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ABSTRACT 

 

This research aimed to: 1) investigate an appropriate carbon, nitrogen, and 

phosphorus source, 2) optimize the condition of PHA recovery using silica gel, 3) study 

the fabrication process of microcarriers by emulsion technique and 4) study the use of 

microcarriers in dynamic animal cell culture. 

 Novosphingobium sp. THA_AIK7 was cultured in a mineral salt medium (MSM) 

with various carbon, nitrogen, and phosphorus sources. Factor effecting PHAs extraction 

included temperature, loaded cell, and the amount of silica gel were analyzed using BBD. 

Fabrication of microcarrier from PHAs was designed using independent variables 

included PHA (mg), PVA (%), NH5CO3 (%), and stirrer (rpm). Fabricated microcarriers 

were tested for Vero and L929 cells culture. 

 Crude glycerol, MSG, and Na2HPO4·7H2O were the best carbon, nitrogen, and 

phosphorus sources for growth and PHA production with a maximum PHA content of 

27.54%. The highest HV monomer derived from crude glycerol was at 10.85 mol%. The 

extracted yield of PHAs from silica gel was 41 mg, accounting for 51.25% of CDW. The 

average diameter and average pore size of fabricated microcarriers MC-PHAs were 

125.864 µm and 0.970 µm, respectively. The viability of Vero and L929 cells were 92% 

and 100%, respectively. PHAs can be fabricated into microcarriers and are not toxic to 

animal cells. However, the properties of MC-PHAs would be improved to enhance cell 

adhesion and proliferation in the next step. 

 

Keywords: carbon, microcarrier, nitrogen, polyhydroxyalkanoates, phosphorus 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background and Statement of Problems 

 Polyhydroxyalkanoates (PHA) are intracellular polyesters naturally produced by 

a variety of bacterial species [1]. Under nutrient-limiting conditions with plenty of carbon 

sources, bacteria store PHA as their carbon and energy reserve materials. More than 150 

different monomers can be combined into PHA polymer chain, making them a diverse 

polyester family. PHA have gained a great interest due to their biodegradability and 

biocompatibility. Since PHA was first discovered by Lemoigne [2], many attempt has 

been done to develop the production process of PHA. The first commercial PHA was 

lunched by ICI under the tradename Biopol® in early 1980 [3]. Unfortunately, PHA 

unable to compete in the plastic market because of their higher cost compare with a 

petroleum-based plastic, the average cost of PHA is 6 USD/kg whereas petroleum-based 

plastic is only 1 USD/kg [4]. Two bottlenecks in the PHA production are carbon source 

price and the recovery process [4]. 

 Novosphingobium sp. THA_AIK7 is a gram-negative bacteria isolated from 

biodiesel-contaminated wastewater [5]. Novosphingobium sp. THA_AIK7 can produce 

PHA from a low-price carbon source, crude glycerol waste from biodiesel process, and 

(NH4)2SO4 up to 45% of cell dry weight in small scale culture. PHA biosynthesis by 

Novosphingobium sp. THA_AIK7 was the first report of endotoxin-free PHA produced 

from gram-negative bacteria, as the lack of lipopolysaccharide (LPS) in their outer 

membrane [5]. Therefore, the polymer derived from Novosphingobium sp. THA_AIK7 

could be the alternative choice for biomedical application.  

In polymer production or synthesis the use of biological processes, many factors 

must be taken into account that will affect the type and properties of the polymer produced 

because it has a complex synthesis mechanism [6].  PHA is synthesized in the form of 

granules within the cell. Under nutrient imbalance conditions, such as a lack of nitrogen, 

phosphorus or oxygen, and there should be more than enough carbon sources to produce 

energy  [7]. For optimal conditions for PHA synthesis, the most important factors are 

temperature, time, pH, and nutrients, of which the important nutrients are carbon sources, 
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nitrogen sources, and phosphorus sources [6]. In PHA research field, different type and 

concentration of nitrogen, carbon and phosphorus sources has been investigated to 

achieve the highest PHA productivity. Novosphingobium sp. THA_AIK7 was firstly 

isolated from biodiesel-contaminated wastewater using crude glycerol, a biodiesel by-

product, as carbon source. Novosphingobium sp. THA_AIK7 could accumulate PHBV 

containing up to 9 mol% of HV monomer from crude glycerol plus monosodium 

glutamate (MSG). Biomass yields from small scale culture were about 3-5 g/L. The PHA 

yields recovered from bacterial cell using silica gel [8], were vary in the range 40-50% 

cell dried weight. Increasing the efficiency of biomass and polymer production yield, it 

is necessary to optimize the nutrient source and recovery process. Moreover, the nutrient 

source is the main effected to polymer composition and consequently affect the 

application of polymer.  

In our research, we are attempting to apply PHA into medical related research 

field because of the production cost of PHA are still high and cannot replace conventional 

plastic. The study of medical research related to animal cell culture when scaling up in 

the bioreactor culture required microcarriers in the adhesion of cells to increase the area 

for cell adhesion [9]. Two types of materials are used in the manufacture of microcarriers, 

synthetic polymers such as polystyrene, polyacrylamide polyhydroxyethylmethacrylate 

and polyurethane, and biopolymers such as alginate, dextran, collagen, PHA, and PLA 

[10]. The high-priced of microcarrier, for example, 100 g of Sigma-Solohill microcarrier 

beads (collagen coated) cost 515 SGD dollar, is obstructed the research work.  

In this research, we aim to increase the PHA accumulation in Novosphingobium 

sp. THA_AIK7 by optimizing carbon, nitrogen, and phosphorus source. The extraction 

condition by silica gel will be investigated to increase the PHA yield. The emulsion 

technique (water-in-oil-in-water) will be studied to fabricate microcarrier using PHA-

based material. The dynamic cell culture will be tried out on porous fabricated-

microcarrier. 
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1.2 Purpose of the Study 

1.2.1 To investigate an appropriate carbon, nitrogen, and phosphorus source for 

PHA production from Novosphingobium sp. THA_AIK7. 

1.2.2 To optimize the condition of PHA recovery from Novosphingobium sp. 

THA_AIK7 using silica gel. 

1.2.3 To study the fabrication process of microcarriers from PHA by emulsion 

technique. 

1.2.4 To study the use of microcarriers in dynamic animal cell culture. 

 

1.3 Scope of Thesis 

 The scope of this research is to investigate an appropriate carbon, nitrogen, and 

phosphorus source for PHA production from Novosphingobium sp. THA_AIK7. The 

extraction condition of PHA using silica gel will be also investigated. Microcarrier 

fabrication by emulsion technique (water-in-oil-in-water) using PHA to produce 

microcarriers will be studied. The feasibility of using microcarrier for cell adhesion and 

proliferation of Vero and L929 cell in dynamic culture condition will be investigated. 

Cytotoxicity of porous microcarrier to Vero and L929 cell line by MTT assay will be 

done. The structural characteristics of the fabricated porous microcarriers will be 

examined by scanning electron microscope. The average diameter and pore sizes of the 

fabricated porous microcarriers will be calculated from the SEM images using Image J 

software. 

 

1.4 Expectations of Thesis 

 In this research, the researcher expectations are the able to optimize the 

production, extraction, and fabrication of PHA to produce porous microcarriers that can 

be used for adhesion and proliferation of culture cells in dynamic condition. 
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CHAPTER 2 

REVIEWS OF THE LITERATURE 

 

2.1 Polyhydoxyalkanoates (PHA) 

 Plastic materials have become an integral part of contemporary life and are 

increasingly used due to their durability, simplicity of molding, and resistance to 

biodegradation  [11]. 

 Plastic produced from conventional fossil fuels are also used in every aspect of 

life because of their unique properties that can be processed into specialized products 

that are usable and durable [12]. Bioplastics are materials that can be biodegraded by 

microorganisms such as fungi and bacteria. Polyhydroxyalkanoates (PHA) are one of the 

most famous bioplastics. PHA is recognized as a fully biosynthetic substance that 

produces zero toxic waste and is completely recyclable as organic waste [13].  

 PHA intracellular polyester naturally produced by a variety of bacterial species 

[14]. Under nutrient-limited conditions with a large carbon source, bacteria store PHA 

as carbon and energy reserves. More than 150 different monomers can be combined to 

form PHA polymer chains, making them a diverse polyester family [3]. PHA is normally 

non-toxic, biodegradable, biocompatible, soluble in chloroform and other chlorinated 

solvents but insoluble in water. The melting and transition temperatures range from 40 

to 180°C, contingent upon the chemical composition and length of the chain. However, 

these characteristics vary widely depending on the type, content, and molecular weight 

of PHA. Modifying the chemical microstructure of these polymers can be considered a 

powerful tool to tune their mechanical and thermal properties, thus reaching materials 

suitable for a wide range of applications that may replace conventional plastics [15].  

PHAs have biodegradability, biocompatibility, immunological inertness, and 

degradation in human tissue making them suitable for various medical and 

pharmaceutical uses [16]. PHAs have been researched for various medical applications, 

including orthopaedics, urology, heart valves, wound care, and medication delivery [17].  
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 2.1.1 Structure of PHA granules 

 PHA can be attributed to its structural and biophysical properties related to 

the specific method of storing PHA chains within cells. Bioaccumulating PHA chains 

are stored in the form of granules [18].   

 

 
 

Figure 2.1 PHA granules in PHA-producing cells of the Novosphingobium sp. 

THA_AIK7  

Source: Teeka et al. (2012) [5]. 

 2.1.2 Chemical structure of PHAs polymer 

 The amount of carbons in the monomeric subunits of these polymers 

typically divides them into three categories [19]. PHA polymers with a short chain length 

(scl-PHA) consist of monomers with three to five carbon atoms, whereas those with a 

medium chain length (mcl-PHA) consist of monomers with six to fourteen carbon atoms 

[20]. 

