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Abstract 

 Poly-3-hydroxybutrate (PHB) and its copolymers have been considered a 

class of biomaterial suitable for tissue engineering due to its biodegradability, 

biocompatibility, non-toxicity and thermoplasticity. PHB is biocompatible. It means 

it is a metabolite normally present in blood. They have been used to support cell 

growth in vitro, guide tissue growth inside the body, and found to be fully 

biocompatible to several cell lines, including articular cartilage chondrocytes, 

osteoblasts and epithelial cell. The physical and chemical properties of the 

biomaterials are also found to be important factors in affecting the growth of tissue 

like the surface morphology, hydrophilicity, crystallinity and chemical composition 

of the materials.  

 

The biocompatibility of Poly-3-hydroxyalkanoates (PHA) with different molar 
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ratio of hydroxyvalerate produced by different strain of bacteria was investigated. 

Poly(3-hydroxybutyrate-co-valerate) (PHBV) containing 23 mol% and 37 mol% of 

hydroxyvalerate were used in Part I. Two sets of 

poly(3-hydroxybutyrate-co-valerate) (PHBV) containing 23% and 37% by mole of 

hydroxyvalerate were selected in this study. One set of PHBV was biosynthesized 

by Bacillus cereus and the other set by a recombinant Escherichia coli XL-1 Blue 

harboring plasmid pKS/CAB. The four types of PHBV differed in surface 

properties such as surface roughness and hydrophilicity. These properties are 

considered to be important parameters in clinical applications such as scaffold 

implantation. PHBV was cast into thin films by using solvent casting method and 

seeded with Chinese Hamster Ovary cells (CHO-K1) to evaluate their 

biocompatibilities. The results of 3-(4,5-dimethylthiazol-2-yl)-5-(3- 

carboxymethoxy phenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay showed 

that CHO-K1 cells proliferated better on P(HB-co-23%-HV) film produced by 

recombinant Escherichia coli XL-1 Blue harboring plasmid pKS/CAB, than on the 

other types of PHBV. The growth of CHO-K1 cells was correlated to the surface 

roughness. Also, the leachables of extract from the PHBV films were investigated 

whether there were some toxic things inside the polymer or not. Only the extracts 

of P(HB-co-23%-HV) of B. cereus had some negative effects of growth inhibition 
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and reduction of protein content. 

It is difficult to control the even surfaces in solvent casting film. One type of 

PHBV film was perforated by laser to have even pores. The hydrophilicity and the 

cell proliferation were improved after perforation.  

In Part II of this research, PHB and PHBV fibers were experimentally 

produced. The mechanical properties of the fibers were also investigated. Moreover, 

PHB fibers were banded together to become fiber-plate and fiber-plate scaffold. The 

cells were proliferated on L929 fibroblasts on PHB fiber-plate, fiber-plate scaffold 

and PHB salt-leaching scaffold and PHB film. Salt-leaching scaffolds were 

commonly used to investigate the biocompatibilities of the biomaterials. However, 

the surface topography of salt-leaching scaffold is difficult to measure. Woven 

fibers could be used to band together as a fiber-plate, such that the surface 

properties could be easily measured and controlled.  

Apart from the scaffolds application, the other application of PHB is drug 

delivery and this was tested in Part III. The formation of PHB-PEG-PHB 

nanoparticles were found useful for delivery drugs in the body. PEG is hydrophilic 

and PHB is hydrophobic. When PHB-PEG-PHB is dissolved into aqueous, PHB 

forms a core shell and the outermost shell is PEG.. For future research, the 

cytotoxicity and blood compatibility of the nanoparticles is an interesting for 
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investigation because whether they are non-toxic to animals’ cells and blood are to 

be examined. 
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Chapter 1: Background and Literature Review 

 

1.1 Background Information of Poly-3-hydroxyalkanoates (PHAs) 

 

1.1.1 What is plastic? 

Plastics are polymers. The simple definition of polymer is something 

polymerized together with many basic units that are usually made of carbon, 

hydrogen, oxygen, and/or silicon. Many common classes of polymers are composed 

of hydrocarbons. These polymers are specifically made of small units bonded into 

long chains. Carbon makes up the backbone of the molecule and hydrogen atoms 

are bonded along the backbone. Oxygen, chorine, fluorine, nitrogen, silicon, 

phosphorous, and sulfur are other elements are commonly found in the molecular 

makeup of polymers, such as polyvinyl chloride (PVC) containing chlorine, nylon 

containing nitrogen, Teflon containing fluorine, polyester and polycarbonates 

containing oxygen etc.  

Polymers are divided into two distinct groups: thermoplastics and thermosets. 

The majority of polymers are thermoplastic, meaning that once the polymer is 

formed it can be heated and reformed over and over again. This property allows the 

plastics to be easily processed and facilitated recycling. The other group, the 
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thermosets, cannot be remelted. Once these polymers are formed, reheating will 

cause the material to scorch. Every polymer has very distinct characteristics, but 

most polymers have the general superior attributes. Firstly, polymers can be very 

resistant to chemicals. Secondly, they can be both thermal and electrical insulators. 

Thirdly, they are very light in weight with varying degrees of strength. Finally, they 

can be processed in various ways to produce thin fibers or very intricate parts. 

Elastomers and some plastics are very stretch and flexible. Polymers are materials 

with a seemingly limitless range of characteristics and colors. They have many 

inherent properties that can be further enhanced by a wide range of additives to 

broaden their uses and applications. 

Plastics today play an important part in cutting-edge technologies such as the 

space program, bullet-proof vests and prosthetic limbs, as well as in everyday 

products such as beverage containers, medical devices [1] and automobiles. 

 

1.1.2 Problem of non-biodegradable plastics 

Plastics are widely used because they are easy and cheap to make and they can 

last a long time. Unfortunately these same useful properties of plastic also 

contribute to a serious pollution problem. The cheapness and inexpensiveness of the 

materials means plastic gets discarded easily and its long life means it survives in 
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the environment for long periods where it can do great harm. Because plastic does 

not decompose and requires high energy ultra-violet light to break down, the 

amount of plastic waste in our environment is steadily increasing. Burning plastic 

produce toxic gases such as hydrogen chloride gas and carbon monoxide gas. It is 

not surprise that 1,803 tpd of plastics waste had been produced in Hong Kong in 

2002 [2]. (Appendix 1) 

The solutions to the plastics problems are recycling, burying (landfill) and 

making biodegradable plastics. Unfortunately, recycling plastics was proved to be 

difficult. The biggest problem of plastics recycling is that it is difficult to automate 

the sorting of plastic waste, so that it is labor-intensive. Moreover, as the repay of 

the material is low, recycling plastics is unprofitable.  

When such plastic materials are dumped into landfills, they can become 

"mummified" and persist for decades. Also, the supply of land is not inexhaustible 

and little land is available for new landfills in populated areas.  

 

1.1.3 Biodegradable plastics 

Biodegradable plastics are biopolymers that are generated from renewable 

natural sources. And they are often degraded in vivo or under environmental 

conditions, and no toxin would be produced during the degradation. They can be 
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produced by biological systems (i.e. micro-organisms, plants and animals), or 

chemically synthesized from biological starting materials (e.g. sugars, starch, 

natural fats or oils, etc). Examples of biodegradable plastics included PHA, PLA, 

aliphatic polyesters, polysaccharides, copolymers and/or blends of the above. 

 

1.1.4 Polyhydroxyalkanoates (PHAs) 

Polyhydroxyalkanoates (PHAs) are a family of optically active biopolymers 

that are fully biodegradable. PHAs are naturally produced in numerous genera of 

bacteria as intracellular carbon and energy storage compounds in the cytoplasm of 

the cell under restricted conditions [20-23], and have been amplified through 

bacterial fermentation. Poly(3-hydroxybutyrate) (PHB) is the abundantly occurring 

PHA which has been studied extensively by a number of researchers. They are a 

family of polyesters with a wide array of physical properties that can range from 

stiff-brittle plastics to elastomers to rubbers. PHB is the most common type of PHA 

produced and is an example of a short chain length homopolymer produced by A. 

eutrophus. However, PHB’s poor properties had restiricted its commercialization. 

Because of the high crystallinity of PHB [24], it is brittle and stiff material that 

limits its range of application. This has led to an increased interest to produce 

heteropolymers with improved qualities.  
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Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) PHBV is a class of 

heteropolymers in the PHA family. By varying the molar ratios of HV of the PHBV, 

the mechanical properties of PHA can be tailored [25, 26].  Compared to PHB, 

PHBV is less stiff, tougher, and easier to process, so that it is more suitable for 

commercial production. It is water resistant and impermeable to oxygen, such 

properties also increase its value.  

The biosynthetic pathway of PHB consists of three enzymatic reactions 

catalyzed by three different enzymes (Fig 1). The first reaction consists of the 

condensation of two acetyl coenzyme A (Ac-CoA) molecules into acetoacetyl-CoA 

by β–ketoacyl Co-A thiolase (encoded by phbA). The second reaction is the 

reduction of acetoacetyl-CoA to (R)-3-hydroxybutyryl-CoA by an 

NADPH-dependent acetoacetyl-CoA reductase (encoded by phbB). Lastly, the 

(R)-3-hydroxybutyryl-CoA monomers are polymerized into PHB by P(3HB) 

polymerase, encoded by phbC [3].  

 

Fig 1: Biosynthetic pathway of poly(3-hydroxybutyrate) 
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In R. eutopha, the activity of β–ketothiolase is the determining step in PHA 

biosynthesis. The enzyme is inhibited by high levels of free Coenzyme A (CoA) 

which is generated upon entry of acetyl-CoA (Ac-CoA) in the tricarboxylic acid 

(TCA) cycle during reproductive growth. When growth ceases due to the restricted 

availability of nutrient other than carbon, such as nitrogen, oxygen, phosphate, 

magnesium or sulfur, the flow of carbon into TCA cycle decreases. Under such 

circumstance, it leads to an accumulation of Ac-CoA, lower the CoA levels and 

relaxation of β–ketothiolase inhibition. Ac-CoA is then channeled towards 

polymer synthesis [4].  

PHAs are mainly composed of R-(-)-3-hydroxyalkanoic acid monomers (Fig 

2).   

 

Fig 2: Chemical structure of major PHA produced in bacteria 
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Each type of PHA generally consists of 1000-10000 monomers, but most are 

synthesized by short chain length monomers. The molecular mass of PHAs is in the 

ranges of 50,000 – 1,000,000 Da and vary with the PHA producer [3]. 

There are many different types of PHAs, distinctly characterized by chain 

length, type of functional group and degree of unsaturated bonds. A high degree of 

unsaturation increases the rubber qualities of a polymer, and different functional 

groups change both physical and chemical properties of a polymer. 

PHA is 100% biodegradable. The principal enzyme to degrade PHB is PHB 

depolymerases. Various bacteria and fungi degrade PHA under aerobic conditions 

to carbon dioxide and water through secreting enzymes, whereas under anaerobic 

conditions the degradation products are carbon dioxide and methane. It can also be 

degraded through non-enzymatic hydrolysis. Degradation appears to be the fastest 

under conditions of high temperatures and mechanical disruption. 85% of PHB has 

been degraded in seven weeks [3].  
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1.2  Tissue Engineering 

 

1.2.1 Biomaterials 

A basic tenet of tissue engineering is that the material can provide signals or 

cues which guide the development of this normal tissue structure with the natural 

wound healing processes [53]. Trauma or various diseases can cause damage to 

organs’ functions. Tissue engineering developed very quickly during these few 

years for regenerating cells of damaged organ, such as heart valves, vascular vessel, 

cartilage, bone, and eyes etc [5]. Restoration of organ function utilizing tissue 

engineering often requires the use of a temporary scaffold. The scaffolds should 

provide a suitable substrate with cell attachment, proliferation, maintenance of 

differentiated functions and physical support during in vitro culture and in vivo 

implantation [6,7].  

Biomaterial is a biocompatible material that is used to construct artificial 

organs, rehabilitation devices, and prostheses to replace natural body tissues. There 

are different types of biomaterials such as metallic biomaterials, ceramic 

biomaterials, polymeric biomaterials, composite biomaterials, biodegradable 

polymeric biomaterials and biologic biomaterials [8]. They have different physical, 

chemical and biological properties to match their application in the body. The 
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biodegradable polymeric biomaterials would be emphasized in my study. An ideal 

biodegradable polymer for medical applications would have adequate mechanical 

properties, which would not induce inflammation or other toxic responses, would 

be fully metabolized once it is degraded; would be sterilized and easily processed 

into a final end product with an acceptable shelf life [9]. Basic design requirements 

include degradability, biocompatibility, high surface area/volume ratio, and 

mechanical integrity [10].  

There are various types of biomaterials used in the tissue engineering; PHA is 

the major researching biomaterial in this study. The research included the 

physiochemical properties, biocompatibility and biodegradation. In addition, three 

main parts of biomaterials in tissue engineering will be studied. First, different 

biomaterials used in the tissue engineering nowadays, they have the similar 

properties comparing to PHA. Second, the different techniques used in surface 

modification. Third, the nanoparticles, made by different biomaterials, are used as 

drug delivery. 

 

1.2.2 Different types of biomaterials  

A variety of biodegradable polymers have been explored as scaffold including 

polyurethane (PU) [11], polyglycolic acid (PGA) [12], poly(lactide-co-glycolide) 
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(PLGA) [13], polylactide (PLA) [14] and also polyhydroxyalkanoates (PHA) [5-7, 

14-17] etc. 

Elastomeric polyurethanes are one of biomaterial family. For years, biomedical 

segmented polyurethanes have extensively been used in various implantable 

devices. Pacing leads insulation, indwelling catheters, intra-aortic balloons and 

mammary implants are examples of application New linear biodegradable 

polyurethane is developed to a porous three-dimensional scaffold for supporting 

attachment and proliferation of primary chondrocytes. However, after 6 weeks 

incubation, DNA content of the constructs did not significantly change. It indicates 

that cell proliferation was very limited. And the detection of extracellular matrix 

proteins was very low, because the cells failed to adhere to the porous scaffolds. 

