MTCC 453 strain exposed to EtBr 

mutagen 
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Figure 6.2.66:  PHB Yield (%) of MTCC 453 strain exposed to EtBr mutagen 

6.2.3.7A (i): Observations of Mutagenesis Studies using different Mutagenic agents in 

isolate MTCC 453 

Mutagenic investigations were carried out with different agents on the isolate MTCC 453. 

Isolate MTCC 453 initial PHB production was 36.85%, which increases to 39.20% with 100 

µg/ml of Acridine orange treatment. In terms of cell dry weight, maximum cell mass was 

observed in case of control (9.61 g/l) as compared to other exposed isolates.  Cell mass was 

reduced in case of 50 µg/ml (8.323 g/l) and 100 µg/ml 7.44 g/l, whereas cdw in 200 µg/ml 

was 8.092 g/l. Maximum PHB accumulation was 3.543 g/l in control. The other PHB 

accumulation was 3.033 g/l (50 µg/ml l), 2.416 g/l (200 µg/ml) and 2.913 g/l (100 µg/ml). 

The highest PHB yield was observed in 100 µg/ml A.O concentrations i.e. 39.20%. The other 

exposed bacterial strain yield PHB of 34.44% in 50 µg/ml, 29.86% in 200 µg/ml and in 
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control 36.85%. In this studies, maximum PHB yield was observed in control strain i.e. 3.54 

g/l. 

 

Sodium azide treatment at different concentration analysed that maximum PHB yield was 

39.38% in 50 µg/ml . In terms of cell dry weight, maximum cell mass was observed in case of 

control (9.61 g/l) as compared to other exposed concentrations of sodium azide.  Cell mass 

was reduced in case of 50 µg/ml (7.423 g/l), 100 µg/ml (6.89 g/l) and no growth was observed 

in 200 µg/ml. Maximum accumulation was observed in control i.e. 3.543 g/l. The PHB 

accumulation was 2.923 g/l (50 µg/ml) and 2.066 g/l (100 µg/ml). The highest PHB yield was 

observed at 50µg/ml sodium azide concentrations i.e. 39.38%. The other concentrations were 

analysed for PHB yield and were 30.06% in 100 µg/ml and 36.85% in control. No bacterial 

growth was observed at 200 µg/ml concentration of Acridine orange. From the overall 

observation, it was found that in terms of PHB yield 50 µg/ml was the best exposed 

concentration for high PHB yield. Overall PHB accumulation was highest in control i.e. 3.543 

g/l. 

 

Ethyl methane sulphonate (EMS) treatment, maximum yield was observed at control i.e. 

36.85%.  In terms of cell dry weight, maximum cell mass was observed in case of control 

(9.61 g/l) as compared to other exposed concentrations of EMS.  Cell mass was reduced in 

case of 50 µg/ml (6.366 g/l), 100 µg/ml (5.75 g/l) and in 200 µg/ml no growth was observed. 

PHB accumulation was 2.103 g/l (50 µg/ml) and 1.822 g/l (100 µg/ml). Maximum PHB 

accumulation was observed in control i.e. 3.543 g/l.  The highest PHB yield was observed at 

control i.e. 36.85%. The PHB yield of other exposed strains was 33.06% in 50 µg/ml, 31.25% 

in 100 µg/ml. From the overall observation, it was found that control sample with no exposure 

of EMS was considered for high PHB production. 

 

Ethidium bromide treated bacterial isolate MTCC 453 at different concentration shows the 

maximum cdw was observed in control i.e. 9.61 g/l. It was also analyzed that cdw at 50 µg/ml 

was 7.573 g/l, 100 µg/ml was 6.313 g/l and in 200 µg/ml no growth was observed. The 

analysis shows that in control PHB accumulation was 3.543 g/l, which was maximum as 

compared to the mutagenic affected strains. The accumulation of PHB was 2.516 g/l in 50 

µg/ml and 1.935 g/l g/l in 100 µg/ml of EtBr exposure. The PHB yield was highest in control 

i.e. 36.85%. The other yield percentage was 33.14% in 50 µg/ml and 30.68% in 100 µg/ml. 
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The overall analysis shows that maximum PHB accumulated in control i.e. 3.54 g/l, which 

shows that control was better among the other mutated strains.  

 

No effect of mutagenic agents was observed in the case of UV treatment at different time 

intervals as no reduction in number of colonies was observed as compared with the control.  

 

6.2.3.8: Number of colonies in control & mutated samples after Exposure to different 

mutagenic agents  [MTCC 617 bacterial isolate]  

 

Table 6.29: Differential Exposure of Acridine orange mutagen and Total viable count 

(MTCC 617) 

Control Mean colony count 

of 50 µg/ml 

Mean colony count of 

100 µg/ml 

Mean colony count of  

200 µg/ml 

More than 200 60 29 0 

 

Table 6.30: Differential Exposure of Sodium azide mutagen and Total viable count (MTCC 

617) observed on petri-plate 

Control Mean colony count 

of 50 µg/ml 

Mean colony count of 

100 µg/ml 

Mean colony count of 

200 µg/ml 

More than 200 30 11 4 

 

Table 6.31: Differential Exposure of Ethyl methane sulphonate mutagen and Total viable 

count (MTCC 617) 

Control Mean colony count 

of 50 µg/ml 

Mean colony count of 

100 µg/ml 

Mean colony count of 

200 µg/ml 

More than 200 78 35 3 

 

Table 6.32: Differential Exposure of Ethidium bromide mutagen and Total viable count 

(MTCC 617) 

Control Mean colony count 

of 50 µg/ml 

Mean colony count of 

100 µg/ml 

Mean colony count of  

200 µg/ml 

More than 200 37 7 1 
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Table 6.33: Differential Exposure of Ultra-violet radiation and Total viable count (MTCC 

617) 

Control Mean colony 

count of 1 min 

Mean colony 

count of 3 min 

Mean colony 

count of 5 min 

Mean colony 

count of 7 min 

More than 200 56 38 8 0 

 

6.2.3.8a: Graphical representation of Cell dry weight (g/l), PHB (g/l) and PHB yield (%) 

of bacterial isolate MTCC 617 
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Figure 6.2.67:  Cell dry weight (g/l) and PHB (g/l) of MTCC 617 strain exposed to Acridine 

orange mutagen 
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Figure 6.2.68: PHB Yield (%) of MTCC 617 strain exposed to Acridine orange mutagen 
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Figure 6.2.69:  Cell dry weight (g/l) and PHB (g/l) of MTCC 617 strain exposed to Sodium 

azide mutagen 
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Figure 6.2.70: PHB Yield (%) of MTCC 617 strain exposed to Sodium azide mutagen 
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Figure 6.2.71: Cell dry weight (g/l) and PHB (g/l) of MTCC 617 strain exposed to EMS 

mutagen 
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Figure 6.2.72:  PHB Yield (%) of bacterial isolate MTCC 617 exposed to EMS mutagen 
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Figure 6.2.73:  Cell dry weight (g/l) and PHB (g/l) of MTCC 617 strain exposed to EtBr 

mutagen 
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Figure 6.2.74:  PHB Yield (%) of MTCC 617 strain exposed to EtBr mutagen 
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Figure 6.2.75: Cell dry weight (g/l) and PHB (g/l) of MTCC 617 strain exposed to UV 

radiation mutagen 
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Figure 6.2.76: PHB Yield (%) of MTCC 617 strain exposed to UV radiation mutagen 

6.2.3.8a (i): Observation of Mutagenesis Studies using different Mutagenic agents in 

isolate MTCC 617 

Mutagenic investigations were carried out with different agents on the isolate MTCC 617. 

Isolate MTCC 617 initial PHB production was 48.44%, which was observed maximum. 

Negative effect was seen in the PHB yield when exposed to different concentration of 

Acridine orange. In terms of cell dry weight, maximum cell mass was observed in case of 

control (8.566 g/l) as compared to other exposed concentrations.  Cell mass was reduced in 

case of 50 µg/ml (7.25 g/l) and 100 µg/ml 6.416 g/l and cdw in 200 µg/ml was 5.66 g/l. 

Maximum PHB accumulation was 4.166 g/l in control. The other PHB accumulation was 

3.346 g/l (50 µg/ml l), 2.583 g/l (100 µg/ml) and 1.836 g/l (200 µg/ml). The highest PHB 

yield was observed in control i.e. 48.44%. The other exposed concentration yield of PHB was 



CHAPTER- VI RESULTS AND DISCUSSION 

 

 

180  

45.62% in 50 µg/ml, 40.28% in 100 µg/ml and 32.43% in 200 µg/ml. From the overall 

observation, it was found that in terms of PHB yield and production, control was the 

maximum producer of PHB.  

 

Sodium azide treatment at different concentration investigated that maximum PHB yield was 

observed in control. Negative effect was seen in the PHB yield when exposed to different 

concentration of sodium azide. In terms of cell dry weight, maximum cell mass was observed 

in case of control (8.566 g/l) as compared to other exposed concentrations.  Cell mass was 

reduced in case of 50 µg/ml (6.273 g/l), 100 µg/ml (6.283 g/l) and 200 µg/ml (4.65 g/l). 

Maximum PHB accumulation was 4.166 g/l in control. The other PHB accumulation was 2.58 

g/l (50 µg/ml), 2.205 g/l (100 µg/ml) and 1.193 g/l (200 µg/ml). The highest PHB yield was 

observed in control i.e. 48.44%. The other exposed bacterial strain yield PHB of 41.10% in 50 

µg/ml, 35.16% in 100 µg/ml and 25.67% in 200 µg/ml. From the overall observation, it was 

found that in terms of PHB yield and production, control was the maximum producer of PHB.  

 

In Ethyl methane sulphonate (EMS) treatment control had the highest PHB yield level of 

48.44%. In terms of cell dry weight, maximum cell mass was observed in case of control 

(8.566 g/l) as compared to other exposed concentrations of EMS.  Cell mass was reduced in 

case of 50 µg/ml (6.3 g/l), 100 µg/ml (6.19 g/l) and 200 µg/ml (3.513 g/l). PHB accumulation 

was 4.166 g/l (control), 2.9511 g/l (50 µg/ml), 2.086 g/l (100 µg/ml) and 0.855 g/l (200 

µg/ml). The PHB yield of other exposed strains was 47% in 50 µg/ml, 34% in 100 µg/ml and 

24% in 200 µg/ml.  

 

Ethidium bromide treated bacterial isolate MTCC 617 at different concentration shows the 

maximum cdw was observed in control i.e. 8.566 g/l. It was also analyzed that cdw at 50 

µg/ml was 7.336 g/l, 100 µg/ml was 7.216 g/l and 200 µg/ml was 6.48 g/l. It was observed 

that in control, PHB accumulation was 4.166 g/l, which was maximum as compared to the 

mutagenic affected strains. The accumulation of PHB was 3.223 g/l in 50 µg/ml, 3.099 g/l in 

100 µg/ml and 2.319 g/l in 200 µg/ml of EtBr exposure. The PHB yield was highest in control 

i.e. 48.44%. The other yield percentage was 44.11% in 50 µg/ml, 43.01% in 100 µg/ml and 

35.80% in 200 µg/ml. The overall analysis shows that maximum PHB accumulated in control 

i.e. 4.166 g/l, which shows that in terms of PHB production, control was better among the 

other mutated strains.  
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UV treatment at 1min time interval yields PHB production level of 50.08%. In terms of cell 

dry weight, maximum cell mass was observed in control i.e. 8.566 g/l as compared to other 

mutagen exposed strains.  Cell mass was reduced in case of 1 min UV exposure i.e. (7.433 

g/l), 3 min (7.193 g/l), 5 min (6.206 g/l) and no growth observed in 7 min. PHB accumulation 

was maximum in control i.e. 4.166 g/l. The observation shows that the PHB accumulation 

was 3.716 g/l (1 min), 3.376 g/l (3 min) and 2.54 g/l (5 min). The highest PHB yield was 

observed at 1 min UV exposure, which was 50.08%. The other exposure of mutagen, yielded 

PHB of 46.95% in 3 min, 40.86% in 5 min and 48.44% in control. From the overall 

observation, it was found that in terms of PHB yield, 1 min UV exposed strain shows a high 

PHB yield i.e. 50.08%. The high PHB accumulation was observed in control i.e. 4.166 g/l. 