 

 

 

 

 

    R = Functional alkyl group 

    n = Repetitions of the monomer 

Figure 2.2 PHA molecule general structure 

Source: Tan et al. (2014) [19]. 
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Table 2.1 PHA polymer types and chemical structures 

 Alkyl “R” 

group 

N0 Carbon 

Atoms 

PHA polymer 

Short-chain-length 

PHAs (Scl-PHA) 

CH3 

CH2-CH3 

C4 

C5 

Poly(3-hydroxybutyrate) 

Poly(3-hydroxyvalerate) 

Medium-chain-length 

PHAs (Scl-PHA) 

(CH2)2-CH3 

(CH2)3-CH3 

(CH2)4-CH3 

(CH2)5-CH3 

(CH2)6-CH3 

(CH2)7-CH3 

(CH2)8-CH3 

(CH2)9-CH3 

(CH2)10-CH3 

C6 

C7 

C8 

C9 

C10 

C11 

C12 

C13 

C14 

Poly(3-hydroxyhexanoate) 

Poly(3-hydroxyheptanoate) 

Poly(3-hydroxyoctanoate) 

Poly(3-hydroxynonanoate) 

Poly(3-hydroxydecanoate) 

Poly(3-hydroxyundecanoate) 

Poly(3-hydroxydodecanoate) 

Poly(3-hydroxytridecanoate) 

Poly(3-hydroxytetradecanoate) 

Source: Tan et al. (2014) and Peregrina et al. (2021) [19, 21]. 

 PHAs are separated into two groups: heteropolyesters, which can be further 

divided into copolyesters and terpolyesters, and homopolyesters, which have only one 

kind of monomer [22, 23].  The most popular homopolymer PHA is known as 

polyhydroxybutyrate (PHB) [24, 25]. PHB mechanical qualities are similar to those of 

traditional fossil-based plastics like polypropylene or polyethylene [20, 26], and it is 

gaining popularity for use in medical applications where product purity and chemical 

composition are essential [27]. Among the applications include wound care, medication 

delivery, orthopedic, urological, and cardiovascular devices, as well as tissue 

engineering. [28, 29]. Numerous bacterial species such as  Pseudomonads, Bacillus sp., 

Escherichia coli, and Novosphingobium sp., have been examined for the production of 

mcl and lcl-PHA able to be generated from different substrates [30, 31]. 

 2.1.3 Application of PHA 

 Since PHA is biocompatible and degradable, manufacturing is meant to 

replace synthetic, non-biodegradable polymers in various applications, packaging, 

agriculture, leisure, and medical and biomedical fields [32]. Potential applications of 

PHAs in medical industries are shown in Table 2.2 
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Table 2.2 PHAs and their derivatives in medical industries 

Bioproducts Microorganism Applications References 

PHA Pseudomonas 

fluorescens 

Drug delivery, protein 

microarray, protein 

purification, antibody 

immobilization in 

clinical diagnostics 

[33] 

PHBV Ralstonia eutropha 

B5785 

Suture [34] 

Poly-3-

hydroxybutyrate, 

Poly4-

hydroxybutyrate 

Cupriavidus 

eutrophus  

B-10646 

Elastic nonwoven 

membranes-helps in 

reducing 

inflammation, 

enhancing angiogenic 

properties of skin, 

facilitate wound 

healing capacity 

[35] 

3HB Escherichia coli Immobilized cell 

factories for 

biocatalysis and bio-

transformation, 

Chaperone protein 

levels 

[36] 

PHB-Hydroxyapatite 

composite 

Ralstonia eutropha 

B5786 

Bone regeneration [35] 

PHB Biomer and Roth Scaffolds for tissue 

engineering 

[37] 
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2.2 Novosphingobium sp. THA_AIK7 

Novosphingobium sp. THA_AIK7 is a gram-negative bacterium that was found in 

wastewater contaminated with biodiesel [5]. can produce PHAs from a low-price carbon 

source as crude glycerol waste from the biodiesel process. PHA biosynthesis by 

Novosphingobium sp. THA_AIK7 was the first report of endotoxin-free PHAs produced 

from gram-negative bacteria that lack lipopolysaccharide (LPS) in their outer membrane 

[5]. Therefore, polymers derived from Novosphingobium sp. THA_AIK7 showed 

promise as an alternative choice for biomedical applications [5].  Figure 2.3 shown Sudan 

black B staining of the THA_AIK7 isolate exhibiting a black fraction of lipid storage 

granules under a light microscope. 

 

 
 

Figure 2.3 Sudan black B staining of the Novosphingobium sp. THA_AIK7  

Source: Teeka et al. (2012) [5]. 

 

2.3 Effect of nutrient on PHA production  

 Complete nutrient depletion procedures are typically two-stage fed-batch 

processes, with PHA buildup mostly happening in the depleted stage [38, 39, 40]. The 

growth-limiting factor is usually a critical nutrient usually N, but all other nutrients are 

continually supplied. This is accomplished by either reducing the amount of nitrogen fed 

or modifying the feed's C to N ratio [41]. Because PHA synthesis continues unabated, 

rest biomass, or biomass other than PHA, grows more slowly than PHA does. This leads 

to an increasing PHA content, which is frequently the outcome of nutritional deficiency 

or constraint [42].  
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 In polymer production or synthesis the use of biological processes, many factors 

must be taken into account that will affect the type and properties of the polymer produced 

because it has a complex synthesis mechanism [43]. For optimal conditions for PHA 

synthesis, the most important factors are temperature, time, pH, and nutrients, of which 

the important nutrients are carbon sources, nitrogen sources, and phosphorus sources [6].  

 2.3.1 Carbon sources 

  Carbon sources are the main constituents in the microbial culture medium. 

Microorganisms will use carbon sources to generate energy and PHA produce such as 

wheat flour, tapioca starch, glucose, sucrose, and molasses [43]. 

 2.3.2 Nitrogen sources 

  Different microorganisms are capable of using different nitrogen source 

compounds some species can grow in inorganic compounds Some species grow in 

organic compounds [43]. 

 2.3.3 Phosphorus sources 

  It is a catalyst for energy generation and transfer for microorganisms [43]. 

Design and implementation of effective bioprocess techniques to enhance the overall 

process kinetics can significantly reduce PHA production cost, leading to higher polymer 

concentrations and productivity [44, 45]. Providing optimal levels of carbon supply and 

limited nitrogen availability in the culture medium during fermentation is one of the most 

crucial fermentation conditions for improving PHB production [46]. However, high 

substrate concentrations may also impede microbial growth and impact total biomass and 

PHA generation rates [47]. Therefore, a thorough grasp of PHA generation kinetics is 

crucial when developing fermentation strategies that maintain appropriate substrate 

concentrations to maximize PHA accumulation [45, 48]. 
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Table 2.3 Polyhydroxyalkanoates (PHAs) production by bacteria  

Microorganism 

 

Substrate Types 

of PHA 

Biomass 

(g/L) 

PHA 

(g/L) 

PHA 

Content (%) 

References 

B. sacchari IPT101  Ensiled 

grass press 

mcl-

PHA 

44.5 13.8 35 [49] 

Cupriavidus necator 

DZM 545 

Glucose PHB 164 125 76.2 [50] 

C. necator H16 Glucose PHB 148 113 76 [51] 

C. necator H16 Palm olein PHB 161 109 68 [52] 

C. necator DSM 

4058 

Crude 

glycerol 

PHB 28.86 24.7

5 

85.76 [53] 

Escherichia 

coli(genetically 

modified) 

Sucrose PHB 9.84 3.76 38.21 [54] 

P. putida LS46 Octanoic 

acid 

mcl-

PHA 

28.9 17.7 60.6 [55] 

Paracoccus sp. LL1 Glucose PHBV 113 43.9 38.8 [56] 

Paracoccus sp. LL1 Corn stover 

hydrolysate 

PHB 14.8 9.71 72.4 [57] 

Paracoccus sp. LL1 Brown 

algae 

hydrolysate 

PHBV 13.46 4.98 37 [58] 

Source: Moungprayoon et al. (2022) [59]. 

2.4 Recovery of PHA 

 PHA recovery usually begins after cell separation from the growth medium at the 

end of the high cell density culture process. The successful recovery of intracellular 

biopolymers depends on efficient cell shell rupture and subsequent purification 

processes. Additionally, successful processes must be broadly applicable and in the case 

of biological processes, must also be tightly controlled at high cell densities. To make 

cell disruption easier, pretreatment steps may be applied first to the bacterial biomass 

[60]. In Table 2.4 all methods are summarized and the advantages and disadvantages of 

PHA recovery 
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Table 2.4 Advantages and disadvantages of PHA recovery methods 

Method Advantages Disadvantages 

Solvent extraction high product purity, no 

degradation of the 

polymer, low endotoxin 

content of PHA extracted 

from Gram negative 

bacteria 

with most solvents only 

applicable to small scale, often 

dried cells required, 

economically not feasible, 

hazardous to human beings and 

the environment, most suitable 

for lab scale 

Disruption by sodium 

hypochlorite 

high product purity, no 

drying of cells necessary, 

applicable to large scale, 

applicable to 

environmental samples 

digestion of the cell matter 

strongly exothermic, 

hypochlorite may also digest the 

polymer, thereby reducing the 

molecular weight 

Disruption by 

surfactants 

PHA can be recovered 

directly from the culture 

broth, limited degradation 

of the polymer 

high costs, SDS is difficult to 

recover and to remove from the 

isolated polymer 

Disruption by chelate 

hydrogen peroxide 

treatment 

high product purity depending on the conditions, 

degradation of the polymer may 

occur with concomitant 

reduction of molecular weight 

Disruption by 

dissolution of non-

PHA cell mass by 

acids 

inexpensive and 

ecologically friendly, high 

yield and purity of PHA 

acids may degrade PHA, leading 

to a reduced molecular weight 

Enzymatic cell 

disruption 

high recovery rate and 

purity of the polymer, 

mild operating conditions 

high costs for enzymes 
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Table 2.4 Advantages and disadvantages of PHA recovery methods (Continued) 

Method Advantages Disadvantages 
 

Disruption by high 

pressure 

homogenization 

good performance at high 

biomass concentrations, 

applicable for large scale 

treatment 

poor disruption at low biomass 

concentrations 

Disruption by 

ultrasonication 

combination with other 

extraction methods leads 

to high purity of the 

product 

difficult to apply to large scale 

Supercritical fluids low-cost chemical 

treatment with moderate 

operating conditions, 

nonflammable, low 

toxicity and reactivity 

requires strict process 

parameters, further chemicals 

needed for a high degree of 

disruption 

Dissolved-air 

flotation 

no chemicals necessary consecutive batch flotation steps 

required 

Spontaneous release 

of PHA granules 

no chemicals necessary genetically engineered 

producing strains required, not 

all cells may secrete PHA 

granules 

Source: Madkour et al. (2013) and Pérez Rivero et al. (2019) [60, 61]. 