Polyurethanes scaffold’s physical and geometrical properties may cause the low 

retention rate of the cells. The reduction of pore size and chemical modification of 

scaffolds may improve the retention of the newly synthesized extracellular matrix 

molecules within the construct [11]. 

The copolymer of polyglycolic acid and polyglactin as scaffold were used to 

create autologous pulmonary valve leaflets and pulmonary artery before. Because 

the limitations of polyglactin-PGA copolymer included high porosity, stiffness, and 

a relatively short degradation time, a new PGA-PHA copolymer was used instead. 
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PGA-PHA has a much longer degradation time, superior tensile strength, higher 

flexibility, easy handling and suturing. It can withstand systemic pressure and can 

be used to create a vascular autograft for use in the aortic position. Autologous 

aortic grafts with biological characteristics resembling the native aorta can be 

created by using tissue engineering approach. This may allow the development of 

“live” vascular grafts. [12] 

PHA is a class of microbial biopolymers which is biocompatible to various cell 

lines, including autologous cells, osteoblastic, epithelial cell and ovine chodrocytes. 

Tissue engineering of heart valves is to fabricate a viable and functional heart 

valves from autologous cells. Once the cells have attached to the scaffold that is 

shaped like a heart valve, they form their own extracellular matrix while the 

polymer scaffold starts to degrade. The new heart valve can be implanted into the 

same patient and could theoretically function like a native biological structure with 

the potential to grow, to repair and to remodel. A porous polyhydroxyoctanoate 

(PHO) scaffold is molded into the shape of a trileaflet valved conduit and it is 

suitable for the fabrication of a functional trileaflet tissue-engineered heart-valve. It 

can be used for implantation in the pulmonary position with an appropriate function 

for 120 days in lamb. [14] 

Polyhydroxybutyrate-co-hexanoate (PHBHHx) blended with PHB shows 
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strong growth and proliferation of chondrocytes of rabbit articular cartilages and the 

mouse fibroblast cell line L929. [5, 6, 16, 17] 

Rabbit bone marrow cells are inoculated on three-dimensional scaffolds of 

PLA, PHB and PHBHHx to evaluate their in vitro biocompatibilities. It is found 

that PHBHHx had the best performance on attachment, and proliferation of bone 

marrow cells [14]. 

 

1.2.3 Surface modification of biomaterials  

Another application area of biomaterials is surface modification. Surface 

properties have an enormous effect on the success or failure of a biomaterial device 

[45]. Modification of surface can improve the biological and mechanical properties. 

Cell adhesion and proliferation can be also improved. Many researchers 

investigated to use different techniques such as grafting, immobilization, 

crosslinking and plasma technique [44], for modifying the surfaces with addition of 

the functional groups, elements, chemicals and adhesive proteins etc.  

Eyes are important organ that are investigated in tissue engineering by 

researchers. A porous poly(lactide-co-glycolide) (PLGA) graft are modified with 

collagen type I, hyaluronic acid (HA) or/and human amniotic membrane component. 

The attachment and proliferation of cornel epithelial cells  and human stromal 
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fibroblasts on PLGA scaffolds were enhanced when compared to untreated PLGA 

[13] 

The PLGA films were modified with TiO2 using plasma reactor. The 

proliferation of human fetal dermal fibroblasts and rat cortical neural cells were 

significantly increased [44].  

After hydroxyapatite blended with PHB to make films and scaffolds, the 

mechanical properties of film including compressive elastic modulus and maximum 

stress showed improvement. The osteoblasts proliferation in scaffolds was also 

enhanced [45]. 

PHBV does not have a functional group available for covalent immobilization, 

and it should be modified to have reactive groups first. PHBV membranes were 

treated with ozone to graft acrylic acid, followed by the esterification of chitosan 

(CS) and chitooligosaccharides (COS). Then collagen or HA were be immobilized 

onto CS or COS group. The improvement of hydrophilicity of PHBV films made 

the increasing fibroblasts proliferation and attachments [46-47]. 

In a report [48], PHA film was exposed to an oxygen plasma glow discharge to 

produce peroxides, followed by acrylic acid and poly(ethylene oxide) grafting and, 

subsequently, reacted with insulin on its surfaces. The proliferation of human 

fibroblasts was significantly accelerated on insulin-immobilized PHAs. 
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HA was chemically crosslinked to form hydrogels materials to improve 

mechanical stability and degradation rate [49]. In analogy to HA, collagen is low 

biomechanical stiffness and rapid biodegradation. Different native collagen, equine 

and bovine collagen, were directly crosslinked on collagen film without using 

crosslinking reagent. It showed higher enzymatic stability and higher form stability 

[50]. 

Another method of surface modification was using laser. The use of 

femtosecond laser produced neat drilled-through holes while excimer laser was 

employed to produce blind-holes on the PCL membrane. The water contact angles 

of the films were decreased that indicated more hydrophilic of the films [51].  

. 

1.2.4 Nanoparticles in drug delivery 

Encapsulation of cells, neurotransmitters, proteins, and drugs within a 

biocompatible polymer material can separate the cells from the patients’ immune 

system, so that cells from another individual or even another species can be used 

[53]. The uptake mechanisms of particles are different in different parts of bodies. 

But if the particle sizes decrease, the uptake mechanisms increase [62]. Using 

nanoparticles as drug carrier systems are being extensively investigated. For 

examples, aminoalkylmethacrylate nanoparticles carrying oligonucleotides [54], 
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nanoparticles of PLGA carrying protein [55], PHBV nanocapsules carrying enzyme 

for cancer therapy [56], PLGA-mPEG nanoparticles [57], Fe3O4 nanoparticles [58] 

and Oligo-3-hydroxybutyrates nanoparticles [59]. The basic characterizations of 

nanoparticles are particle sizes [54-57] and zeta potentials [54, 57], cytotoxicity 

studies [54, 58-59] and drug loading [54-56]. 
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1.3  Introduction 

PHB and its copolymers have been considered a class of biomaterial suitable 

for tissue engineering due to its biodegradability [27, 28], biocompatibility [29, 30], 

non-toxicity [31] and thermoplasticity. PHB is biocompatible. It means it is a 

metabolite normally present in blood [3, 52]. They have been used to support cell 

growth in vitro, guide tissue growth inside the body, and found to be fully 

biocompatible to several cell lines, including articular cartilage chondrocytes, 

osteoblasts and epithelial cell [17, 32, 33]. The physical and chemical properties of 

the biomaterials are also found to be important factors in affecting the growth of 

tissue like the surface morphology, hydrophilicity, crystallinity, chemical 

composition of the materials [6, 7, 34, 35].  

In my study, the experiments were divided into three parts. 

The biocompatibility of PHA with different molar ratio of HV produced by 

different strain of bacteria was investigated. Poly(3-hydroxybutyrate-co-valerate) 

(PHBV) containing 23 mol% and 37 mol% of hydroxyvalerate were used in Part I. 

Two sets of poly(3-hydroxybutyrate-co-valerate) (PHBV) containing 23% and 37% 

by mole of hydroxyvalerate were used in this study. One set of PHBV was 

biosynthesized by Bacillus cereus and the other set by a recombinant Escherichia 

coli XL-1 Blue harboring plasmid pKS/CAB. The four types of PHBV differed in 
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surface properties such as surface roughness and hydrophilicity. These properties 

are considered to be important parameters in clinical applications such as scaffold 

implantation. PHBV was cast into thin films by using solvent casting method and 

seeded with Chinese Hamster Ovary cells (CHO-K1) to evaluate their 

biocompatibilities. The results of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy 

methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay showed that 

CHO-K1 cells proliferated better on P(HB-co-23%-HV) film produced by 

recombinant Escherichia coli XL-1 Blue harboring plasmid pKS/CAB than the 

other types of PHBV. The growth of CHO-K1 cells was correlated to the surface 

roughness. Also, the leachables of extract from the PHBV films were investigated 

whether there were some toxic things inside the polymer or not. 

It is difficult to control the even surfaces in solvent casting film. One type of 

PHBV film was perforated by laser to have even pores. The hydrophilicity and the 

cell proliferation were improved.  

In Part II, PHB and PHBV fibers were produced. The mechanical properties of 

the fibers were investigated. Moreover, PHB fibers were banded together to become 

fiber-plate and fiber-plate scaffold. The cell proliferation of L929 fibroblasts on 

PHB fiber-plate, fiber-plate scaffold, PHB salt-leaching scaffold and PHB film were 

done. Salt-leaching scaffolds were commonly used to investigate the 
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biocompatibilities of the biomaterials. However, the surface topography of 

salt-leaching scaffold is different from its film. To overcome this problem, woven 

fibers could be used to band together as a fiber-plate, so that the surface properties 

could be easily measured and controlled.  

Apart from the scaffolds application, the other application is drug delivery in 

Part III. The formation of PHB-PEG-PHB nanoparticles could be used to deliver 

drugs in the body. PEG is hydrophilic and PHB is hydrophobic. When 

PHB-PEG-PHB was dissolved into aqueous, PHB would form a core shell and the 

outermost shell is PEG.. The cytotoxicity and blood compatibility of the 

nanoparticles should be investigated to ensure they are non-toxic to animals’ cells 

and blood.  
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Objectives 

1. To produce different types of PHA from fermentation by Bacillus cereus and 

recombinant Escherichia coli XL-1 Blue harboring plasmid pKS/CAB. 

2. To investigate the physiochemical properties of PHB and PHBV with different 

molar ratios of HV. 

3. To evaluate the biocompatibilities of different PHBV from Chinese Hamster 

Ovary (CHO-K1) cells. 

4. To find out the relationship between the physiochemical properties and 

biocompatibilities. 

5. To produce PHB scaffolds by salt-leaching and fibers from melt extruder. 

6. To compare the proliferation of mouse fibroblasts (L929) between two types of 

above mentioned scaffolds. 

7. To evaluate the cytotoxicity and blood compatibility of the nanoparticles: 

PHB-PEG.-PHB 
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Chapter 2: Materials and Methods 

 

2.1 Materials 

 

2.1.1 Bacterial Strains 

a) Bacillus cereus was isolated from activated sludge of Hong Kong Tai Po Waste 

Treatment Plant. 

b) Recombinant Escherichia coli XL-1 Blue harboring plasmid pKS/CAB 

 

2.1.2 Cell Lines 

a) Chinese Hamster Ovary cell lines (CHO-K1) (American Type Culture 

Collection) 

b) Mouse Fibroblasts (L929) (American Type Culture Collection) 

 

2.1.3 Culture Media 

a) Bacterial Culture Media 

i. Luria-Bertani (LB) Medium 

10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, pH 7.0 

ii. PHA Production Medium of B. cereus 
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15 g/L glucose, 1.5 g/L (NH4)2SO4, 1.5 g/L yeast extract, 1.2 g/L 

MgSO4·7H2O, 1.7 g/L citric acid, 13.3 g/L KH2PO4, 0– 4 g/L sodium 

propionate, pH 7.0  

 

iii. PHA Production Medium of recombinant E. coli XL-1 Blue harboring 

plasmid pKS/CAB  

10 g/L glucose, 2 g/L tryptone, 1 g/L yeast extract, 1 g/L MgSO4·7H2O,   

1 g/L citric acid, 13 g/L KH2PO4, 2.5 – 3.5 g/L sodium propionate, pH 7.0 

 

b) Cell Lines Culture Media 

i. For CHO-K1 

DMEM (Dubecco’s Modified Eagle Medium, Invitrogen) supplemented 

with 10% fetal bovine serum (FBS) (Invitrogen), 100 U/ mL penicillin 

and 100 μg/mL streptomycin (Invitrogen). 

ii. For L929 

RPMI 1640 supplemented with 10% fetal bovine serum (FBS) 

(Invitrogen), 2 mM L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 

4.5 g/L glucose, 1.5 g/L sodium bicarbonate, 100 U/mL penicillin and 100 

μg/mL streptomycin (Invitrogen). 
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2.2 Methods 

 

2.2.1 Fermentation 

B. cereus and recombinant E. coli XL-1 Blue harboring plasmid pKS/CAB 

were cultured in LB medium for 16 hours at 30°C and 37°C respectively. 

Fermentation was performed in a computer-controlled 15-L stainless steel fermenter 

(B. Braun, Germany), with growth conditions set according to the different 

demands of the various bacterial strains. 

 

2.2.2 Extraction of Biopolymers 

After fermentation, the fermentative broth was concentrated by centrifuging at 

8,000 rpm for 30 min. It was then washed once and freeze-dried. 1 g of dried B. 

cereus cell was treated with 30 mL chloroform and 30 mL of 30% sodium 

hypochlorite. Then the mixture was agitated in a 250 rpm shaker at 37ºC for 2 h. 

The dispersion was centrifuged at 6,000 rpm for 15 min. 1 g of dried recombinant E. 

coli was treated with 25 mL chloroform in closed bottle and incubated at 60ºC for 

12 h. 

The chloroform phase was obtained by filtration, and further concentrated by 

evaporation to a final volume of 30 mL. The biopolymer material was then 
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precipitated by mixing methanol with the concentrated chloroform (methanol: 

chloroform = 9:1). Finally, the precipitate was subjected to simple filtration, and 

dried.  

 

2.2.3 Gas Chromatography 

1 mL esterification solution (3 mL 95 – 98% H2SO4, 0.29 g benzoate and 97 

mL methanol), freeze-dried cells or extracted polymer and 1 mL chloroform were 

heated at 100ºC for 4 h. Distilled deionized water (ddH2O) was added to the cooled 

mixture, which was then vortexed for phase separation. 1 μL portion of the lower 

organic phase was subjected to GC analysis, which was performed on a Hewlett 

Packard 5890 Series II Gas Chromatograph, using a 6-feet-long Supelco (10% 

Carbowax 20 M with 80/100 in mesh size Chromosorb WAW) packed column. 

Nitrogen was the carrier gas introduced at a flow rate of 20 mL/min. A flame 

ionization detector was used. The oven temperature for GC was set at 135ºC, the 

injection port was 260ºC and the detector was 300ºC. The temperature was kept 

stable for 15 min for each sample. 

