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Abstract 

Bioplastics-capped silver nanoparticles may be anti-bacterial agents, or a general 

antimicrobial agent at broad spectrum as we are finding more and more applications 

of green, renewable, cost-effective biopolymers from microorganisms. Highly 

pathogenic, biofilm producing bacterial strains, e.g. S.aureus their drug-resistance 

nature, and support from the extracellular matrix may result in a complex illness that 

is very tough to cure. Metallic nanoparticles e.g. encapsulated silver (Ag) NPs have 

already proven to be effective against these bacteria.  However, their 

biocompatibility and stability are some of the major disputes which should be 

addressed for their efficient utilization in the biomedical field. PHB biopolymer is 

green (renewable), degraded within the body (biodegradable) to non-toxic 

(biocompatible) by-products and has known applications in the field of biomedicine. 

Chapter 1 is the basic introduction of the field, past discoveries to biomedical future 

of poly-hydroxybutyrates e.g. 3-PHB and PHBV biopolymers. It is also pointing 

towards the objectives of the study. Natural polymers alone are not very 

thermostable but their nanocomposites may have better mechanical and thermal 

properties. 

Chapter 2 is the literature review and summarizing the what is already known about 

PHB and PHBV and what is nanotechnology, how nanomaterial differ from bulk in 

terms of their properties and applications. Also, this chapter contains references to 

all known green methods that have been used by people from time to time to 

synthesize nanoparticles of PHA alone or with metals. 

Chapter 3 summarizes the techniques and instruments that are being utilized during 

the study. It includes UV-Vis/ FTIR spectroscopy, DLS/zeta sizer, SEM, TEM, 

XRD, TGA and SPM analysis for characterizations of 3-PHB, PHBV encapsulated 

nanoparticles. 

Chapter 4 contain results of the characterization of nanoparticles, all experiments 

needed to study the effects of these freshly prepared nanoparticles of encapsulated 

silver over bacterial cells e.g.  P.aeruginosa, S.aureus, and B.thuringiensis mainly 

and A549 alveolar adenocarcinoma cells of humans. 

Chapter 5 contain Concluding Remarks and Future Perspectives for further study to 

explore their activity against e.g. fungi or viruses. 
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This study is about the instant chemical reduction of AgNO3 and synthesis of PHB 

or PHBV (green renewable biopolymer) encapsulated silver nanoparticles e.g. PHB 

and PHBV stably encapsulate Ag atoms from AgNO3 by using NaBH4 as a reducing 

agent. The method described is found to be effective, simple, and instant. 

Synthesized nanoparticles are very small in size (2-25 nm) with very good stability 

in original colloidal solution form (zeta potential ~ 40 mV). These nanoparticles 

have been found to be efficiently removing S.aureus, B.thuringiensis, and 

P.aeruginosa, E.coli, and S.epidermidislike bacterial species and further intervention 

may possibly lead to the revelation of their potential as antibacterial therapeutics 

against biofilms. PHBV-Ag NPs are found to be more effective due to their smaller 

size than PHB-Ag NPs, and, having better nano-characteristics e.g. more surface 

roughness. 

Owing to GRAS status, they can be used to enhance the antibiotic abilities of the 

silver nanoparticles. Hence, this study legitimately provides assurance that the PHB 

encapsulated silver NPs holds a great promise in this novel antimicrobial field for 

biomedical applications, e.g. antimicrobial, anti-fouling coatings of food packets and 

dressing applied to the wounds to suppress infections at sites of open injury. Other 

Possible Applications may be in medicine, in pharmacology and in the packaging 

of food, sprayed foils for fast foods, and fibers.  
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Chapter 1 

Introduction 

Highly pathogenic, biofilm producing bacterial strains, their drug-resistance 

nature, and support from the extracellular matrix may result in a complex contagious 

malady that is very tough to cure [1]. Metallic nanoparticles (NP) e.g. encapsulated 

silver (Ag) NPs have proven to be effective against these bacteria [2]. These 

biopolymers are green (renewable), degraded within the body (biodegradable) to non-

toxic (biocompatible) by-products [3]. 

Polyhydroxyalkanoates (PHA) are food storage linear polyesters, biocompatible 

and biodegradable due to their origin from bacteria, which could utilize waste under 

unbalanced growth conditions. They are found to be good carriers for drug delivery and 

possess unique physiochemical, thermoplastic, and mechanical properties (Fig. 1.1) [3, 

4]. Originally, natural materials had restricted shelf lives; therefore, plastics came into 

the picture and were developed to replace them. Today, plastics are used almost 

everywhere for biomedical as well as synthetic applications e.g. packaging and raw 

material. However, because of the non-biodegradable nature of most of the plastics, 

their use poses a serious threat to the environment [5]. Poly-hydroxybutyrate (PHB) is a 

biopolymer present in all living organisms. Commercial company ‘Biomer’ 

produces PHB pellets and can be used by bacteria and fungi as a food source. PHA 

polymers degradation occurs by surface erosion [6]. PHAs are found to be applicable in 

nanomedicine the field as biodegradable drug carriers, anti-cancer targeted therapy and 

biocompatible implants for tissue engineering scaffolds [3-7]. 

PHA’s tissue scaffolding materials 

Suture TephaFLEX® was first ever approved product of PHB by FDA [4], 

pulmonary artery and valves made from combined the polymer of polyglycolic acid 

(PGA) and PHB [8]. 3-PHB and PHBV (PHAs) are hydrophobic, piezoelectric 

biopolymers, thermo-processable, biocompatible, crystalline, and linear polyesters in 

nature, therefore, PHA particles may be utilized as drug carriers as microcapsules and 

NPs [9]. In the last decade, nanotechnology has emerged as an extremely novel and 

powerful approach to combat the issue of multi-drug resistance as nanomedicine. 

Various nanomaterials being utilized in healthcare and biomedical applications [6-10].
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Figure 1.1: PHA (bio-plastic) major discoveries and route map to biomedical 

applications.

 

Figure 1.2: Biosynthesis of the green polymer by PhaC (condensation reaction) from 

acetoacetyl-CoA and storage inside bacterial “carbonosomes” granules [7].  

Their unique physiochemical properties have enabled their use in various types of 

nanocomposites formulations [8-10]. Although there are many biological and physical 

techniques to synthesize polymer capped silver nanoparticles, but, the chemical 

reduction synthesis of silver nanoparticles is instant and appears to be the most 

promising technique owing to its facile methodology, easy reproducibility, and intact 

antibacterial properties of nanoparticles (Table 2.2) [11]. In the present study, 

encapsulated Ag NP (renewable biopolymer PHB or PHBV encapsulated silver NPs) 

were successfully formed using a reduction approach without employing any other 

toxic surfactants [12]. 
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Till date, the Ag-NPs are most fascinating since they are least toxic to humans, easily 

reproducible, and antimicrobial agents against fungi, algae, and bacteria [13]. However, 

Ag-NPs may undergo aggregation after reduction of metal salt, thus can be misplaced 

in their physiochemical characteristics [14]. Therefore, we require a green 

encapsulating agent and PHAs like PHB, PHBV came into the picture to improve shelf-

life of silver nanoparticles. Also, PHB is normally present in our blood so, the chances 

of immune recognition are minimized, thus, having a large number of biomedical 

applications [5, 7-10]. Generally, the synthesis mechanism of nanometre-sized metal 

nanoparticles includes: (i). the activation phase in which metal ion reduced and 

nucleation happens, (ii). the development and growth via either oriented aggregation or 

Ostwald’s ripening including spontaneous mingle of the dwarf adjacent NPs forming a 

big particle, and (iii). the termination providing the final shape of the NPs [15]. 