The results are in coherence with Adwitiya et al., 2009, Hikmet et al., 2003 who have 

reported an increase in the PHB yield of B. megaterium Y6, B. subtilis K8, and B. firmus G2 

and various other strains via mutation.  
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Table: 6.34:  Comparison of mutated and non-mutated strains and further selection for  

optimization on the basis of PHB production (g/l) and PHB Yield (%) 

 

 

 

 

 

 

Strain 

name 

 PHB  (g/l) PHB Yield 

(%) 

Selection of 

strains for  

further 

Optimization 

S-3 Wild strain with 2% glucose 2.066 g/l 40.13%  

Mutated strain with 2% glucose 3.372 g/l 50.53% ✔ 

M1 Wild strain  with 2% glucose 0.33 g/l 15.34%  

Mutated strain with 2% glucose 0.665 g/l 24.99% ✔ 

M10 Wild strain  with 2% glucose 0.343 g/l 12.69%  

Mutated strain with 2% glucose 0.793 g/l 37.80% ✔ 

MD1 Wild strain  with 2% glucose 0.5133g/l 32.77%  

Mutated strain with 2% glucose 0.494 g/l 45.77% ✔ 

MD2 Wild strain  with 2% glucose 0.9933 g/l 28.41% ✔ 

Mutated strain with 2% glucose Non-mutated Non-mutated  

MD5 Wild strain with 2% glucose 1.137 g/l 28.69% ✔ 

Mutated strain with 2% glucose Non-mutated Non-mutated  

AM6 Wild strain  with 2% glucose 2.01 g/l 27.60%  

Mutated strain with 2% glucose 1.593 g/l 29.92% ✔ 

AM9 Wild strain with 2% glucose 3.916 g/l 51.19% ✔ 

Mutated strain with 2% glucose 1.44g/l 48.55%  

MTCC 453 Wild strain with 2% glucose 3.543 g/l 36.85%  

Mutated strain 2.923 g/l 39.38% ✔ 

MTCC 617 Wild strain with 2% glucose 4.166 g/l 48.49%  

Mutated strain with 2% glucose 3.716 g/l 50.08% ✔ 
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6.2.4: Representative photographs of extracted PHB from bacterial isolates 

  

 

           

 Figure 6.2.77:  Extracted from MD1 strain       Figure 6.2.78: Extracted from AM6 strain 

 

          

Figure 6.2.79: Extracted from AM9 strain         Figure 6.2.80: Extracted from MD2 strain 

 

           

Figure 6.2.81:  Extracted from MD5 strain       Figure 6.2.82: Extracted from MD2 strain    
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Figure 6.2.83: Extracted from S3 strain              Figure 6.2.84: Extracted from M1 strain    

 

 

Figure 6.2.85: Powder form of PHB  
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Figure 6.2.86: Representative photographs of extracted PHB in powder form 

 

6.3: Optimization of media and large scale fermenter production of bacterial extracted 

PHB from improved strains and its characterization for quality 

6.3.1: Results of Carbon source optimization at induction stage 

Carbon Source optimization was carried out at induction stage. All of the experimental 

protocols were carried out as described in material and method section. 

The carbon sources utilized for the current study were Glucose, Sucrose, Fructose, Maltose 

and Lactose with concentration variation of 1%, 2%, 3%.  

The results shown under are in coherence with Wang and Lee, 1997 that nitrogen limitation 

and excess of carbon promotes the accumulation of PHB. 
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6.3.1a: Graphical representation of Cell dry weight (g/l), PHB (g/l) and PHB yield (%) of 

bacterial isolate S-3 
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Figure 6.3.1: Cell dry weight (g/l) and PHB (g/l) of bacterial isolate S-3 
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Figure 6.3.2: PHB yield (%) of bacterial isolate S-3 

6.3.1.1: Observation of different carbon sources optimization in isolate S-3 

The initial PHB production in S-3 was 13.70% without any glucose induction. The cell dry 

weight without adding any carbon source was observed 6.403 g/l with PHB production was 

0.8773 g/l. In order to know the best carbon source necessary for high PHB production, 

optimization was carried out using different carbon sources as described in material and 

method section. Carbon source utilization is an important parameter for high PHB production.  

The carbon sources were optimized in 3 different concentrations i.e. 1%, 2% and 3% 

respectively. The highest observations have been described here for parameters of cdw, PHB 

yield % and PHB accumulation in g/l.  
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The initial growth curve optimization and utilization of 2% glucose leads to an increase in 

PHB accumulation level and observed to be 6.46 g/l of cdw, 2.588 g/l of PHB accumulation 

and PHB yield of 40.13%. The mutagenesis studies shows that 100µg/ml of Acridine orange 

treatment produced cdw of 6.64 g/l, PHB accumulation of 3.372 g/l and PHB yield of 

50.53%.  

It was observed that by inducing 2% lactose, cdw was 7.616 g/l, PHB production was 3.675 

g/l and yield was 48.27%. The induction of 2% maltose, produced PHB yield of 67.03%, PHB 

accumulation was 4.912 g/l and cell dry weight of 7.33 g/l. 3% sucrose produced PHB yield 

of 39.27%, PHB was 2.963 g/l and cell dry weight of 7.543 g/l. High cell growth and further 

high PHB production are two important steps to be followed for achieving high PHB yield. 

From the overall analysis it was investigated that 2% maltose induction was the best 

optimized condition for achieving high PHB (g/l) with 67.03%. 

 

6.3.1b: Graphical representation of Cell dry weight (g/l), PHB (g/l) and PHB yield (%) of 

bacterial isolate M1 
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Figure 6.3.3: Cell dry weight (g/l) and PHB (g/l) of bacterial isolate M1 
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Figure 6.3.4: PHB Yield (%) of bacterial isolate M1 

6.3.1.2: Observation of different carbon sources optimization in isolate M1 

The initial PHB production in M1 was 11.52%. The cell dry weight without adding any 

carbon source was observed 2.218 g/l with PHB production was 0.228 g/l. In order to know 

the best carbon source necessary for high PHB production, optimization was carried out as 

described in material and method section. The carbon sources were optimized in 3 different 

concentrations i.e. 1%, 2% and 3% respectively.  

The initial growth curve optimization and utilization of 2% glucose leads to an increase in 

PHB accumulation level and observed to be 2.15 g/l of cdw, 0.33 g/l of PHB accumulation 

and PHB yield of 15.34%. The mutagenesis studies shows that by UV 7 min exposure cdw 

was 2.66 g/l, PHB accumulation was 0.665 g/l and PHB yield was 24.99%.  

It was observed that PHB yield was increased from 11.52% to 46.11% by inducing 3% 

glucose as carbon source. The cdw was increase from 2.218 g/l to 3.516 g/l, whereas PHB 

production was increased from 0.228 g/l to 1.618 g/l. 1% lactose induction produced cell dry 

weight of 2.726 g/l, PHB g/l was 1.003 g/l and PHB yield was 36.79%. The induction of 3% 

fructose, produced PHB yield of 35.85%, PHB was 1.103 g/l and cell dry weight of  3.103 g/l. 

1% sucrose induction yielded cell dry weight of 2.716 g/l, PHB production was 0.7307 g/l and 

PHB Yield was observed to be 26.90%. 3% sucrose induction yielded cell dry weight of 3.31 

g/l, PHB production was 1.1431 g/l and PHB Yield was observed to be 35.49%. High cell 

growth and high PHB production are the two important steps to be followed to achieve high 

PHB yield. From the overall analysis it was investigated that 3% glucose induction was the 

best optimized condition for achieving high PHB (g/l) and PHB yield for the M1 isolate 
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6.3.1c: Graphical representation of Cell dry weight (g/l), PHB (g/l) and PHB yield (%) of 

bacterial isolate M10 
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Figure 6.3.5: Cell dry weight (g/l) and PHB (g/l) of bacterial isolate M10 
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Figure 6.3.6: PHB Yield (%) of bacterial isolate M10 

6.3.1.3: Observation of different carbon sources optimization in isolate M10 

The initial PHB production in M10 was 9.63%. The cell dry weight without adding any 

carbon source was observed 2.016 g/l with PHB production was 0.1942 g/l. In order to know 

the best carbon source necessary for high PHB production, optimization as described in 

material and method section.  

The initial growth curve optimization and utilization of 2% glucose leads to an increase in 

PHB accumulation level and was observed to be 2.7 g/l of cdw, 0.343 g/l of PHB 

accumulation and PHB yield of 12.69%. The mutagenesis studies shows that in UV 5 min 

exposure the cdw was 2.1 g/l, PHB accumulation was 0.793 g/l and PHB yield from 37.80%.  

The cell dry weight was 2.493 g/l, PHB production was 1.2153 g/l and PHB yield was 
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48.65% by utilizing 3% lactose as inducer. It was observed that by utilizing 3% maltose, cdw 

was 2.3 g/l, PHB production was 0.9028 g/l and yield was 39.26%, 2% sucrose, cdw was 

2.213 g/l, PHB production was 0.965 g/l and yield was 43.68%. High cell growth and high 

PHB production are the two important steps to be utilized to get high PHB yield. From the 

overall analysis it was investigated that 3% glucose induction was the best optimized 

condition for achieving high PHB (g/l). 

 

6.3.1d: Graphical representation of Cell dry weight (g/l), PHB (g/l) and PHB yield (%) of 

bacterial isolate MD1 
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Figure 6.3.7: Cell dry weight (g/l) and PHB (g/l) of bacterial isolate MD1 
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Figure 6.3.8: PHB Yield (%) of bacterial isolate MD1 

 

 

 



CHAPTER- VI RESULTS AND DISCUSSION 

 

 

191  

6.3.1.4: Observation of different carbon sources optimization in isolate MD1 

The initial PHB production in MD1 was 10.52%. The cell dry weight without adding any 

carbon source was observed 0.833 g/l with PHB production was 0.0849 g/l. In order to know 

the best carbon source necessary for high PHB production, optimization was carried out as 

described in material and method section.  

 

The initial growth curve optimization and utilization of 2% glucose leads to an increase in 

PHB accumulation level and was observed to be 0.5133 g/l of cdw, 1.56 g/l of PHB 

accumulation and PHB yield of 32.77%. The mutagenesis studies shows that in 100 µg/ml 

sodium azide treatment, the cdw was 1.083 g/l, PHB accumulation was 0.494 g/l and PHB 

yield from 45.77%. 

 

Highest cell dry weight was increased from 1.08 g/l to 1.183 g/l, PHB production from 0.4947 

g/l to 0.59 g/l and PHB yield from 45.77% to 49.89% by utilizing 3% maltose. It was 

observed that by utilizing 1% fructose, cdw was 1.136 g/l, PHB production was 0.3578 g/l 

and yield was 31.48%. The induction of 2% sucrose, produced PHB yield of 30.34%, PHB 

was 0.3527 g/l and cell dry weight of 1.166 g/l. From the overall analysis it was investigated 

that 3% maltose induction was the best optimized condition for achieving high PHB (g/l). 

 

6.3.1e: Graphical representation of Cell dry weight (g/l), PHB (g/l) and PHB yield (%) of 

bacterial isolate MD2 
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Figure 6.3.9: Cell dry weight (g/l) and PHB (g/l) of bacterial isolate MD2 
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Figure 6.3.10: PHB Yield (%) of bacterial isolate MD2 

6.3.1.5: Observation of different carbon sources optimization in isolate MD2 

The initial PHB production in MD2 was 19.28%. The cell dry weight without adding any 

carbon source was observed 3.213 g/l with PHB production was 0.613 g/l. In order to know 

the best carbon source necessary for high PHB production, optimization was carried out as 

described in material and method section. It was observed that by inducing 3% sucrose, cdw 

was 3.436 g/l, PHB production was 1.569 g/l and yield was 45.67%. The utilization of 3% 

glucose, produced PHB yield of 37.16%, PHB was 1.288 g/l and cell dry weight of 3.476 g/l.  

The utilization of 1% sucrose, produced PHB yield of 34%, PHB was 1.234 g/l and cell dry 

weight of 3.683 g/l.  From the overall analysis it was investigated that 3% sucrose induction 

was the best optimized condition for achieving high PHB (g/l). 

 

6.3.1f: Graphical representation of Cell dry weight (g/l), PHB (g/l) and PHB yield (%) of 

bacterial isolate MD5 
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Figure 6.3.11: Cell dry weight (g/l) and PHB (g/l) of bacterial isolate MD5 
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Figure 6.3.12: PHB Yield (%) of bacterial isolate MD5 

6.3.1.6: Observation of different carbon sources optimization in isolate MD5 

The initial PHB production in MD5 was 12.43%. The cell dry weight without adding any 

carbon source was observed 3.403 g/l with PHB production was 0.423 g/l. In order to know 

the best carbon source necessary for high PHB production, optimization was carried out as 

described in material and method section. It was observed that by utilizing 3% lactose, cdw 

was 4.22 g/l, PHB production was 1.487 g/l and yield was 35.28%. The utilization of 3% 

glucose, produced PHB yield of 26.92%, PHB accumulation was 0.917 g/l and cell dry weight 

of 3.41 g/l. 2% glucose utilization yielded PHB of 28.69%, PHB accumulation was 1.1373 g/l 

and cell dry weight of 3.96 g/l. 2% sucrose utilization yielded PHB of 34.61%, PHB 

accumulation was 1.252 g/l and cell dry weight of 3.62 g/l. From the overall analysis it was 

investigated that 3% lactose induction was the best optimized condition for achieving high 

PHB (g/l). 

6.3.1g: Graphical representation of Cell dry weight (g/l), PHB (g/l) and PHB yield (%) of 

bacterial isolate AM6 
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Figure 6.3.13: Cell dry weight (g/l) and PHB (g/l) of bacterial isolate AM6 
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Figure 6.3.14: PHB Yield (%) of bacterial isolate AM6 

6.3.1.7: Observation of different carbon sources optimization in isolate AM6 

The initial PHB production in AM6 was 19.35%. The cell dry weight without adding any 

carbon source was observed 5.3 g/l with PHB production was 1.023 g/l. In order to know the 

best carbon source necessary for high PHB production, optimization was carried out as 

described in material and method section.  

 

The initial growth curve optimization and utilization of 2% glucose leads to an increase in 

PHB accumulation level and was observed to be 7.3 g/l of cdw, 2.016 g/l of PHB 

accumulation and PHB yield of 27.60%. The mutagenesis studies shows that in 100 µg/ml 

acridine orange, the cdw was 5.323 g/l, PHB accumulation was 1.593 g/l and PHB yield from 

29.92%. 