 

2.2.4 1H-Nuclear Magnetic Resonance 

1H-nuclear magnetic resonance (NMR) analyses were performed on a Bruker 
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Model AVANCE DPX-400 spectrometer. 10 -20 mg samples were put into the 

NMR tube and 1 mL of deuteriated chloroform (CDCl3) was added to dissolve the 

sample for measurement. 

 

2.2.5 Preparation of PHA Film 

0.5 g of PHA material was dissolved in 50 mL chloroform and refluxed at 

60°C for half an hour. The PHA solution was poured into Petri dishes. Evaporation 

of the solvent under the same temperature resulted in the formation of PHA films. 

The films were cut into circles in diameter 1 cm. 75% of ethanol and overnight 

UV-radiation was used to sterilize the films. 

 

2.2.6 Preparation of Laser-treated Films 

 The PHBV films with even blind holes were given by Associate Professor C.Y. 

Tang. Laser was used to produce six types of holes on PHBV film. The holes are 50 

µm, 100 µm and 200 µm in diameter, measured to the depth of 30 µm and 70 µm 

respectively. Untreated film was used as negative control. 

 

2.2.7 Preparation of PHB Salt-leaching Scaffolds 

2 g of PHB was dissolved into 16 mL chloroform and refluxed at 60°C for half 
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an hour, poured onto excess 200-250µm sodium chloride particles and evaporated. 

It was then immersed into excess distilled water to remove the salt. The scaffolds 

were cut into 1 cubic cm. 75% of ethanol and overnight UV-radiation were used to 

sterilize the scaffolds. 

 

2.2.8 Preparation of PHB Fiber Plates and Scaffolds 

PHB was melt at 180 to 185℃ and extruded into fibers. Woven fibers were cut 

and struck together to become a 1cm x 1cm fiber-plate. Three PHB fiber-plates 

were stacked to build up scaffolds. 75% of ethanol and overnight UV-radiation were 

used to sterilize the films. 

 

2.2.9 Preparation of Nanoparticles (PEG-PHB-PEG) 

 The polymerization of triblock copolymers was done and given by Dr. Chen 

Cheng. Aqueous dispersions of nanoparticles were prepared by a 

precipitation/solvent evaporation technique without any surfactants to investigate 

its native ability of forming nanoparticles. In a standard preparation procedure, 18 

mg of triblock copolymers were first dissolved in 2 mL of acetone. This solution 

was then added dropwise to 6 mL of dd H2O under ultrasonic situation. Since 

acetone is miscible with water, the diffusion of acetone into water resulted in the 



 26

intrachain contraction and association of the PHB block. The soluble PEG blocks 

tended to stay on the periphery and acted as a protective layer. The acetone was 

removed under lower pressure and ultrasonic situation. The original concentration 

was 3 mg/mL, and it was diluted to 1.5 mg/mL, 1 mg/mL, 500 µg/mL, 250 µg/mL 

and 125 µg/mL. All dispersions were filtered using disposable 0.45 μm Millipore 

filters, without significant effect on the particle yield or size distribution. 4 μL of 

nanoparticles solution was added to 100 μL cells with media, the amounts of 

nanoparticles added were 12 μg, 6 μg, 4 μg, 2 μg, 1 μg and 0.5 μg. 

 

2.2.10 Measurement of the Sizes and Zeta Potential of Nanoparticles 

The particle sizes and zeta potentials were measured using a Malvern Zetasizer 

3000HSA (Malvern, Worcs., UK) equipped with a 10 mW He–Ne laser (633 nm) 

and operating at an angle of 90o and a temperature of 20 oC. The scanning number 

of particle sizes was 10 and zeta potential was 5. 

 

2.2.11 Scanning Electron Microscopy Examination (SEM) 

The specimens were washed twice by phosphate buffered saline (PBS) and 

immersed in PBS containing 5% glutaraldehyde at 37°C for 1 h. 5.4% sucrose 

solution was replaced glutaraldhyde and incubated at -20°C overnight. They were 
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then dehydrated in increasing concentrations of ethanol (from 30%, 50%, 70%, 

90%, 95% and 100%), followed by lyophilization.  

For the samples of nanoparticles, one drop of particles solution was added onto 

the clean glass and dried by evaporation.  

They were then mounted on aluminum stumps and coated with gold in. Then it 

was examined under a scanning electron microscope (Leica Scanning Electron 

Microscopy).  

 

2.2.12 Contact Angle Measurement 

Wettability of films was examined by measuring contact angles using a 

traveling microscope with projector. An XY table was used to keep the water level. 

1 μL of redistilled water was gently plated on the surface of the films. At least five 

readings on different parts of the films were collected and averaged. 

 

2.2.13 Surface Roughness 

Surface prolifer (KLA Tencor P-10) was employed to evaluate the surface 

roughness of the films. At least five readings on different parts of the films were 

collected and averaged. 
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2.2.14 Melting Point and Glass Transition Temperature 

Melting point and glass transition temperature were measured by using 

differential scanning calorimetry (DSC) (Mettler Toledo DSC 822e). The 

temperature was raised from 25°C to 200°C at a heating rate 10°C/min and kept at 

200°C for 10 min. Then the samples were rapidly quenched to -50°C at -80°C/min 

and kept at -50°C for 10 min. Finally, they were heated to 200°C at a rate 10°C/min. 

 

2.2.15 Decomposition Temperature 

Decomposition temperature was performed by thermogravimetric analysis 

(TGA) (Netzsch STA 449C) under argon flow rate at 20 ml/min and temperature 

increasing rate at 5°C/min. 

 

2.2.16 Intron 

 Instron was used to measure the mechanical properties of the polymer include 

Young Modulus (MPa), Stress at Max (MPa), Strain at Max and elongation at 

break.  

 

2.2.17 Cell Culture  

a) For Part I,  
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i The sterilized PHA films were placed in 24-well tissue culture plates, 1 

mL medium with cell concentration 5 x 104 cells per mL was added. The 

incubation period was 2 days. CHO-K1 cells were incubated at 37°C in a 

5% CO2 incubator.  

ii. The sterilized laser-treated films were placed in 96-well tissue culture 

plates, 100 μL medium with cell concentration 3 x 104 cells per mL was 

added. The incubation period was 3 days. CHO-K1 cells were incubated 

at 37°C in a 5% CO2 incubator.  

b)  For Part II, L929 cells were incubated at 37°C in a 5% CO2 incubator and the 

medium was changed every 2 days. The sterilized PHB films, salt-leaching 

scaffolds, woven fiber-plates and woven fiber-plates scaffolds were placed in 

24-well tissue culture plates. The amount of cell inoculation was 5 x 104 cells 

per mL. The incubation period was 7 days. 

c)  For Part III, the effects of nanoparticles on cell proliferation and cell adhesions 

were investigated.  

i. CHO-K1 cells and L929 cells were placed in 96-well tissue-culture plates 

and incubated at 37°C in a 5% CO2 incubator for 1 day, the amount of 

cell inoculation was 2 x 105 cells per mL. Different amounts of 

PHB-PEG-PHB nanoparticles were added to cells, the incubation periods 
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were 1 day and 3 days. Sterilized ddH2O and 10% ethanol were negative 

and positive controls.  

ii. The cell numbers of CHO-K1 cells and L929 cells were 2.5 x 105 and 3 x 

105 respectively and placed in 96-well tissue-culture plates with different 

amounts of PEG-PHB nanoparticles, and incubated at 37°C in a 5% CO2 

incubator for 4 h. Sterilized ddH2O and 10% ethanol were added as 

negative and positive controls.  

 

2.2.18 Cell Proliferation Studies 

Cell proliferation was assessed using (3-(4,5-dimethylthiazol-2-yl)-5- 

(3-carboxy methoxyphenyl)-2-(4-sulfophenyl)-2H- tetrazolium (MTS, Promega) 

assay. The cells were rinsed once with medium. The ratio of medium with 10% FBS: 

MTS mixture (6 mM MTS: 3.3 mM phenazine methosulfate PMS = 9:1) was 10:1. 

The mixture incubated at 37°C for 2 h. The optical density at 490 nm was 

determined. Viable cell numbers on films were then determined from the standard 

curve based on their MTS absorbency.  

 

2.2.19 Cytotoxicity Assays 

 The cytotoxicity of leachables from all materials was evaluated by MTS assay 
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and Bradford protein assay. The films were shaken in 5mL of culture medium for 

24 h at 37°C with constant speed [54-56]. The toxic leachables and short-term 

degradation products were extracted. CHO-K1 cells were plated into 24-well plates 

at 5 x 104 cells per mL. The cells were incubated at 37°C in a 5% CO2 incubator for 

24 h. After that, the medium was replaced by the previously prepared extract; 

freshly prepared culture medium was used as negative control [60] and latex rubber 

as positive control [59]. After 48-h incubation, MTS and protein assays were 

performed on the cells.   

 

2.2.20 Protein Assay 

 Adherent cells were washed once by PBS and then harvested by trypsinization. 

Cells pellets were lysed in lysis buffer (20 mM Tris-HCl containing 1% Trition 

X-100, 1 mM EDTA, 1 mM PMSF) in an ice bath for 20 min. Then it was 

centrifuged at 14,000 rpm for 15 min at 4°C [61]. Afterwards, supernatants were 

collected and protein concentration was determined using bovine serum albumin as 

standard. 5 μl of protein was mixed with 5 μl of ddH2O, 200 μl of Bradford reagent 

was added. The mixture was incubated at room temperature for 5 min and the 

absorbance at 595nm was measured. 
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2.2.21 In vitro Hemolysis Assay of Nanoparticles 

 Hemolysis assay was performed using whole pig blood. The blood was 

centrifuged at 1500 rpm for 15 min to obtain red blood cells. The supernatant was 

discarded and the erythrocytes were resuspended in PBS solution ( 3.15 g/L 

Na2HPO4, 0.76 g/L KH2PO4, 7.20 g/L NaCl ) with pH 7.4 to remove debris and 

serum protein. The washing steps were repeated three times. Stock dispersion was 

prepared by mixing 3 mL of centrifuged erythrocytes into 11 mL of PBS.  

Both concentrations of two types of nanoparticles were 3000 mg/L of PBS. 

100 µL of stock dispersion was added to 1 mL of nanoparticles, 1 mL of PBS was 

used as negative control and 1 mL of ddH2O was used as positive control. The 

solutions were gently mixed and incubated at 37°C for 4 h. After incubation, the 

solutions were centrifuged at 1500 rpm for 15 min. 100 µL of the resulting 

supernatant was dissolved in 2 mL of an ethanol-HCl mixture [39 parts of 99% 

ethanol (v/v) and 1 part of 37% hydrochloric acid (w/v)]. The absorbance was 

determined at 394 nm by spectrophotometer. The negative control was as blank 

sample and 0% of hemolysis and positive control was 100% hemolysis. The trial 

was repeated and the mean value of measurements was recorded [58, 67].  

 

 



 33

Chapter 3: Results 

 

3.1 Part I – Study of Proliferation of Chinese Hamster Ovary 

Cells on Polyhydroxyalkanotes (PHA) Copolymer Film   

 

3.1.1 Physiochemical Properties of Extracted Biopolymers 

 

3.1.1.1 GC Spectra of Biopolymer 

The extracted biopolymers were subjected to GC analysis to determine the 

composition. The retention time of PHB peak was around min and PHV peak was 

around min when compared to the standard (Fluka). The ratio of standard in PHB: 

PHV = 7:3. The PHB and PHV percentages were calculated by comparison 

between the peak area of PHBV standard and the peak area of the extracted 

biopolymers. The peak of benzoic acid was the reference. 

 

Standardized area of PHB signal =  Peak area of standard PHB  

amount of standard PHBV x 0.7 

 

Standardized area of PHV signal =  Peak area of standard PHV  

amount of standard PHBV x 0.3 
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% PHB in biopolymers =  

Peak area of biopolymers PHB/standardized area of PHB signal x Peak area of standard benzoic acid 

x100% 

       amount of biopolymers         Peak area of cells benzoic acid 

 

% PHV in biopolymers =  

Peak area of biopolymers PHV/standardized area of PHV signal x Peak area of standard benzoic acid  x100% 

       amount of biopolymers         Peak area of cells benzoic acid 

 

% HV= % PHV in biopolymers /(% PHB in biopolymers + % PHV in biopolymers) x 100% 

 

Table 1: The data of GC spectra (Appendix 2-6) 

 amount PHB peak area PHV peak area Benzoic acid peak 

Standard 10 mg 9886190 5792278 14024000 

I from recombinant E.coli  11.4 mg 16663700 6348605 15566300 

II from recombinant E.coli 11.8 mg 8425519 6569082 10877800 

I from B. cereus 10.3 mg 12087300 5510418 16467700 

II from B. cereus 11.4 mg 9427373 7602494 11485500 
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Table 2: The percentages of HV from the biopolymers 

 HV% Name 

I from recombinant E.coli  22.8% E-23% 

II from recombinant E.coli 37.2% E-37% 

I from B. cereus 23.4% B-23% 

II from B. cereus 37.1% B-37% 

The biopolymers P(HB-co-23%-HV) of recombinant E. coli was renamed to 

E-23%, P(HB-co-37%-HV) of recombinant E. coli was renamed to E-37%. The 

biopolymer of P(HB-co-23%-HV) of B. cereus was renamed as B-23% and  

P(HB-co-37%-HV) of B. cereus was renamed as B-37%. 
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3.1.1.2 1H-NMR Spectra of Extracted Biopolymer 

 The composition of the hydroxyalkanoate units in extracted products was 

determined by 1H-NMR spectra. 1H-NMR spectra showed the presence of the group 

for the copolymer of PHBV. Fig. 3 shows the 1H-NMR spectra of biopolymers 

extracted from recombinant E. coli XL-1 Blue harboring plasmid pKS/CAB and 

Fig. 4 shows the 1H-NMR spectra of biopolymers extracted from B. cereus. The 

1H-NMR spectrum showed the presence of three groups of characteristic signal 

(0.93 ppm, 1.31 ppm, 1.64 ppm, 2.52 ppm and 5.25 ppm) for heteropolymer PHBV.  
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Fig. 3a: E-23% 