 

Figure 1.3: Classification of PHAs based on C-chain length and composition.  

Polymeric stabilized nanoparticles as wound dressings provide impeccable 

moisture environment for healing as well as protects the wound from further 

deterioration. These nanocomposites, when combined with novel antimicrobial agents, 

such as capped-silver nanoparticles, may impart a synergistic effect in the wound 

healing applications [16], also may be utilized in-vivo since there are no toxic 

degradation products of biopolymers (biocompatible and biodegradable). Silver 

nanoparticles embedded in a polymer hydro-NPs opens up new avenues for wound 

healing in the biomedical sector. Thus, a combination of PHB or PHBV and silver 

nanoparticles vow a great undertaking towards the development of a novel wound care 

dressings with antibacterial effect against chronic wounds [6, 17].  
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Polyhydroxyalkonates are having novel applicability in the nanomedicine field as 

biodegradable drug carriers, coating over medical implants, anti-cancer targeted therapy 

agents for drugs, and biocompatible implants of tissue scaffolds [9, 12]. 

 

 

Figure 1.4: “Brust” method of NP synthesis: Green polymer encapsulated silver 

nanoparticles showing modified optical properties of bulk materials in nanoparticle 

form. 

1.1 Scope of thesis 

In the study, PHB or PHBV capped/ encapsulated silver nanoparticles were 

synthesized using instant chemical reduction (“brust” method). These nanoparticles 

were investigated and evaluated for their applicability in bacterial culture growth 

inhibition and their broad-spectrum antimicrobial activity over both gram-positive and 

gram-negative bacteria. Also, the changes in morphology of bacterial cells were seen 

under FE-SEM after fixing the bacterial cells in 2.5% glutaraldehyde solution. Hence, 

this study provides an insight into the role of nanobiotechnology in developing novel 

antimicrobial agents for wound healing applications. However, silver nanoparticles tend 

to aggregate in the absence of a befitting and stabilizing capping agent. Therefore, 

biocompatible polymers (PHAs e.g. PHB, PHBV) with attractive physiological and 

biological properties are being employed to cap nanoparticles that have applicability in 

biomedical applications. Also, the degradation kinetics of these green biopolymers 

(PHA) in vivo resulted in natural non-toxic monomers, suggesting they can show novel 

controlled drug releasing utility, targeted carriers, medical device materials which need 

not be removed after treatment, and thus, they may have major advances in applications 

of tissue engineering, healing, and growth. 
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1.2 Specific objectives 

❖ To encapsulate PHB or PHBV over silver nanoparticles (PHB- or PHBV- coated Ag 

NPs) using green approach (UV or Microwave), instant chemical synthesis method and 

their nano-characterization (UV-Vis, DLS, Zeta potential, SEM, TEM, FTIR, XRD, 

TGA). 

❖ Evaluation and comparison of antimicrobial properties of biopolymer (PHB, PHBV) 

encapsulated Ag NPs against the biofilm producing bacteria and human alveolar 

adenocarcinoma cells (A549) using MTS assay. 
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Chapter 2 

Review of literature 

2.1 Nanotechnology: Overview  

Nanotechnology has gained momentum in recent years due to its vast 

applicability and potential in biomedical field. The prefix “nano” for materials having 

size range (1-100 nm in single dimension) are considered as nanomaterial [15]. They 

are having modified chemical and physical characteristics (Fig. 2.1). Their enhanced 

capability to cross the blood-brain barrier is some of the attractive properties which are 

useful in the biomedical and other applications (Table 2.1). 

 

Figure 2.1: Modified properties of bulk materials in nanoparticle form. 

This technology has transfigured various medical fields including immunology, 

pulmonology, endocrinology, ophthalmology, cardiology, oncology, etc. Also, they 

showed controlled release and are efficiently being utilized in the targeted tissue 

delivery [19, 20]. 

Nanoparticles are divided basically into two groups namely: organic and 

inorganic nanoparticles [21]. The organic group includes dendrimers, micelles, 

liposomes, and polymeric nanoparticles. The inorganic group includes quantum dots, 

fullerenes, silica, metal silver, gold, zinc oxide nanoparticles [22]. Currently, 

nanomaterials are being used in the food packaging industry that plays an essential role 

in improving the shelf life of food products by imparting anti-microbial mechanism. 

They are also being used in cosmetic products, wound dressings, drug delivery 

applications, and wastewater treatment applications [23]. Various leading cosmetic 

brands are employing nano-emulsions, liposomes, and other nanomaterials because of 

their enhanced solubility, transparency, and deeper skin penetration properties.  
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An additional property of these nanomaterials to protect skin from UV has also been 

explored by cosmetic companies to use them in sun-screen cream formulations [24] and 

have promising roles in bio-imaging applications such as molecular probes and bio-

labels [25]. All these applications are based on their exclusive properties which are 

related to their small size. 

Table 2.1: Potential applications of nanomaterials in different sectors. 

Sectors Applications References 

Biomedical Wound dressing, Antibacterial 

creams, Drug delivery, Control 

release and Diagnostics 

[16, 17] 

Food Industry Food packaging [18] 

Cosmetics Sun screens [19] 

Environment Wastewater treatment, [20, 21] 

Environment catalysts [22] 

Power/ energy 
Dye sensitized solar cells 

[23] 

2.2. Properties of nanoparticles 

Functional behaviour and the applicability of nanomaterials in the biomedical 

applications is highly dependent on their morphological and chemical properties. 

Hence, minute modification at the chemical level such as their surface fabrication or 

replacement may result in impaired performance (Fig. 2.1) [20]. 

2.2.1 Shape and size 

Shape and size are the most important properties of nanoparticles and influence 

their efficiency in various applications. Therefore, optimization of the size of 

nanoparticles is being done by various researchers for their application-oriented 

purposes e.g. Biomedical field. In biomedical applications, particles having size 0.1 µm 

to 7 µm can be detected by reticulum endothelium system in liver or spleen while those 

having less than 5 nm may suffer from glomerular filtration [33]. The shape of 

nanomaterial is directly correlated to their shape features like aspect ratio, convexity, 

solidity, and circularity [34]. These also play a major role in terms of functional 

properties of nanoparticles e.g. catalysis [35].  
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2.2.2 Optical properties 

Metallic nanomaterials and nanocomposites show property of linear absorption, 

nonlinear optical properties, and photoluminescence emission. Nanomaterials with 

small particle sizes are efficient in providing enhanced optical emission and exhibit 

nonlinear optical properties owing to their quantum confinement effect [36]. Surface 

Plasmon Resonance (SPR) is an exclusive phenomenon shown by metallic NPs due to 

which they exhibit a wide range of colors by absorbing visible light [25]. 