 

It was observed that PHB yield was increased from 19.35% to 44.80% by utilizing 3% 

maltose as carbon source. PHB production was increased from 1.593 g/l to 2.979 g/l. 3% 

lactose utilization produced cell dry weight of 6.566 g/l, PHB g/l was 2.229 g/l and PHB yield 

was 33.94%. The utilization of 1% lactose, produced PHB yield of 33.95%, PHB was 2.149 

g/l and cell dry weight of 6.336 g/l. High cell growth and high PHB production are the two 

important points to be noted to get high PHB yield. From the analysis, it was concluded that 

3% maltose was the best optimized carbon induction source for high PHB production. 
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6.3.1h: Graphical representation of Cell dry weight (g/l), PHB (g/l) and PHB yield (%) of 

bacterial isolate AM9 
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Figure 6.3.15: Cell dry weight (g/l) and PHB (g/l) of bacterial isolate AM9 
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Figure 6.3.16: PHB Yield (%) of bacterial isolate AM9 

6.3.1.8: Observation of different carbon sources optimization in isolate AM9 

The initial PHB production in AM9 was 34.94%. The cell dry weight without adding any 

carbon source was observed 6.516 g/l with PHB production was 2.276 g/l. In order to know 

the best carbon source necessary for high PHB production, optimization was carried out as 

described in material and method section.  

It was observed that PHB yield was increased from 34.94% to 62.34% by utilizing inducing 

agent 3% sucrose as carbon source. The cdw was increase from 6.51 g/l to 7.92 g/l, whereas 

PHB production was increased from 2.276 g/l to 4.938 g/l. 2% glucose induction produced 

cell dry weight of 7.64 g/l, PHB g/l was 3.916 g/l and PHB yield was 51.19%. The induction 
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of 2% sucrose, produced PHB yield of 50.20%, PHB was 3.353 g/l and cell dry weight of 

6.68 g/l. High cell growth and high PHB production are the two important points to be noted 

to get high PHB yield. From the overall analysis it was investigated that 3% sucrose induction 

was the best optimized condition for achieving high PHB (g/l). 

 

6.3.1i: Graphical representation of Cell dry weight (g/l), PHB (g/l) and PHB yield (%) of 

bacterial isolate MTCC 453 
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Figure 6.3.17: Cell dry weight (g/l) and PHB (g/l) of bacterial isolate MTCC 453 
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Figure 6.3.18: PHB Yield (%) of bacterial isolate MTCC 453 

6.3.1.9: Observation of different carbon sources optimization in isolate MTCC 453 

The initial PHB production in MTCC 453 was 16.38%. The cell dry weight without adding 

any carbon source was observed 6.713 g/l with PHB production was 1.088 g/l. In order to 

know the best carbon source necessary for high PHB production, optimization was carried out 

as described in material and method section.  
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The initial growth curve optimization and utilization of 2% glucose leads to an increase in 

PHB accumulation level and was observed to be 9.616 g/l of cdw, 3.548 g/l of PHB 

accumulation and PHB yield of 36.85%. The mutagenesis studies shows that in 50 µg/ml of 

sodium azide treatment, the cdw was 7.423 g/l, PHB accumulation was 2.923 g/l and PHB 

yield from 39.38%. 

It was observed that by utilizing 1% sucrose, cdw was 8.31 g/l, PHB production was 3.429 g/l 

and yield was 41.42%. The induction of 2% maltose, produced PHB yield of 40.23%, PHB 

was 3.4384 g/l and cell dry weight of 8.386 g/l. 1% maltose induction yielded PHB of 

42.68%, PHB was 3.165 g/l and cell dry weight of 7.39 g/l. High cell growth and high PHB 

production are the two important points to be noted to get high PHB yield. From the overall 

analysis it was demonstrated that 1% maltose induction was the best optimized condition for 

achieving high PHB (g/l). 

 

6.3.1j: Graphical representation of Cell dry weight (g/l), PHB (g/l) and PHB yield (%) of 

bacterial isolate MTCC 617 
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Figure 6.3.19: Cell dry weight (g/l) and PHB (g/l) of bacterial isolate MTCC 617 
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Figure 6.3.20: PHB Yield (%) of bacterial isolate MTCC 617 

6.3.1.10: Observation of different carbon sources optimization in isolate MTCC 617 

The initial PHB production in MTCC617 was 24%. The cell dry weight without adding any 

carbon source was observed 7 g/l and PHB production was 1.646 g/l. In order to know the 

best carbon source necessary for high PHB production, optimization was carried out as 

described in material and method section. It was observed that maximum PHB yield was 

observed by utilizing 3% glucose source. 

The initial growth curve optimization and utilization of 2% glucose leads to an increase in 

PHB accumulation level and was observed to be 8.7 g/l of cdw, 4.166 g/l of PHB 

accumulation and PHB yield of 48.44%. The mutagenesis studies shows that in UV 1min 

exposure, the cdw was 7.43 g/l, PHB accumulation was 3.716 g/l and PHB yield from 

50.08%. 

The induction utilization of 3% glucose, produced PHB yield of 60%, PHB accumulation was 

5.11 g/l and cell dry weight of 8.483 g/l. From the overall analysis it was investigated that 3% 

glucose induction was the best optimized condition for achieving high PHB (g/l). 

 

6.3.2: Results of Nitrogen source optimization added at media preparation stage 

Nitrogen Source optimization was carried out with addition of different nitrogen sources in 

mineral medium for normal agriculture soil isolates and DSC-97 for halophiles isolated from 

Saltren Sambhar Lake sites as described in material and method section. The cultures were 

induced further with the best carbon source concentration obtained during carbon source 

optimization stage and similar methodology was followed. 

The different nitrogen sources taken for optimization were peptone, yeast extract, ammonium 

carbonate, ammonium sulphate and ammonium chloride.  
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6.3.2(i): Graphical representation of Nitrogen optimization studies in different bacterial 

strains 
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Figure 6.3.21: Cell dry weight (g/l) and PHB (g/l) of bacterial isolate S-3 
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Figure 6.3.22: PHB yield (%) of bacterial isolate S-3 
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Figure 6.3.23: Cell dry weight (g/l) and PHB (g/l) of bacterial isolate M1 
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Figure 6.3.24: PHB yield (%) of bacterial isolate M1 
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Figure 6.3.25: Cell dry weight (g/l) and PHB (g/l) of bacterial isolate M10 
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Figure 6.3.26: PHB yield (%) of bacterial isolate M10 
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Figure 6.3.27: Cell dry weight (g/l) and PHB (g/l) of bacterial isolate MD1 
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Figure 6.3.28: PHB yield (%) of bacterial isolate MD1 
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Figure 6.3.29: Cell dry weight (g/l) and PHB (g/l) of bacterial isolate MD2 
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Figure 6.3.30: PHB yield (%) of bacterial isolate MD2 
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Figure 6.3.31: Cell dry weight (g/l) and PHB (g/l) of bacterial isolate MD5 
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Figure 6.3.32:  PHB yield (%) of bacterial isolate MD5 
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Figure 6.3.33: Cell dry weight (g/l) and PHB (g/l) of bacterial isolate AM6 

 

1 2 3 4 5 6 7

0%

10%

20%

30%

40%

50%

 

 P
H

B
 Y

ie
ld

 (
%

)

 

  PHB Yield (%) 1 Negative Control

2 Mineral medium ( Positive Control)

3 Yeast extract

4 Peptone

5 Ammonium carbonate

6 Ammonium sulphate

7 Ammonium chloride

Figure 6.3.34: PHB yield (%) of bacterial isolate AM6 

 

1 2 3 4 5 6 7

0

1

2

3

4

5

6

7

8

9

10

0

1

2

3

4

5

6

7

8

9

10

 P
H

B
 (

g
/l
)

 

C
e
ll
 d

ry
 w

e
ig

h
t 
(g

/l
)

  Cell dry weight (g/l)

  PHB (g/l)

1 Negative Control

2 Mineral medium ( Positive Control)

3 Yeast extract

4 Peptone

5 Ammonium carbonate

6 Ammonium sulphate

7 Ammonium chloride

Figure 6.3.35: Cell dry weight (g/l) and PHB (g/l) of bacterial isolate AM9 
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Figure 6.3.36: PHB yield (%) of bacterial isolate AM9 
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Figure 6.3.37: Cell dry weight (g/l) and PHB (g/l) of bacterial isolate MTCC 453 
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Figure 6.3.38:  PHB yield (%) of bacterial isolate MTCC 453 
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Figure 6.3.39: Cell dry weight (g/l) and PHB (g/l) of bacterial isolate MTCC 617 
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Figure 6.3.40: PHB yield (%) of bacterial isolate MTCC 617 

 

6.3.2.1: Observation of nitrogen source optimization in biphasic culture condition 

The biphasic culture protocol for determination and optimization of best nitrogen 

source was carried out as described in material and method section. 

It was observed that in S-3 bacterial isolate, negative control (without any carbon and nitrogen 

source, basic mineral media), that cdw was 6.403 g/l, PHB accumulation was 0.8773 g/l and 

PHB yield was 13.70%. Best carbon source optimized condition (2% maltose) in mineral 

medium was taken as positive control. It was observed in this condition that cell mass was 

increased to 7.33 g/l, PHB accumulation was 4.912 g/l and PHB yield was elevated to 

67.03%.  Supplementation of different nitrogen sources shows that yeast extract, cdw was 

8.726 g/l, PHB production was 2.67 g/l and yield was 30.56% which was the highest value of 

PHB production achieved. In case of ammonium carbonate, cdw of 7.826 g/l, PHB production 



CHAPTER- VI RESULTS AND DISCUSSION 

 

 

206  

was 1.4 g/l and yield was 17.86% and was the lowest value achieved.  

  

It was observed that in M1 bacterial isolate, negative control (without any carbon and nitrogen 

source, basic mineral media), that cdw was 2.218 g/l, PHB accumulation was 0.228 g/l and 

PHB yield was 11.52%. Best carbon source optimized condition (3% glucose) in mineral 

medium was taken as positive control. It was observed in this condition that cell mass was 

increased to 3.516 g/l, PHB accumulation was 1.618 g/l and PHB yield was elevate to 

46.11%. Supplementation of different nitrogen sources shows that yeast extract, cdw was 

4.251 g/l, PHB production was 1.216 g/l and yield was 28.63% which was the highest value 

of PHB production achieved. In case of ammonium sulphate, cdw of 3.68 g/l, PHB production 

was 0.4406 g/l and yield was 11.98% and was the lowest value achieved. 

 

It was observed that in M10 bacterial isolate, negative control (without any carbon and 

nitrogen source, basic mineral media), that cdw was 2.0166 g/l, PHB accumulation was 

0.1942 g/l and PHB yield was 9.63%. Best carbon source optimized condition (3% glucose) in 

mineral medium was taken as positive control. It was observed in this condition that cell mass 

was increased to 2.493 g/l, PHB accumulation was 1.215 g/l and PHB yield was elevated to 

48.65%. Supplementation of different nitrogen sources shows that ammonium chloride, cdw 

was 2.983 g/l, PHB production was 0.913 g/l and yield was 30.62% which was the highest 

value of PHB production achieved. In case of ammonium carbonate, cdw of 2.656 g/l, PHB 

production was 0.293 g/l and yield was 11.02% and was the lowest value achieved. 

    

 It was observed that in MD1 bacterial isolate, negative control (without any carbon and 

nitrogen source, basic mineral media), that cdw was 0.833 g/l, PHB accumulation was 0.084 

g/l and PHB yield was 10.52%. Best carbon source optimized condition (3% maltose) in 

mineral medium was taken as positive control. It was observed in this condition that cell mass 

was increased to 1.183 g/l, PHB accumulation was 0.59 g/l and PHB yield was elevated to 

49.89%.  Supplementation of different nitrogen sources shows that ammonium chloride, cdw 

was 2.2 g/l, PHB production was 0.563 g/l and yield was 25.60% which was the highest value 

of PHB production achieved. In case of ammonium sulphate, cdw of 1.89 g/l, PHB production 

was 0.223 g/l and yield was 11.60% and was the lowest value achieved.   
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 It was observed that in MD2 bacterial isolate, negative control (without any carbon and 

nitrogen source, basic mineral media), that cdw was 3.213 g/l, PHB accumulation was 0.6135 

g/l and PHB yield was 19.28%. Best carbon source optimized condition (3% sucrose) in 

mineral medium was taken as positive control. It was observed in this condition that cell mass 

was increased to 3.436 g/l, PHB accumulation was 1.569 g/l and PHB yield was elevated to 

45.67%. Supplementation of different nitrogen sources shows that peptone, cdw was 4.896 

g/l, PHB production was 1.143 g/l and yield was 23.35% which was the highest value of PHB 

production achieved. In case of yeast extract, cdw of 4.6 g/l, PHB production was 0.7926 g/l 

and yield was 17.23% and was the lowest value achieved.    