  

Fig. 3b: E-37% 

 
Fig 3: 1H-NMR spectra of PHBV film of recombinant E. coli 



 38

 

 
Fig. 4a: B-23% 
 

 
Fig. 4b: B-37% 
 
 
Fig 4: 1H-NMR spectra of PHBV film of B. cereus 
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3.1.1.3 Surface Hydrophilicity 

The range of contact angle in four types of films was increased from 66° to 85° 

(Fig 5). The most hydrophilic one was P(HB-co-23%-HV) of B. cereus which 

contact angle was 66°. The contact angle of P(HB-co-23%-HV) of recombinant E. 

coli was 76°, followed by P(HB-co-37%-HV) of recombinant E. coli which contact 

angle was 79°. The most hydrophobic film was P(HB-co-37%-HV) of B. cereus 

which contact angle was 85° (Appendix 7) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5. Contact angles of PHBV films (n=5). E-37% was P(HB-co-37%-HV) of 
recombinant E. coli, E-23% was P(HB-co-23%-HV) of recombinant E. coli, 
B-37% was  P(HB-co-37%-HV) of B. cereus and B-23% was 
P(HB-co-23%-HV) of  B. cereus. 
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3.1.1.4 Surface Roughness 

The surface roughness was examined by surface prolifer and the roughness Rq 

was calculated by equation [ 1/L 
L 
0 ∫y2 dx ] (Fig 6). The roughest film was 

P(HB-co-23%-HV) of recombinant E. coli with Rq 6203 Å, the second one was 

P(HB-co-23%-HV) of B. cereus with Rq 2690 Å, followed by P(HB-co-37%-HV) 

of B. cereus with Rq 2113 Å. The smoothest film was P(HB-co-37%-HV) of 

recombinant E. coli with Rq 1784 Å (Appendix 8). The results were also confirmed 

by scanning electron microscopy (Fig 11). 
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Fig 6. Surface roughness of PHBV films (n=5) 
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3.1.1.5 Physical Properties of PHA film 

The melting temperatures of P(HB-co-23%-HV) of recombinant E. coli and B. 

cereus were 143.16°C and 147.26°C respectively. In P(HB-co-37%-HV) of 

recombinant E. coli, the melting temperatures were 72°C and 162.43°C, however in 

P(HB-co-23%-HV) of B. cereus, its melting temperature was 101.29°C (Fig 7). The 

glass transition temperatures were as follows: P(HB-co-37%-HV) of recombinant E. 

coli was -6.55°C, P(HB-co-37%-HV) of B. cereus was -5.13°C, P(HB-co-23%-HV) 

of recombinant E. coli was -1.32°C and P(HB-co-23%-HV) of B. cereus was 

-0.83°C (Fig 8). The decomposition temperature of four types of PHA were similar, 

and the inflection temperature was around 284°C (Fig 9).  

Table 3: Physical Properties of PHBV films 

  Melting Point (˚C) Decomposition Temperature (˚C) Glass Transition (˚C)

    Onset Inflection End   

E-37% 72, 162.43 273.6 286.7 295.4 -6.55 

E-23% 143.16 272.6 283.4 291.8 -1.32 

B-37% 101.29 266.8 284.1 293.1 -5.13 

B-23% 147.26 273.3 284.5 292.4 -0.83 
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Fig 7. Melting point of PHBV films ( E-37%, E-23%, B-37% and B-23%). 
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Fig 8. Glass transition temperature of PHBV films (E-37%, E-23%, B-37% 
and B-23%) 
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Fig 9. Decomposition temperature of PHBV films (E-37%, E-23%, B-37% and 

B-23%) 
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3.1.2 Biocompatibility of Extracted Biopolymers 

 

3.1.2.1 Growth of Chinese Hamster Ovary Cells on PHBV films 

The cells numbers were calculated from the standard curve (Appendix 9). 

Chinese Hamster Ovary CHO-K1 cells showed the highest growth on the film of 

P(HB-co-23%-HV) of recombinant E. coli. The cells showed second high growth 

on the film of P(HB-co-23%-HV) of B. cereus, followed by P(HB-co-37%-HV) of 

B. cereus. CHO-K1 cells showed the least growth on P(HB-co-37%-HV) of 

recombinant E. coli (Fig 10) (Appendix 10). CHO-K1 cells presented mainly as 

spindle cell shapes on P(HB-co-23%-HV) of recombinant E. coli but presented as 

round cells shapes on P(HB-co-37%-HV) of B. cereus (Fig 12). 
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Cell Proliferation on Film (Direct Contact)
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Fig 10. Two days incubation of CHO-K1 on PHBV films 
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E-37%             E-23%   

  
 
B-37%              B-23% 

  

 
Fig 11. SEM results of PHBV films (1000x) 
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E-37%             E-23%   

     
 
B-37%              B-23% 

     

Fig 12. SEM results of CHO-K1 cells on the PHBV films (500x) 

 

3.1.2.2 Cytotoxicity of PHA films 

 In the indirect contact test, cell numbers (Appendix 11) and protein (Appendix 

12) content were highest in the extracts of P(HB-co-23%-HV) of recombinant E. 

coli. The second highest growth was on the film of P(HB-co-37%-HV) from 

recombinant E. coli, followed by P(HB-co-37%-HV) of B. cereus. The lowest cells 

numbers and protein content were found in the extracts of P(HB-co-23%-HV) of B. 

cereus that they were also lower than the negative control (Fig 13 and 14). 
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Cytotoxcity Assay -MTS (Indirect Contact)
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Fig 13. The CHO-K1 cell numbers after 48 hours of growth in the extracts of 

films. Results shown were expressed as mean + SEM, *p < 0.05 vs control, #p < 

0.05 vs latex, n = 3. 
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Cytotoxicity Assay - Protein (Indirect Contact)
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Fig 14. The amount of protein in cells after 48 hours of growth in the extracts 

of films. Results shown were expressed as mean + SEM, *p < 0.05 vs control, 

#p < 0.05 vs latex, n = 3. 
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3.1.3 Biocompatibility of PHBV Film after Surface Modification by 

Laser  

 

3.1.3.1 PHBV Film after Surface Modification by Laser  

 The PHBV films were perforated by laser. The holes were in diameter 50 nm 

and at a depth of 30 nm, in diameter 50 nm and at a depth of 70 nm, in diameter 

100 nm and at a depth of 30 nm, in diameter 100 nm and at a depth of 70 nm, in 

diameter 200 nm and at a depth of 30 nm and in diameter 200 nm and at a depth of 

70 nm (Fig 15). 
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50W/30D         50W/70D 
 

 
100W/30D         100W/70D 

   
200W/30D         200W/70D 

 
   No pore 
Fig 15. SEM results of laser perforated PHBV films (500x) (W-Diameter, 
D-Depth) 
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3.1.3.2 Contact Angles on PHBV film after surface modification by laser 

 The contact angle of the untreated PHBV film was 76°. The contact angle of 

film, which was in diameter 50 nm and at a depth of 30 nm, was 68°. And the 

contact angle of film, which was in diameter 50 nm and at a depth of 70 nm, was 

59°. The contact angle of film, which was in diameter 100 nm and at a depth of 30 

nm, was 65° and the contact angle of film, which was in diameter 100 nm and at a 

depth of 70 nm, was 58°. The contact angle of film, which was in diameter 200 nm 

and at a depth of 30 nm, was 60° and the contact angle of film, which was in 

diameter 200 nm and at a depth of 70 nm, was 62° (Fig 16).  
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Fig 16. Contact angles of laser-perforated films (W-Diameter, D-Depth) 
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3.1.3.3 Growth of Chinese Hamster Ovary Cells on PHBV film after surface 

modification by laser 

 The cell numbers were calculated from the standard curve (Appendix 9). 

Chinese Hamster Ovary CHO cells showed the higher cell density on the film at a 

depth of 70 nm than the one at a depth of 30 nm. By comparing with the diameter, 

larger diameter showed higher cell numbers. CHO-K1 cells showed the highest cell 

growth on the film at a depth of 70 nm and 200 nm in the diameter (Appendix 13). 

The least cell growth was appeared on the untreated film (Fig 17).  
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Fig 17. Three days incubation of CHO-K1 cells on laser-perforated films 
(W-Diameter, D-Depth) 
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3.2 Part II –Study of the proliferation of cells on different 

patterns of Poly-3-hydroxyalkanoates (PHA) 

   

3.2.1 Physiochemical Properties of PHA Fibers 

PHA fibers (Fig 18) with different HV content (0% HV, 20% and 44% HV), 

which produced from B. cereus, were made by using Mini-Lab extruder. PHA fibers 

were characterized by using Differential Scanning Calorimetry (DSC) to measure 

the melting temperature (Tm), glass transition temperature (Tg) (Fig 19) and 

crystallinity (Fig 20).  Decomposition temperature was measured by 

Thermogravimetric Analysis (TGA) (Fig 21).  Young Modulus (MPa), Stress at 

Max (MPa), Strain at Max and elongation at break were measured by Instron (Fig 

22-24).  
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Fig 18 a. PHA Fiber with 0% HV 

 

Fig 18 b. PHA Fiber with 20% HV 

 

Fig 18 c. PHA Fiber with 44% HV 

Fig 18. SEM pictures of PHA Fibers 



 57

Table 4. Summary properties of PHA fiber 
PHA sample (HV %) 0% 20% 44% 

Glass Transition Temp.  (Tg)℃ 1.1 -1.1 -4.2 

Melting Temp. (Tm )℃ 178.8 143.5 97.9 

Crystallinity (%) 69.60% 37.20% 29.20% 

Young Modulus (MPa) 1298MPa 412MPa 137MPa 

Mean Stress at Max  (MPa) n≧7 38.4 24.8 17.9 

Mean Strain at Max  n≧7 0.0296 0.06 0.131 

Elongation at break   < 3% 75% 200% 

Decompositon Temp. (Onset Temp.) 249.6 272.4 226.2 

Decompositon Temp. (Inflection) 268.7 284.3 247.5 

Decompositon Temp. (Endset Temp.) 273.5 291.9 258.1 
 
 
 

 
 
Fig 19. DSC result of PHA fiber showing melting temperature (Tm) and 
crystallinity 
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Fig 20. DSC result of PHA fiber showing glass transition temp (Tg) 
 

 
Fig 21. TGA result of PHA 
 

20% HV 

0%HV 

44% HV
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Fig 22. Load and displacement curve by the measurement instron (HV- 0%) 
 

 
Fig 23. Load and displacement curve by the measurement instron ( HV-20%) 
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Fig 24. Load and displacement curve by the measurement instron ( HV-44%) 
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3.2.2 Biocompatibility of PHB Different Patterns 

 

Mouse Fibroblast L929 cells were grown on salt-leaching scaffolds (Fig 25), 

film, fiber-plate and fiber-plate scaffolds (Fig 27) that were made up by fibers (Fig 

26).  

 

Fig 25. SEM result of salt-leaching scaffold (200X) 

 

Fig 26. SEM result of fiber (200X) 
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Fig 27. Photo of Fiber-plate Scaffolds 

 

The cells numbers were calculated by the standard curve (Appendix 14). The 

cells showed the highest growth on the salt-leaching scaffolds. The cells showed 

second high growth on the fiber-plate scaffolds (Fig 28). L929 cells were increased 

by 98% on the salt-leaching scaffolds, by 96% one the woven fiber scaffolds and by 

67% one the film comparing with the control (Appendix 15). Control was the cells 

grew on the coating culture dish without biomaterials. 
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Cell Proliferation of L929 on different pattern PHB for 7 days incubation
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Fig 28. Cell Proliferation of L929 on different pattern PHB after 7 days incubation 

 

  

The density of cell growing on salt-leaching scaffolds (Fig 29) and fiber-plate 

scaffold (Fig 30) were high. The cells growing on fiber-plate scaffold presented as 

spindle cell shapes and round cell shapes, but the cells growing on film (Fig 31) 

presented mainly as round cell shapes. 
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Fig 29. SEM result of L929 cells growing on salt-leaching scaffold (500X) 
 

 
Fig 30. SEM result of L929 cells growing on fiber-plate scaffold (500X) 
 

 
Fig 31. SEM result of L929 cells growing on film (500X) 
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3.3 Part III – Study of the cytotoxicity of nanoparticles 

(PHB-PEG-PHB) 

   

3.3.1 The particle sizes and zeta potentials of nanoparticles  

The molecular weight of PEG was 4000, and the molecular weights of two 

types f PHB were 3000 and 8650. The particles were dissolved in ddH2O, in which 

PHB3000 –PEG- PHB3000 was 72.66 + 7.74 nm in diameter and PHB8650-PEG- 

PHB8650 was 88.95 + 5.59 nm in diameter (Appendix 16). The zeta potentials of 

PHB3000 –PEG- PHB3000 and PHB8650-PEG- PHB8650 were 9.8654 + 0.101 mV and 

10.0346 + 0.157 mV respectively (Appendix 17). PEG is hydrophilic while PHB is 

hydrophobic. When the triblock copolymers dissolved in ddH2O, the core shell 

shape of particles would be formed as (Fig 32). These were confirmed in SEM 

photo (Fig 33). 

 

 Fig 32. The conceptual arrangement of nanoparticles in aqueous solution 
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Fig 33 a. SEM result of PHB3000 –PEG- PHB3000 (100KX) 

 

Fig 33 b. SEM result of PHB8650-PEG- PHB8650 (100KX) 

Fig 33. SEM result of nanoparticles PEG-PHB-PEG 
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3.3.2 The cytotoxicity of nanoparticles (PHB-PEG-PHB) 

The effects of nanoparticles on cell proliferation and adhesions were 

investigated. Both the two types of nanoparticles did not have cell inhibition during 

cell proliferation (Fig 35-36) of L929 cells (Appendix 19-20) and CHO-K1 cells 

(Fig 38-39) (Appendix 22-23).  PHB8650-PEG- PHB8650 did not show cell 

inhibition during the cell adhesion, however, PHB3000 –PEG- PHB3000  appeared 

some degree of cell inhibition during cell adhesion in both cell lines (Fig 34, Fig 37) 

(Appendix 18, Appendix 21).  