2.5 Microcarrier 

 Biomaterial scaffolds that have been transformed into microcarriers have been 

thoroughly investigated in the field of tissue engineering and provide numerous 

advantages over traditional static scaffolds [62]. Microspherical scaffolds known as 

microcarriers have biofunctional properties that enable them to be used in cell culture, 

proliferation, and transportation [63]. Microcarriers are a novel type of scaffold used in 

tissue engineering that have several advantages over other scaffolding materials such as 

hydrogels, films, and bulk scaffolds. These advantages include the ability to load a 

sufficient number of cells, maintain the phenotype of the cells during differentiation, and 
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make it easier to regulate and monitor the environments in which the cells are cultured 

[64].  

 Two types of materials are utilized as microcarriers: natural and synthetic 

polymers. Most synthetic polymers used to make early microcarriers included 

polystyrene, polyacrylamide, polyurethane foam, polyhydroxyethylmethacrylate, and 

glucose. Synthetic polymer microcarriers had good mechanical and repeatability qualities 

but lacked cell recognition sites, which hindered cell attachment and growth [65]. 

Because natural polymers, such as gelatin, collagen, cellulose, and dextran, are readily 

available, biocompatible, and reasonably priced, they are now the preferred material for 

subsequent innovations of microcarriers [66, 67]. 

 

2.6 Types of microcarrier 

 Microcarriers enable the amplification of cells by offering a vast surface area for 

cell development during proliferation in dynamic cultures [68]. The dynamic system 

provides improved gas exchange and nutrition intake. [69]. Therefore, choosing the right 

microcarriers is essential since it will directly affect cell growth. 

 Microcarriers have 3 types: non-porous, microporous, and macroporous. 

Depending on the porosity of the microcarrier, cells adhere in different ways. 

 

 

 

 

 

 

A = Microporous microcarrier 

   B = Microporous microcarrier 

   C = Non-porous microcarrier 

Figure 2.4 Microcarrier types according to porosity 

Source: Koh et al. (2020) [70]. 
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A = Microporous microcarrier 

   B = Macroporous microcarrier 

   C = Non-porous microcarrier 

Figure 2.5 MSC attachment on microcarriers  

Source: Koh et al. (2020) [70]. 

 

 Generally, cells adhere to the non-porous and microporous microcarrier surfaces, 

while microporous microcarrier has bigger gaps that enable cells to adhere to the interior 

of the microcarrier [70]. 
 

Table 2.5 Examples of microcarriers that are sold commercially 

Name Type Diameter 

(µm) 

Density 

(g/mL) 

Matrix and surface 

modifications 

Properties and 

applications 

Refs. 

Cytodex 1 Solid 190 ± 58 1.03 Dextran matrix with 

positively-charged 

diethylaminoethyl 

groups 

Substrates for the 

propagation of 

articular bovine 

chondrocytes 

[71] 

Cytodex 2 Solid 135–200 1.04 Dextran matrix with 

N,N,N-trimethyl-2-

hydroxyaminopropyl 

groups 

High 

biocompatibility and 

injectable for 

cartilage 

regeneration 

[72] 

Cytodex 3 Solid 175 ± 36 1.04 Dextran beads coated 

with denatured 

porcine-skin collagen 

Natural microcarrier 

that permits 

prolonged and rapid 

cell growth 

[73] 

 

A B C 
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Table 2.5 Examples of microcarriers that are sold commercially (Continued) 

Name Type Diameter 

(µm) 

Density 

(g/mL) 

Matrix and surface 

modifications 

Properties and 

applications 

Refs. 

 

Hillex II-

170 

Solid 170 ± 10 1.12 Polystyrene with 

treated surface 

Use in cell culture 

systems for 

bioreactor scale up 

[74, 

75] 

 

ProNectin

® F 

Solid 169 ± 44 1.02 Polystyrene with 

Recombinant 

proteins 

Shaped 3D cell 

carrier for 3D culture 

analysis 

[76] 

FACT III Solid 169 ± 44 1.02 Charged polystyrene 

and collagen coated 

Cell expansion [77] 

CGEN 

102-L 

Solid 169 ± 44 1.02 Polystyrene coated 

with Type I porcine 

collagen 

Good 

biocompatibility, for 

tissue-healing 

processes 

[74] 

 

Cytopore 

1, 2 

Macro 

porous 

240 ± 40 1.03 Cross-linked 

cellulose with 

positively-charged 

diethylaminoethyl 

groups 

Suitable for stirred-

tank cultures 

[71] 

Cultispher 

G, S and 

GL 

Macro 

porous 

255 ± 125 1.04 Cross-linked Type I 

porcine collagen 

Suitable for all types 

of cultures 

[78] 

 

2.7 Properties of porous microcarriers 

 In tissue engineering, porous cell microcarriers' bulk and surface characteristics 

are especially important. Generally speaking, the interaction between a biomaterial and a 

cell primarily, attachment, development, and differentiation determines the effectiveness 

of tissue engineering [79]. In addition, the microcarriers should have characteristics like 

large specific surface area, high porosity, injectable particle size distribution, suitable 

density, and interconnected open pore structures to improve the quality of regenerated 

tissues in vivo, and number of cells loaded [80].  
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 Important characteristics of microcarriers to take into account include 

cytocompatibility and biocompatibility. Microcarriers roles include delivering seeded 

cells for tissue regeneration or tissue defect repair in the body, as well as serving as a 

place for cell adhesion, proliferation, and functional differentiation [75]. Microcarriers 

should therefore have high levels of biocompatibility and cytocompatibility. Materials 

that are biocompatible and cytocompatibility help to increase the survival rate of loaded 

cells and reduce the host reaction brought on by the implantation of microcarriers [81]. 

Degradation and toxicity, charge, hydrophobic–hydrophilic balance, and surface finish 

(smooth, rough, and surface porosity) are some of the factors that affect cytocompatibility 

and biocompatibility [82]. Therefore, a biomaterial's biocompatibility increases with its 

ability to replicate the tissue microenvironment [83].  

 

2.8 Fabrication technique of microcarriers  

 The application-related characteristics, such as the average size of microcarriers, 

the physical and chemical properties of biomaterials, and the use of cultivated cells, 

influence the choice of microcarrier preparation processes. To date polymer-based 

microcarriers can now be prepared using a variety of methods, most commonly involving 

emulsion-solidification, extrusion, spray-drying, and their combinations [83].  

 2.8.1 Emulsion-solidification technique  

The most popular method for creating polymer-based microcarriers is the 

emulsion-solidification process, which works best with porogens such as water, gelatin, 

sodium bicarbonate, ammonium bicarbonate, and sodium chloride [84]. The polymer is 

coupled with porogens to create emulsions of W/O (water-in-oil), O/W (oil-in-water), 

W1/O/W2 (water-in-oil-in-water), or O/W/O (oil-in-water-in-oil), with the porogen in the 

internal dispersed phase. Various solvent removal methods are employed, contingent on 

the characteristics of the solvent, such as evaporation, diffusion, or extraction. The 

microcarriers' porous structure is achieved by eliminating the porogen using gas-foaming, 

filtration, or alternative methods based on the porogen characteristics [85, 86].  

2.8.2 Extrusion-solidification technique 

The process of extrusion-solidification is frequently used to prepare 

microparticles. Like emulsion-solidification, it often requires solidification after 
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extrusion [87]. To facilitate solidification, a hydrophilic polymeric solution is first put in 

a syringe tube and then injected with a needle into a container containing a solidifying 

agent (polyvalent ions, for example). The needle diameter, flow rate, viscosity of the 

solution, injection height, and concentration of the polymer primarily determine the 

extrusion-solidification technique's microsphere size [88]. 

2.8.3 Spray-solidification technique 

Spray drying is a popular method for implementing the spray-solidification 

process. This method creates microcarriers by spraying a natural or synthetic polymer 

solution in an inert gas, such as nitrogen, to facilitate splitting, additional drying, and 

solidification [89]. Polymer concentration, nozzle diameter, gas temperature, and spray 

flow rate are just a few variables that can alter the size of polymer-based microcarriers 

made with this method. This allows for the fabrication of microcarriers with diameters 

ranging from 10 μm to 3 mm, depending on the adjusted manufacturing parameters. The 

benefits of spray-drying microcarriers are distinct and include a small particle size 

distribution, low adhesion, easy continuous processing, and high reproducibility [90]. 

 

2.9 Vero cell  

 Product category: Animal cells 

 Organism: Cercopithecus aethiops 

 Morphology: epithelial 

 Tissue: kidney 

Applications: 3D cell culture, high-throughput screening, industrial 

biotechnology, media testing, and toxicology 
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Figure 2.6 Vero cell  

Source: Vero | ATCC [91]. 

 

2.10 L929 cell  

 Product category: Animal cells 

 Organism: Mus musculus, mouse 

 Morphology: fibroblast 

 Tissue: Subcutaneous connective tissue; Adipose; Areolar  

Applications: 3D cell culture 

 
Figure 2.7 L929 cell  

Source: NCTC clone 929 [L cell, L-929, derivative of Strain L] - CCL-1 ATTC [92] 
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2.11 Reviews of the literature 

 Teeka et al. [93] studied the impact of different nitrogen and carbon sources on 

Novosphingobium sp. THA_AIK7 growth and PHA synthesis. The was cultured on 

Mineral Salt Medium (MSM) supplemented with four distinct nitrogen and carbon 

sources (urea, ammonium sulfate, ammonium chloride, and monosodium glutamate 

(MSG)): molasses, starch hydrolysate, glucose, and crude glycerol. It was discovered that 

the optimal source for PHA production was crude glycerol combined with MSG, which 

resulted in a flexible and white PHA-casted film. After 96 h, under these conditions, the 

PHA concentration, PHA content, and Yp/s were found to be 0.407 g/L, 14.59% of dry cell 

weight, and 0.298 g PHA/g crude glycerol, respectively. 