 

It was observed that in MD5 bacterial isolate, negative control (without any carbon and 

nitrogen source, basic mineral media), that cdw was 3.403 g/l, PHB accumulation was 0.423 

g/l and PHB yield was 12.43%. Best carbon source optimized condition (3% lactose) in 

mineral medium was taken as positive control. It was observed in this condition that cell mass 

was increased to 4.22 g/l, PHB accumulation was 1.487 g/l and PHB yield was elevated to 

35.28%.  Supplementation of different nitrogen sources shows that ammonium chloride, cdw 

was 4.68 g/l, PHB production was 1.123 g/l and yield was 24% which was the highest value 

of PHB production achieved. In case of ammonium sulphate, cdw of 4.8343 g/l, PHB 

production was 0.67 g/l and yield was 15.27% and was the lowest value achieved.  

 

It was observed that in AM6 bacterial isolate, negative control (without any carbon and 

nitrogen source, basic mineral media), that cdw was 5.3 g/l, PHB accumulation was 1.023 g/l 

and PHB yield was 19.35%. Best carbon source optimized condition (3% maltose) in mineral 

medium was taken as positive control. It was observed in this condition that cell mass was 

increased to 6.65 g/l, PHB accumulation was 2.976 g/l and PHB yield was elevated to 

44.80%. Supplementation of different nitrogen sources shows that ammonium carbonate, cdw 

was 7.27 g/l, PHB production was 1.74 g/l and yield was 23.93% which was the highest value 

of PHB production achieved. In case of yeast extract, cdw of 6.916 g/l, PHB production was 

1.306 g/l and yield was 18.90% and was the lowest value achieved.     

 

 It was observed in AM9 negative control (without any carbon and nitrogen source, basic 

mineral media), that cdw was 6.51 g/l, PHB accumulation was 2.276 g/l and PHB yield was 

34.94%. Best carbon source optimized condition (3% Sucrose) in mineral medium was taken 
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as positive control. It was observed in this condition that cell mass was increased to 7.92 g/l, 

PHB accumulation was 4.938 g/l and PHB yield was elevated to 62.34%.  Supplementation of 

different nitrogen sources shows that ammonium chloride cdw was 9.44 g/l, PHB production 

was 2.96 g/l and yield was 31.35% which was the highest value of PHB production achieved. 

In case of ammonium sulphate, cdw of 9.133 g/l, PHB production was 2.353 g/l and yield was 

25.76% and was the lowest value achieved.  

 

It was observed that in MTCC 453 bacterial isolate, negative control (without any carbon and 

nitrogen source, basic mineral media), that cdw was 6.713 g/l, PHB accumulation was 1.088 

g/l and PHB yield was 16.38%. Best carbon source optimized condition (1% maltose) in 

mineral medium was taken as positive control. It was observed in this condition that cell mass 

was increased to 7.39 g/l, PHB accumulation was 3.165 g/l and PHB yield was elevated to 

42.68%. Supplementation of different nitrogen sources shows that peptone, cdw was 7.96 g/l, 

PHB production was 2.985 g/l and yield was 37.50% which was the highest value of PHB 

production achieved. In case of ammonium chloride, cdw of 7.516 g/l, PHB production was 

2.236 g/l and yield was 29.75% and was the lowest value achieved.   

 

It was observed that in MTCC 617 bacterial isolate, negative control (without any carbon and 

nitrogen source, basic mineral media), that cdw was 7 g/l, PHB accumulation was 1.646 g/l 

and PHB yield was 24%. Best carbon source optimized condition (3% glucose) in mineral 

medium was taken as positive control. It was observed in this condition that cell mass was 

increased to 8.483 g/l, PHB accumulation was 5.11 g/l and PHB yield was elevated to 60%.  

Supplementation of different nitrogen sources shows that yeast extract, cdw was 9.396 g/l, 

PHB production was 4.65 g/l and yield was 49% which was the highest value of PHB 

production achieved. In case of ammonium carbonate, cdw of 8.713 g/l, PHB production was 

2.876 g/l and yield was 33% and was the lowest value achieved.  

 

The above analysis shows that supplementation of nitrogen source with optimized carbon 

source, promotes cell biomass growth and decreases the PHB production level as compared to 

the positive control, which only utilizes the carbon source. It has already been reported in 

literature and demonstrated earlier that in the condition of presence of carbon along with the 

nitrogen source, the major part of the energy is utilized in the production of biomass. Hence, 

in this condition, where both carbon and nitrogen sources are present, PHB production is 
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reduced while the biomass production elevates. The results are in coherence with Wang and 

Lee, 1997.  

 

6.3.3: Large Scale growth in fermenter for high PHB production 

Large scale growth was carried out in 3 litre fermenter, working volume 2.75 litre with the 

mutated strain S-3 as described in material and method section. Mutated strain  S-3 was 

fermented at optimized concentration of carbon i.e. 2% maltose, 2 M salt concentration, 37
o
C 

temperature, incubation time 96 hrs, agitation speed of 120 rpm and 7.2 pH was used for 

carrying out large scale fermentation. Initially at lab scale studies 7.33 g/l cdw was obtained 

along with PHB accumulation of 4.912 g/l. In large scale fermenter the cdw values were 

increased to 7.63 g/l with PHB accumulation of 5.263 g/l. The PHB yield was analyzed to be 

68.95%. The increase in values reflected better conditions of growth available in a fermenter 

with better aeration, mixing along with larger volume of media. All of these parameters could 

have contributed towards higher yield of PHB. 

 

6.3.4: Statistical analysis of highest PHB producing strains by using ANOVA SPSS 16.0 

tool 

It was analyzed from the above results that S-3strain of Majha Region and AM9 strain of 

Sambhar Lake Region was the highest PHB producers at different set of parameters. These 

parameters were statistically analyzed by ANOVA SPSS 16.0 tool. 

 

6.3.4.1: Statistical analysis of high PHB producer S-3 strain  

The parameters were as follow: 

 

In S-3 strain, PHB yield was 13.70% without the supplementation of carbon source. The 

strategies followed to increase the PHB yield are described below. It was analyzed that with 

the supplementation of 2% glucose, induction of PHB production occurs and the yield 

increases to 40.13%. It was observed that mutagenesis by acridine orange at 100µg/ml under 

2% glucose induction increased the PHB production to 50.53%. Further, optimization of 

mutated strain by carbon source with 2% maltose, increased the PHB yield to 67.03%. 
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Table 6.35: Comparison of different optimization parameters in S-3 strain for high PHB yield 

using one way ANOVA 

S-3 strain Mean± Standard deviation P value≥0.05 

Wild strain without carbon source 13.7033± 0.69945 0.00 

Wild strain with 2%glucose 50.7000±3.15753 0.00 

Mutated strain at 100µg/ml A.O 

with 2% glucose 

40.1267±3.9359 0.00 

Mutated strain with 2% maltose 67.0333± 20.36594 0.00 

 

Table 6.36: Statistical analysis of multiple comparison of S-3 strain in different optimized 

parameters for PHB Yield using One way ANOVA {POSTHOC=TUKEY ALPHA 

(*P<0.05)} 

 

S-3 strain                                              Mean 

Difference  

P 

value≥

0.05 

      A                                                                                        B  (A-B)  

Wild strain without carbon source              Wild strain with 2% glucose 

                                  Mutated strain at 100 µg/ml A.O with 2% glucose 

                                                               Mutated strain with 2% maltose 

-36.996
*
 

-26.423
*
 

-53.330
*
 

.00 

.00 

.00 

Wild strain with 2% glucose              Wild strain without carbon source     

                                  Mutated strain at 100 µg/ml A.O with 2% glucose 

                                                               Mutated strain with 2% maltose 

36.996
*
 

10.573
*
 

-16.333
*
 

.00 

.00 

.00 

Mutated strain at 100 µg/ml A.O       Wild strain without carbon source     

with 2% glucose                                          Wild strain with 2% glucose  

                                                               Mutated strain with 2% maltose    

26.423
*
 

-10.573
*
 

-26.906
*
 

.00 

.00 

.00 

Mutated strain with 2% maltose         Wild strain without carbon source     

                                                           Wild strain with 2% glucose                                                            

Mutated strain at 100 µg/ml A.O with 2% glucose  

53.330
*
 

16.333
*
 

26.906
*
 

.00 

.00 

.00 

The analysis shows that the values with superscript * were statistically significant (p≥0.05).  
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6.3.4.2: Statistical analysis of high PHB producer AM9 strain  

The parameters were as follow: 

 

In AM9 strain, PHB yield was 34.94% without the supplementation of carbon source. The 

strategies followed to increase the PHB yield are described below. It was analyzed that with 

the supplementation of 2% glucose, induction of PHB production occurs and the yield 

increases to 51.19%. Further, optimization of AM9 strain by carbon source with 3% sucrose, 

increased the PHB yield to 62.34%. 

 

Table 6.37: Comparison of different optimization parameters in AM9 strain for high PHB 

yield using one way ANOVA 

AM9 strain Mean± Standard deviation P value≥0.05 

AM9 strain without carbon source 34.9367± 0.42852 0.00 

AM9 strain with 2%glucose 51.1867±0.46694 0.00 

AM9 strain with 3% sucrose 62.3433± 1.68791 0.00 

 

Table 6.38: Statistical analysis of multiple comparison of AM9 strain in different optimized 

parameters for PHB Yield using One way ANOVA {POSTHOC=TUKEY ALPHA 

(*P<0.05)} 

S-3 strain Mean 

Difference  

P 

value≥0.05 

     A                                                                 B  (A-B)  

AM9 strain without carbon source      AM9 strain with 2% glucose 

                                                             AM9 strain with 3% sucrose 

-16.25000
*
 

-27.40667
*
 

.00 

.00 

AM9 strain with 2% glucose      AM9 strain without carbon source 

                                                            AM9 strain with 3% sucrose 

16.25000
*
 

-11.15667
*
 

.00 

.00 

Mutated strain at 100 µg/ml A.O  AM9 strain without carbon source 

                                                          AM9 strain with 2% glucose     

27.40667
*
 

-11.15667
*
 

.00 

.00 

The analysis shows that the values with superscript * were statistically significant (p≥0.05).  
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6.3.5: Characterization for PHB quality 

6.3.5.1: FTIR analysis of extracted PHB from bacterial isolates 

 

 

Figure 6.3.41: FTIR analysis of Pure PHB (Sigma-Aldrich) 

 

             

Figure 6.3.42: FTIR analysis of PHB extracted from 2% maltose induction in S-3 strain 

 

           

Figure 6.3.43: FTIR analysis of PHB extracted from 3% sucrose induction in AM9 strain 
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Figure 6.3.44: FTIR analysis of PHB extracted from 1% sucrose induction in MTCC 453 

strain 

 

           

Figure 6.3.45: FTIR analysis of PHB extracted from 3% glucose induction in MTCC 617 

strain 

 

6.3.5.1(i): Quantitative analysis of extracted PHB by FTIR analysis  

IR study was carried out on standard PHB (Sigma Aldrich) and extracted PHB samples 

produced from bacterial isolates. The peak values observed for the PHB of bacterial isolate 

samples was near to the peak value of pure PHB (1726.35 cm
-1

 for C=O, 1226.77 cm
-1

 for C-

O stretch, 1454.38 cm
-1

 for C–H bending vibration in CH3 group and 3441cm
-1

 for OH 

stretch) and are coming in the range of IR spectra defined for specific bonds. So the data 

indicates that the extracted compound is PHB. 
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Table 6.39: FTIR analysis of pure PHB and extracted PHB from bacterial isolates 

Bacterial 

strain 

C-O stretch 

functional 

group 

C-H bend vibration in 

CH3 group functional 

group 

C=O stretch 

functional group 

OH stretch 

functional group 

Pure PHB 1226.77 cm
-1

 1454.38 cm
-1

 1726.35 cm
-1

 3441 cm
-1

 

S-3 1261.49 cm
-1

 1450.52 cm
-1

 1728.28 cm
-1

 3452.70 cm
-1

 

AM9 1261.49 cm
-1

 1450.52 cm
-1

 1726.35 cm
-1

 3450.77 cm
 -1

 

MTCC 453 1261.49 cm
-1

 1454.38 cm
-1

 1734.06 cm
-1

 3454.62 cm
-1

 

MTCC 617 1261.49 cm
-1

 1450.52 cm
-1

 1726.35 cm
-1

 3452.70 cm
-1

 

 

6.3.5.2 Electron-spray Ionization High Resolution Mass Spectroscopy 

 

Figure 6.3.46: ESI-HRMS analysis graph of Standard PHB procured from Sigma Aldrich 

USA 
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Figure 6.3.47: ESI-HRMS analysis graph of PHB samples produced from S-3 species 

 

 

Figure 6.3.48: ESI-HRMS analysis graph of PHB samples produced from AM9 species 
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6.3.5.2(i): Result analysis of ESI-HRMS data 

ESI-HRMS analyzes the compound through electrospray formation and further analysis 

through mass analyzer. Liquid containing the analyte of interest is dispersed through 

electrospray, into fine aerosol. These fine droplets formed further decrease in size and 

produce similar sized droplets. Under the conditions of analysis these further produce uniform 

charged large ions. These ions are further detected by the mass analyzer.    