During the cell adhesion of CHO-K1, the degrees of cell inhibition were 

shown as follows: 6µg of PHB3000 –PEG- PHB3000 showed 4.5%, 4µg of it showed 

6.47%, 2µg showed of it 5.76% and 1µg showed of it 5.21% of cell inhibtion.  

During the cell adhesion of L929, 12 µg of it showed 9.69%, 6µg of it showed 

6.74% and 4µg of it showed 8.56% cell inhibition. 

% inhibition = cell numbers of sample – cell numbers of control   X 100% 

     cell numbers of control 

Data were presented as means + standard error of mean. Statistical 

comparisons were performed by using Student’s t-test. P-values < 0.05, which were 

considered to be statistically significant. 
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 Fig 34. Cell numbers of L929 in the presence of different amount of 

nanoparticles after 4 hours adhesion of growth  
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  Fig 35. Cell numbers of L929 in the presence of different amount of 

nanoparticles after one day incubation 
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Day 3-L929
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Fig 36. Cell numbers of L929 in the presence of different amount of 

nanoparticles after three day incubation 
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Fig 37. Cell numbers of CHO-K1 in the presence of different amount of 

nanoparticles after 4 hours adhesion of growth  



 70

Day 1 -CHO-K1

0

50000

100000

150000

200000

250000

300000

350000

Con
tro

l
EtO

H 12 6 4 2 1
0.5 12 6 4 2 1 0.5

amount of nanoparticle

ce
lls

 n
um

be
rs

Control

EtOH

PHB3000-PEG-PHB3000

PHB8650-PEG-PHB8650

Fig 38. Cell numbers of CHO-K1 in the presence of different amount of 

nanoparticles after three day incubation 
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Fig 39. Cell numbers of CHO-K1 in the presence of different amount of 

nanoparticles after one day incubation 
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3.3.3 Hemolysis testing 

The % hemolysis of nanoparticles was calculated from the standard curve 

(Appendix 24). PBS was used as negative control to 0% hemolysis and ddH2O was 

used as positive control to 100% hemolysis. The % hemolysis of PHB3000 –PEG- 

PHB3000 was -0.011% and PHB8650-PEG- PHB8650 was 0.48%. 
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Chapter 4: Discussion 

 

4.1 Part I – Study of Proliferation of Chinese Hamster Ovary 

Cells on Polyhydroxyalkanotes (PHA) Copolymer Film   

 

4.1.1 Physiochemical Properties of Extracted Biopolymers 

The extracted biopolymers were subjected to GC analysis. When compared to 

the standard, the retention time of PHB peak, PHV peak and the reference benzoic 

acid peak were around 3.12 min, 4.06 min and 5.51 min respectively (Appendix 

2-6). When the sodium propionate of the bacteria culture media increased, the % 

mol HV in the extracted biopolymers also increased. The results showed that the % 

mol HV in the extracted biopolymers of E-23% and B-23% were around 23% while 

the % mol HV in the extracted biopolymers of E-37% and B-37% were about 37%. 

The recovery yield of extracted B-23% was about 94%, meanwhile the other three 

PHBV were 100%. Some impurities and residues might not be removed, therefore, 

the purify of B-23% could not reach 100%. 
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    CH3   3’     

  O  CH2    4’    O CH3      3 

( C O CH  CH2  )x ( C O CH  CH2  )y 

     1’   2’       1   2 

All four types of PHBV had the similar pattern of 1H-NMR spectrum and 

chemical shift. There were six signals in the spectrum (Fig 3-4). The signals at 

about 0.93 ppm showed the presence of CH3- groups in the position 3, and the 

signals at 1.31 ppm showed the presence of CH3- groups in the position 3’. 

Moreover, the signals at 1.64 ppm showed the presence CH2- groups in the position 

4’, and the signals at 2.52 ppm showed the presence of CH2- groups in the position 

of 2 and 2’. Furthermore, the signals at 5.25 ppm showed the presence of CH- 

group in the postion of 1 and 1’, and the signal at about 7.29 ppm showed the 

presence of chloroform group [38]. The signal at 0.93 ppm was CH3- resonance of 

3HB while at 1.31 ppm was CH3- resonance of 3HV. However, the spectra did not 

show the presence of COOH- and OH groups, it indicated that the compounds were 

polymer instead of monomer.  

 

The melting temperatures of P(HB-co-23%-HV) of recombinant E. coli and B. 

cereus were 143.16°C and 147.26°C respectively, while P(HB-co-23%-HV) of B. 
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cereus was 101.29°C (Fig 7). However, the melting temperatures of 

P(HB-co-37%-HV) of recombinant E. coli were 72°C and162.43°C. It indicated that 

two types of PHBV were mixed together in the samples. In the case of Alcaligenes 

eutrophus, it produced more than one type of copolymer in one batch medium [66]. 

The results of GC and 1H-NMR could only show the chemical composition and the 

total percentage of HV in the samples instead of the arrangement of the chain.  

Semi-crystalline solids have both amorphous and crystalline regions. 

According to the temperature, the amorphous regions can be either in the glassy or 

rubbery states. The temperature, at which the transition between the glassy and 

rubbery state in the amorphous regions, is called the glass transition 

temperature.  The glass transition temperatures of P(HB-co-37%-HV) of 

recombinant E. coli and P(HB-co-37%-HV) of B. cereus were -6.55°C and -5.13°C 

respectively. In the meanwhile, the glass transition temperatures of 

P(HB-co-23%-HV) of recombinant E. coli and P(HB-co-23%-HV) of B. cereus 

were -1.32°C and -0.83°C respectively (Fig 8). Higher HV% means more ethyl side 

chain was presence. The higher HV%, i.e. 37%, has higher flexibility and lower 

glass transition temperature.  

P(HB-co-37%-HV) of recombinant E. coli was not single composition, 

therefore, it would not discuss here. P(HB-co-23%-HV) of B. cereus have similar 
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the physical properties including melting temperatures, glass transition 

temperatures and decomposition temperatures. It was well-known that 

P(HB-co-37%-HV) of B. cereus had higher % mol HV. Therefore, its melting 

temperature and glass transition temperature were lower [21, 38].  

 

4.1.2 Study of Proliferation of Chinese Hamster Ovary Cells on 

Extracted Biopolymers 

Although the physical properties of 23% mol HV of different bacteria were 

almost the same, they presented different surface properties including surface 

roughness and hydrophilicity. Surface properties affect the material 

biocompatibility, cell adsorption, proliferation and migration.  

The CHO-K1 cells were adhered, spread and grown more onto the positions 

with moderate hydrophilicity of wettability gradient surfaces [20]. Contact angle 

between liquid and solid is a measure of the tendency for liquid to spread over or 

wet the solid surface. The lower contact angle means that it has greater tendency for 

the liquid to wet the solid, which is more hydrophilic. If the angle is less than 90° 

the liquid is said to wet the solid. If it is greater than 90°, it is said to be non-wetting. 

A zero contact angle represents complete wetting. In this study, the most 

hydrophilic one was P(HB-co-23%-HV) of B. cereus and the most hydrophobic was 
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P(HB-co-37%-HV) of B. cereus (Fig 5). However, the growing trend of CHO-K1 

cells was not similar to the trend of hydrophilicity. The difference between the 

maximum and minimum contact angle values is called the contact angle hysteresis. 

It is typically 5 – 20°. Surface roughness is one of the influences to lead hysteresis. 

For the Wenzel equation: 

cos θapp = R ․cos θ 

 θapp is the apparent contact angle which observed by microscope. R is solid 

roughness (the ratio of the actual surface area over the projected one). Since R is 

always larger or equal to 1, surface roughness decreases contact angles for θ < 90°. 

Therefore, if the hydrophilic surface is rough, the apparent contact angle decreases 

and the surface becomes more hydrophilic [68].  

 The difference of contact angles of four PHBV films were 19° and it was in the 

range of hysteresis. Therefore, the effect of hydrophilicity was not significant on the 

cell growth. 

CHO-K1 cells showed the highest growth density was P(HB-co-23%-HV) of 

recombinant E. coli, the second high growth density on the film of 

P(HB-co-23%-HV) from B. cereus, then P(HB-co-37%-HV) of B. cereus. And the 

least was P(HB-co-37%-HV) of recombinant E. coli (Fig 10). This trend was same 

as the trend of roughness (Fig 6). It might due to the difference in the surface 
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roughness (Rq from 1784 to 6203 Å) which was large enough to mask the effect of 

hydrophilicity. This result showed that the property of the surface roughness was 

superior to hydrophilicity in CHO-K1 cells. The influences of surface roughness 

might be due to the crystallization rate and the molecular weight of PHA. In the 

solvent casting film, the interaction between the materials and solvent would alter 

evaporation rate which also affect the surface roughness. 

From the results of scanning electron microscopy, cracks were found on the 

surface of P(HB-co-23%-HV) of recombinant E. coli, P(HB-co-37%-HV) of B. 

cereus, P(HB-co-23%-HV) of B. cereus (Fig 11). Cracks could be considered to be 

a parameter to determine the surface roughness of the film. The density of the 

cracks observed by SEM was found to be consistent with the results of the surface 

roughness measurement, though SEM could not provide information about the 

depth of the cracks. It was also found that CHO-K1 cells tended to grow on the 

surface with cracks, in which case higher CHO-K1 cells density were found with 

higher cracks density. The SEM result of film of P(HB-co-23%-HV) from 

recombinant E. coli showed that a highest proportion of CHO-K1 cells grew in 

spindle cell shape when compared to other samples (Fig 12). CHO-K1 cells 

growing in spindle cell shape indicated that it was grown healthily. It may suggest 

that cracks with suitable depth and size were considered to be a factor to affect the 
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health growth of CHO-K1 cells.  

From the results of SEM of P(HB-co-37%-HV) of recombinant E. coli, a 

generally smooth film surface was observed under 1000x SEM observation (Fig 11). 

Under the SEM observation, a large proportion of CHO-K1 cells were found to be 

in round cell shape on P(HB-co-37%-HV) of recombinant E. coli, which shape was 

an indication of unhealthy growth . Also, the CHO-K1 cells showed different 

growing pattern. They grew in a way that they linked together as a chain cluster like 

structure. It was different from the CHO-K1 cells of other samples which tended to 

grow separately on the surface of the film. This may indicate that the cell to cell 

attachment is more favorable than cell to film surface attachment on the 

P(HB-co-37%-HV) of recombinant E. coli film which has a smooth surface.  

In the indirect-contact assay, the leachables of extracts from the PHBV films 

were investigated to find out if there were toxic things inside the polymer. The 

extracts of P(HB-co-23%-HV) of recombinant E. coli, P(HB-co-37%-HV) of 

recombinant E. coli and P(HB-co-37%-HV) of B. cereus did not appear toxic 

effects on the cells. But the extracts of P(HB-co-23%-HV) of B. cereus had some 

negative effects of growth inhibition and reduction of protein content (Figures 

13-14). There were some materials leached out into the extracts and the leachables 

were toxic to the CHO-K1 cells. It is known that Bacillus cereus produce 
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enterotoxins and all PHA were extracted from bacteria directly without any 

treatment. Therefore, the toxin of the extracts of P(HB-co-23%-HV) of B. cereus 

might be enterotoxin. The other explanation was the short-term effect of leachables 

of P(HB-co-23%-HV) of B. cereus showed toxic effect such as change of to the 

cells.  

 From the result of MTS assay, CHO-K1 cells grew better on the films of 

P(HB-co-23%-HV) than the films of P(HB-co-37%-HV). Though PHA film of 

P(HB-co-23%-HV) of B. cereus showed lower cell number than the of PHA film of 

P(HB-co-23%-HV) of recombinant E. coli, it could be the results of the leachables 

of the film of P(HB-co-23%-HV) of B. cereus  which give the adverse effects to 

CHO-K1 cells. Also, comparing to the surface roughness of the films, 

P(HB-co-23%-HV) of B. cereus was lower than the one of recombinant E. coli and 

it could affect the growth of CHO-K1 cells. Generally speaking, the growth of 

CHO-K1 cells on PHA film of P(HB-co-23%-HV) was better than the PHA film of 

P(HB-co-37%-HV).
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4.1.3 Biocompatibility of PHBV Film after Surface Modification by        

    Laser 

 After the PHBV films were perforated the surface by laser, the hydrophilicity 

was improved (Fig 16). The contact angle of untreated film was 76°, which was the 

most hydrophobic one. The contact angles in all laser perforated film decreased 

which indicated that the hydrophilicity increased. To the film of holes at a depth of 

30 µm and 70 µm and 50 µm and 100 µm in diameter, the contact angles were 

smaller in the one at a depth of 70 µm than 30 µm. It might due to the deeper holes 

have the rougher surfaces, which were appeared to make the contact angles 

decreased. However, the films with holes 200 µm in diameter did not show further 

decreasing of contact angle. There was one type of PHBV film without surface 

modification, such as immobilization of collagen. Therefore, 58° to 61° were the 

minimum degree of this material.   

In this part, one PHBV film was perforated by laser to have holes in the 

diameter 50 µm, 100 µm and 200 µm and at the depth 30 µm and 70 µm. The 

CHO-K1 cells grew best in the film with the holes of 200 µm in diameter and at a 

depth of 70 µm, and the least was the film with the holes of 50 µm in diameter and 

at a depth of 30 µm.  
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The trend of cell proliferation (Fig 17) was similar to the trend of 

hydrophilicity from untreated film to the films with the holes in diameter of100 µm 

and at a depth 30 µm. The more hydrophilic (lower contact angle) of PHBV film 

had higher cell numbers and vice versa. Compared the films with the holes in 

diameter of 100 µm and at a depth 70 µm to the one in diameter 200 µm and at a 

depth 30 µm, the cells grew better in the deeper hole instead of wider one. 