2.2.3 Surface properties 

Nanoparticles possess net electrical potential on their surface called zeta 

potential. It is the potential of a particle or molecule due to its charge in a certain 

medium that sometimes may impart the nanoparticles with a tendency to aggregate. 

There is a linear relationship between the absolute value of surface electric potential 

and the repulsion between nanoparticles [37]. Nanomaterials with versatile properties 

possess tremendous scope in the biomedical field. They have huge applicability in 

wound healing therapeutics owing to their catalytic efficiency and antimicrobial 

property [7, 15, 37]. 

2.3 Silver nanoparticles 

Metallic NPs have already been explored to a great extent and have huge 

potential in nano-biotechnology. Silver nanoparticles possess excellent properties of 

conductivity, antimicrobial action, catalytic mechanism, and other size-dependent 

properties [38]. They possess huge potency to effectively interact with biomolecules in 

vivo and in vitro due to which they have high applicability in various diversified fields. 

Apart from biomedical applications, nanoparticles are proven to be efficient in 

wastewater treatment owing to their property of catalytic efficiency, mass transfer 

effect, and high surface area to volume ratio. Laser ablation, ultrasonic radiations, 

microwave radiations, and gamma radiation methods (physical methods), becoming 

popular these days due to their eco-friendly nature; regarded safe to be used in 

biomedical in-vivo applications because avoid using toxic chemicals. Various methods 

to synthesize silver nanoparticles [39] are, 1). Physical methods (Laser ablation, 

Microwave, Sonication), 2). Chemical methods (NaBH4 (Sodium borohydride) 

reduction method)), 3). Biological (Microorganisms [40], Enzymes [41], Plant 

extract [42]). This study using Chemical reduction also known as “Brust-method” [24].  
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2.3.1 Applications of Silver nanoparticles 

Silver nanoparticles containing wound dressings have a broad-spectrum effect 

against all bacteria and other microbes. Silver nanoparticles coated on polyethylene 

cloth are widely used in burn healing applications [44]. Biosensors have been 

developed to detect serum p53 in squamous cell carcinoma [45]. Studies on lung 

carcinoma have elucidated their role in the prevention of cancer and their potential 

applicability in chemotherapy and chemoprevention [46]. Bio-functionalized silver 

nanoparticles with a good affinity for DNA molecules are also gaining popularity in 

wound healing and cancer targeted gene therapy [47]. 

2.3.2 Antimicrobial activity of silver nanoparticles: Mode of action 

Several research groups have reported that silver nanoparticles possess a 

multimode inhibitory action on microorganisms (Fig. 2.2) [48, 49].  

 

Figure 2.2: Multimode mechanism of action of silver nanoparticles over cells. 

S.aureus is a gram-positive bacterium with an ability to produce mutli-layered 

biofilm embedded in a matrix comprising glycocalyx and proteins. S.aureus is the most 

commonly isolated bacteria in cases of diabetic open wounds (ulcers). S.aureus 

associated diseases include ocular infections such as conjunctivitis, endo-ophthalmitis 

and bone infections such as Osteomyelitis [25]. Gram-negative P.aeruginosa is 

commonly detected in nosocomial infections. These infections are associated with 
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catheterization and intubation [26]. Various types of antibiotics such as cell wall 

synthesis inhibitors (Glycopeptides, β- lactams), protein inhibitors (chloramphenicol, 

tetracyclines) and cell membrane disruptors (lipopeptides, polymyxins) are available 

which possess antimicrobial action against pathogens. However, the emergence of 

multidrug resistance and their tolerance to withstand antimicrobial agents has 

compelled the researchers to find novel solutions for better treatment. Metallic 

nanoparticles such as silver and gold have been widely studied for their antibacterial 

efficacy and possess huge potential in biomedical applications. 

However, silver nanoparticles tend to aggregate in the absence of befitting 

capping agent. Therefore, biocompatible polymers with attractive physiological and 

biological properties are being employed to cap nanoparticles that have applicability in 

biomedical applications. 

2.4 Assays for ROS detection:  

a). Glutathione assay for redox status of the cell [27]. 

b). Fluorescent redox sensors e.g. 2, 7-Dichlorofluorescein (DCF), amplex red [28]. 

c). Chemiluminescent probes e.g. Luminol (HOCl), Lucigenenin (ONOO-, O2
-) [29]. 

2.5 PHAs 

2.5.1 Resorbable medical scaffolding materials 

Suture TephaFLEX® was the first ever approved product of PHB by FDA, pulmonary 

artery and valves made from combined polymer of polyglycolic acid (PGA) and 

PHB. PHB and PHBV (PHAs) are hydrophobic, piezoelectric biopolymers, thermo-

processable, biocompatible, crystalline, and linear polyesters (Fig.2.3) in nature, 

therefore, can be utilized as drug carriers as microcapsules and nanoparticles [6, 55]. 

Known green methods to synthesize coated or uncoated Ag NPs are microwave, 

hydrothermal, nano-precipitation, solvent displacement, ink-jet, LASER and photo-

reduction. By utilizing green methods various researcher in the field already 

synthesizes both PHB nanoparticles i.e. with and without metal. The anticancer drugs 

like doxorubicin can be filled inside the nanoparticle cavity and are found to be 

excellent carriers of drugs delivery and have shown controlled release. Magnetic 

Fe3O4 nanoparticles of PHB were formed using co-precipitation [56-66].  
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2.6 Common characterization techniques employed in this study 

2.6.1 DLS and zeta potential 

Basic principle of dynamic light scattering (DLS) is based on Brownian movements 

in colloidal solutions, and was related to Strokes-Einstein equation, which is having a 

component of drift velocity divided by the applied force, to calculate mobility of 

colloidal particles. Hydrodynamic size thus can be calculated based on interacting ion 

layers with nanoparticles and when laser beam showing diffraction of light in all 

possible directions, either interfere constructively or destructively forming the light and 

dark regions respectively [67]. 

Nanoparticle’s charged surface attracts oppositely charged ions to form a thin layer 

over its surface. Zeta potential is the net potential that exists at the slipping plan or the 

plane of hydrodynamic shear. Zeta potential of beyond ±30 mV values is for stable 

colloids [37]. 

2.6.2 Microscopic and spectroscopic techniques 

Versatile types of microscopic and spectroscopic techniques have been 

employed in various biomedical fields such as nano-biotechnology, microbiology, and 

biochemistry which have enabled the researchers to study detailed morphology 

dependent functional features of bio and nanomaterials. Microscopic techniques are 

broadly classified into optical and electron microscopy and the resolution is inversely 

related to wavelength. Electron microscopic techniques are SEM and TEM, which 

utilize high-intensity electron beam to capture images in nano-range. SEM is a 

technique to record the image of nanomaterials by targeting focused electron beam onto 

their surface. When this electron beam interacts with the sample, they reflect secondary 

and backscattered electrons with different kinetic energies that are detected by the 

detector. TEM operates on the same principle. However, the detector detects 

transmitted electrons in the case of TEM [68]. Fluorescence microscopy is an optical 

microscopic technique which is commonly employed in the bio-medicinal field. When 

a high intensity light is subjected on the sample, they undergo an excitation process 

followed by emission of florescent light as they decay from their excited state. 