 

The analysis of the sample PHB graphs when compared with the standard PHB graph 

suggests fragmentation patterns. These fragmentation pattern suggest a difference of 28 m/z in 

control (325m/z - 353m/z - 381m/z - 409m/z) in all major peaks, such difference is also 

clearly visible in case of PHB samples 353m/z - 381m/z - 409m/z - 437m/z. This 

fragmentation clearly suggests the correlation between Control and PHB samples. The species 

that is forming peaks of 28 m/z could be CHCH3, The fragmentation of PHB also produces 

CHCH3 species. Samples of PHB are also producing many smaller peaks which could be due 

to impurities that could have come during purification protocol from the reagents used or 

from the lysed bacterial pellets.   
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6.3.6: 16s rRNA characterization 

The efficient PHB producers were sent to Yaazh Xenomics, Madurai for its identification and 

molecular characterization. Below table represents the genus and species of bacterial isolates  

with their Accession numbers allotted by GENBANK NCBI.  

 

Table 6.40: Identification of bacterial isolates with their Accession numbers 

S.no. 
Strain 

designation 
Identity 

Acession no. 

(Genbank) 
% similarity index 

1. S3 Thalassobacillus devorans KR133276 99%similar with EU029643.1 
 

2. M1 Bacillus flexus KJ939621 99%similar with KF956683.1 
 

3. M10 Oceanobacillus kimchii KR606391 100%similar withNR_117544.1 

4. MD1 Aeromonas punctata KT75522 99%similar with JN986500.1 
 

5. MD2 Halobacillus trueperi KT75520 100% similar with KF535157.1 

6. MD5 Bacillus circulans KT75521 99%similar with AB680477.1 
 

7. AM6 Halomonas desiderata KT006268 99%similar with EU305583.1 
 

8. AM9 Oceanobacillus iheyensis KR136170 99% similar with EU624422.1 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER- VI RESULTS AND DISCUSSION 

 

 

218  

6.3.7: Screening of PHB production by Isolated Bacteria through Sophisticated 

Instrument Transmission Electron Microscopy  

6.3.7(i): Photographs of PHB granules inside bacterial isolates analyzed by Transmission 

Electron Microscopy  

       

          Figure 6.3.49: AM9 strain                                        Figure 6.3.50: S3 strain                              

 

       

             Figure 6.3.51: M1strain                                          Figure 6.3.52:M10 strain 
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             Figure 6.3.53:MD5 strain                                    Figure 6.3.54:MD2 strain 

 

        

               Figure 6.3.55:  AM6 strain                                   Figure 6.3.56: MD1 strain    

                      

 

          Figure 6.3.57: MTCC 617 strain 
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6.4: Exploration of pure form of PHB for production of nanocomposite biomaterial 

through mixing methods and its characterization through various nanomaterial 

characterization techniques 

Pure form of PHB (Goodfellow Chemical Supplier, UK) was used as standard PHB model for 

preparation of nanocomposite films. The basic requirement for production of nanocomposite 

biomaterial from PHB is that the materials used should be of highest quality standards so that 

the standard changes in enhancement of property could be observed hence available best 

grades of PHB were procured and utilized for the procedures. During the experimental 

extraction of PHB chances of contamination are high so as to avoid unnecessary purification 

steps pure form of PHB material has been used for nanocomposite biomaterial preparation.  

 

Two different types of nanocomposite films were prepared utilizing PHB as the matrix 

material and nanoclays as given below  

1. Zeolite nanoclay  

2. Organically surface modified Montmorillonite nanoclay with Dimethyl- Dialkyl amine 

 

6.4.1: Solvent casting method: Blending was carried out by mixing 1 to 10 wt% of Zeolite 

nanoclay with PHB matrix material. The general strategy for the preparation was carried out 

as described in material and method section. The nanocomposite of Organically surface 

modified Montmorillonite nanoclay with Dimethyl- Dialkyl amine was also prepared 1 to 10 

wt% with PHB polymer as matrix material as described in material and method section. 

 

6.4.1(i): Photographs of prepared films of PHB and nanoclays 

 

 

                 Figure 6.4.1: PHB+1% Zeolite                 Figure 6.4.2: PHB+5% Zeolite 
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                  Figure 6.4.3: PHB+1%OMMT               Figure 6.4.4: PHB+5%OMMT 

 

   6.4.2: Analysis and Characterization of Prepared films through Sophisticated 

Instruments   

The films prepared were analyzed for their morphological, physical and mechanical 

characters at various Sophisticated Instruments Analytical Facilities. Field- Emission 

Scanning electron microscopy (FE-SEM), Differential Scanning Calorimetry and 

Thermogravimetric Analysis etc were carried out at Smitha Labs, Department of Textile 

technology, IIT Delhi.  

 

6.4.2.1: Field- Emission Scanning electron microscopy (FE-SEM) 

    

 

Figure 6.4.5: FESEM images of pure PHB and PHB + Zeolite nanocomposites films at 

different concentration (A) Control pure PHB (B) 1wt% Zeolite + PHB matrix (C) 3wt% 

Zeolite + PHB matrix (D) 5wt% Zeolite + PHB matrix (E) 7wt% Zeolite + PHB matrix (F) 

10wt% Zeolite + PHB matrix 
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Figure 6.4.6: FESEM images of pure PHB and PHB + OMMT (dimethyl dialkyl amine 

organomodified MMT) nanocomposites at different concentration (A) Control pure PHB (B) 

1wt% OMMT + PHB matrix (C) 3wt% OMMT + PHB matrix (D) 5wt% OMMT + PHB 

matrix (E) 7wt% OMMT + PHB matrix (F) 10wt% OMMT + PHB matrix 

 

6.4.2.1(i): Observation of FESEM analysis 

FESEM images of the PHB/Zeolite and PHB/OMMT blends with different concentration are 

depicted in Figure 6.4.5 and Figure 6.4.6. The small granules present on the matrix surface are 

nanoclays, whereas the bright areas indicate the matrix polymers. Morphological analysis of 

nanocomposites of different Zeolite and OMMT concentrations show a mixed morphology 

with the coexistence of exfoliated and intercalated clay patterns within the blend matrix. The 

observed morphology suggests the effective porosity effect of nanoclay within the blend 

matrix. Proper shear under optimized processing temperature, rpm, and retention time, along 

with effective higher basal spacing and interacting groups present in the nanoclays have 

facilitated the easy penetration of polymer macromolecules into the nanoclay. Higher level of 

porosity observed along with an increased level of Zeolite and OMMT raises the application 

of this nanocomposite for being used as scaffold in 3 D printing of human organs. Increased 

porosity is known to assists in homogeneous media percolation and better growth of cells 

growing over the scaffold material.     
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6.4.2.2:Thermogravimetric analysis (TGA) results 

 

Figure 6.4.7: TGA graph represents the % degradation of loaded samples at different 

concentrations of nanoclays PHB+ZEOLITE 

 

Figure 6.4.8: TGA graph represents the % degradation of loaded samples at different 

concentrations of nanoclays PHB+OMMT  
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Table 6.41: Weight percentage degradation of PHB + Zeolite blends analyzed by TGA 

(25
0
C-400

0
C) 

Different concentrations of Zeolite Weight % degraded Weight loaded (mg) 

Pure PHB 91.56% 12.47 mg 

PHB+1wt% Zeolite 91.91% 14.16 mg 

PHB+3wt% Zeolite 87.09% 14.33 mg 

PHB+5wt% Zeolite 83.52% 10.86 mg 

PHB+7wt% Zeolite 85.69% 12.14 mg 

PHB+10wt% Zeolite 80.96% 12.74 mg 

 

Table 6.42: Weight percentage degradation of PHB+OMMT blends analyzed by TGA (25
0
C-

600
0
C) 

Different concentrations of OMMT Weight % degraded Weight loaded (mg) 

Pure PHB 97.601% 13.614 mg 

PHB+1wt% OMMT 97.362% 12.543 mg 

PHB+3wt% OMMT 96.173% 18.065 mg 

PHB+5wt% OMMT 94.565% 13.366 mg 

PHB+7wt% OMMT 94.417% 14.226 mg 

PHB+10wt% OMMT 92.862% 15.65 mg 

 

6.4.2.2(i): Analysis of results of TGA 

The TGA analysis suggested that polymer/clay nanocomposites are thermally more stable 

than pure polymer composites. This is due to the effect of nanoclay layers which provide 

superior insulation and mass transport barrier against the decomposition of polymer volatile 

compounds under high temperatures. This occurs because clay minerals are inorganic 

molecules which are stable in the temperature ranges in which organic molecules of pure 

polymer are susceptible to volatile compound conversion. The TG thermograph shows that 

the weight loss of the blended films is due to degradation, which is monitored as a function of 

temperature.  

 

In the PHB+Zeolite nanocomposite, as the concentration (wt%) of Zeolite in PHB matrix 

increases, the percentage degradation of the composite decreases as compared to control 

samples. The pure PHB has a degradation percentage of 91.56%, whereas the other blends 
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have decreasing percentages i.e. 3wt% (87.09%), 5wt% (83.52%), 7wt% (85.69%) and 

10wt% (80.96%). 

 

In the PHB+OMMT nanocomposite, as the concentration (wt%) of OMMT in PHB matrix 

increases, the percentage degradation of the composite decreases as compared to control 

samples. The pure PHB have a degradation percentage of 97.601%, whereas the other blends 

have decreasing percentages i.e. 1wt% (97.362%), 3wt% (96.173%), 5wt% (94.565%), 7wt% 

(94.417%) and 10wt% (92.862%).  

 

The work is in coherence with Zuburtikudis et al., 2008 that introduction of different wt% of 

nanoclay increases the degradation temperature. 

 

The analysis shows that the addition of OMMT % in polymer matrix affects the degradation 

percentage of nanocomposite with increase in temperature, which implies that OMMT 

becomes incorporated as filler in the polymeric matrix. The incorporation of nanoclay was 

also found to enhance the thermal stability of the polymer. 

 

6.4.2.3: Differential Scanning Calorimetry (DSC) 

 

Table 6.43: Different values of melting temperature and enthalpy of melting of different 

blends of PHB with Zeolite, degradation temperature analyzed through TGA 

Different 

concentrations of 

Zeolite 

Melting 

temperature 

values 

Degradation 

temperature 

values 

Processing 

window 

Enthalpy of 

Melting  ΔHM (J/g) 

Pure PHB 169.78 
o
C 296.98

 o
C 127.26 

o
C 57.18 J/g 

PHB+1wt% Zeolite 171.50
 o

C 300.38 
o
C 128.88

 o
C 74.56 J/g 

PHB+3wt% Zeolite 174
 o

C 295.85 
o
C 121.85

 o
C 61.95 J/g 

PHB+5wt% Zeolite 170.49
 o

C 284.71
 o

C 114.22
 o

C 59.09 J/g 

PHB+7wt% Zeolite 170.13
 o

C 277.09
 o

C 106.96
 o

C 66.30 J/g 

PHB+10wt% Zeolite 171.67
 o

C 266.42
 o

C 94.75
 o

C 59.38 J/g 
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Figure 6.4.9: DSC curve of Pure PHB 

 

 

Figure 6.4.10: DSC curve of PHB+1wt% Zeolite 
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Figure 6.4.11: DSC curve of PHB+3wt% Zeolite 

 

Figure 6.4.12: DSC curve of PHB+5wt% Zeolite 
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Figure 6.4.13: DSC curve of PHB+7wt% Zeolite 

 

 

Figure 6.4.14: DSC curve of PHB+10wt% Zeolite 

 



CHAPTER- VI RESULTS AND DISCUSSION 

 

 

229  

Table 6.44: Different values of melting temperature and enthalpy of melting of different 

blends of PHB with OMMT 

  

Different concentrations 

of OMMT 

Melting 

temperature 

values 

Degradation 

temperature 

values 

Processing 

window 

Enthalpy of 

Melting  ΔHM 

(J/g) 

Pure PHB 169.72 
o
C 296.98

 o
C 127.26

o
C 57.18 J/g 

PHB+1wt% OMMT 168.39 
o
C 301.56 

o
C 133.17

 o
C 73.38 J/g 

PHB+3wt% OMMT 168.52
 o

C 289.39 
o
C 120.87

 o
C 72.64 J/g 

PHB+5wt% OMMT 168.45
 o

C 304.72
 o

C 136.27
 o

C 67.99 J/g 

PHB+7wt% OMMT 169.70 
o
C 304.54

 o
C 135.02

 o
C 56.64 J/g 

PHB+10wt% OMMT 169.64
 o

C 304.61
 o

C 134.97
 o

C 50.25 J/g 

 

 

Figure 6.4.15: DSC curve of PHB+1wt% OMMT 
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Figure 6.4.16: DSC curve of PHB+3wt% OMMT 

 

 

 

Figure 6.4.17: DSC curve of PHB+5wt% OMMT 
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Figure 6.4.18: DSC curve of PHB+7wt% OMMT 

 

 

Figure 6.4.19: DSC curve of PHB+10wt% OMMT 
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6.4.2.3(i): Observation of DSC curve in PHB/Zeolite nanocomposites 

Enthalpy of melting and melting temperature analysis of PHB/Zeolite nanocomposites was 

carried out by Differential Scanning Calorimetry. The analysis of result shows that 1wt% 

PHB/Zeolite composites demonstrate maximum increase in the thermal processing window. 