Moreover, cells grew best in the hole in the diameter 200 µm and at a depth 70 µm. 

From the above mentioned results, CHO-K1 cells grew better on the more 

roughness film. The roughest film in this part should be the films with holes in 

diameter of 200 µm and at a depth 70 µm, the second rough film should be the one 

in diameter 100 µm and at a depth 70 µm. The depth parameter was important in 

this part for the growth of CHO-K1 cells.  

Though the difference of contact angles in this part was small (58 to 76°) and 

it was in the range of hysteresis, the surface roughness properties could not be 

superior to the hydrophilicity effect. It indicated that the difference of the surface 

roughness was not very large. 
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            50µm 
 
                    100µm                            70µm 
 
   a          b 
Fig 40. The films were perforated before (a) and after (b) by laser 
 

Although the surfaces appeared flat and homogeneous to naked eye, they were 

rough at microscopic or submicroscopic level. In Fig 40a, the depth of roughness of 

the film might be several nm to several µm. In solvent casting film, the major 

reasons for the surface roughness were the crystallization and evaporation rate. 

Both rates were uncontrollable; therefore, the surface roughness of solvent casting 

film was uncontrollable. In Fig 40b, the solvent casting film was perforated by laser 

to make the even pattern, depth and width of holes.  

Although the surface roughness could not be controlled easily, laser 

perforation is a good method to produce a desirable surface roughness. 
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4.2 Part II –Study of proliferate ion of cells on different 

patterns of Poly-3-hydroxyalkanoates (PHA) 

 

4.2.1 Physiochemical Properties of PHBV Fibers 

  

Fig 41. Mini-Lab Extruder for fiber making 

 

 The extruder was preheated to the temperature about 10℃ larger than the 

melting point of the materials. Dried PHA samples were injected; the screw inside 

the extruder mixed the melted PHA thoroughly. The PHA fibers extruded and 

collected by the rotor. Because the temperature dropped dramatically, the melted 

PHA cooled down to become fibers in very short time. 
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The SEM pictures of fibers (Fig 18) showed the increased surface roughness in 

ascending from P(HB-co-0%-HV) (PHB) to P(HB-co-20%-HV), and 

P(HB-co-44%-HV). PHB crystallized to form large spherulites when cooled down 

slowly after melting [21, 38, 52]. The well packed PHB homopolymer made the 

smoothest surface of the fiber. The fibers of P(HB-co-20%-HV) and 

P(HB-co-44%-HV) crystallized in the PHB lattice, and the ethyl side chains of the 

3HV units prevented the crystallization of PHB lattice due to steric effects [21, 38, 

52]. More ethyl side chains in P(HB-co-44%-HV) made its more bulky and the 

loose packing of this copolymer made the roughness increased. Also, the decreasing 

of crystallinity, glass transition and melting temperature indicated that more 3HV 

units in the fibers, lead to lesser crystalline. 

 PHB is stiff and brittle due to the crack within spherulites that formed under 

the conditions of no externally applied stress [21].The mechanical properties should 

be improved in copolymers. From the results, when 3HV units increased, 

copolymers became more flexible by decreasing of Young Modulus and increasing 

the elongation at break from <3% to 200%.  
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4.2.2 Biocompatibility of PHB Different Patterns  

 Poly-3-hydroxybutyrate (PHB) was the biomaterial used in this section. 

Surface physiochemical properties including surface morphology, surface chemistry, 

surface charge and surface roughness are correlated to cell adhesion, protein 

adsorption and cell proliferation. Biomaterials fabricated into film or porous forms 

can be used to study these properties. However, the surface topography of 

salt-leaching scaffold is different from the film. The uncontrolled and uneven 

patterns are the limitation of the salt-leaching scaffolds. To overcome this problem, 

a 3-D scaffold make-up by woven fibers was used to study the surface relationship 

between tissue cell and the biomaterial.  

In the experiment, 200-250µm of sodium chloride particles was used to 

produce salt-leaching scaffolds. PHB was melt and fibers were made by extrusion. 

Woven fiber-plates were banded to build up scaffolds. The proliferation of L929 

fibroblast was increased by 98% in salt-leaching scaffolds, by 96% in fiber-plate 

scaffolds and by 67% in film, when compared with the control (Fig 28). The L929 

fibroblasts grew on PHB film showed almost round shape, which indicated its 

unhealthy growth (Fig 31). The poor mechanical properties of PHB were not 

favorable to cell growth. In the fiber-plate, cells grew like chain clusters (Fig 30) 

that indicated that the cell to cell attachment is more favorable than cell to surface 
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attachment. The 3D structure of scaffolds gave enough space for cell growing. The 

salt-leaching scaffolds (Fig 29) had enough space for the cells growing, but the 

uneven and uncontrolled pattern gave limited to the design of scaffolds for tissue. 

The mechanical properties of fibers, such as elongation at break and Young 

Modulus etc, could be investigated directly and these properties can determine the 

architecture of tissue during the development stage. In addition, the surface 

properties of fibers could be easily measured and controlled. Fibers can be woven 

together and designed to be a suitable shape in a controllable way.  

The other advantage of woven fibers is the consistent pattern of its surface. 

Surface modification, including chemically grafted functional groups, physically 

immobilized collagen and ion implantation, could be carried easily before the 

fabrication of 3D scaffolds. The surface modification and characterization in woven 

fibers were easier than salt-leaching scaffold.  

Some in vivo experiments of using PHA fibers or sutures indicated that PHA 

did not show any adverse effect in short and long terms [18-19]. Therefore, woven 

fiber scaffolds showed no adverse effects on implantation. 
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4.3 Part III – Study of the cytotoxicity of nanoparticles 

(PHB-PEG-PHB) 

   

4.3.1 The physiochemical properties of nanoparticles  

 In this part, the particle sizes and zeta potentials of two nanoparticles were 

investigated. The size of PHB8650-PEG- PHB8650 was larger than PHB3000-PEG- 

PHB3000, however, the size difference between two particles was as small as 17 nm. 

In fact, the molecular weight of PHB in PHB8650-PEG- PHB8650 was 8650 and 

PHB3000-PEG- PHB3000 was 3000. Also, the particle sizes of PHB3000-PEG- PHB3000 

was 72.66 + 7.74 nm and PHB8650-PEG- PHB8650 was 88.95 + 5.59 nm. The results 

of SEM (Fig 33) did not show significant difference, besides it showed the core 

shell shape of nanoparticles.    

 The PHB-PEG-PHB nanoparticles had low positive zeta-potential values, 

PHB3000-PEG- PHB3000 was 9.8654 + 0.101 mV and PHB8650-PEG- PHB8650 was 

10.0346 + 0.157 mV, which were relatively close to neutral. In order to increase 

encapsulation efficiency, zeta potential at or close to the neutralization zone is 

desirable. Moreover, the hydrophobic PHB homopolymer could not dissolve into 

aqueous solution. When PHB dissolved into chloroform with polyvinyl alcohol 

(PVA), it had negative zeta potential [63]. The presence of PEG on the surface 
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would increase the zeta potential [57, 64]. And it might due to PHB-PEG-PHB have 

high surface to volume ratio and small in size. Moreover, the negative charge of 

PHB should be low, because the ratio of PHB: PEG was 2: 1 and the zeta potential 

was positive. 

 

4.3.2 The cytotoxicity of nanoparticles  

 Two types of animal cells, Chinese Hamster Ovary cell CHO-K1 and Mouse 

Fibroblasts L929, were used to investigate the cytotoxicity of nanoparticles. The 

effects on cell adhesion and cell proliferation were investigated. The nanoparticles 

were added during cell seeding, then incubated for 4 hours. This can be used to 

observe whether the nanoparticles had toxic effect on the cell adhesion or not. In 

order to estimate the effect on the cell proliferation, cells were incubated for 1 day 

first, then the nanoparticles were added for further 1 day and 3 days incubation. The 

viability of cells which was evaluated by MTS assay to various amounts of 

nanoparticles, were 12µg, 6µg, 4µg, 2µg, 1µg and 0.5µg. The maximum 

concentration in this study was 120µg/mL cells to ensure the nanoparticles had no 

toxicity. Although, other researcher had used 9µg/mL of oligo-3-hydroxybutyrates 

(OHB) as maximum doses [59], the concentration used in this experiment was 

appeared to be more reliable.   
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Addition of ddH2O was the negative control and appeared the normal cell 

growth numbers. If the nanoparticles caused the cell numbers decreasing more than 

10%, it seemed to have cell inhibition. In another hand, 10% ethanol was the 

positive control, the cells inhibition occurred significantly. The results supported 

that two types of nanoparticles had no toxic effect in the cell proliferation (Fig 35, 

36, 38, 39). Nonetheless, some degree of cell inhibition was observed during cell 

adhesion (Fig 34, 37). PHB3000-PEG- PHB3000 showed slightly cell inhibition and 

the percentage of cell inhibition was less than 10%. If the inhibition of cell growth 

is in the range 0-10%, the cytotoxicity index is zero [65]. Hence, it supported that 

PHB3000-PEG- PHB3000 also had no toxic effect to cell adhesion. Therefore, 

PHB-PEG-PHB nanoparticles are considered to be biocompatible and have no 

cytotoxicity. Also, the low zeta potential of nanoparticles was in favor of the 

biocompatibility and no cytotoxicity.  

The in vitro hemolysis assay, PHB3000-PEG- PHB3000 showed -0.11% 

hemolysis that insisted on 0% hemolysis. PHB8650-PEG- PHB8650 presented 0.48% 

hemolysis. The general limit percent of hemolysis to succeed in hemolysis tests was 

selected at 5.0% [60]. Therefore, two types of nanoparticles had no hemolysis effect 

in blood. 

PEG is always used to make drugs by pegylation. It can alter its distribution in 
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the body, metabolism, and excretion. Such alteration can lead to improved dosing 

intervals and beneficial effects on safety and efficacy. Pegylation can be used to 

mask certain drugs such as interferon from the immune system, so that prevented 

rejection.  

R-3-hydroxybutanoic acid is a normal metabolite found in human blood. Some 

low molecular weight forms of PHB have also been detected in human tissues and 

blood serum. Up to 20-30% of PHB is correlated with lipoprotein [52].  

PHB is highly biocompatible, however, some reports showed that PHB caused 

slightly cytotoxic in some in vitro animal tests and inflammatory reaction in vivo. In 

addition, it is reported that PHB would activate the hemostasis system. The 

probable reason was that PHB had some impurities or endotoxin produced by 

gram-negative bacteria. In this experiment, PHB was chemically synthesized to 

triblock copolymers and filtered using disposable 0.45 μm Millipore filters to 

remove impurities. So, this adverse factor would be eliminated.  

Because of PHB is lipophilic, the PHB-PEG-PHB particles might correlate to 

lipoprotein in cells and in blood and not cause any response inside. Therefore, 

PHB-PEG-PHB nanoparticles showed its biocompatibility in animal cells and 

blood.  

The structure of the nanoparticles in aqueous solution had PHB core shell in 
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the centre, so that the hydrophobic drugs could be carried in this system.  Besides, 

PHB-PEG-PHB particles were in nano sizes, which would increase the uptake 

mechanism in body. Although smaller particle size decreases the loading capacity, it 

increases the rate of drug release. The other advantage of using PHB as drug carrier 

is the long degradation time of PHB. The drug release from PHB is completed well 

before the degradation of PHB, so the drug release is entirely diffusion controlled. 

Moreover, the enzyme, esterases, inside the body would break the ester bond of 

PHB. The drug release time would be calculated more accurately.  
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Chapter 5: Conclusion 

Although the physical properties of same ratio of HB and HV from different 

bacteria were almost the same, they presented different surface properties including 

surface roughness and hydrophilicity. The film with roughness and cracks was favor 

to the CHO-K1 cells attachment. The smoother film was not suitable for the 

attachment of CHO-K1 cells. In this study, the major factor affecting CHO-K1 

growth was surface roughness. The influences of surface roughness might be due to 

the crystallization rate and the molecular weight of PHA. In the solvent casting film, 

the interaction between the materials and solvent would alter evaporation rate 

which also affect the surface roughness. Both crystallization and evaporation rate 

could not be controlled easily; laser perforation was a good method on solvent 

casting film. Surface could be modified by using laser perforation to produce the 

holes with even pattern, depth and width. Moreover, laser perforation improved the 

hydrophilicity of films to make the better environment for cell growth. 

In the second part, PHB fiber-plate scaffolds could be replaced by PHB 

salt-leaching scaffolds on the proliferation of L929 fibroblasts. The fiber-plate 

scaffolds have the advantages of consistent pattern, easy control and simple 

measurement of mechanical and surface properties. The mechanical and surface 

properties would affect the cell growth and different cells need different type of 
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physical support. Therefore, the accurate calculations of mechanical and surface 

properties are important. After a suitable biomaterial was chosen, fibers can be 

woven together and designed to be a suitable shape under a controllable way. For 

example, fibers could be woven in the shape of heart valves, so that the cells of 

heart valves could seed on woven-fiber scaffold for in vitro culture and also in vivo 

implantation.  

Finally, the two types of nanoparticle were in nano sizes, low positive zeta 

potential, no cytotoxicity and hemolysis. The small sizes can increase the uptake 

mechanism in body and the release rate of drug. Zeta potential at or close to the 

neutralization zone is desirable to increase encapsulation efficiency. Moreover, the 

particles showed no cytotoxic and hemolysis on CHO-K1 and L929 cells, it 

indicated that they are biocompatible when it is used for drug delivery system. For 

the medical application of these two nanoparticles in drug delivery system, the 

further work such as the investigation of hydrophobic drug loading capacity, the 

rate of cell uptake and the rate of drug release, should be done.  