Fluorophores are excited by a higher frequency light and emit a lower frequency light 

which is detected to produce images [69]. SPM e.g. AFM are beneficial to study 

surface characteristics such as roughness and adherence of nanomaterial on the surface. 
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Fourier transform Infrared (FTIR) spectroscopy technique is used to determine 

molecular fingerprint of the structure. When the sample is subjected to infrared 

radiation exposure, some amount of radiation is absorbed by the sample while the 

sample transmits the remaining one. Every bond or functional group requires different 

frequency for absorption [70]. This technique is highly beneficial to study the 

interaction between various compounds at a molecular level. Various characterization 

techniques have enabled the researchers to study detailed morphological, functional, 

and biological features of the nanomaterials. Therefore, they are being studied widely 

for their applicability in the medicinal field. The current study employs various 

microscopic, spectroscopic and other techniques to study structural and 

physicochemical properties of PHB-Ag NPs.     
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Chapter 3 

Materials and Methods 

3.1 Synthesis of encapsulated Ag-NPs by chemical reduction (NaBH4) method 

PHB and PHBV biopolymers were provided by Dr. Saugata Hazra lab 

(Biotechnology, IIT Roorkee), biosynthesized from waste using various bacterial 

species e.g. C1R. Silver nitrate (AgNO3) was purchased from Sisco research 

laboratories Pvt. Ltd. stored in dark at 4 °C in a refrigerator. 

3.1.1 Chemical synthesis of PHB-Ag NPs 

PHB capped silver nanoparticles were synthesized using NaBH4 Chemical 

reduction approach: PHB encapsulated silver nanoparticles (PHB-Silver NPs) were 

chemically synthesized instantly by mixing 19.5 µL of 5 mM AgNO3 solution in 

distilled water with 0.8 mg PHB/ mL water (0.08 wt%) on a magnetic stirrer for 20 

min. Abruptly adding 32 mM NaBH4 (19.5 µL) stored in ice. Further, the reaction was 

carried out, for 10 minutes at room temperature on a magnetic stirrer @700 rpm, so that 

all the reactants can be consumed in the process. 

3.1.2 Chemical synthesis of PHBV-Ag NPs 

The PHBV encapsulated silver NPs were also synthesized and optimized using 

NaBH4 Chemical reduction: PHBV film was dissolved in miliQ overnight on a 

magnetic stirrer at 80 oC and silver nanoparticles (PHB-Ag NPs) were encapsulated by 

mixing 19.5 µL of 5 mM AgNO3 solution in DW with 0.8 mg PHBV in 1 mL water 

(0.08 wt%) on a magnetic stirrer. Abruptly adding 32 mM NaBH4 (10 µL) stored in ice. 

The color of the solution was then became yellow confirms formation of encapsulated 

silver nanoparticles. The color of Ag-NPs was due to “Surface Plasmon Resonance” 

effect after absorption of visible light. 

3.2 Characterization of PHB and PHBV encapsulated Ag NPs 

3.2.1 UV/Vis spectroscopy 

The synthesized Ag NPs solutions were first analysed and characterized by The 

Eppendorf Bio Spectrometer using a single beam scan in 250 nm- 600 nm range. 

Single, high-intensity absorption peak around 400 nm confirms Ag NPs formation in 

solution. The basic principle of absorption in visible light is Surface plasmon resonance 

effect of nanoparticles. 
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3.2.2 DLS and Zeta Potential (mV) 

The freshly synthesized PHB or PHBV-Ag NPs (hydrodynamic size) were 

analysed using Nano series Zs ZETA sizer, Malvern Instrument. The Hydrodynamic 

size (using Strokes and Einstein equation for colloidal particles undergoing Brownian 

motion) and Zeta potential (the potential at slipping plane or plane of hydrodynamic 

shear) of respective Nanoparticles were supportive for further characterizations since 

the colloidal stability were found to be good enough that NPs will not agglomerate but 

no information for the shape of nanoparticles at this stage. 

3.2.3 FE-SEM analysis 

Scanning Electron Microscope (Carl Zeiss FE-SEM, Germany) was utilized to 

image the detailed sample morphology and composition (EDX) PHB and PHBV-Ag 

NPs.  

3.2.4 High-resolution TEM analysis 

The nano dimensions of the synthesized PHB-Ag NPs were investigated by 

recording TEM images using high-resolution transmission electron microscope.  Each 

nanoparticle separately did on a C- coated Cu grid by adding one drop of nanoparticles 

solution and the solvent was dried in red light. Images of PHB- or PHBV-Ag NPs dried 

on the C-coated Cu-grid were captured in TEM. Size distributions of nanoparticles 

were determined using ImageJ software. One limitation of the TEM is that it requires 

very thin specimens, otherwise, the electrons are strongly scattered within the 

specimen, or even absorbed rather than transmitted. SAED (selected area electron 

diffraction) and energy dispersive X-rays analysis patterns of respective nanoparticles 

were also recorded. 

3.2.5 FTIR analysis 

FTIR spectroscopy analysis of capped nanoparticle solutions was carried out to 

determine functional groups involved in the synthesis and stabilized PHB-Ag NPs and 

PHBV-Ag NPs. FTIR (Thermo Nicolet nexus) was used for spectra of 4000–400 cm−1. 

3.2.6 XRD analysis (Small Angle/Thin-Film X-Ray Diffractometer) 

X-ray diffraction (Thin film coating) is a technique utilized to characterize the 

crystallographic features in the sample, using Cu as a target. Freshly prepared PHB-Ag 

NPs and PHBV-Ag NPs were made consecutive thin layers on glass slide substrates. 

They were air dried overnight, Further, analysed in X-ray diffractometer (D8 advance, 

https://www.iitr.ac.in/centers/IIC/pages/Glancing_Angle_XRD.html
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Bruker and miniflex, Rigaku). The angle range of 10-90° with 0.01°/min scan. Leptos 

and EVA software used for measurement and analysis. 

  3.2.7 TGA/DTA analysis 

Freshly prepared samples of PHB-Ag NPs and PHBV-Ag NPs were lyophilized 

at -80 °C and scanned in N2 atmosphere in the 0 oC to 800oC of the temperature range. 

Furthermore, DTA, DTG and TGA spectra were recorded on the same sample with the 

help of a precision balance which measures the weight of the sample as a function of 

time. 

3.2.8 FE-SEM (FEI) analysis 

FE-SEM QUANTA 200 FEG (FEI Netherlands) was used for freshly prepared 

PHB and PHBV encapsulated Ag NPs and treated bacterial cell were analysed and 

images were recorded using FE-SEM to study morphological features of the coated Ag-

Nanoparticles and treated cells. 

3.2.9 SPM analysis 

Integra (model NT-MDT) SPM was used for imaging and 3-D surface 

measuring, fine as much as a level of molecules or groups of atoms with extremely fine 

probe tips, and a flexible cantilever of very low spring constant. 

3.3 Antimicrobial activity of PHVB encapsulated Ag NP solution 

Culture of S.aureus in LB media was grown for 12 h at 37 °C, 190 rpm. The 12 

h cultures were diluted with fresh LB 1:10 i.e., 2 µL culture was added to 20 µL fresh 

autoclaved LB. Cultures were treated with 50 µL of PHB-Ag NPs solution at 37 °C, 

190 rpm for 9-10 h. Afterward, the antibacterial effect of the solution was evaluated by 

optical turbidity analysis at OD600.   