Chung et al. [94] studied the Usage of PLGA, by using the method of gas foaming 

was used to create biodegradable injectable porous microcarriers in a W1/O/W2 double 

emulsion. Highly porous injectable microcarriers with an average pore diameter of about 

29 µm and a mean size of around 175 µm. While retaining their distinct phenotypes, 

chondrocytes cultivated on porous microcarriers proliferated more than those in 

nonporous microcarriers or monolayer cultures. Different primary cells for tissue 

regeneration can be grown and delivered using biodegradable porous microcarriers. 

Wei et al. [95] studied the suspension culturing system's mammalian cell 

behaviours are compared with biopolyester PHBVHHx microspheres. based on solid 

microspheres (SMSs), hollow microspheres (HMSs), and porous microspheres (PMS) 

containing 3-hydroxybutyrate (HB), 3-hydroxyvalerate (HV), and 3-hydroxyhexanoate 

(HHx) in a microbial terpolyester PHBVHHx. PMSs have pore widths of 10 to 60 µm 

and diameters that range from 330 to 400 µm. In comparison to PHBVHHx made by the 

conventional solvent evaporation process, the pores inside the PMSs were found to be 

well linked, yielding the highest water uptake ratio. PMS demonstrated significantly 

greater cell adhesion and proliferation after a 6-day inoculation with human osteoblast-

like cells. Compared to highly porous PMSs, less porous SMSs or HMSs were shown to 

have a higher frequency of dead or apoptotic cells. Thus, it can be said that porous 

PHBVHHx microspheres with bigger open pores on the surface and interconnected inside 

pores can act as a scaffold or carrier that promotes greater and better cell growth for 

injectable applications or just general cell growth. 
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Kim et al. [96] studied Injectable scaffold microcarriers for cell distribution were 

created using highly porous, biodegradable polymeric microspheres. The microspheres 

were created using a modified double emulsion solvent evaporation process using water, 

oil, and water (W1/O/W2). Ammonium bicarbonate, an effervescent salt, was added to the 

primary W1 droplets. This caused carbon dioxide and ammonia gas bubbles to form 

spontaneously during the solvent evaporation process, stabilizing the primary emulsion 

and forming well-connected pores in the resulting microspheres. Characterization was 

done on the porous microspheres that were created with different gas foaming conditions. 

As the ammonium bicarbonate concentration increased, the surface pores grew to a 

diameter of 20 mm, which was sufficient for cell infiltration and seeding. These porous 

scaffold microspheres have the potential to be used for both injectable tissue defect 

delivery of the seeded cells and suspension-based cell culture. 

 Huang et al. [97] studied thermally-induced phase separation (TIPS) based on 

emulsion, highly porous chitosan microspheres (CSM) were created without the use of 

hazardous crosslinkers or chemical porogenic agents other than ice. The CSM's 

interconnecting pores ranged in size from 20 to 50 μm, with an average diameter of about 

150 μm. Because of their exceptional biocompatibility and distinctive porous structure, 

the CSM was used as microcarriers to enable high-performance hepatocyte culture in 

three-dimensional (3D) space. Multidirectional cell-cell interactions were also observed, 

and cell growth occurred within the CSM's internal pores and exterior surface. Compared 

to 2D cell culture, the CSM microcarriers produced increased cellular activity and 

functionality. These CSM microcarriers are thought to offer a suitable substrate for in 

vitro 3D cell growth. 
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CHAPTER 3 

MATERIALS AND METHODS 

 

3.1 Chemicals, Apparatus and Equipment      

 3.1.1 Ammonium Chloride (NH4Cl) 

 3.1.2 Ammonium sulfate ((NH4)2SO4) 

 3.1.3 Autoclave (N-BIOTEC / NB-1080) 

 3.1.4 Beaker 

 3.1.5 Biosafety cabinet (BSC) 

 3.1.6 Calcium chloride dihydrate (CaCl2•2H2O) 

 3.1.7 Centrifuge (SIGMA / 2-16PK) 

 3.1.8 Centrifuge tube 

 3.1.9 Chloroform (CHCI3) 

 3.1.10 Crude glycerol 

 3.1.11 Culture vessels 

 3.1.12 di-Sodium hydroren phosphate (Na2HPO4·2H2O)  

 3.1.13 Duran bottle 

 3.1.14 Ferrous ammonium citrate (C6H8O7·xFe3+⋅yNH3) 

 3.1.15 Fetal bovine serum 

 3.1.16 Flask 

 3.1.17 Fructose (C6H12O6) 

 3.1.18 Glass pipette 

 3.1.19 Glucose (C6H12O6) 

 3.1.20 Glycerol (C3H8O3) 

 3.1.21 Heamecytometer 

 3.1.22 Hot air oven (Binder) 

 3.1.23 Incubator and shaker 

 3.1.24 Lactose (C12H22O11) 

 3.1.25 Magnesium sulfate (MgSO4) 

 3.1.26 Maltose (C12H22O11) 

 3.1.27 Micropipette 
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 3.1.28 Minimum Essential Medium (MEM) 

 3.1.29 Mini-multi shaker 

 3.1.30 Monosodium glutamate (MSG) (C5H8NNaO4) 

 3.1.31 MTT Cell Proliferation Assay Kit (Abcam) 

 3.1.32 Palm oil 

 3.1.33 Pipette plastic 

 3.1.34 Potassium Dihydrogen phosphate (KH2PO4) 

 3.1.35 Potassium nitrate (KNO3) 

 3.1.36 Scanning Electron Microscope (SEM) 

 3.1.37 Silica 

 3.1.38 Sodium Nitrate (NaNO3) 

 3.1.39 Trace element solution 

  3.1.39.1 Boric acid (H3BO3) 

3.1.39.2 Cobalt (II) Chloride Hexahydrate (CoCl2·6H2O)  

3.1.39.3 Zinc sulfate heptahydrate (ZnSO4·7H2O)  

3.1.39.4 Manganese (II) Chloride Tetrahydrate (MnCl2·4H2O) 

3.1.39.5 Sodium molybdate Heptahydrate (NaMoO4·7H2O)  

3.1.39.6 Nickel (II) Chloride Hexahydrate (NiCl2·6H2O)  

3.1.39.7 Copper sulphate pentahydrate (CuSO4·5H2O)  

 3.1.40 1X Trypsin (Gibco) 

 3.1.41 Urea (CH4N2O) 

 3.1.42 Xylose (C5H10O5) 

 3.1.43 6-well plate (Thermo scientific) 

 3.1.44 96-well plate (Thermo scientific) 

  

3.2 Animal cell and Microorganism  

 3.2.1 L929 cell  

3.2.2 Vero cell  

 3.2.3 Novosphingobium sp. THA_AIK7 
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3.3 Method 

 3.3.1 Effect of carbon, nitrogen, and phosphorus on PHAs production 

  Inoculum of Novosphingobium sp. THA_AIK7 was cultured in 

nutrient broth (NB) and incubated at 30°C, 150 rpm for 24 h [5]. One liter of mineral salt 

medium (MSM) was used for PHA production, excluding carbon, nitrogen, and 

phosphorus, consisting of KH2PO4 1.50 g, MgSO4·7H2O 0.2 g, ferrous ammonium citrate 

0.06 g, CaCl2·2H2O 0.01 g, and trace element solution 1 mL. One liter of trace element 

solution contained H3BO3 0.3 g, CoCl2·6H2O 0.2 g, ZnSO4·7H2O 0.1 g, MnCl2·4H2O 

0.03 g, NaMoO4·2H2O 0.03 g, NiCl2·6H2O 0.02 g, and CuSO4·5H2O 0.01 g [98]. The 

initial pH of the medium was set at 7. 

3.3.1.1 Optimal carbon source for PHA production 

  Ten percent inoculum of Novosphingobium sp. THA_AIK7 was added to 

150 mL of MSM broth supplemented with 10 g/L of various carbon sources (glucose, 

glycerol, fructose, sucrose, lactose, maltose, xylose, and crude glycerol), 1 g/L of 

monosodium glutamate (MSG), and 6.7 g/L of Na2HPO4·7H2O. The culture was 

incubated at 30°C with an agitation rate of 150 rpm for 96 h. Samples were taken during 

biomass cultivation and PHA yield determination, while polymer composition and 

functional groups of casted film from the selected condition were analyzed by nuclear 

magnetic resonance (NMR) [99].  

3.3.1.2 Optimal nitrogen source for PHA production 

   Ten percent inoculum of Novosphingobium sp. THA_AIK7 was 

added to 150 mL of MSM broth supplemented with 10 g/L of optimized carbon source, 

1 g/L of various nitrogen sources ((NH4)2SO4, NH4Cl, urea, KNO3, NaNO3, and MSG), 

and 6.7 g/L of Na2HPO4·7H2O. The culture condition and analysis were similar to 3.3.1.1. 

  3.3.1.3 Optimal phosphorus source for PHA production 

  Ten percent inoculum of Novosphingobium sp. THA_AIK7 was 

added to 150 mL of MSM broth supplemented with 10 g/L of optimized carbon, 1 g/L of 

optimized nitrogen source, and 6.7 g/L of various phosphorus sources (Na2HPO4·7H2O, 

K2HPO4, and (NH4)2HPO4). The culture condition and analysis were similar to 3.3.1.1. 
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3.3.1.4 Biomass production kinetics 

   The logistic model was used to describe the growth of 

microorganisms during culture, and the relationship between growth and stable growth. 

The model presented the relationship between biomass (X) and initial cell concentration 

(X0), maximum cell concentration (Xmax), and maximum specific growth rate (µmax) at a 

specific time (t), as shown in equation (1)  [100].   

 

ݔ =  ௑బୣ୶୮ (ஜ೘ೌೣ௧)

ଵିቂቀ ೉బ
೉೘ೌೣ

ቁ൫ଵି௘௫௣(ஜ೘ೌೣ௧)൯ቃ
        (1) 

 

3.3.1.5. PHAs production kinetics 

   The Gompertz model was used to describe the change in product 

concentration during culture for maximum product concentration (Pmax), maximum 

product production rate (rmax), and lag time (tL), as shown in equation (2) [100]. 