For further study, collagen can be coated on the salt-leaching scaffolds and fiber-plate 

scaffold. Fibers are easily coated with collagen before building up as scaffolds. It is 

expected that higher amounts of collagen would be coated on fiber-plate scaffolds than 

salt-leaching scaffold to give higher cell proliferation.  
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Moreover, the encapsulation of bovine albumin (BSA) labeled with fluorescein 

isothiocyanate (FITC) inside the nanoparticles can be done. Under the examination of 

confocal microscopy, the capability of the nanoparticles encapsulates proteins and 

transports proteins passing through animal cell membranes can be investigated.  
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Appendix 1 

 
Composition of municipal solid waste in 2002  
(Environmental Protection Department. The Government of the Hong Kong Special 
Administrative Region.) 
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Appendix 2 

 
GC Spectrum of PHBV 7:3 standard 
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Appendix 3 

 
GC Spectrum of E-23% 
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Appendix 4 

 

 
GC Spectrum of E-37% 
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Appendix 5 

 
GC Spectrum of B-23% 
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Appendix 6 

 
GC Spectrum of B-37% 
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Appendix 7 
 Film  1  2  3  4  5 Average SD 

E-37% 78 78.2 76 73 76.3 76.3 2.090454 

E-23% 83.3 75.5 79.3 81.6 77.3 79.4 3.149603 

B-37% 85.1 85.5 85 85.9 81.8 84.66 1.637987 

B-23% 62.8 65.4 70.2 67.3 63.9 65.92 2.928652 

Raw data of contact angles of films (n=5) 

 

Appendix 8 
 Film 1  2  3  4  5 Average SD 

E-37% 1998.7 1843.2 964.4 1969.1 2147.6 1784.6 471.1184 

E-23% 6773.5 4047.8 6892.3 6161.1 7139 6202.74 1257.313 

B-37% 1604.3 1580.3 1099.4 2823.3 3460.9 2113.64 986.3174 

B-23% 3330.6 2543.4 2319 2451.6 2809.2 2690.76 400.1691 

Raw data of surface roughness of films (n=5) 
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Appendix 9 
  1 2 3 Average SD Cell Count   Average 

C/10 0.024 0.036 0.044 0.035 0.010066446 30000 38000 34000

C/5 0.107 0.096 0.121 0.108 0.012529964 56000 63000 59500

C/2 0.444 0.362 0.376 0.394 0.043863424 151000 163000 157000

C 0.536 0.63 0.651 0.606 0.061239965 265000 202000 233500

Raw data of CHO-K1 of standard curve 
 

Standard Curve of CHO proliferation

y = 3E-06x - 0.0619
R2 = 0.9998
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Appendix 10 

  

Absorbance 

(490nm)       Average SEM 

E-37% 0.249 0.171 0.166 0.253 0.210 0.023852 

E-23% 0.47 0.373 0.564 0.66 0.517 0.061646 

B-37% 0.279 0.306 0.261 0.267 0.278 0.009978 

B-23% 0.269 0.311 0.324 0.278 0.296 0.013105 

 
          Average SEM 

E-37% 103633.3 77633.33 75966.67 104966.7 90550.000 7950.512 

E-23% 177300 144966.7 208633.3 240633.3 192883.333 20548.67 

B-37% 113633.3 122633.3 107633.3 109633.3 113383.333 3326.034 

B-23% 110300 124300 128633.3 113300 119133.333 4368.447 

Raw data of CHO-K1 cell proliferation of direct contact on PHBV films 
 

 

Appendix 11 
  1 2 3 Average SEM   

E-37% 0.19 0.198 0.189 0.192333 0.002848   

E-23% 0.198 0.205 0.188 0.197 0.004933   

B-37% 0.185 0.182 0.191 0.186 0.002646   

B-23% 0.104 0.108 0.129 0.113667 0.007753   

Latex 0.018 0.009 0.003 0.01 0.004359   

Control 0.185 0.172 0.182 0.179667 0.00393   

        

  1 2 3 Average SEM t-t (Control) t-t (latex) 

E-37% 83966.67 86633.33 83633.33 84744.44 949.3337 0.059429308 3.97E-06

E-23% 86633.33 88966.67 83300 86300 1644.294 0.051465043 9.14E-06

B-37% 82300 81300 84300 82633.33 881.9171 0.25224288 4.2E-06

B-23% 55300 56633.33 63633.33 58522.22 2584.379 0.001613936 0.00031

Latex 26633.33 23633.33 21633.33 23966.67 1452.966 8.52211E-06   

Control 82300 77966.67 81300 80522.22 1309.981   8.52E-06

Raw data of CHO-K1 cell proliferation of indirect contact on PHBV films 
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Appendix 12a 
BSA standard (595nm)  conc. of BSA : 1.37 mg/mL  

  1 2 3 4 5 6 7

BSA (ul) 0 0.5 1 2 3 5 10

water 10 9.5 9 8 7 5 0

Bradford (ul) 200 200 200 200 200 200 200

i 0 0.108 0.219 0.352 0.475 0.749 0.941

ii 0 0.101 0.206 0.367 0.493 0.752 0.928

Average 0 0.1045 0.2125 0.3595 0.484 0.7505 0.9345

BSA (ug) 0 0.685 1.37 2.74 4.11 6.85 13.7

SD 0 0.00495 0.009192 0.0106066 0.012728 0.00212132 0.009192388

Raw data of standard curve of protein assay 
 

BSA standard

y = 0.1071x + 0.0372

R2 = 0.9906
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Appendix 12b 
 

  1a 1b 1 2a 2b 2 3a 3b 3

E-37% 0.739 0.795 0.767 0.758 0.752 0.755 0.829 0.847 0.838

E-23% 0.834 0.894 0.864 0.804 0.826 0.815 0.827 0.79 0.8085

B-37% 0.718 0.736 0.727 0.68 0.735 0.7075 0.709 0.745 0.727

B-23% 0.647 0.66 0.6535 0.588 0.621 0.6045 0.669 0.617 0.643

Latex 0.217 0.253 0.235 0.169 0.18 0.1745 0.251 0.245 0.248

Control  0.812 0.761 0.7865 0.636 0.723 0.6795 0.76 0.757 0.7585

          

Protein (ug) 1 2 3 Average SD t-t (Control) t-t (latex)   

E-37% 13.628385 13.404295 14.95425 13.99564 0.8377 0.3344868 7.90969E-05   

E-23% 15.439776 14.524743 14.40336 14.78929 0.56659 0.0742777 2.86955E-05   

B-37% 12.881419 12.517274 12.88142 12.76004 0.21024 0.5555737 2.88428E-05   

B-23% 11.50887 10.593838 11.31279 11.1385 0.48177 0.0379468 0.000106664   

Latex 3.6937442 2.5639589 3.936508 3.39807 0.73249 0.000184     

Control  13.99253 11.994398 13.46965 13.15219 1.0362   0.000183987   

Raw data of protein assay of indirect contact of PHBV films 
Red in color presented p < 0.05 and they are statistically significant 
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Appendix 13 
 No pore 50W/30D 50W/70D 100W/30D 100W/70D 200W/30D 200W/70D 

1 0.128 0.16 0.197 0.184 0.251 0.215 0.271 

2 0.095 0.193 0.18 0.177 0.235 0.227 0.281 

3 0.129 0.087 0.195 0.15 0.257 0.235 0.251 

Average 0.117333 0.146667 0.190667 0.170333 0.2476667 0.2256667 0.2676667 

        

 No pore 50W/30D 50W/70D 100W/30D 100W/70D 200W/30D 200W/70D 

1 63300 73966.67 86300 81966.67 104300 92300 110966.67 

2 52300 84966.67 80633.33 79633.33 98966.667 96300 114300 

3 63633.33 49633.33 85633.33 70633.33 106300 98966.667 104300 

Average 59744.44 69522.22 84188.89 77411.11 103188.89 95855.556 109855.56 

SEM 3723.466 10439.12 1788.164 3455.18 2188.6351 1937.2884 2939.7237 

Raw data of CHO-K1 cells three days incubation of laser-perforated films 
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Appendix 14 

  1 2 3 4 Average SD 
Cell 

Count  
      Average

L/10 0.144 0.138 0.13 0.131 0.136 0.00655 35000 30000 27500 35000 31875

L/5 0.208 0.204 0.207 0.209 0.207 0.00216 77500 62500 70000 72500 70625

L/2 0.502 0.454 0.421 0.469 0.462 0.03363 187500 195000 177500 202500 190625

L 0.795 0.681 0.607 0.635 0.680 0.08282 337500 357500 325000   340000

Raw data of L929 of standard curve 
 

Standard Curve of L929

y = 2E-06x + 0.0883

R2 = 0.9921
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Appendix 15 
        Average S.D 

Control 0.289 0.216 0.325 0.276667 0.055537 

Fiber Plate 0.216 0.276 0.259 0.250333 0.030925 

Salt Scaffold 0.553 0.313 0.52 0.462 0.130088 

Fiber Plate Scaffold 0.555 0.446 0.37 0.457 0.092989 

Film 0.462 0.392 0.355 0.403 0.054342 

      

        Average S.D 

Control 100350 63850 118350 94183.33 27768.39 

Fiber Plate 63850 93850 85350 81016.67 15462.32 

Salt Scaffold 232350 112350 215850 186850 11667.26 

Fiber Plate Scaffold 233350 178850 140850 184350 38537.32 

Film 186850 151850 133350 157350 27170.76 

Raw data of L929 cell proliferation for 7 days incubation 
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Appendix 16 
1 67.3   1 86.6

2 74.8   2 85.1

3 65.4   3 84.9

4 63.5   4 89

5 69.5   5 87

6 88.8   6 88.3

7 80.1   7 82.7

8 67.6   8 97.9

9 76.9   9 88.1

10 72.65   10 99.9

Average 72.655   Average 88.95

SD 7.741247746   SD 5.585347895

The raw data of particles size of            The raw data of particles size of  
PHB3000-PEG- PHB3000          PHB8650 –PEG- PHB8650 
 
 

Appendix 17 
 
  Zeta(mV)    Zeta(mV) 

1 9.888  1 10.208

2 9.9  2 9.863

3 9.763  3 10.163

4 10.005  4 10.055

5 9.771  5 9.884

Average 9.8654  Average 10.0346

S.D 0.100739  S.D 0.157399

Raw data of zeta potential of           Raw data of zeta potential of 
PHB3000-PEG- PHB3000         PHB8650 –PEG- PHB8650 
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Appendix 18 

              Average SEM 
T-Test 

(Control) 
 

  Control 0.722 0.75 0.705 0.726   0.72575 0.00232    

  EtOH 0.324 0.335 0.313 0.326   0.3245 0.00113 1.93238E-08  

  12 0.68 0.666 0.642 0.659 0.673 0.664 0.00146 0.000805062  

PHB3000-PEG-PHB3000 6 0.707 0.686 0.704 0.661 0.656 0.6828 0.00237 0.021056628  

  4 0.727 0.658 0.652 0.662 0.657 0.6712 0.00314 0.018580068  

  2 0.734 0.722 0.7 0.878 0.664 0.7396 0.00818 0.752830697  

  1 0.711 0.689 0.714 0.667 0.699 0.696 0.0019 0.050653401  

  0.5 0.743 0.694 0.718 0.666 0.828 0.7298 0.00619 0.904072519  

  12 0.801 0.703 0.717 0.687 0.665 0.7146 0.0052 0.698404452  

PHB8650-PEG-PHB8650 6 0.793 0.658 0.672 0.689 0.721 0.7066 0.00537 0.522202224  

  4 0.777 0.656 0.663 0.69 0.69 0.6952 0.00483 0.274953823  

  2 0.76 0.659 0.692 0.688 0.682 0.6962 0.00379 0.199670843  

  1 0.737 0.845 0.637 0.636 0.654 0.7018 0.00902 0.622155131  

  0.5 0.899 0.816 0.568 0.588 0.652 0.7046 0.0146 0.784607884  

            

              Average SEM 
T-Test 

(Control) 

% 

inhibition

  Control 316850 330850 308350 318850   318725 1159.62     

  EtOH 117850 123350 112350 118850   118100 564.81 1.93238E-08   

  12 295850 288850 276850 285350 292350 287850 728.869 0.000805062 -9.69%

PHB3000-PEG-PHB3000 6 309350 298850 307850 286350 283850 297250 1182.9 0.021056628 -6.74%

  4 319350 284850 281850 286850 284350 291450 1569.79 0.018580068 -8.56%

  2 322850 316850 305850 394850 287850 325650 4091.09 0.752830697   

  1 311350 300350 312850 289350 305350 303850 951.315 0.050653401   

  0.5 327350 302850 314850 288850 369850 320750 3093.22 0.904072519   

  12 356350 307350 314350 299350 288350 313150 2601.35 0.698404452   

PHB8650-PEG-PHB8650 6 352350 284850 291850 300350 316350 309150 2685.75 0.522202224   

  4 344350 283850 287350 300850 300850 303450 2413.35 0.274953823   

  2 335850 285350 301850 299850 296850 303950 1894.2 0.199670843   

  1 324350 378350 274350 273850 282850 306750 4511.01 0.622155131   

  0.5 405350 363850 239850 249850 281850 308150 7298.25 0.784607884   

Raw data of cell numbers of L929 in the presence of different amount of 
nanoparticles after 4 hours adhesion of growth  
Red in color presented p < 0.05 and they are statistically significant 
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Appendix 19 

Day 1       Average SEM 
T-Test 

(Control) 

  Control 0.802 0.498 0.78 0.737   0.7043 0.0175   

  EtOH 0.054 0.047 0.05 0.032   0.0458 0.0012 8.35E-05

  12 0.736 0.7 0.688 0.71 0.684 0.7036 0.0021 0.991984

PHB3000-PEG-PHB3000 6 0.768 0.772 0.739 0.743 0.697 0.7438 0.003 0.552442

  4 0.777 0.742 0.732 0.739 0.689 0.7358 0.0031 0.634866

  2 0.777 0.735 0.726 0.738 0.675 0.7302 0.0037 0.698412

  1 0.748 0.73 0.716 0.716 0.693 0.7206 0.002 0.800815

  0.5 0.748 0.728 0.723 0.748 0.712 0.7318 0.0016 0.670501

  12 0.724 0.679 0.675 0.706 0.709 0.6986 0.0021 0.930439

PHB8650-PEG-PHB8650 6 0.71 0.693 0.701 0.734 0.731 0.7138 0.0018 0.882344

  4 0.688 0.684 0.682 0.694 0.712 0.692 0.0012 0.848605

  2 0.701 0.681 0.681 0.692 0.687 0.6884 0.0008 0.804603

  1 0.656 0.655 0.67 0.649 0.683 0.6626 0.0014 0.522821

  0.5 0.684 0.658 0.651 0.67 0.649 0.6624 0.0015 0.521213

          

y = 2E-06x + 0.0883       Average SEM 
T-Test 

(Control) 