DSC thermal degradation curve shows that in case of pure PHB, maximum melting 

temperature was 169.78
o
C and maximum thermal degradation was at 296.98

o
C which is 

altered in the case of nanocomposite formed. The main aim of this study was to increase the 

thermal stability of the PHB by blending it with inorganic nanoclays. From all wt% blends, 

PHB/Zeolite 1wt% blend shows melting temperature of 171.50
o
C and maximum degradation 

temperature at 300.38
o
C. It was observed that pristine PHB window processing difference 

was 127.26
o
C and PHB/Zeolite 1wt% was 128.88

o
C. It means that there was a rise in 1.64

o
C 

in the processing window. With the addition of 1wt% Zeolite in PHB matrix, the narrow 

thermal processing window has become wide, which increase processibility time for the 

molding of products at an increased range of temperature.  

 

Enthalpy of melting (ΔHM) was also increased from 57.18 J/g to 74.56 J/g. This increase in 

enthalpy provides more stability to the material as now more amount of heat has to be 

absorbed by the nanocomposite to reach its higher melting temperature. The nanocomposite 

prepared is better as compared to the work done by Cheng et al., 2004 as enthalpy was 

continuous increasing 

 

6.4.2.3(ii): Observation of DSC curve in PHB/OMMT nanocomposites 

Enthalpy of melting and melting temperature analysis of PHB/OMMT nanocomposites was 

carried out by Differential Scanning Calorimetry. The analysis of result shows that 1wt% 

PHB/OMMT and 5wt% PHB/OMMT composites shows maximum increase in the thermal 

processing window. DSC thermal degradation curve shows that in case of pure PHB, 

maximum melting temperature was 169.78
o
C and maximum thermal degradation was at 

296.98
o
C. The main aim of this study was to increase the thermal stability of the PHB by 

blending it with inorganic nanoclays. From all wt% blends, PHB/Zeolite 1wt% shows the 

melting temperature of 168.39
o
C and maximum degradation temperature at 301.56

o
C. It was 

observed that pristine PHB window processing difference was 127.26
o
C and PHB/OMMT 

1wt% was 133.17
o
C. It means that there was a rise in 5.91

 o
C in the processing window. With 

the addition of 1wt% Zeolite in PHB matrix, the narrow thermal processing window has 
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become wide, which increase the processibility time for the molding of products at an 

increased range of temperature. Enthalpy of melting (ΔHM) was also increased from 57.18 J/g 

to 73.38 J/g. This increase in enthalpy provides the material more stability as now more 

amount of heat has to be absorbed by the nanocomposite to reach its higher melting 

temperature. 

 

The PHB/OMMT 5wt% shows the melting temperature of 168.45
o
C and maximum 

degradation temperature at 304.72
o
C. It was observed that pristine PHB window processing 

difference was 127.26
o
C and PHB/OMMT 5wt% was 136.27

o
C. It means that there was a rise 

in 9.01
o
C in the processing window. With the addition of 5wt% OMMT in PHB matrix, the 

narrow thermal processing window has become wide, which increase the processibility time 

for the molding of products at an increased range of temperature. 

  

Enthalpy of melting (ΔHM) was also increased from 57.18 J/g to 67.99 J/g in case of 

PHB/OMMT 5wt%. The results are in coherence with work done by Maiti et al., 2007 that 

increase in decomposition temperature occurs with increase in OMMT percentage. 

 

This increase in enthalpy provides the material more stability as now more amount of heat has 

to be absorbed by the nanocomposite to reach its higher melting temperature 
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6.4.2.4: Mechanical Analysis 

Mechanical Analysis was carried out through Instron Microtensile Testing system at Smitha 

Labs, Department of Textile technology, IIT Delhi as described in material and method 

section. 

Table 6.45: Mechanical analysis of PHB +Zeolite blends 

 Max 

Extension 

Tensile 

stress@ 

MaxLoad 

Tensile 

strain@Max 

Load 

Modulus 

(Automatic) 

Maximum 

Load 

Modulus 

(Automatic 

Young's) 

Energy at 

Break 

(Standard) 

 (mm) (MPa) (%) (MPa) (N) (MPa) (J) 

PHB 

control 

0.5525 0.23 1.685 3.0525 1.35 3.4975 0.00054 

1wt% 0.4225 1.045 11.0575 98.8225 0.8975 109.4 0.00201875 

3wt% 0.3825 1.125 1.535 109.6625 0.88 118.875 0.000305 

5wt% 0.6825 1.9675 2.735 113.86 1.5925 122.5475 0.00072 

7wt% 0.495 1.9975 1.985 137.5225 1.5975 153.4775 0.00046 

10wt% 0.505 1.305 2.0175 103.3275 0.975 113.7625 0.0003225 

 

6.4.2.4(i): Observation of Mechanical Instron Testing 

Mechanical properties of neat PHB and their blends with different ratios are depicted in above 

given Tables. Neat PHB has  Maximum extension of 0.5300 mm, Tensile stress of 0.2400 

MPa, Tensile strain (%) of 11.6967 MPa, Maximum load (N) of 1.4067, and Energy at break 

of 0.00054 J. Incorporation of Zeolite within the polymeric matrix results in intermediate 

properties for the blends. However, the ductility of composite PHB increased consistently 

with an increase in Zeolite concentration within the PHB matrix.  

6.4.2.4(ii): Mechanical Properties of PHB/Zeolite Blends with variable Zeolite loading 

The blend prepared at 5% ratio of PHB: Zeolite shows an optimum increase in maximum 

extension of 0.7567mm, tensile stress of 3.0567 MP, tensile strain of 3.0300%, modulus 

automation of 124.37 MPa and energy at break of 0.0008 J whereas in 7wt% showed a tensile 

stress of 2.3100 MPa, Maximum load of 1.6233 N, modulus automation of 142.77 MPa and 

energy at break of 0.0005 J with a decrease in maximum extension of 0.5067 mm as 

compared to pristine polymeric film. The observation suggests that some degree of interaction 

occurs between the macromolecules of PHB and Zeolite within the blend. Finely dispersed 

Zeolite nanoparticles act like a reinforcing filler within the PHB matrix. Enhanced ductility 
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provides better energy absorbing capability for the PHB matrix. However, the overall analysis 

suggested that the blend of PHB+5wt% Zeolite have a better mechanical performance as 

compared to the other blends as well as control polymeric matrix. 

 

6.4.2.4a: Statistical studies of mechanical analysis of PHB+ wt% Zeolite by using 

ANOVA SPSS 16.0 tool 

Table 6.46: Comparison of different wt% of PHB composites with PHB control in terms of  

maximum extension parameter using one way ANOVA 

 Mean± Standard deviation P value≥0.05 

PHB Control 0.5300± 0.04000 0.099 

PHB+1wt% Zeolite 0.5033±0.13650 0.099 

PHB+3wt% Zeolite 0.4233±0.06028 0.099 

PHB+5wt% Zeolite 0.7567± 0.21127 0.099 

PHB+7wt% Zeolite 0.5067±0.06807 0.099 

PHB+10wt% Zeolite 0.5633±0.14742 0.099 

 

Table 6.47: Statistical analysis of multiple comparison of different wt% of PHB composites 

with PHB control in terms of  maximum extension parameter using One way ANOVA 

{POSTHOC=TUKEY ALPHA (*P<0.05)} 

  Mean Difference  P value≥0.05 

      A B  (A-B)  

PHB Control 

 

 

 

 

PHB+1wt% Zeolite 0.02667 1.000 

PHB+3wt% Zeolite 0.10667 .896 

PHB+5wt% Zeolite -0.22667 .302 

PHB+7wt% Zeolite 0.02333 1.000 

PHB+10wt% Zeolite -0.03333 .999 

The analysis shows that the values were statistically non-significant (p≥0.05).  
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Table 6.48: Comparison of different wt% of PHB composites with PHB control in terms of  

tensile stress parameter using one way ANOVA 

 Mean± Standard deviation P value≥0.05 

PHB Control .2400±.07000 .007 

PHB+1wt% Zeolite 2.4333±.46918 .007 

PHB+3wt% Zeolite 2.9167±.91309 .007 

PHB+5wt% Zeolite 3.0567±.10786 .007 

PHB+7wt% Zeolite 2.3100±1.20615 .007 

PHB+10wt% Zeolite 3.2567±1.17194 .007 

 

Table 6.49: Statistical analysis of multiple comparison of different wt% of PHB composites 

with PHB control in terms of tensile stress parameter using One way ANOVA 

{POSTHOC=TUKEY ALPHA (*P<0.05)} 

  Mean Difference  P value≥0.05 

      A B  (A-B)  

PHB Control 

 

 

 

 

PHB+1wt% Zeolite -2.19333 .052 

PHB+3wt% Zeolite -2.67667* .015 

PHB+5wt% Zeolite -2.81667* .011 

PHB+7wt% Zeolite -2.07000 .071 

PHB+10wt% Zeolite -3.01667* .006 

The analysis shows that the values with superscript* were statistically significant (p≥0.05).  

 

Table 6.50: Comparison of different wt% of PHB composites with PHB control in terms of  

tensile strain parameter using one way ANOVA 

 Mean± Standard deviation P value≥0.05 

PHB Control 11.4733±.83500 .000 

PHB+1wt% Zeolite 2.0617±.46401 .000 

PHB+3wt% Zeolite 1.6967±.23587 .000 

PHB+5wt% Zeolite 3.0300±.84042 .000 

PHB+7wt% Zeolite 2.0733±.20404 .000 

PHB+10wt% Zeolite 1.7167±.36910 .000 
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Table 6.51: Statistical analysis of multiple comparison of different wt% of PHB composites 

with PHB control in terms of  tensile strain parameter using One way ANOVA 

{POSTHOC=TUKEY ALPHA (*P<0.05)} 

  Mean Difference  P value≥0.05 

      A B  (A-B)  

PHB Control 

 

 

 

 

PHB+1wt% Zeolite 9.41167* .000 

PHB+3wt% Zeolite 9.77667* .000 

PHB+5wt% Zeolite 8.44333* .000 

PHB+7wt% Zeolite 9.40000* .000 

PHB+10wt% Zeolite 9.75667* .000 

The analysis shows that the values with superscript* were statistically significant (p≥0.05).  

 

Table 6.52: Comparison of different wt% of PHB composites with PHB control in terms of 

modulus automation parameter using one way ANOVA 

 Mean± Standard deviation P value≥0.05 

PHB Control 3.3400±.98199 .001 

PHB+1wt% Zeolite 94.9867±54.66621 .001 

PHB+3wt% Zeolite 1.2512E2±32.10125 .001 

PHB+5wt% Zeolite 1.2437E2±24.90441 .001 

PHB+7wt% Zeolite 1.4277E2±11.79487 .001 

PHB+10wt% Zeolite 1.1448E2±2.94824 .001 

Table 6.53: Statistical analysis of multiple comparison of different wt% of PHB composites 

with PHB control in terms of modulus automation parameter using One way ANOVA 

{POSTHOC=TUKEY ALPHA (*P<0.05)} 

  Mean Difference  P value≥0.05 

      A B  (A-B)  

PHB Control 

 

 

 

 

PHB+1wt% Zeolite -91.64667* .018 

PHB+3wt% Zeolite -121.78333* .002 

PHB+5wt% Zeolite -121.02667* .002 

PHB+7wt% Zeolite -139.42667* .001 

PHB+10wt% Zeolite -111.13667* .004 

The analysis shows that the values with superscript* were statistically significant (p≥0.05).  
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Table 6.54: Comparison of different wt% of PHB composites with PHB control in terms of 

maximum load parameter using one way ANOVA 

 Mean± Standard deviation P value≥0.05 

PHB Control 1.4067±.13650 .027 

PHB+1wt% Zeolite 1.2958±.37819 .027 

PHB+3wt% Zeolite .9833±.31880 .027 

PHB+5wt% Zeolite 1.7000±.14731 .027 

PHB+7wt% Zeolite 1.6233±.06429 .027 

PHB+10wt% Zeolite 1.1033±.29838 .027 

 

Table 6.55: Statistical analysis of multiple comparison of different wt% of PHB composites 

with PHB control in terms of maximum load parameter using One way ANOVA 

{POSTHOC=TUKEY ALPHA (*P<0.05)} 

  Mean Difference  P value≥0.05 

      A B  (A-B)  

PHB Control 

 

 

 

 

PHB+1wt% Zeolite .13650 .993 

PHB+3wt% Zeolite .37819 .364 

PHB+5wt% Zeolite .31880 .710 

PHB+7wt% Zeolite .14731 .889 

PHB+10wt% Zeolite .06429 .682 

The analysis shows that the values were statistically non-significant (p≥0.05).  

 

Table 6.56: Comparison of different wt% of PHB composites with PHB control in terms of 

Modulus (Automatic Young's) parameter using one way ANOVA 

 Mean± Standard deviation P value≥0.05 

PHB Control 3.8933±.98199 .000 

PHB+1wt% Zeolite 128.22±54.66621 .000 

PHB+3wt% Zeolite 136.08±32.10125 .000 

PHB+5wt% Zeolite 132.00±24.90441 .000 

PHB+7wt% Zeolite 156.28±11.79487 .000 

PHB+10wt% Zeolite 119.49±2.94824 .000 
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Table 6.57: Statistical analysis of multiple comparison of different wt% of PHB composites 

with PHB control in terms of Modulus (Automatic Young's) parameter using One way 

ANOVA {POSTHOC=TUKEY ALPHA (*P<0.05)} 

  Mean Difference  P value≥0.05 

      A B  (A-B)  

PHB Control 

 

 

 

 

PHB+1wt% Zeolite -124.32333* .000 

PHB+3wt% Zeolite -132.18333* .000 

PHB+5wt% Zeolite -128.10333* .000 

PHB+7wt% Zeolite -152.38667* .000 

PHB+10wt% Zeolite -115.59667* .000 

The analysis shows that the values with superscript* were statistically significant (p≥0.05).  