 

ܲ = ௠ܲ௔௫ ∙ ݌ݔ݁ ቂ−݁݌ݔ ቀ௥೘ೌೣ∙ୣ୶୮(ଵ)
௉೘ೌೣ

ቁ ௅ݐ) − (ݐ + 1ቃ     (2) 

 

 The logistic and Gompertz models were used to fit the experimental data using 

Microsoft Excel and SigmaPlot 14.0 for non-linear regression analysis. Values of the 

fermentation parameters, as well as the statistical indicator for coefficient of 

determination (R2), were obtained directly from the software [101]. 

3.3.1.6 Up-scale production in 10 L bioreactor 

 The optimized carbon, nitrogen, and phosphorus sources from 

3.3.1.1- 3.3.1.3 it is defined as a food recipe for cultivation in bioreactor 10 L, with 

agitation rate of 150 rpm, aeration rate 1 vvm and initial pH of 7.0. The sample will be 

taken to analyze biomass yield, PHA yield, glycerol, and pH of culture medium every 12 

h until 168 h. 
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 3.3.2 The statistical experimental design to optimization of extraction process 

using silica gel 

  The optimization of extraction process using silica gel performed by Box-

Behnken design (BBD) experiment using the design expert version 13.0 software. The 

independent variable will be: Temperature (X1), Loaded cell (X2) and amount of Silica gel 

(X3) (Table 3.1 and 3.2). The control unit does not contain silica gel. Different amount of 

loaded cell, in each run, will be first mixed with different amount of hot silica gel. 

Chloroform 25 mL and water 5 mL will be added to the mixer in glass bottle. The mixed 

portion will be incubated at temperature assigned in each run. After 24 h of incubation, 

the chloroform phase will be transfer to glass plate, evaporate, and dry at 60 o C for 24 h 

before weigh. The general quadratic equation to predict the optimal point is as follows 

(3): 

 

 ܻ =  ∑ ௜௜ߚ ௜ܺ
ଶே

௜ୀଵ + ∑ ∑ ௜௝ߚ ௜ܺ ௝ܺ
ே
௝வଵ

ே
௜ୀଵ + ∑ ௜ߚ ௜ܺ

ே
௜ୀଵ +  ଴    (3)ߚ

 

Where 

 Y is the predictive response value (Dependent variable) 

 Xi and Xj are the predictive response values (Independent variable) 

 β0 is the Y-intercept 

 βi is the single regression coefficient 

 βii is the regression coefficient of the quadratic equation 

 βij is the relative regression coefficient of the variable 

 

Table 3.1 The experiment level of the variable for BBD 

Independent Variable Code variable Experiment levels (code) 

Low (-1) Medium (0) High (+1) 

Temperature (°C) X1 45 50 55 

Loaded cell (mg) X2 40 60 80 

Amount of silica gel (g) X3 18 24 30 
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Table 3.2 Box-Behnken experimental design (BBD) 

Run Temperature (°C) 

(X1) 

Loaded cell (mg) 

(X2) 

Amount of silica gel (g) 

(X3) 

1 -1 -1 0 

2 1 -1 0 

3 -1 1 0 

4 1 1 0 

5 -1 0 -1 

6 1 0 -1 

7 -1 0 1 

8 1 0 1 

9 0 -1 -1 

10 0 1 -1 

11 0 -1 1 

12 0 1 1 

13 0 0 0 

14 0 0 0 

15 0 0 0 

16 0 0 0 

17 0 0 0 

Remark: 1 (High level), 0 (Medium level), and -1 (Low level) 

The optimum condition derived from quadratic equation will be performed to 

validate the predicted results.  

 

 3.3.3 The statistical experimental design for fabrication of microcarrier PHA by 

emulsion technique 

  The fabrication of microcarrier PHA by emulsion technique performed by 

Box-Behnken design (BBD) experiment using the design expert version 13.0 software. 

The independent variable will be: PHA (X1), PVA (X2), NH5CO3 (X3) and Stirrer (X4) 

(Table 3.3) and design a total of 29 RUN experiments as shown in Table 3.4.  
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Table 3.3 The experiment level of the variable for BBD 

Independent 

Variable 

Code variable Experiment levels (code) 

Low (-1) Medium (0) High (+1) 

PHA (g) X1 0.08 0.16 0.24 

PVA (%) X2 0.1 0.5 1 

NH5CO3 (%) X3 1 4 8 

Stirrer (rpm) X4 200 500 1000 

 

Table 3.4 Box-Behnken experimental design (BBD) 

Run PHA 

(X1) 

PVA 

(X2) 

NH5CO3 

(X3) 

Stirrer 

(X4) 

1 -1 -1 0 0 

2 1 -1 0 0 

3 -1 1 0 0 

4 1 1 0 0 

5 0 0 -1 -1 

6 0 0 1 -1 

7 0 0 -1 1 

8 0 0 1 1 

9 -1 0 0 -1 

10 1 0 0 -1 

11 -1 0 0 1 

12 1 0 0 1 

13 0 -1 -1 0 

14 0 1 -1 0 

15 0 -1 1 0 

16 0 1 1 0 

17 -1 0 -1 0 

18 1 0 -1 0 



 
 

(38) 
 

Table 3.4 Box-Behnken experimental design (BBD) (Continued) 

Run PHA 

(X1) 

PVA 

(X2) 

NH5CO3 

(X3) 

Stirrer 

(X4) 

19 -1 0 1 0 

20 1 0 1 0 

21 0 -1 0 -1 

22 0 1 0 -1 

23 0 -1 0 1 

24 0 1 0 1 

25 0 0 0 0 

26 0 0 0 0 

27 0 0 0 0 

28 0 0 0 0 

29 0 0 0 0 

Remark: 1 (High level), 0 (Medium level), and -1 (Low level) 

 

The optimum condition derived from quadratic equation will be performed to 

validate the predicted results.  

 

  3.3.3.1 Fabrication of microcarrier PHA by emulsion technique  

Microcarriers PHA (MC-PHAs) will be prepared using a gas 

foaming method in a (W1/O/W2) double emulsion. 2 mL of NH5CO3 (X3) aqueous solution 

mixed with PHA (X1) dissolved in chloroform 8 mL, stirred at 1,000 rpm for 10 min. The 

resulting solution will then be poured into PVA (X2) solution and stirred (X4) at room 

temperature for 4 h to obtain microcarriers washed 3 times with distilled water and dried 

at 60๐C. A total of 29 experimental runs were performed as per Table 3.4. The morphology 

and size of the fabricated microcarrier were examined under SEM [94, 102]. 

  3.3.3.2 Cell adhesion and growth in dynamic condition 

   One gram per liter of Cytodex1 and MC-PHAs will be added in 

spinner flasks, washed with phosphate buffer saline (PBS), MC-PHAs coated with 0.1% 
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gelatin solution, and autoclaved at 121o C for 15 min, removal of gelatin solution and add 

Minimum Essential Medium (MEM) serum-free media for 30 min, then remove 

Minimum Essential Medium (MEM) serum-free media. Vero and L929 cells in Eagle's 

Minimum Essential Medium (MEM) with 10% FBS will be added into a spinner flask at 

cell concentration 1 x 107 cell/mL, incubated at 37 o C and 5% CO2 at 30 rpm stirring 

rate. Cell adhesion and growth on fabricated microcarrier will be monitored at 0, 24, 48, 

72, 96, and 120 h. Samples will be stained with 1 µg/mL Hoechst 33342 dye for 10 min, 

washed with distilled water and then observed under a fluorescence microscope. Vero 

and L929 cell attachment on microcarrier will be visualized by SEM and crystal violet 

staining.  

  3.3.3.3 Cytotoxicity 

Cytodex1 and MC-PHAs were added in the test tube, washed with 

phosphate buffer saline (PBS), MC-PHAs coated with 0.1% gelatin solution, and 

autoclaved at 121o C for 15 min, remove of gelatin solution and add Minimum Essential 

Medium (MEM) serum-free media for 30 min, add in 96 well and remove MEM serum-

free media. Vero and L929 cells in MEM with 10% FBS will be added into a 96 well at 

cell concentration 3 x 103 cell/well, incubated at 37 o C and 5% CO2 for 3 days. After 

discard of old media, 50 µl of serum-free media and 50 µl of MTT reagent will be filled 

into each well. After 3 h of incubation at 37°C, 150 µl MTT solvent will be added and 

shook for 15 min. The absorbance will be read at OD 590 nm against cell culture medium. 

[103]. Percent of cytotoxicity will be calculated as equation below (4).  

 

% Cytotoxicity = ቀ(100×(Control-Sample))
Control

ቁ ×100      (4) 

 

Control is the absorbance of cells in media. 

Sample is the absorbance of sample. 

 

The result of cytotoxicity of fabricated microcarrier to Vero cell will be expressed 

as % viability as the equation below. 

% Viability = 100 – cytotoxicity        (5) 
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3.3.4 Analysis 

  3.3.4.1 Biomass yield 

   Two milliliters of cell suspension were centrifuged at 4°C and 

6797 × g for 10 min. The supernatant was discarded and the cell was washed twice with 

distilled water, mixed well, and centrifuged again to reseparate the cell pellet before 

drying at 80°C for 24 h until the weight was constant. The dried cell pellet was weighed 

and expressed as grams per liter of biomass. 

  3.3.4.2 PHA yield 

   PHA-accumulating cells in a 10 mL sample were harvested 

following the above method. Five milliliters of 5% sodium hypochlorite were added to 

the centrifuge tube and incubated at 37°C for 1 h. The cell debris was cleaned twice with 

distilled water and then transferred to a glass bottle. Each glass bottle was added with 10 

mL chloroform and 5 mL distilled water and incubated at 40°C for 6 h. The chloroform 

phase was transferred onto a glass plate, evaporated, and dried at 60°C for 24 h. The 

casted film was weighed and expressed as grams per liter of  PHAs [104].   

3.3.4.3 Sudan Black B Staining 

Sudan Black B staining was used to visualize PHA accumulation 

inside the bacterial cells under a compound microscope. Heat fixation of the bacterial 

cells was performed before Sudan Black B solution (0.3% (w/v) Sudan Black B in 70% 

ethanol) was dropped on the slide. After 10 min, the slide was washed with xylene and 

safranin was dropped for another 45 sec. Dark blue spots scattered on the slide indicated 

PHA stored inside the bacterial cells.  