  Control 356850 204850 345850 324350   307975 8757.8   

  EtOH -17150 -20650 -19150 -28150   -21275 600.29 8.35E-05

  12 323850 305850 299850 310850 297850 307650 1040.2 0.991984

PHB3000-PEG-PHB3000 6 339850 341850 325350 327350 304350 327750 1498.9 0.552442

  4 344350 326850 321850 325350 300350 323750 1571.4 0.634866

  2 344350 323350 318850 324850 293350 320950 1826.7 0.698412

  1 329850 320850 313850 313850 302350 316150 1013.4 0.800815

  0.5 329850 319850 317350 329850 311850 321750 794.04 0.670501

  12 317850 295350 293350 308850 310350 305150 1045.6 0.930439

PHB8650-PEG-PHB8650 6 310850 302350 306350 322850 321350 312750 906.5 0.882344

  4 299850 297850 296850 302850 311850 301850 604.15 0.848605

  2 306350 296350 296350 301850 299350 300050 420.71 0.804603

  1 283850 283350 290850 280350 297350 287150 687.93 0.522821

  0.5 297850 284850 281350 290850 280350 287050 730.24 0.521213

Raw data of cell numbers of L929 in the presence of different amount of 
nanoparticles after one day incubation  
Red in color presented p < 0.05 and they are statistically significant 
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Appendix 20 

Day 3        Average SEM 
T-Test 

(Control) 

  Control 0.9 0.928 1.149 0.883   0.965 0.01551   

  EtOH 0.015 0.028 0.012 0.007 0.006 0.0136 0.00111 4.9863E-06

  12 0.918 0.959 0.927 0.904 0.885 0.9186 0.00276 0.43664038

PHB3000-PEG-PHB3000 6 0.885 0.94 0.886 0.858 0.896 0.893 0.00298 0.24352816

  4 0.938 1.237 0.898 0.864 0.858 0.959 0.01586 0.95248522

  2 0.925 0.936 0.827 0.928 0.885 0.9002 0.00454 0.30957751

  1 0.937 0.956 0.825 0.745 0.917 0.876 0.00888 0.24839827

  0.5 1.189 0.929 0.884 0.872 0.894 0.9536 0.01333 0.89922471

  12 0.894 0.864 0.923 0.936 0.913 0.906 0.0028 0.32955051

PHB8650-PEG-PHB8650 6 0.899 0.854 0.894 0.907 0.887 0.8882 0.00205 0.20865995

  4 0.827 0.86 0.901 0.913 1.06 0.9122 0.00894 0.48051713

  2 0.869 0.897 0.889 0.885 0.877 0.8834 0.00108 0.17978595

  1 0.864 0.717 0.902 0.96 0.909 0.8704 0.00923 0.22932224

  0.5 0.889 0.933 0.905 0.938 0.999 0.9328 0.00421 0.5992769

           

y = 2E-06x + 0.0883       Average SEM 
T-Test 

(Control) 

  Control 405850 419850 530350 397350   438350 7753.86   

  EtOH -36650 -30150 -38150 -40650   -36400 560.18 4.9863E-06

  12 414850 435350 419350 407850 398350 415150 1379.58 0.43664038

PHB3000-PEG-PHB3000 6 398350 425850 398850 384850 403850 402350 1490.81 0.24352816

  4 424850 574350 404850 387850 384850 435350 7932.21 0.95248522

  2 418350 423850 369350 419850 398350 405950 2271.95 0.30957751

  1 424350 433850 368350 328350 414350 393850 4441.57 0.24839827

  0.5 550350 420350 397850 391850 402850 432650 6664.89 0.89922471

  12 402850 387850 417350 423850 412350 408850 1402.23 0.32955051

PHB8650-PEG-PHB8650 6 405350 382850 402850 409350 399350 399950 1023.11 0.20865995

  4 369350 385850 406350 412350 485850 411950 4468.98 0.48051713

  2 390350 404350 400350 398350 394350 397550 540.37 0.17978595

  1 387850 314350 406850 435850 410350 391050 4615.82 0.22932224

  0.5 400350 422350 408350 424850 455350 422250 2106.66 0.5992769

Raw data of cell numbers of L929 in the presence of different amount of 
nanoparticles after three day incubation  
Red in color presented p < 0.05 and they are statistically significant 
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Appendix 21 

        Average SEM 
T-Test 

(Control) 
 

  Control 0.768 0.788 0.756 0.777 0.804 0.7786 0.0082    

  EtOH   0.477 0.124 0.224   0.275 0.105 0.00063  

  12 0.786 0.771 0.702 0.705 0.732 0.7392 0.017 0.07095  

PHB3000-PEG-PHB3000 6 0.761 0.762 0.708 0.737 0.736 0.7408 0.0099 0.01901  

  4 0.75 0.727 0.73 0.715 0.699 0.7242 0.0084 0.00173  

  2 0.735 0.739 0.737 0.713 0.727 0.7302 0.0048 0.00095  

  1 0.706 0.754 0.718 0.734 0.762 0.7348 0.0105 0.01129  

  0.5 0.745 0.794 0.737 0.725 0.832 0.7666 0.0201 0.59619  

  12 0.767 0.77 0.779 0.794 0.544 0.7308 0.0469 0.3452  

PHB8650-PEG-PHB8650 6 0.787 0.789 0.823 0.824 0.773 0.7992 0.0103 0.15699  

  4 0.716 0.752 0.809 0.786 0.775 0.7676 0.0158 0.55486  

  2 0.783 0.755 0.788 0.757 0.755 0.7676 0.0074 0.34869  

  1 0.738 0.764 0.822 0.776 0.758 0.7716 0.014 0.67827  

  0.5 0.751 0.789 0.871 0.811 0.832 0.8108 0.0202 0.17748  

                     

              Average SEM 
T-Test 

(Control) 

% 

inhibition

  Control 276633 283300 272633 279633 288633 280167 2747.9     

  EtOH 20633.3 179633 61966.7 95300 20633.3 75633.3 38122 0.00012   

  12 282633 277633 254633 255633 264633 267033 5679.8 0.07095   

PHB3000-PEG-PHB3000 6 274300 274633 256633 266300 265967 267567 3308.9 0.01901 -4.50%

  4 270633 262967 263967 258967 253633 262033 2815.4 0.00173 -6.47%

  2 265633 266967 266300 258300 262967 264033 1586.1 0.00095 -5.76%

  1 255967 271967 259967 265300 274633 265567 3512.5 0.01129 -5.21%

  0.5 268967 285300 266300 262300 297967 276167 6708.7 0.59619   

  12 276300 277300 280300 285300 201967 264233 15645 0.3452   

PHB8650-PEG-PHB8650 6 282967 283633 294967 295300 278300 287033 3432.5 0.15699   

  4 259300 271300 290300 282633 278967 276500 5277.4 0.55486   

  2 281633 272300 283300 272967 272300 276500 2453.1 0.34869   

  1 266633 275300 294633 279300 273300 277833 4673.3 0.67827   

  0.5 270967 283633 310967 290967 297967 290900 6718.5 0.17748   

Raw data of cell numbers of CHO-K1 in the presence of different amount of 
nanoparticles after one day incubation 
Red in color presented p < 0.05 and they are statistically significant 
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Appendix 22 

Day 1       Average SEM 
T-Test 

(Control) 

  Control 0.825 0.687 0.801 0.797 0.855 0.793 0.02845   

  EtOH 0.007 0.006 0.01 0.007 0.009 0.0078 0.00095 3.209E-09

  12 0.737 0.773 0.753 0.783 0.773 0.7638 0.00828 0.3532226

PHB3000-PEG-PHB3000 6 0.741 0.75 0.736 0.75 0.748 0.745 0.00279 0.1316062

  4 0.758 0.776 0.754 0.764 0.75 0.7604 0.00453 0.2905304

  2 0.741 0.765 0.755 0.757 0.773 0.7582 0.00535 0.2636379

  1 0.76 0.75 0.745 0.765 0.76 0.756 0.00367 0.2330967

  0.5 0.752 0.749 0.749 0.779 0.771 0.76 0.00628 0.2900954

  12 0.775 0.806 0.85 0.717 0.845 0.7986 0.02456 0.8852376

PHB8650-PEG-PHB8650 6 0.761 0.797 0.803 0.803 0.892 0.8112 0.02166 0.62448

  4 0.759 0.786 0.807 0.833 0.893 0.8156 0.02286 0.5529183

  2 0.778 0.802 0.82 0.828 0.903 0.8262 0.02103 0.375491

  1 0.772 0.786 0.802 0.832 0.897 0.8178 0.02217 0.5111402

  0.5 0.777 0.741 0.744 0.771 0.735 0.7536 0.00851 0.2211322

           

 y=3E-06x + 0.0619      Average SEM 
T-Test 

(Control) 

  Control 295633 249633 287633 286300 305633 284967 9482.15   

  EtOH 22966.7 22633.3 23966.7 22966.7 23633.3 23233.3 316.228 3.209E-09

  12 266300 278300 271633 281633 278300 275233 2761.64 0.3532226

PHB3000-PEG-PHB3000 6 267633 270633 265967 270633 269967 268967 930.949 0.1316062

  4 273300 279300 271967 275300 270633 274100 1511.44 0.2905304

  2 267633 275633 272300 272967 278300 273367 1783.88 0.2636379

  1 273967 270633 268967 275633 273967 272633 1224.74 0.2330967

  0.5 271300 270300 270300 280300 277633 273967 2092.31 0.2900954

  12 278967 289300 303967 259633 302300 286833 8187.12 0.8852376

PHB8650-PEG-PHB8650 6 274300 286300 288300 288300 317967 291033 7220.65 0.62448

  4 273633 282633 289633 298300 318300 292500 7618.4 0.5529183

  2 279967 287967 293967 296633 321633 296033 7011.42 0.375491

  1 277967 282633 287967 297967 319633 293233 7390.99 0.5111402

  0.5 279633 267633 268633 277633 265633 271833 2835.49 0.2211322

Raw data of cell numbers of CHO-K1 in the presence of different amount of 
nanoparticles after three day incubation 
Red in color presented p < 0.05 and they are statistically significant 
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Appendix 23 

Day 3       Average SEM 
T-Test 

(Control) 

  Control 1.002 0.884 0.881 0.896 0.913 0.9152 0.02242   

  EtOH 0.791 0.062 0.031 0.038 0.023 0.189 0.19448 0.0014118

  12 0.958 1 0.975 0.978 0.95 0.9722 0.00869 0.0451809

PHB3000-PEG-PHB3000 6 0.974 0.99 0.983 0.969 0.975 0.9782 0.00371 0.0241968

  4 0.958 0.949 0.91 0.912 0.943 0.9344 0.00985 0.4555694

  2 0.976 0.908 0.943 0.948 0.945 0.944 0.01081 0.2805882

  1 0.993 0.858 0.942 0.885 0.902 0.916 0.02359 0.980988

  0.5 0.979 0.904 0.912 0.825 0.856 0.8952 0.02631 0.578789

  12 0.96 0.992 0.998 0.987 0.966 0.9806 0.00745 0.0243585

PHB8650-PEG-PHB8650 6 0.957 0.968 0.977 0.959 0.948 0.9618 0.00495 0.0768842

  4 0.975 0.934 0.95 0.926 0.959 0.9488 0.00875 0.2001575

  2 0.969 0.859 0.907 0.875 0.863 0.8946 0.02042 0.5160885

  1 0.903 0.888 0.842 0.866 0.876 0.875 0.01031 0.1418907

  0.5 0.937 0.893 0.871 0.862 0.87 0.8866 0.01361 0.3072362

           

 y=3E-06x + 0.0619      Average SEM 
T-Test 

(Control) 

  Control 354633 315300 314300 319300 324967 325700 7472.47   

  EtOH 284300 41300 30966.7 33300 28300 83633.3 64825.5 0.0014118

  12 339967 353967 345633 346633 337300 344700 2895.21 0.0451809

PHB3000-PEG-PHB3000 6 345300 350633 348300 343633 345633 346700 1235.58 0.0241968

  4 339967 336967 323967 324633 334967 332100 3283.97 0.4555694

  2 345967 323300 334967 336633 335633 335300 3604.01 0.2805882

  1 351633 306633 334633 315633 321300 325967 7862 0.980988

  0.5 346967 321967 324633 295633 305967 319033 8770.78 0.578789

  12 340633 351300 353300 349633 342633 347500 2484.62 0.0243585

PHB8650-PEG-PHB8650 6 339633 343300 346300 340300 336633 341233 1651.26 0.0768842

  4 345633 331967 337300 329300 340300 336900 2916.24 0.2001575

  2 343633 306967 322967 312300 308300 318833 6806.53 0.5160885

  1 321633 316633 301300 309300 312633 312300 3435.11 0.1418907

  0.5 332967 318300 310967 307967 310633 316167 4537.01 0.3072362

Raw data of three days CHO-K1 incubation with different amounts of nanoparticles  
Red in color presented p < 0.05 and they are statistically significant 
Blue in color presented higher cell growth than control 
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Appendix 24 
Hemolysis Assay    

  1 2 Average % Hemolysis 

PBS 0.001 0 0.0005 0% 

ddH2O 0.8 1.069 0.9345 100% 

PHB3000-PEG-PHB3000 0.001 -0.002 -0.0005 -0.11% 

PHB8650-PEG-PHB8650 0.001 0.009 0.005 0.48% 

Raw data of Hemolysis Assay  

Hemolysis Assay

y = 0.934x + 0.0005
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