3.4 Antimicrobial activity of PHB encapsulated Ag NP solution 

The treated culture at a concentration of 180 μg/mL of PHB-Ag NPs showing 

OD600 as 1.4 while MIC value for PHB-Ag NPs was found to be around 360 μg/mL, 

cultures showing no visible growths (0.136). Thus, OD600 of treated culture 

for S.aureus showed no increase in cell density which 

is very less in comparison to control (2.047). In the case of PHBV coated silver NPs 

the MIC value is the original concentration of NP solution i.e. 180 μg/mL, and the 

treated culture tube showed an OD600 value of 0.063.  
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3.5 Antimicrobial activity of coated-Ag NPs against bacterial strains 

The study of the antibacterial effect of NPs was done using turbidity assay of 

broth culture and then, 96-well plate assay.  Culture tubes were subsequently treated 

with different concentrations of PHB-Ag NPs and were incubated at 37 °C at 200 rpm 

for 8 h. The culture tube with the lowest OD after 8 h incubation period was considered 

as MIC value. 

3.5.1 Determination of MIC of coated-Ag NP 

MIC (Minimum inhibitory concentration) of may be defined as the minimum 

nanoparticle concentration that does not allow microbes to grow. Concentrated solution 

of LB (4x) was autoclaved and then diluted accordingly with autoclaved distilled water 

to see direct effects of nanoparticles solutions.  The culture tube which was not showing 

a visible growth over 6 h incubation at 37 oC. Thus, In case of PHB coated NPs when 

used to treat S.aureus cells at a concentration of 360 µg/mL, the OD value at 600 nm 

was 0.136 which can be compared to their normal growth OD 2.049, implies no visible 

growth. This implies that MIC of PHB-Ag NPs against S. aureus is around 360 µg/mL. 

3.5.2 Microtitre 96-well culture plate assay for MIC 

         LB media was prepared using 1 g LB/ 20mL D.W. and 100 µL was used for 96 

well plate assay, added to each well. Ampicillin (0.1 mg/mL), 5 µL was added to 

column 3. 

1.      Reference: 100 µL Autoclaved DW + 100 µL Media 2x [LB]. 

2.      Control (-): 100 µL Autoclaved DW + 100 µL Media 2x [LB] media + cells 

respectively. 

3.      Ampicillin Control (+): 100 µL Autoclaved DW + 100 µL Media 

2x [LB] media, and add respective cells. 

4.      Add 100 µL 2x [LB] media to all remaining columns (wells). 

5.      Add PHB and PHBV-Ag nanoparticles 100, 50, 25, 12.5 µL (360 µg/mL) to A-D 

and E-G to 4, 5, 6, 7 columns and repeats 8, 9, 10, 11 columns respectively. 

6.      Add PHB and PHBV polymer solutions 100 µL A-D and E-G respectively to 

12th column. Lastly add respective cells (2 µL),12 h incubate plate at 37 oC incubator. 
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3.5.3 Microscopy analysis 

       Bacterial cells were treated, harvested and washed with normal saline pH 5.5 to 

remove extra media moieties and fixed using 10 µL of 2.5% glutaraldehyde. Smear of 

culture was prepared on the glass slide and air dried for 1 h. Images of treated and 

untreated bacterial cultures were recorded using FE-SEM and SPM.  
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Chapter 4 

 Results and Discussion 

 4.1 UV-Vis spectroscopy 

AgNO3 and PHB alone have not shown any absorption peak. While the colored 

solution of PHB coated nanoparticles showing strong absorption at 403 nm (Fig. 4.1a) 

and in the case of PHBV-Ag NP, the UV-Vis absorption peak at 415 nm (Fig. 4.2). 

 

Figure 4.1: a). The color change of a solution to yellow indicating the formation of 

PHB-Ag NPs, b). Absorption (250-600 nm) spectra of PHB-Ag NPs. 

 

Figure 4.2: Relative absorption peak positions of PHB (blue), PHB-Ag NPs (red), 

PHBV (grey), PHBV-Ag NPs (green) and their relative intensities. 
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4.2 DLS and Zeta potential analysis 

The PHB encapsulated silver NPs are was having an average hydrodynamic size of 

120.7 nm with a polydispersity index (PDI) value of 0.376. (Fig. 4.3a). While Z-

average in case of PHBV-Ag NPs is 78.24 nm, having PDI of 0.264 (Fig. 4.3b). In both 

the cases, the nano-size range distribution showing monodispersed nature of the 

nanoparticles. 

 

Figure 4.3: DLS hydrodynamic size measurement (Z-average (nm)), Polydispersity-

index of a) PHB-Ag NPs, and b) PHBV-Ag NPs. 

Zeta potential of -43 mV (Fig. 4.4a) for PHB-Ag NPs showed good colloidal 

stability and do not undergoes agglomeration in solution. Zeta potential value of PHBV 

encapsulated silver NPs was found to be -37.6 mV with long shelf-life and good 

colloidal stability (Fig.4.4b). The negative charge over nanoparticles repel each other in 

the colloidal solution and thus, will not agglomerate. The PHB or PHBV stably coat the 

surfaces of silver nanoparticles as seen by TEM analysis of respective nanoparticles, 

and thus, are found to be good encapsulating agents for in vivo applications, since these 

biopolymers are biocompatible and biodegradable. 

 

Figure 4.4: Zeta potential (mV) of a) PHB-Ag NPs, and b) PHBV-Ag NPs. 
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4.3 FTIR analysis  

To see which functional groups are engaged and interacting with reduced silver 

atoms, to form stabilizing interactions, have to carry out FTIR (Fig.4.5 and Fig. 4.6). 

The major relative shifts (Table 4.1 and Table 4.2) are summarized respectively for 

polymer and after the formation of coated silver nanoparticles. 

          Table 4.1: FTIR shifts: PHB vs PHB encapsulated silver nanoparticles. 

PHB polymer PHB-Ag Nanoparticles 

887.17 cm-1, 21.80%T 880.68 cm-1, 27.5%T 

1555.18 cm-1, 7.75%T 1569.61 cm-1, 10.49%T 

2086.82 cm-1, 16.13%T 2092.89 cm-1, 22.82%T 

 

Table 4.2: FTIR shifts: PHBV vs PHBV encapsulated silver nanoparticles. 

PHBV polymer PHBV-Ag Nanoparticles 

666.17 cm-1, 14.59%T 615.45 cm-1, 11.2%T 

1302.24 cm-1, 16.25%T 1352.59 cm-1, 13.95%T 

1638.02 cm-1, 4.91%T 1631.38 cm-1, 3.72%T 

2081.97 cm-1, 16.50%T 2089. cm-1, 22.82%T 

 

 

Figure 4.5: FTIR spectra of PHB polymer (blue), and PHB-Ag NPs (red). 
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Main characteristic peak of PHB and PHBV solutions is the new peak of C=O 

stretching emerged due to Ag NP at 1554 cm-1. Strong bend at 1121 cm-1 showed C-O-

C stretch, C-O-H bending vibrations of PHB or PHBV polymers when interacts with 

charged silver atoms.  Similar shifts and new peaks are observed in the case of PHBV 

NPs and PHB NPs, which when compared with their respective polymer’s solution 

alone, confirms the formation of PHBV encapsulated Ag-NPs. FTIR spectra also 

confirm the formation of Ag2O NPs stretch ~550 cm-1. The carboxylate, carbonyl, and 

hydroxyl groups are showing involvement in interacting with reduced silver.  