  3.3.4.4 PHAs characterization by NMR  

   The spectrum of the polymer synthesized by Novosphingobium sp. 

THA_AIK7 was analyzed by 1H nuclear magnetic resonance (NMR) [105]. A 10 mg 

aliquot of the sample was dissolved in 1 mL deuterochloroform (CDCl3) in a glass tube 

by heating at 45°C, with spectra recorded at 500 MHz. determined that characteristic 

peaks in the NMR spectrum at 0.9 ppm (HV unit) and 1.25 ppm (HB unit) could be 

utilized to calculate the HV composition in the PHBV sample, as shown in equation (6). 

HV composition (%) = ୅୰ୣୟେୌయ(ୌ୚) 
୅୰ୣୟେୌయ (ୌ୚)ା୅୰ୣୟେୌయ(ୌ୆)

 × 100%               (6) 
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  3.3.4.5 Glycerol residual 

   Dilute the sample as appropriate. Then pipette 0 . 5  mL of the 

sample into the test tube, add 0.5 mL of ethanol 95.5% (w/v), 0.6 mL of solution D, and 

0.6 mL of solution C, respectively. The mixer will be immersed in a water bath at 70°C. 

for 1 minute, stirring manually. The sample tube will be immediately cooled in cold water 

to stop the reaction.  The samples will be finally read in a spectrophotometer set in double 

beam mode at 410 nm, against a blank,  and compared with the standard curve of the 

standard glycerol solution [106]. 

(1) Solution A: 1.6 M acetic acid solution 

(2) Solution B: 4.0 M ammonium acetate solution 

The solution A and B will be mixed in equal volumes, these 

solutions result in a buffer solution at pH 5.5. 

(3) Solution C: 0.2 M acetyl acetone solution 

Pipette 200 mL (195 mg) of acetylacetone in 5 mL of acetic acid 

stock solution and 5 mL of ammonium acetate stock solution. This reagent must be 

prepared daily. 

(4) Solution D: 10 mM sodium periodate solution 

Weigh 21 mg of sodium meta periodate, add 5 mL of acetic acid 

stock solution, swirl to dissolve the periodate first, add 5 mL ammonium acetate stock 

solution. This reagent must be prepared daily.  

  3.3.4.6 SEM 

   The structural characteristics of the fabricated microcarriers were 

examined by scanning electron microscope. The average sizes of the microcarriers and 

pores were calculated from the SEM images using Image J software and expressed as 

means ± standard deviations. 

  3.3.4.7 Cell adhesion on microcarriers by SEM 

   Samples were collected at 96 h, fixed with 2.5% glutaraldehyde in 

0.1M phosphate buffer pH 7.2 for 1 h, dropped onto glass coated with Poly- L-lysine was 

left for 10 minutes, washed with phosphate buffer 2 times and distilled water 1 time, 3-5 

minutes each time. Dehydrate with ethanol at various concentrations including 30%, 50%, 

70%, 95% and 100% steps, each step was 5 minutes (at 100%, do it 3 times) and then 
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dried at the critical point using a critical point dryer. The microcarrier samples were 

placed on a stub, coated with gold, and analyzed using SEM. 

  3.3.4.8 Number of adherent cells on the microcarrier 

   The samples were stained in a solution mixed with 0.5 M citric acid 

+ 0.1 % crystal violet + 1.5 % Triton X-100 for 24 h and the number of cells was counted 

with a hemacytometer. 

  3.3.4.9 Metabolic profile of cultured cells 

   Samples were collected at 0, 24, 48, 72, 96, 120, and 144 h. The 

cells were centrifuged and the supernatant was analyzed for glucose content using a 

glucose/lactate analyzer [107]. 

  3.3.4.10 Statistical analysis 

  Significant differences were determined by one-way analysis of 

variance (ANOVA) at p-value < .05. The effect of each sample was defined by Duncan’s 

multiple comparison test at p-value < .05 using SPSS version 15. 
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CHAPTER 4 

RESULTS AND DISCUSSIONS 
 

4.1 Effect of medium composition on biomass and PHA production 

To increase PHAs yield, various carbon sources (10 g/L) namely glucose, 

glycerol, fructose, sucrose, lactose, maltose, xylose, and crude glycerol were added to the 

MSM with a 10% (v/v) inoculum and cultivated for 96 h at 30oC with shaking at 150 rpm. 

Our study revealed that carbon source tested in this study clearly affected PHAs 

production by Novosphingobium sp. THA AIK7. Maximum and minimum biomass were 

obtained from crude glycerol and xylose at 4.41 and 1.20 g/L, while PHAs concentration 

were 1.01  and 0.01 g/L, respectively (Figure 4.1(A)). Carbon assimilation is different in 

each species. AIK7 isolate employed waste glycerol for polymer biosynthesis better than 

pure glycerol [108]. Glycerol obtained in soy-based biodiesel production (CSBP) would 

be utilized as a substrate for bacterial growth, while free fatty acid (FFA) and fatty acid 

methyl esters (FAME) would be a good source for PHA synthesis [109]. Poomipuk et al. 

(2014) stated that lactose and sucrose, a disaccharide, were found to be less preferable 

than monosaccharides such as glucose and fructose for PHAs production. However, 

Cupriavidus sp. KKU3 8  could effectively utilize maltose, a disaccharide, and xylose, a 

monosaccharide for PHAs production [110].  

Novosphingobium sp. THA_AIK7 effectively exploited (NH4)2SO4 and MSG for 

growth at 3.48  and 3.46  g/L, respectively whereas urea was less suitable. This occurred 

because the (NH4)2SO4 nitrogen source served as a precursor for vitamins, amino acids, 

and growth factors [111]. The most favorable nitrogen source for PHA production was 

MSG at 0.73 g/L, while urea was not appropriate for both biomass and PHA production 

at 1.23 and 0.04 g/L, respectively (Figure 4.1(B)). These findings showed that PHA yield 

was not related to growth. PHA synthesis is enhanced by environmental stresses such as 

nitrogen, phosphate, or oxygen limitation [112]. Optimal biomass and polymer 

production in Bacillus megaterium was recorded using NH4Cl in 2% sugarcane molasses 

at 1.27 g/L and 40.10% CDM, respectively [112]. Beaulieu et al. (1995) investigated PHB 

production by Alcaligenes eutrophus in a synthetic 3% glucose medium supplemented 

with various ammonium substrates. They discovered that (NH4)2SO4 provided optimal 
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growth at 25.25 g/L and PHB yield of 43 % CDW after 72 h of fermentation [113]. 

Quillaguamán et al. (2008) concluded that using MSG instead of glutamine in the medium 

resulted in a significant change in the final cell density of Halomonas boliviensis, with a 

DCW of 44 g/L and PHB content of 81 wt% in fed-batch culture. Similar to carbon 

sources, each species prefers a different nitrogen source [114].   

Three sources of phosphorus salts impacted biomass and PHA production that was 

maximized in media containing Na2HPO4∙7H2O at 5.23 and 1.44 g/L, respectively (Figure 

4.3(C)). However, (NH4)2HPO4 was not suitable for biomass and polymer biosynthesis at 

0.65 and 0.08 g/L, respectively. In the “No addition” treatment, the MSM contained the 

phosphorus source from KH2PO4 at 1.50 g/L. Therefore, phosphorus deficiency in the 

“No addition” treatment gave higher PHA accumulation than addition of (NH4)2HPO4. 

Phosphorus deficiency yielded intracellular concentration of NADPH and stimulated 

PHA synthesis, while citrate synthase was inhibited in the TCA cycle resulting in higher 

PHA accumulation in cells [115]. Bustamante et al. (2019) found that higher 

concentration of (NH4)2HPO4 together with KH2PO4 reduced growth and PHB yield from 

Caulobacter segnis DSM 29236, possibly due to the cytotoxic effect of ammonium on 

the cells [116]. PHA accumulation in mixed microbial cultures was evaluated by Gao et 

al. (2021) under various phosphorus sources [117]. They determined Na2HPO4 as the best 

phosphorus source that increased 3HB and 3HO contents by 41% and 49%, respectively. 

Phosphorus supplements as Na2HPO4.7H2O and K2HPO4 improved both biomass and 

PHA content of the AIK7 strain as appropriate forms of nutrients for the cells.  

The volumetric production rates of biomass (Qx) and volumetric production rate 

of PHA (Qp) for the above treatments were calculated (Table 4.1). Crude glycerol gave 

the highest PHA content at 24.45% with xylose at only 0.90%. Highest Qp was obtained 

from crude glycerol at 0.011 ± 0.001 g/L h, while highest Qx was recorded from glycerol 

at 0.053 ± 0.006 g/L h, proving that the bacteria used glycerol for their growth. Maximum 

PHA content of nitrogen source was achieved from MSG at 21.32%, with the minimum 

from urea at 3.49%. MSG and (NH4)2SO4 recorded the same level of Qx at 0.036 ± 0.003 

g/L h showing that the AIK7 strain used these two nitrogen sources for growth equally. 

Highest productivity of polymer Qp was gained from MSG at 0.008 ± 0.001 g/L h, while 

Na2HPO4∙7H2O and (NH4)2HPO4 gave maximum and minimum PHA contents at 27.54% 
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and 12.31%, respectively. Biomass and polymer productivity peaked in media containing 

Na2HPO4∙7H2O at Qx 0.073 ± 0.003 and Qp 0.015 ± 0.000 g/L h. PHA production is a 

complex process, with the final quality and quantity of the product yield depending on 

the strain, metabolic pathway involved, fermentation parameters, PHA production phase, 

carbon source, nitrogen source, phosphorus source, and nutrient depletion condition 

required for PHA synthesis [118]. Results suggested that the appropriate medium for 

growth and PHA production of Novosphingobium sp. THA_AIK7 contained crude 

glycerol, MSG, and Na2HPO4∙7H2O as carbon, nitrogen, and phosphorus sources, 

respectively. Variation in PHA content derived from each condition was low (0.90-

27.54%) compared to the observed dark blue spots of stained PHA in Figure 4.5, possibly 

because the extraction process was unable to recover all the stored polymer inside the  

bacterial cells.  
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Figure 4.1 Influence of (A) carbon, (B) nitrogen, and (C) phosphorus sources on 

biomass production and PHA accumulation of Novosphingobium sp. 