Table 6.58: Comparison of different wt% of PHB composites with PHB control in terms of 

energy at break parameter using one way ANOVA 

 Mean± Standard deviation P value≥0.05 

PHB Control .0005±.00007 .106 

PHB+1wt% Zeolite .0004±.00026 .106 

PHB+3wt% Zeolite .0003±.00004 .106 

PHB+5wt% Zeolite .0008±.00034 .106 

PHB+7wt% Zeolite .0005±.00007 .106 

PHB+10wt% Zeolite .0003±.00020 .106 

 

Table 6.59: Statistical analysis of multiple comparison of different wt% of PHB composites 

with PHB control in terms of energy at break parameter using One way ANOVA 

{POSTHOC=TUKEY ALPHA (*P<0.05)} 

  Mean Difference  P value≥0.05 

      A B  (A-B)  

PHB Control 

 

 

 

 

PHB+1wt% Zeolite .00019 .823 

PHB+3wt% Zeolite .00021 .771 

PHB+5wt% Zeolite -.00022 .749 

PHB+7wt% Zeolite .00005 .999 

PHB+10wt% Zeolite .00023 .691 

The analysis shows that the values were statistically non-significant (p≥0.05).  
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Table 6.60: Mechanical analysis of PHB +OMMT blends 

 Max 

Extention 

(mm) 

Tensile 

stress

@ Max 

Load 

(MPa) 

Tensile 

strain@Ma

x Load (%) 

Modulus 

(Automation

) (MPa) 

Maximu

m Load 

(N) 

Modulus 

(Automati

c Young’s) 

(MPa) 

Energy at 

Break 

(Standard) 

(J) 

PHB 

control 

0.5300 0.2400 11.4733 3.3400 1.4067 3.8933 0.0005 

1wt% 0.3400 3.4633 1.363 251.08 1.9467 288.56 0.0000 

3wt% 0.3467 3.4967 1.3800 286 2.333 285.64 0.0003 

5wt% 0.4433 3.0567 1.7667 305.02 2.4433 250.98 0.0004 

7wt% 0.3167 5.9900 1.2633 265.15 1.8500 262.37 0.0003 

10wt% 0.2633 3.2567 1.0533 489.94 2.6067 489.09 0.0006 

 

6.4.2.4(iii): Mechanical Properties of PHB/OMMT Blends with variable OMMT loading 

The blend prepared at 5wt % ratio of PHB: OMMT shows an optimum increase maximum 

extension of 0.4433mm, tensile stress of 3.0567MPa, tensile strain of 1.7667%, modulus 

automation of 305.02MPa, maximum load of 2.4433N, modulus automation of 250.98MPa 

and energy at break of 0.0004Jwhereas in 10wt% shows maximum young modulus of 489.94 

MPa, maximum energy at break 0.0006J and maximum load of 2.6067MPa. The overall 

analysis suggested that better ductility and mechanical performance were observed in 10wt% 

of OMMT blend with PHB matrix. 
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6.4.2.4b: Statistical studies of mechanical analysis of PHB+ wt% OMMT by using 

ANOVA SPSS 16.0 tool 

Table 6.61: Comparison of different wt% of PHB composites with PHB control in terms of  

maximum extension parameter using one way ANOVA 

 Mean± Standard deviation P value≥0.05 

PHB Control .5300±.04000 0.028 

PHB+1wt% OMMT .3400±.08185 0.028 

PHB+3wt% OMMT .3467±.04933 0.028 

PHB+5wt% OMMT .4433±.05774 0.028 

PHB+7wt% OMMT .3167±.16623 0.028 

PHB+10wt% OMMT .2633±.05508 0.028 

 

Table 6.62: Statistical analysis of multiple comparison of different wt% of PHB composites 

with PHB control in terms of  maximum extension parameter using One way ANOVA 

{POSTHOC=TUKEY ALPHA (*P<0.05)} 

  Mean Difference  P value≥0.05 

      A B  (A-B)  

PHB Control 

 

 

 

 

PHB+1wt% OMMT .19000 .147 

PHB+3wt% OMMT .18333 .171 

PHB+5wt% OMMT .08667 .815 

PHB+7wt% OMMT .21333 .087 

PHB+10wt% OMMT .26667* .024 

The analysis shows that the values with superscript* were statistically significant (p≥0.05).  

Table 6.63: Comparison of different wt% of PHB composites with PHB control in terms of  

tensile stress parameter using one way ANOVA 

 Mean± Standard deviation P value≥0.05 

PHB Control .2400±.07000 .158 

PHB+1wt% OMMT 3.4633±1.34783 .158 

PHB+3wt% OMMT 3.4967±.57873 .158 

PHB+5wt% OMMT 3.0567±.10786 .158 

PHB+7wt% OMMT 5.9900±5.20265 .158 

PHB+10wt% OMMT 3.2567±1.17194 .158 
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Table 6.64: Statistical analysis of multiple comparison of different wt% of PHB composites 

with PHB control in terms of tensile stress parameter using One way ANOVA 

{POSTHOC=TUKEY ALPHA (*P<0.05)} 

  Mean Difference  P value≥0.05 

      A B  (A-B)  

PHB Control 

 

 

 

 

PHB+1wt% OMMT -3.21333 .532 

PHB+3wt% OMMT -3.24667 .522 

PHB+5wt% OMMT -2.80667 .658 

PHB+7wt% OMMT -5.74000 .075 

PHB+10wt% OMMT -3.00667 .596 

The analysis shows that the values were statistically non-significant (p≥0.05).  

Table 6.65: Comparison of different wt% of PHB composites with PHB control in terms of  

tensile strain parameter using one way ANOVA 

 Mean± Standard deviation P value≥0.05 

PHB Control 11.4733±.83500 .000 

PHB+1wt% OMMT 1.3633±.33606 .000 

PHB+3wt% OMMT 1.3800±.21166 .000 

PHB+5wt% OMMT 1.7667±.21962 .000 

PHB+7wt% OMMT 1.2633±.66033 .000 

PHB+10wt% OMMT 1.0533±.22189 .000 

 

Table 6.66: Statistical analysis of multiple comparison of different wt% of PHB composites 

with PHB control in terms of  tensile strain parameter using One way ANOVA 

{POSTHOC=TUKEY ALPHA (*P<0.05)} 

  Mean Difference  P value≥0.05 

      A B  (A-B)  

PHB Control 

 

 

 

 

PHB+1wt% OMMT 9.27667* .000 

PHB+3wt% OMMT 9.26000* .000 

PHB+5wt% OMMT 8.87333* .000 

PHB+7wt% OMMT 9.37667* .000 

PHB+10wt% OMMT 9.58667* .000 

The analysis shows that the values with superscript* were statistically significant (p≥0.05).  
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Table 6.67: Comparison of different wt% of PHB composites with PHB control in terms of 

modulus automation parameter using one way ANOVA 

 Mean± Standard deviation P value≥0.05 

PHB Control 334.00±.98199 .000 

PHB+1wt% OMMT 305.02±97.05512 .000 

PHB+3wt% OMMT 286.00±56.02524 .000 

PHB+5wt% OMMT 251.08±22.15435 .000 

PHB+7wt% OMMT 265.15±88.81329 .000 

PHB+10wt% OMMT 489.94±38.46726 .000 

 

Table 6.68: Statistical analysis of multiple comparison of different wt% of PHB composites 

with PHB control in terms of modulus automation parameter using One way ANOVA 

{POSTHOC=TUKEY ALPHA (*P<0.05)} 

  Mean Difference  P value≥0.05 

      A B  (A-B)  

PHB Control 

 

 

 

 

PHB+1wt% OMMT -301.34667* .001 

PHB+3wt% OMMT -282.32667* .001 

PHB+5wt% OMMT -247.41000* .003 

PHB+7wt% OMMT -261.47667* .002 

PHB+10wt% OMMT -486.27000* .000 

The analysis shows that the values with superscript* were statistically significant (p≥0.05).  

 

Table 6.69: Comparison of different wt% of PHB composites with PHB control in terms of 

maximum load parameter using one way ANOVA 

 Mean± Standard deviation P value≥0.05 

PHB Control 1.4067±.13650 .285 

PHB+1wt% OMMT 1.9467±.37207 .285 

PHB+3wt% OMMT 2.3333±.73276 .285 

PHB+5wt% OMMT 2.4433±.08505 .285 

PHB+7wt% OMMT 1.8500±.96597 .285 

PHB+10wt% OMMT 2.6067±.94129 .285 
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Table 6.70: Statistical analysis of multiple comparison of different wt% of PHB composites 

with PHB control in terms of maximum load parameter using One way ANOVA 

{POSTHOC=TUKEY ALPHA (*P<0.05)} 

  Mean Difference  P value≥0.05 

      A B  (A-B)  

PHB Control 

 

 

 

 

PHB+1wt% OMMT -.54000 .902 

PHB+3wt% OMMT -.92667 .527 

PHB+5wt% OMMT -1.03667 .416 

PHB+7wt% OMMT -.44333 .954 

PHB+10wt% OMMT -1.20000 .278 

The analysis shows that the values were statistically non-significant (p≥0.05). 

 Table 6.71: Comparison of different wt% of PHB composites with PHB control in terms of 

Modulus (Automatic Young's) parameter using one way ANOVA 

 Mean± Standard deviation P value≥0.05 

PHB Control 3.8933±.98199 .000 

PHB+1wt% OMMT 2.8856E2±92.22192 .000 

PHB+3wt% OMMT 2.8564E2±62.39548 .000 

PHB+5wt% OMMT 2.5098E2±25.26254 .000 

PHB+7wt% OMMT 2.6237E2±85.32612 .000 

PHB+10wt% OMMT 4.8909E2±42.43393 .000 

 

Table 6.72: Statistical analysis of multiple comparison of different wt% of PHB composites 

with PHB control in terms of Modulus (Automatic Young's) parameter using One way 

ANOVA {POSTHOC=TUKEY ALPHA (*P<0.05)} 

  Mean Difference  P value≥0.05 

      A B  (A-B)  

PHB Control 

 

 

 

 

PHB+1wt% OMMT -285.21667* .001 

PHB+3wt% OMMT -282.30000* .001 

PHB+5wt% OMMT -247.63667* .003 

PHB+7wt% OMMT -259.03000* .002 

PHB+10wt% OMMT -485.75333* .000 

The analysis shows that the values with superscript* were statistically significant (p≥0.05).  
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Table 6.73: Comparison of different wt% of PHB composites with PHB control in terms of 

energy at break parameter using one way ANOVA 

 Mean± Standard deviation P value≥0.05 

PHB Control .0005±.00007 .245 

PHB+1wt% OMMT .0000±.00053 .245 

PHB+3wt% OMMT .0003±.00020 .245 

PHB+5wt% OMMT .0004±.00021 .245 

PHB+7wt% OMMT .0003±.00035 .245 

PHB+10wt% OMMT .0000±.00034 .245 

 

Table 6.74: Statistical analysis of multiple comparison of different wt% of PHB composites 

with PHB control in terms of energy at break parameter using One way ANOVA 

{POSTHOC=TUKEY ALPHA (*P<0.05)} 

  Mean Difference  P value≥0.05 

      A B  (A-B)  

PHB Control 

 

 

 

 

PHB+1wt% OMMT .00049 .446 

PHB+3wt% OMMT .00023 .943 

PHB+5wt% OMMT .00019 .976 

PHB+7wt% OMMT .00026 .909 

PHB+10wt% OMMT .00064 .209 

The analysis shows that the values were statistically non-significant (p≥0.05).  

 

6.4.3: Biodegradation Assay studies 

6.4.3.1: Biodegradation study by PBS solution and its analysis (PHB+ Zeoite wt%) 

One of the most attractive properties of PHB is its biodegradable nature under natural 

conditions.  

In the current studies, biodegradation assay was carried out through Phosphate buffer saline as 

described in material method section. It was observed that the percentage degradation of neat 

PHB was 30.08%, where as this percentage was increased to 50% in case of 3wt% film of 

PHB+Zeolite. This increase in biodegradation percentage was also observed in case of 1wt% 

(44.44%), 5wt% (37.5%), 7wt% (33.28%) and 10wt% (31.5%). The results show that an 

increase in biodegradation was observed in all the blended films as compared to neat PHB and 

maximum was observed at 3wt%.  
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6.4.3.2: Biodegradation assay by bacteria and its analysis 

Another biodegradation assay was carried out by bacterial isolate (MTCC40) as described in 

material and method section. The microorganisms in the presence CO2 and H2O hydrolyze the 

ester bonds of the polymeric material. It was observed that the percentage degradation of neat 

PHB was 31%, where as this percentage was increased to 75% in case of 10 wt% film of 

PHB+Zeolite. This increase in biodegradation percentage was also observed in case of 1wt% 

(34.28%), 3wt% (38.57), 5wt% (39. 33%), 7wt% (40%). The results show that an increase in 

biodegradation was observed in all the blended films as compared to neat PHB and maximum 

was observed at 10wt%. The results are in coherence with the studies of Maiti et al., 2007 that 

increase in nanoclay level without any organic modification enhances the degradation level of 

polymer nanocomposite formed. The work is in coherence with Yu et al., 2006 that increase 

in wt% of nanoclay enhances the mechanical properties of PHB/nanoclay composites. 