 

Figure 4.6: FTIR spectra of PHBV polymer (black), PHBV-Ag NPs (red). 

4.4 Electron microscopy analysis   

4.4.1 Scanning electron microscopy of PHB-Ag NPs 

Field Emission-Scanning electron micrograph at 100 nm resolution and an 

applied voltage of 20 KV of PHBV-Ag NPs showed monodispersed NPs in nano-size 

range. FE-SEM micrograph of PHB-Ag NPs showed plenty of separately seated 

nanoparticles in nano-range (Fig. 4.7a). TEM images (Fig. 4.7b and Fig. 4.7c) also 

depicted the spherical and oval shapes of encapsulated Ag NPs at 20 nm. The nano-

coatings of biopolymers PHB and PHBV can be more precisely seen in TEM images 

(Fig. 4.7c). The resultant average nanoparticle diameter of PHB coated Ag NPs was 

calculated to be 12.5±2 nm, NP size distribution 8 nm to 20 nm range (Fig. 4.9a). 
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4.4.2 Scanning electron microscopy of PHBV-Ag NPs  

Field Emission-Scanning electron micrograph at 100 nm resolution and an applied 

voltage of 20 KV of PHBV-Ag NPs showed monodispersed NPs in nano-size range. It 

also depicted the morphology of encapsulated Ag-NPs (Fig. 4.8). ImageJ software 

analysis was done to calculate the average nanoparticle diameter (Fig. 4.9). The 

resultant average nanoparticle diameter of PHB coated Ag NPs was calculated to be 

12.5±2 nm, NP size distribution 8 nm to 20 nm (Fig. 4.9a), On the other hand the 

PHBV-Ag NPs are smaller in size (5.1±1nm), showed 2 nm to 7.5 nm size range (Fig. 

4.9b). 

4.4.3 TEM analysis  

TEM images showed the coating over of silver nanoparticles to form stabilized 

PHB encapsulated silver NPs approximately 8-20 nm under 50 nm scale (Fig. 4.10). 

Spherical shape of PHB-Ag NPs was observed at 20 nm scale (Fig. 4.7c). EDX showed 

3.66% of silver signals for aqueous solution of PHB encapsulated silver NPs which 

implies the formation of Ag NPs and coating of the polymer (Fig. 4.11a). 

 

Figure 4.7: Electron Microscopy images of PHB-silver NPs a) SEM image: PHB-

silver NPs, b) TEM image: PHB-silver NPs at 50 nm scale, and c) TEM image of PHB-

silver NPs at 20 nm scale showing PHB encapsulation over silver NPs (arrowhead).   
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Figure 4.8: Electron Microscopy images of PHBV-Ag NPs a) SEM image of PHBV-

silver NPs, TEM image b) PHBV-Ag NPs at 50 nm scale, and c) PHBV-Ag NPs at 20 

nm scale. 

 

Figure 4.9: ImageJ average size analysis a) PHB-Ag NPs and b) PHBV-Ag NPs.  

 

Figure 4.10: TEM image of a) PHB-Ag NPs, and b) PHBV-Ag NPs at 50 nm scale. 

EDX spectrum of PHBV Ag NPs showed 1.58% of silver signals for aqueous 

solution of PHBV-Ag NPs (Fig. 4.8c) which implies the formation of PHBV-Ag NPs 



24  

(Fig. 4.11b). Selected area electron diffraction (SAED) pattern was found to be poly-

nanocrystalline (small spots making up rings, each spot arising from the individual 

crystallite’s Bragg reflection) as seen in the case of PHBV coated Ag NPs. 

Selected area (electron) diffraction diffused rings may be attributed to amorphous carbon 

film (Fig. 4.12). 

 

Figure 4.11: TEM- EDX pattern of a) PHB-Ag NPs, and b) PHBV-Ag NPs. 

 

Figure 4.12: TEM- SAED pattern of a) PHB-Ag NPs, and b) PHBV-Ag NPs. 

4.5 SPM analysis 

       SPM includes AFM, and STM used to analyze the 3-D surface morphology, 

roughness, structure of nanomaterials. The average roughness was found to be 2.99 nm 

and 3.30 nm respectively in case of PHB-Ag NPs and PHBV-Ag NPs (Fig. 4.13). 
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Figure 4.13: SPM 3-D analysis of a) PHB-Ag NPs, and b) PHBV-Ag NPs.  

4.6 XRD analysis 

XRD thin film data showing the planes of PHB capped nanoparticles (PHB-Ag NPs) 

depicted their crystalline nature. No crystal planes were seen in the case of PHB 

polymer alone. Sharp crystalline reflections at 37°, 42°, 64°, 72°, and 76.5° and ~ 80° 

are showing encapsulated silver NP’s (111), (200), (220), (311), and (331) planes of 

FCC crystal structure (Fig. 4.14). Peaks in PHB-Ag NP exactly matches the silver 

atoms (JCPDS file number 04-0783) in FCC structure. 

 

Figure 4.14: XRD patterns PHB-Ag NPs compared with PHBV Ag NPs. 
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4.7 TGA/DTA analysis  

 Thermogravimetric analysis (TGA) is the method of thermal changes (increase in 

temperature) correlated with the decrease in mass of the sample in a controlled 

atmosphere (N2 gas). Thus, we can see encapsulated Ag-NPs are more thermally stable 

than polymer alone. TGA analysis can also be used for thermal, oxidative stability or 

sample compositional studies. On the other hand, DTA (differential thermal analysis), 

and Differential Thermogravimetric (DTG) measures wt. loss in the sample during the 

heating procedure. In the case of PHB polymer the mass loss of polymer started at 

219 oC (97.5%) and continues till 265 (-1.1%) and all the polymer has consumed in this 

temperature range (Fig. 4.16a). While in the case of capped PHB-Ag-NPs (Fig. 4.16b), 

withstand up to 247 oC (98.9%) and even at 289 oC, 0.1% coated sample remained 

which was consumed at higher temperatures in the process of thermal 

oxidation (Fig. 4.15 and Fig. 4.16).  

The pink peak showed 259 oC (50.1%/min) vs 285 oC (73.1%/min) for DTG analysis of 

PHB polymer and PHB-Ag NPs (Fig. 4.15a and Fig. 4.15b). The green small peak 

showed 175 oC, 14.32 μV (58.2 μV.s/mg) and large (green) peak 260 oC, 1.30 μV (819 

μV.s/mg), vs 175 oC, 12.77 μV (50.9 μV.s/mg) and 286 oC, 2.81 μV (404 μV.s/mg) for 

DTA analysis of PHB polymer and PHB-Ag NPs respectively (Fig. 4.15a and 

Fig. 4.15b). While, the blue peaks are TGA data of PHB vs PHB-Ag NPs are compared 

in a better way (Fig. 4.16). 