THA_AIK7 at 96 h of cultivation. Data are represented as mean ± SD bar. 

The different superscripts indicate significant differences at p-value ≤ .05. 
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Table 4.1 Biomass and PHA production of Novosphingobium sp. THA_AIK7 under 

different conditions at 96 h of cultivation. 

Condition PHA content (%) Qx (g/L h) Qp (g/L h) 

Carbon sources    

Glucose 3.87b 0.020±0.002de 0.001±0.000bc 

Glycerol 4.66b 0.053±0.006a 0.002±0.000b 

Fructose 4.04b 0.021±0.002de 0.001±0.000bc 

Sucrose 3.55b 0.023±0.002d 0.001±0.000bc 

Lactose 2.92bc 0.030±0.002c 0.001±0.000bc 

Maltose 4.77b 0.017±0.001e 0.001±0.000bc 

Xylose 0.90c 0.017±0.002e 0.000±0.000c 

Crude glycerol 24.45a 0.046±0.001b 0.011±0.001a 

Nitrogen sources    

(NH4)2SO4 7.76b 0.036±0.003a 0.003±0.000b 

NH4Cl 9.25b 0.030±0.002bc 0.003±0.001b 

Urea 3.49c 0.017±0.002d 0.000±0.000d 

KNO3 7.66b 0.025±0.004c 0.002±0.000c 

NaNO3 9.64b 0.031±0.003ab 0.003±0.000b 

MSG 21.32a 0.036±0.003a 0.008±0.001a 

Phosphorus sources    

Na2HPO4∙7H2O 27.54a 0.073±0.003a 0.015±0.000a 

K2HPO4 27.41a 0.058±0.010ab 0.012±0.001b 

(NH4)2HPO4 12.31b 0.007±0.003c 0.001±0.000d 

No addition 12.31b 0.053±0.013b 0.005±0.001c 

Different lowercase superscripts in the same column indicate significant differences at 

p-value ≤ .05. 

4.2 Kinetic modeling of microbial growth and PHA production 
The logistic and Gompertz models were used to simulate microbial growth and 

PHA production under various conditions to calculate the growth kinetics and polymer 

production rate [100, 101]. Non-linear regression analysis was performed using Microsoft 

Excel to determine the values of the cultivated parameters and the statistical indicator for 
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the coefficient of determination (R2). The microbial growth kinetics and PHA production 

from Novosphingobium sp. THA_AIK7 cultivated under different carbon, nitrogen, and 

phosphorus sources at 0-96 h are shown in Figures 4.2-4.4, with estimated kinetics of 

biomass and PHA production obtained from both models summarized in Table 4.2. 

The simulation curves of microbial growth by the logistic model showed that 

crude glycerol, glycerol, and lactose had progressively increasing prediction curves at 

maximum predicted biomass (Xmax) of 4.841, 3.939, and 2.969 g/L, respectively (Table 

4.2). The predicted specific growth rate (µmax) was highest at 0.104 h-1 from fructose, 

showing that the AIK7 strain used fructose for growth faster than the other carbon 

sources. The AIK7 strain also utilized glucose, the most common carbon source for 

bacterial growth, faster than crude glycerol, glycerol, and lactose with predicted µmax of 

0.094 h-1, while µmax values from these three carbon sources were 0.044, 0.070, and 0.062 

h-1, respectively. The predicted µmax was maximized from fructose and glucose but the 

maximum predicted Xmax reached only 1.597 and 1.781 g/L (Table 4.2) with Qx only 0.021 

and 0.020 g/L h, respectively (Table 4.1), indicating that these two monosaccharides were 

easily assimilated into the cell but might not be used directly for cell growth. Statistical 

analysis revealed that Xmax and µmax obtained from glucose and fructose were not 

significantly different. The simulated curves of crude glycerol, glycerol, and lactose were 

close to the experimental data with R2 0.984, 0.990, and 0.984, respectively (Figure 4.2) 

indicating that this model could be used to explain the growth kinetics of 

Novosphingobium sp. THA_AIK7 under these conditions.  

The predicted logistic model curves of MSG, NH4Cl, and (NH4)2SO4 sharply 

increased and reached Xmax peak at 13.500, 13.333, and 13.267 g/L, respectively (Table 

4.2). Trends of the predicted lines and experimental lines of these nitrogen sources were 

in the same direction, with R2 0.991, 0.986, and 0.979, respectively (Figure 4.3) showing 

that the logistic model could be used to predict the growth of this bacteria. The (NH4)2SO4 

gave the maximum predicted µmax at 0.026 h-1, while MSG reached the second highest 

µmax at 0.022 h-1, exhibiting that the AIK7 strain quickly utilized these two sources of 

nitrogen for biomass generation. The predicted Xmax and µmax values of urea were lowest 

among all sources of nitrogen at 6.667 g/L and 0.011 h-1 (Table 4.2), corresponding with 
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the lowest Qx of 0.017 g/L h (Table 4.1) and suggesting that urea was not suitable for 

their growth. 

The predicted biomass from Na2HPO4·7H2O, K2HPO4, and No addition increased 

with time. The retrieved biomass values from the model were 5.146, 4.833, and 3.900 

g/L, respectively (Table 4.2).  The R2 values of 0.991, 0.940, and 0.977 from 

Na2HPO4.7H2O, K2HPO4, and No addition revealed that the model results were similar 

to the experimental data (Figure 4.4). The µmax of Na2HPO4.7H2O peaked at 0.116 h-1, 

while the predicted Xmax and µmax of (NH4)2HPO4 were lowest at 0.770 g/L and 0.004 h-1, 

concurring with the lowest Qx of 0.007 g/L h (Table 4.1) and confirming that this 

phosphorus source was not preferred by this bacterium. The estimated kinetic results 

showed that the logistic model accurately predicted microbial growth under these 

conditions.   

The Gompertz model was chosen to simulate PHA production. Crude glycerol had 

a progressively increasing prediction curve, with maximum predicted PHA (Pmax) of 

1.200 g/L, while the simulation curve of xylose showed the least amount of PHA with 

Pmax at 0.014 g/L. Maximum production rate (rmax) was obtained from crude glycerol at 

0.030 g/L h, with minimum rmax given by xylose, glucose, fructose, and maltose at 0.002 

g/L h (Table 4.2). The start time for PHA production from crude glycerol was 4 4 . 5  h, 

with R2 of 0.995 (Figure 4.2). Xylose was not appropriate for supporting growth or PHA 

production, with Pmax, rmax, and Qp of 0.014 g/L, 0.002 g/L h, and 0.000 g/L h, 

respectively.   

The predicted PHA from MSG steadily increased with Pmax of 2.083 g/L, whereas 

urea produced the least amount with Pmax of 0.052 g/L. Maximum and minimum 

production rates (rmax) were also obtained from MSG and urea at 0.016 and 0.001 g/L h, 

respectively (Table 2). The start time for PHA production of MSG was 50 h with R2 of 

0.995 (Fig. 4.3). The NH4Cl and (NH4)2SO4 showed support for growth, with high 

predicted Xmax while the Pmax values were 0.283 g/L and 0.343 g/L, with rmax 0.004 and 

0.004 g/L h (Table 4.2), respectively. This result indicated that these two nitrogen sources 

were used for biomass generation in preference to product formation.     

The predicted PHA values for Na2HPO4·7H2O and K2HPO4 sharply increased and 

reached Pmax of 3.367 g/L and 2.767 g/L, respectively. No addition and (NH4)2HPO4 
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produced the lowest amount of PHA with Pmax 0.883 and 0.387 g/L, respectively. 

Maximum and minimum production rates (rmax) were obtained from Na2HPO4·7H2O and 

(NH4)2HPO4 at 0.035 and 0.001 g/L h, respectively (Table 4.2). The start time for PHA 

production from Na2HPO4·7H2O was 50 h with R2 of 0.965 (Figure 4.4). Results indicated 

that (NH4)2HPO4 was not suitable for both growth and product formation by this 

bacterium.  

These simulation results of PHA production by the Gompertz model suggested 

that both the experimental and predicted data tend to go in the same direction confirming 

that this model explained the product formation profile of Novosphingobium sp. 

THA_AIK7. He et al. (2022) isolated Novosphingobium percolationis sp. nov. and 

Novosphingobium huizhouense sp. nov., from the leachate of a domestic waste 

treatment plant. They concluded that these two strains had broad carbon metabolic 

abilities and harbored the complete Embden-Meyerhof-Parnas pathway, citrate cycle, 

Entner-Doudoroff pathway, pentose phosphate pathway, and glyoxylate cycle for central 

carbon metabolism [119]. Koller and Obruča (2022) summarized PHA production from 

glycerol by various bacterial strains. They drew a metabolic pathway generating a 

pyruvate intermediate from glycerol uptaken into the cell via glycolysis and Entner-

Doudoroff pathway [120]. This pyruvate intermediate then converted to central 

metabolite acetyl-CoA, a common precursor of PHA biosynthesis pathway. Free fatty 

acids (FFAs) and fatty acid methyl esters (FAMEs) contained in crude glycerol were other 

sources of PHA production via β-oxidation and fatty acid de novo biosynthesis [99, 109], 

explaining why Novosphingobium sp. THA_AIK7 produced more PHA from crude 

glycerol than from other carbon sources. 
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Figure 4.2 Comparison of experimental observations (symbols) and model predictions 

(lines) of biomass and PHA concentration of Novosphingobium sp. 

THA_AIK7 during fermentation with medium containing (A) glucose, (B) 

glycerol, (C) fructose, (D) sucrose, (E) lactose, (F) maltose, (G) xylose, and 

(H) crude glycerol. 
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Figure 4.3 Comparison of experimental observations (symbols) and model predictions 

(lines) of biomass and PHA concentration of Novosphingobium sp. 

THA_AIK7 during fermentation with medium containing (A) (NH4)2SO4, 

(B) NH4Cl, (C) urea, (D) KNO3, (E) NaNO3, and (F) MSG 
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Figure 4.4 Comparison of experimental observations (symbols) and model predictions 

(lines) of biomass and PHA concentration of Novosphingobium sp. 

THA_AIK7 during fermentation with medium containing (A) 

Na2HPO4∙7H2O, (B) K2HPO4, (C) (NH4)2HPO4, and (D) No Phosphorus 

source addition 
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Table 4.2 Estimated kinetics of biomass and PHA production of Novosphingobium sp. 