 

Table 6.75: Biodegradation of PHB+Zeolite blended film by Phosphate Buffer Saline (PBS) 

and Microbial strain MTCC 40 (E.coli)  

 

wt% of PHB films % Degradation 

(PBS) 

% Degradation 

(MTCC 40) 

Pure PHB 30.08% 31% 

PHB+1wt% Zeolite 44.44% 34.28% 

PHB+3wt% Zeolite 50% 38.57% 

PHB+5wt% Zeolite 37.5% 39.33% 

PHB+7wt% Zeolite 33.28% 40% 

PHB+10wt% Zeolite 31.5% 75% 

 

6.4.3.3: Biodegradation study by PBS solution and its analysis (PHB+OMMT) 

In the current studies, biodegradation assay was carried out by Phosphate buffer saline. It was 

observed that the percentage degradation of neat PHB was 30.08%, where as this percentage 

was increased to 62.22% in case of 3wt% film of PHB+OMMT. This increase in 

biodegradation percentage was also observed in case of 1wt% (33.7%), 5wt% (37.9%), 7wt% 

(31.79%) and 10wt% (35.26%). The results show that an increase in biodegradation was 

observed in all the blended films as compared to neat PHB and maximum was observed at 

3wt%. 
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6.4.3.4: Biodegradation assay by bacteria and its analysis 

Another biodegradation assay was carried out by bacterial isolate (MTCC40). It was observed 

that the percentage degradation of neat PHB was 31% by bacterial strain degradation, where 

as this percentage was increased to 59% in case of 5wt% film of PHB+OMMT. This increase 

in biodegradation percentage was also observed in case of 1wt% (31.4%), 3wt% (40%), 7wt% 

(31.9%), 10 wt% (33%). The results show that an increase in biodegradation was observed in 

all the blended films as compared to neat PHB and maximum was observed at 5wt%. The 

results of biodegradation by MTCC strain are in coherence with the results of Leet et al., 2002 

that increase in concentration of nanoclay after a certain level decreases the biodegradation 

percentage as observed that after 5wt% the degradation levels decreases. 

 

Table 6.76: Biodegradation in PHB+OMMT blends by Phosphate Buffer Saline (PBS) and 

Microbial strain MTCC 40 (E.coli)  

 

wt% of PHB films %Degradation (PBS) % Degradation (MTCC 40) 

Pure PHB 30.08% 31% 

PHB+1wt% OMMT 33.7% 31.4% 

PHB+3wt% OMMT 62.22% 40% 

PHB+5wt% OMMT 37.9% 59% 

PHB+7wt% OMMT 31.79% 31.9% 

PHB+10wt% OMMT 35.26% 33% 
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6.4.4: SIMULATED BODY FLUID ASSAY FOR APETITE LAYER FORMATION 

 

     

A)             7 Days                                          14 days                             21 days 

     

B)               7 Days                                        14 days                              21 days 

Figure 6.4.20: Simulated Body Fluid Assay FE-SEM analysis at different time intervals of 

7days, 14days and 21days A): PHB+3wt% Zeolite B): PHB+5wt% OMMT 

 

The protocol was carried out as described in material and method to check the capability of 

the material for inducing osteoblast of bone cells to join and thrive over the material. 

Basically, SBF is the deposition of calcium particles (apatite layer) over the material in in-

vitro conditions, providing the same environment which is comparable to the human blood 

plasma. The analysis of SBF can be done on the basis that if the deposition is taking place 

over the material in-vitro then this material can induce the growth of cells over it in-vivo. It 

can be utilized in implants and other bone tissue engineering protocols inside the live human 

body.  

 

It has been already reported that zeolites can be used both in human and veterinary medicine 

as biological active food additives (dietic additives), drugs, drug carriers, adjuvants in 

anticancer therapy and antimicrobial agents as well. They are tolerated well in the body and 
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are highly biocompatible in living cells (Teimuraz et al., 2009). 

  

The current analysis shows positive deposition of apatite layer over the test material (A: 

PHB+3wt% Zeolite, B: PHB+5wt% OMMT) in course of time duration varying from 7, 14 

and 21 days. This material can be utilized in bone tissue engineering protocols and in implants 

positively.   
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Continuous use of plastic in day to day life has caused their huge accumulation in the 

environment. Plastics are utilized in many industries including food packaging industry, 

paints, toys etc. A major part of plastic waste comes from its applicability in short-live food 

packaging industries. The plastic waste persistence in the environment causes pollution and 

crisis. Bio-polyesters derived from renewable and natural resources i.e. wood pulp, bio-waste, 

plant derived products i.e. chitin and chitosan and PHB can come in handy in the replacement 

of plastic waste. Continuous research on bio-plastic increased its demand specifically in 

various domestic and commercial industries.  

 

The current work was carried out with the aim of finding out high PHB producing bacterial 

strains from various regions of Punjab, salt lakes of Rajasthan, their optimization strategies 

and further enhancement of properties of polyhydroxybutyrate was carried out by blending 

techniques with different nanoclays. 

 

The work included the production of Polyhydroxybutyrtae with a number of approaches, 

which mainly included the mutagenesis studies and optimization parameters for its 

enhancement and further preparation of nanocomposites films of PHB with improved 

properties were prepared with an aim to improve its properties and applicability in biomedical 

fields.  

 

The major concluding points from this present work show that a majority of bacterial isolates 

are producing PHB under stress conditions. The level of PHB production is enhanced after 

full growth of bacterial biomass has taken place. After achievement of the stationary phase 

major PHB accumulation takes place in these bacterial isolates. 

 

Bacterial isolates from Majha, Malwa, Doaba regions of Punjab along with isolates from 

Sambhar lake were the main strains capable of producing and accumulating larger amounts of 

PHB inside their cells.  
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Under normal conditions the PHB accumulation varied from 9% to 34 % in various isolates. 

The highest accumulation of 34% PHB under normal condition was observed in a Sambhar 

isolate.  

 

Isolates accumulated larger amounts of PHB when they were transferred to Biphasic 

condition with sufficient amounts of carbon and depleted conditions of nitrogen. Under such 

circumstances PHB accumulation enhances and observed to vary from 12 % to 51%. Again 

the highest accumulator was found to be the Sambhar isolate with accumulation levels 

shooting to 51%. These results exemplify the fact that higher carbon concentrations and 

depleted nitrogen content favours the PHB production.  

 

The first step in enhancement strategies was mutating the bacteria with certain mutagenic 

agents which included physical UV mutagen and chemical mutagens such as Acridine 

Orange, Ethidium Bromide, Sodium Azide and Ethyl Methane Sulphonate. 

 

Many of the mutagens didn’t produced any major enhancement in production levels of PHB, 

but some of the mutagens were successful in causing mutations that can cause the 

enhancement of PHB accumulation levels.  

 

Acridine orange caused enhancement of PHB production from 41 % to 51 % in S-3 bacterial 

strain under carbon excess presence. UV presence caused increment from 12 % to 24.99% in 

M-1 bacteria. UV presence caused increment from 12% to 37% in MD-1 isolates.  

These results justify the fact that mutagenic agents can play a role in enhancement of PHB 

production in various isolates. 

 

The next strategy for incrementing the PHB production was optimizing the carbon and 

nitrogen sources for observing the effect on PHB production. Presence of different carbon 

sources can have sufficient effect on the production levels of PHB. Major enhancement in 

PHB production through variation of carbon sources was seen with S-3 bacteria from 2% 

maltose causing enhancement from 50% to 67%. M-1 bacteria enhance its production from 

25% to 46% in presence of 3% glucose. In MD-2 bacteria enhance its production from 28% to 

45% in presence of 3% sucrose. These results further justifies that different carbon sources 

can have variation of effects on the level of PHB production. These higher production values 
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under different carbon sources can be employed for commercialization strategies for cheaper 

PHB production by industries.      

     

Various nitrogen sources mainly caused an increase in the cell biomass along with presence of 

carbon. They didn’t promoted enhancement in the PHB production levels. In presence of both 

nitrogen and carbon sources energy produced is mainly diverted towards increment in 

biomass and not in the accumulation of PHB. Presence of both nitrogen and carbon create a 

condition of positive environment and stress levels are very low or almost nil. Since the PHB 

accumulation is stimulated with stress condition hence presence of both nitrogen and carbon 

act as inhibitor in the higher accumulation of PHB. 

 

The outcome of these studies provide that certain species have been identified which could be 

used under specified conditions for commercial production of PHB for industry and market 

use. These high PHB producer strains can further be used in recombinant technology studies 

for higher enhancement of PHB production. Also, cheaper substrates such as potato peel, 

sugarcane molasses, corn starch, soyabean oil etc. could be used, for more economical 

production of PHB and help in the making the polyhydroxybutyrate production at large scale 

with low cost approach. 

 

Improvement in the physical and mechanical properties of polyhydroxybutyrate was achieved 

by blending techniques. Two types of composites were prepared and analysis was done on the 

basis of their thermal processing by comparing with pristine PHB. Mechanical properties 

were also enhanced and were analysed by Instron tensile testing. Two types of nanoclays 

were used in the current studies for enhancement of properties i.e. Zeolite and dimethy-

dialkyl amine surface modified montomorrillonite. The thermal processing window was 

improved in both the nanocomposite as compared to the parental PHB.   

Earlier composites that were designed with micro level particles were having 2 major 

components, one was the bulk polymer and other was the filler material, a third component 

which was minor in nature i.e. interfacial polymer. Poor interfacial bonding did not resulted 

into the observance of desired properties and could result in material failure under different 

parameters while the polymer nanocomposite utilizes the reinforcing particles at nano-meter 

scale and is a minor component in terms over all weight and volume. When this nanoparticles 
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becomes fully dispersed in the polymeric matrix, the overall bulk polymer also becomes a 

minor component. The entire polymer becomes an interfacial polymer and acquires changed 

and enhanced properties. These enhanced properties are due to interfacial polymer which 

becomes magnified in the final material. Hence, a polymer nanocomposite is a composite 

where both the filler and matrix bulk polymer are minor component and interfacial polymer 

dictates the material properties.  

Organic treatment of the clay changes the normally hydrophilic montmorrillonite 

hydrophobic, and this change allows it to interface with different polymeric matrices.  

Literature study reveals that Zeolite, is a natural nanoclay and is used in many filtration 

strategies. Zeolites have attracted much interest majorly due to their ion-exchange capabilities 

along with higher affinity towards divalent sorbates. Existence of zeolites in powder form in 

nanoscale posses the limitation. Aggregation of particles in different electrolytes causes the 

variations in the flow properties of the mineral, which is undesired feature for acting as 

sorbent. Therefore it becomes imperative for incorporation of particular additives so as to 

counter-act this behaviour. Particularly, incorporation of polymers can enable the mineral to 

act as adsorbent in an isolated confinement and enriching its applicability in aquatic systems. 

In this study, zeolite was incorporated into Polyhydroxybutyrate polymer matrices. It is 

anticipated that the resultant nanocomposites is having enhanced adsorption properties which 

are highly suitable for heavy-metal decontamination and usage as a filter. Zeolite has high 

thermal stability at 700
o
C in air, which increases the thermal stability of polymeric matrix of 

PHB. PHB acts as matrix, as Zeolite is powder in form and cannot act as a good sorbent in its 

natural form, that is why many filters has been prepared by non-biodegradable materials. 

The use of biodegradable filters is basically for the removal of heavy metal ions. In the 

filtration process, pre-filtration could be done by UV radiations or other sieves, where all the 

microbial species that are micrometer in size are removed. Metal removal during further 

purification by membrane filter prepared by Zeolite composites could be achieved. 

It is established that zeolites can be used both in human and veterinary medicine as biological 

active food additives (dietic additives), drugs, drug carriers, adjuvants in anticancer therapy 

and antimicrobial agents as well. They are tolerated well in the body and are highly 

biocompatible. On the basis of this literature we can very well suggest that they could be 
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easily used in in-vivo applications such as nanocomposite preparation for biomedical 

application. 

Surface morphology was analysed by FE-SEM technique. Increase in the porosity enhances 

the nanocomposite application. It has already been reported in many research papers that PHB 

is biocompatible in nature. With the increase in pore size, it could also easily be used as 

scaffolds material in many biomedical applications.        

The supporting experiments were simulated body fluid assay for biocompatibility studies, 

Phosphate buffer saline and bacterial biodegradation assay studies were also carried out.  SBF 

experiment justifies the fact that these nanocomposites strongly promote the calcium 

deposition through apatite layer in SBF assay. The PBS degradation assay on the other hand 

provides that it is biodegradable under normal body buffer conditions. So, ultimately it 

engineers the positive deposition of apatite layer enhancing the cell deposition and growth of 

cells over it and on the other hand degradation of this composite occurs with time inside the 

body stimulating the bone or crack joining with time when utilized for tissue engineering or 

bone surgical studies. 

Apatite layer formation is a highly positive sign which is positively enhancing the deposition 

and growth of the body cells over it. On the basis of these properties these PHB 

nanocomposite are having strong application criteria for scaffolds formation material in 

artificial 3D organ printing technology and tissue engineering approaches.        
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