 

Figure 4.15: TGA/DTA analysis of a) PHB polymer, and b) PHB-Ag NPs. 
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Figure 4.16: TGA analysis of a) PHB polymer (blue), and b) PHB-Ag NPs (red). 

4.8 Antimicrobial activity  

The treated culture at a concentration of 180 μg/mL of PHB-Ag NPs showing 

OD600 as 1.4 while MIC value for PHB-Ag NPs was found to be around 360 μg/mL, 

cultures showing no visible growths (0.136) (Fig. 4.17). Thus, OD600 of treated culture 

for S.aureus showed no increase in cell density which is very less in comparison to 

control (2.047). In case of PHBV coated silver NPs the MIC value is the original 

concentration of NP solution i.e., 180 μg/mL, and the treated culture tube showed an 

OD600 value of 0.063. The Growth kinetics of PHBV treated S.aureus was also 

studied (Fig. 4.18).  

PHBV encapsulated Ag-NPs are found to be more potent anti-bacterial at less 

nanoparticle concentrations, since they are only 1/3rd in diameter than PHB coated Ag-

NPs (Figure 4.20 and Fig. 4.21). 

4.9 Antimicrobial assay 

Encapsulated-Ag nanoparticles are bacteriostatic, and bactericidal as can be 

seen by SEM and broad-spectrum antimicrobials. MIC may be defined as the 

nanoparticles concentrations which does not allow microbial growth in treated cultures 

overnight.  
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Figure 4.17: Turbidity assay showing comparative antimicrobial action of PHB-Ag 

NPs against PHBV-Ag NPs for S.aureus. 

 

Figure 4.18: Growth Kinetics of Staphylococcus aureus: i). Black sigmoid curve is 

normal growth (negative control), ii). Blue curve in presence of polymer alone, and iii). 

Red curve showing treated culture with PHBV-Ag NPs. 

Table 4.3: OD600 showing PHBV, PHBV encapsulated silver nanoparticles treated 

P.aeruginosa. 

Time Negative 

control 

Positive 

control 

PHBV 

solution 

PHBV-Ag NPs 

(µg/mL) 

360 720 

0 h 0.009 0.033 0.038 0.107 0.178 

12 h 0.008 0.968 0.991 0.112 0.180 

36 h 0 1.019 0.953 0.979 0.174 
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This may also suggest that they did not allow growth of other microorganisms too by 

bacteriostatic or bactericidal mechanisms. Microtitre-plate assay by seeing absorbance 

at 600 nm depicting antimicrobial activity of encapsulated-silver NPs (3-PHB, PHBV) 

against i) E. coli, ii) P.aeruginosa, iii) S.aureus and iv) Bacillus thuringiensis (Fig. 

4.20). 

 

Figure 4.19: 96 well-plate assay of encapsulated-Ag NPs (PHB, PHBV) against a) 

P.aeruginosa, b) S.aureus. 

 

Figure 4.20: 96 well-plate assay absorbance at 600 nm depicting antimicrobial activity 

of encapsulated-Ag NPs (PHB, PHBV) against E.coli, P.aeruginosa, S.aureus, and 

B.thuringiensis.  

MIC via 96-well plate assay in which single colonies of above-mentioned strains were 

first inoculated in 2 mL fresh LB and incubated for 12 h at 190 rpm. Then, turbid 

cultures were diluted using fresh LB, so that, each culture tube contains approximately 

8 X 105 CFU/mL. Culture tubes were subsequently treated with different concentrations 

of PHB-Ag NPs, and were incubated at overnight at 200 rpm.  
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PHB- or PHBV-Ag NPs treated S.aureus and untreated S.aureus was subjected to SPM 

and FE-SEM analysis (Fig. 4.21 and Fig. 4.23). Untreated S.aureus (Fig. 4.21a) 

showed smooth morphology of  the bacterial cell colonies, On the other hand, PHB-

silver NPs and PHBV-silver NPs treated S.aureus (Fig. 4.21b and Fig. 4.21c) showed 

lysis of PM and release of cellular contents. The binding of PHB-Ag NPs on the 

bacterial outer membranes and ultimately leads to the internalization of PHB-Ag NPs. 

PHB-Ag NPs or PHBV-Ag NPs treated P.aeruginosa and untreated P.aeruginosa was 

subjected to SPM (Fig. 4.22) and FE-SEM analysis (Fig. 4.24). Untreated P.aeruginosa 

(Fig. 4.24a) showed smooth morphology of  the bacterial cells, On the other hand, 

PHB-silver NPs and PHBV-silver NPs treated P.aeruginosa cells showed lysis of PM 

and release of cellular showed broken and ruptured cells (Fig. 4.22b and Fig. 4.22c).  

4.10 Agar Disc-diffusion assay (Kirby-Bauer antibiotic testing) 

Relative antibacterial activity of PHBV-silver NPs over PHB-silver NPs can be 

seen using Kirby-Bauer assay. ZOI are of the diameter for Gram positive S.aureus was 

about14±1 mm vs 12±1 mm and for Gram negative strain P.aeruginosa were of 

diameter about12±1 mm vs 10±1 mm (Table 4.4) of 360 µg/mL PHBV-silver NPs and 

PHB-silver NPs respectively. The ZOI of capped silver NPs is directly proportional to 

their concentration. 

4.11 SEM and EDX analysis to observe cell lysis 

 Antimicrobial property of coated NPs may be attributed to bactericidal or 

bacteriostatic mechanism and was demonstrated using broth method, micro-culture 

plate assay, and finally the lysed cells were seen and confirmed by using microscopy 

approaches. Culture of S.aureus in LB media were 12 h, 37 °C, and 190 rpm. 

Figure 4.21: SPM depicting antimicrobial activity against S.aureus of a). Negative 

control (NC), b). PHB-Ag NPs, c). PHBV-Ag NPs. 

Bacterial cells were treated, harvested and washed with normal saline pH 5.5 to remove 
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extra media moieties and fixed using 10 µL of 2.5% glutaraldehyde. Smear of culture 

was prepared on the glass slide and air dried for 1 h. Images of treated and untreated 

bacterial cultures were recorded using FE-SEM and SPM.  

Figure 4.22: SPM depicting antimicrobial activity against P.aeruginosa of a). Negative 

control (NC), b). PHB-Ag NPs, c). PHBV-Ag NPs. 

    The turbid cultures were diluted with fresh LB 1:10 i.e., 2 µL culture was added to 

20 µL fresh autoclaved LB. Cultures were treated with 50 µL of PHB-Ag NPs solution 

and incubated at, 190 rpm, 37 °C for 10 h. Now, the antibacterial effect of the solution 

was evaluated by optical turbidity analysis at OD600.    

Table 4.4: Antibacterial efficacy of coated-silver NPs against P.aeruginosa and 

S.aureus. 

Antimicrobial 

agent 

Concentrations 

(in µg/mL) 

Inhibitory zone diameter 

(in mm) 

  P.aeruginosa 

(Gram –ve) 

S.aureus 

(Gram 

+ve) 

Ampicillin  

(1) 

1000 16±2 40±2 

 

PHBV-Ag NPs 

(2) 

360 12±1 14±1 

PHB-Ag NPs 

(3) 

360 10±1 12±1 
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Figure 4.23: SEM images of E. coli untreated (a, c), treated with PHBV-Ag NPs (b, d). 

4.11.1 Cell preparations for microscopy: 

Cultures of treated E.coli, P.aeruginosa, S.aureus, B.thuringiensis, and 

S.epidermidis were grown at body normal temperature (37 °C), 190 rpm 12 h in LB. 

Then, they were diluted in using fresh LB medium (1: 100) and 360 μg/mL 

concentration of PHBV Ag NPs. 

PHBV-silver NPs were added to treat the cells for 6-8 h. Cells were centrifuged 

and pellet was washed with normal saline pH 5.5 to remove extra media moieties and 

fixed using 10 µL of 2.5% glutaraldehyde. Smear of culture was prepared by pouring a 

drop (20 µL) of culture on the glass slide and air dried for 1 h. Encapsulated-Ag NPs 

treated E.coli (Figure 4.23), P.aeruginosa (Figure 4.24), S.aureus (Figure 4.25), 

B.thuringiensis (Figure 4.26), and S.epidermidis (Figure 4.27) were subjected to FE-

SEM analysis. Images of treated and untreated bacterial cultures were recorded using 

FE-SEM and SPM.  
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Figure 4.24: Images of SEM without treatment (Normal) P.aeruginosa cells (a, c), 

treated cells with PHBV-Ag NPs (b, d). Ruptured and broken cells are highlighted. 

 

Figure 4.25: SEM of normal S.aureus cells (a, c), PHBV-Ag NPs treated cells (b, d). 



34  

 

Figure 4.26: SEM images of Bacillus thuringiensis untreated (a, c), treated with 

PHBV-Ag NPs (b, d). 

 

Figure 4.27: SEM images of Staphylococcus epidermidis untreated (a), and treated 

with PHBV-Ag NPs (b). 
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4.11.2 SEM- EDX analysis 

Polymer coated silver NPs were added to treat the cells for 6-8 h. Cells were 

centrifuged and the pellet was washed with normal saline pH 5.5 to remove extra media 

moieties and fixed using 10 µL of 2.5% glutaraldehyde. A smear of culture was 

prepared by pouring a drop (10 µL) of culture on the glass slide and air dried for 1 h. 

Encapsulated-Ag NPs treated S.aureus (Figure 4.25) were subjected to FE-SEM 

analysis. EDX spectra recorded on the surface of treated cells also depicted the role of 

silver nanoparticles in rupturing the bacterial outer membrane and cell lysis (Figure 

4.28). The damaged morphology of PHB- or PHBV- Ag NPs treated bacterial cells can 

be attributed to the binding of coated Ag NPs on the bacterial outer membranes and 

ultimately the internalization of antimicrobial and bactericidal Ag NPs, leads to cell’s 

lysis upon treatment at inhibitory concentrations. 

Figure 4.28: EDX spectra showing PHBV-coated silver nanoparticles treated bacterial 

cells.  

4.12 Anti-cancer assay 

          A549 human alveolar adenocarcinoma cells, developed in 1972 by D.J. Giard, 

who isolated them from the tissue of lung cancer (male). MTT (light sensitive 

tetrazolium dye) dye reacts with mitochondrial reductase (NADPH- dependent 

dehydrogenase) to form an insoluble formazan (purple). Highly metabolically active 

cells reduce more dye. So, MTS assay is a colorimetric proliferation assay, gives an 

absorption maximum at 490 nm in PBS. 15 µL of original nanoparticle solution i.e., 

both PHB or PHBV encapsulated Ag nanoparticles showed almost neutral effects when 

compared to the negative control (Figure 4.29c). The effects of original concentrations 

of PHB and PHBV nanoparticles are seen on A549 adenocarcinoma cells of human at 5 

µL, 10 µL, and 15 µL volume concentrations, which were in the case of antimicrobials 
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are effective enough to inhibit bacterial growths but showing no such effects in case of 

cancerous cells. 

4.12.1 MTS Assay for A549 cancer cell line 

 

Figure 4.29: Anticancer effects of PHB-Ag NPs (yellow), PHBV-Ag NPs (green), 

negative (NTC) control (red) at original concentrations a). At 5 µL b). 10 µL and c). 15 

µL. 
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 Chapter 5 

Concluding Remarks and Future Perspectives 

 5.1 Concluding Remarks  

In short, this report is about the instant chemical reduction of AgNO3 and 

synthesis of PHB or PHBV (green renewable biodegradable biopolymers) encapsulated 

silver nanoparticles without using any toxic surfactants. Polyhydroxyalkonates e.g. 

PHB and PHBV used in this study are green, renewable bioplastics that can stably 

encapsulate Ag atoms from AgNO3 by simple chemical reduction synthesis method 

using NaBH4 as a reducing agent. The method described is found to be effective, 

simple, and instant. Synthesized nanoparticles are very small in size (2-25 nm) with 

very good stability in original colloidal solution form (zeta potential ~ 40 mV). These 

nanoparticles have been found to be efficiently removing S.aureus, B.thuringiensis, 

P.aeruginosa, E.coli, and S.epidermidis bacterial species and further intervention may 

possibly lead to the revelation of their potential as antibacterial therapeutics against 

biofilms. PHBV-Ag NPs are found to be more effective antibacterial agents due to their 

smaller size than PHB-Ag NPs, and, having better nano-characteristics e.g. surface 

roughness. 

Possible Applications 

 (1). In medicine: Human blood contains PHB monomers as a normal non-toxic 

metabolite. Within blood and mammalian tissues, PHB is biocompatible & it is 

biodegradable too. Our Body can reabsorb PHAs, might be beneficial in surgical 

implants, surgery, and sutures. (2). In pharmacology, as microcapsules of PHAs as 

gene and drug packaging material. (3). Packaging in the industry of packaged food, 

like bottles, coating or sprayed foils for fast foods, and fibers.  

Owing to GRAS status, biocompatibility and biodegradability of PHB, it can be 

used to enhance the antibiotic abilities of the silver nanoparticles. Hence this study 

legitimately provides assurance that the PHB encapsulated silver NPs holds a great 

promise in this novel antimicrobial field for biomedical applications, e.g. antimicrobial, 

antifouling coatings of food packets and dressing applied to the wounds to suppress 

infections at sites of open injury.  

Limitations: PHAs are costly and thermally unstable during processing, therefore, 
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need to prepare nanocomposites/ blends to improve thermal and mechanical properties.  

5.2 Future Perspectives  

✓ Comparative analysis of polyhydroxyalkonates (PHAs) e.g. PHV and their composites 

for the antimicrobial properties. 

✓ Though chemical synthesis is fast, required very low concentrations of reactants, but still, 

need to find some green synthesis alternatives of biopolymer encapsulated nanoparticles. 

✓ Evaluation of PHB or PHBV encapsulated Ag NPs for their ability to act as antifungal 

agents to explore their biomedical applications in detail e.g. in food packaging and 

wound dressing.  

✓ To make composites and blends of PHB, PHBV or both to further improve their 

thermal, mechanical properties and their applications. 

✓ To work further on functionalization of PHB or PHBV encapsulated Ag NPs to be 

applicable in vivo applications, also require highly pure biopolymers. 
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