THA_AIK7 under different conditions. 

Condition Xmax (g/L) Pmax (g/L) µmax(h-1) rmax (g/L h) 

Carbon sources     

Glucose 1.781±0.030d 0.079±0.008c 0.094±0.009a 0.002±0.001b 

Glycerol 3.939±0.467b 0.400±0.100b 0.070±0.013b 0.003±0.001b 

Fructose 1.597±0.074de 0.103±0.015c 0.104±0.010a 0.002±0.000b 

Sucrose 2.773±0.492c 0.078±0.013c 0.029±0.009d 0.005±0.001b 

Lactose 2.969±0.119c 0.083±0.015c 0.062±0.009bc 0.003±0.000b 

Maltose 1.416±0.210de 0.090±0.056c 0.040±0.013d 0.002±0.001b 

Xylose 1.067±0.115e 0.014±0.006c 0.043±0.015cd 0.002±0.002b 

Crude glycerol 4.841±0.439a 1.200±0.200a 0.044±0.006cd 0.030±0.005a 

Nitrogen sources     

(NH4)2SO4 13.267±1.079a 0.343±0.093bc 0.026±0.002a 0.004±0.001b 

NH4Cl 13.333±3.055a 0.283±0.029bc 0.019±0.002bc 0.004±0.000bc 

Urea 6.667±0.289b 0.052±0.003c 0.011±0.001d 0.001±0.000c 

KNO3 13.200±0.346a 0.450±0.278b 0.017±0.001c 0.004±0.001bc 

NaNO3 11.333±1.041a 0.400±0.087bc 0.020±0.001b 0.003±0.001bc 

MSG 13.500±1.732a 2.083±0.333a 0.022±0.002b 0.016±0.004a 

Phosphorus sources 

Na2HPO4∙7H2O 5.146±0.067a 3.367±0.321a 0.116±0.021a 0.035±0.004a 

K2HPO4 4.833±0.577a 2.767±1.168a 0.045±0.000b 0.034±0.003a 

(NH4)2HPO4 0.770±0.139c 0.387±0.032b 0.004±0.002c 0.001±0.000b 

No addition 3.900±0.656b 0.883±0.362b 0.103±0.023a 0.007±0.002b 

Different lowercase superscripts in the same column indicate significant differences at p-

value ≤ .05.   
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 Preliminary identification of PHA lipid inclusions was carried out using Sudan 

Black B dye, which is a lipophilic dye that attaches to the ester bond in the polymeric 

chain of the PHB granule [121]. Dispersed dark blue spots of stained PHA observed under 

the microscope for oil immersion at 1000x magnification indicated that PHA occupied 

almost all the cell area, as shown in Figure 4.5. Results revealed that Novosphingobium 

sp. THA_AIK7 accumulated PHA inside their cells under this condition. Yadav et al. 

(2021) found that under the appropriate condition, PHA accumulation as granules inside 

the cells varied from 1 to 90% of cell dry weight (CDW) [122]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Sudan Black B staining of Novosphingobium sp. THA_AIK7 cultured in 

MSM for 96 h (magnification, 1000x).
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4.3 NMR spectra of PHA derived from various conditions 

 
Figure 4.6 1H nuclear magnetic resonance spectra of (A) carbon, (B) nitrogen, and (C) 

phosphorus sources. 
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The extracted polymers from Novosphingobium sp. THA_AIK7 cultivated with 

different sources of carbon, nitrogen, and phosphorus were subjected to 1H NMR 

spectrometry analysis. 1H NMR peaks of each condition were detected at 0.9, 1.26, 2.6, 

and 5.2 ppm,  as shown in Figure 4.6, corresponding to the absorption resonance of methyl 

(CH3), methyl (CH3), methylene (CH2), and methane (CH) groups, respectively [123, 

124]. The identical peaks of PHBV were designated as methyl group protons in HB and 

HV at 0.9 and 1.27 ppm, respectively. The detected signals resembled those from an 

earlier study of pure P(HB-co-HV) polymers [125, 126], proving that the extracted 

polymer from every condition was PHBV. The NMR spectra at 3.6 ppm revealed the 

presence of crude glycerol resonance  [127, 128, 129], as shown in  Figure 4.6(A) in crude 

glycerol,  Figure 4.6(B) in KNO3 and NH4Cl, and Figure 4.6(C) in No addition and 

K2HPO4 used as medium composition. Glycerol and fructose were used as carbon 

sources. This peak confirmed the integration of crude glycerol into the polymer chain. 

 

Table 4.3 Peak area and mol% of PHBV extracted polymer under various conditions 

Carbon 

source 

Nitrogen 

source 

Phosphorus 

source 

Peak area 

at 

0.9 ppm 

Peak area at 

1.25-1.27 

ppm 

HV 

monomer 

(mol%) 

Fructose MSG Na2HPO4∙7H2O 1.59 14.06 10.16 

Glycerol MSG Na2HPO4∙7H2O 0.39 5.53 6.59 

Crude 

glycerol 

MSG Na2HPO4∙7H2O 1.61 

 

13.23 10.85 

Crude 

glycerol 

NH4Cl Na2HPO4∙7H2O 0.19 

 

4.18 4.35 

Crude 

glycerol 

KNO3 Na2HPO4∙7H2O 0.27 

 

4.81 5.32 

Crude 

glycerol 

MSG K2HPO4 0.46 7.49 5.79 

 

Crude 

glycerol 

MSG No addition 0.38 

 

5.65 6.30 
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The peak areas of HB and HV were calculated to obtain HV mol% in each 

polymer extract, as shown in Table 4.3. Commercial PHBV polymer from Sigma-Aldrich 

contained HV units at 8% and 10% [130, 131], while PHBV produced from 

Novosphingobium sp. THA_AIK7 varied from 4.35-10.85 mol%. The highest PHBV 

percentage of 10.85 mol% was obtained from crude glycerol with MSG and 

Na2HPO4.7H2O in the medium formula, while the lowest percentage of 4.35 mol% was 

achieved from crude glycerol with NH4Cl and Na2HPO4.7H2O in the medium formula. 

The data in Table 4.3 indicated that PHA produced from Novosphingobium sp. 

THA_AIK7 using only crude glycerol, glycerol, and fructose and the sole carbon source 

could be polymerized into a PHBV copolymer without addition of propionic acid or 

valeric acid as a 3HV precursor, suggesting that Novosphingobium sp. THA_AIK7 could 

produce a PHBV copolymer with high 3HV content from a low-priced, carbon source 

[128].  

 

4.4 Up-scale production in 10 L bioreactor 

 The bacterial culture Novosphingobium sp. THA_AIK7  in a batch-bioreactor 10 

L in the MSM formula using crude glycerol as the carbon source, MSG as the nitrogen 

source, and Na2HPO4∙7H2O as the phosphorus source, agitation rate of 150 rpm, aeration 

rate 1 vvm and initial pH of 7.0. Analyzed the cell dry weight (CDW) and found that the 

cell weight increased continuously, reaching a maximum of 5.48 g/L at 108 h. Meanwhile, 

the amount of glycerol decreased continuously along with cell growth, the biomass yield 

(Yx/s) was 1.42 g/g. The pH of the culture was in the range of 6 . 7 6 - 6 . 99  (Figure 4.7). 

Bacteria began to produce PHA at 24 h with a PHA content of 0.03 g/L and the highest 

increase at 132 h with a PHA of 1.25 g/L (Figure 4.8), with PHA yield (Yp/s) was 0.41 g/g 

and PHA content of 24.17%. Hermann-Krauss et al. (2013) used Aloferax mediterranei 

DSM 1411 to produce PHBHV. It uses crude glycerol phase (CGP) from biodiesel 

production as a carbon source. It was cultivated in a 10 L bioreactor, it was found that the 

Yp/s value was 0.19 g/g, which was lower than pure glycerol (0.37 g/g) [132]. Poblete-

Castro et al. (2014) demonstrate that the chemical mixture used to produce raw glycerol 

from biodiesel synthesis does not represent a threat to the Pseudomonas genus of bacteria. 

It also shows inexpensive substances can effectively synthesize mcl-PHA. Using raw 
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glycerol as its carbon source, P. putida KT2440 was the most effective strain tested for 

mcl-PHA synthesis, yielding CDW 4.23 g/L and PHA 1.46 g/L [133]. 

 The bacterial culture Novosphingobium sp. THA_AIK7 in the bioreactor obtained 

less PHA than in the flask level. Differences between culture at the flask level and in a 

bioreactor. In flask culture, during sample collection, shaking was stopped for 30 minutes, 

but in the bioreactor, there was no stopping stirring, and it had an aeration rate of 1 vvm.  

Kulkarni et al. (2010) [134] have demonstrated the impact of many environmental factors, 

including inoculum density. Influence of incubation temperature, duration, and starting 

medium pH on Halomonas campisalis synthesis of PHA in a flask. Previous studies of 

Teeka et al. (2010) [108] found that Novosphingobium sp. THA_AIK7 at the flask level 

found that cells could grow in aerobic conditions by shaking at 150 rpm. From this 

research, it can be concluded that Novosphingobium sp. THA_AIK7  is an aerobic 

bacterium but requires a small amount of aerobic. The bacteria will produce less PHA if 

providing too much or too little air. 

 

 

Figure 4.7 Biomass, PHA, and glycerol concentration of Novosphingobium sp. 

THA_AIK7 in a batch bioreactor 
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Figure 4.8 The pH profile of medium of Novosphingobium sp. THA_AIK7 in a batch- 

bioreactor  

 

4.5 The statistical experimental design to optimization of extraction process using 

silica gel 

 The optimum condition of extraction process using silica gel was arranged as 17 

runs of Box-Behnken design (Table 4.4). The influence of three independent variables 

Temperature (A), Loaded cell (B) and amount of Silica gel (C) were investigated. The 

experimental results of the extraction process using silica gel found that the amount of 

PHA extracted were ranged at 1 4  to 4 1  mg. The high PHA was obtained from the 

experimental results which used 80 mg of cell, silica gel 30 g, and temperature at 50๐C in 

run 12. From the experiment, it was found that when the concentration of cells and the 

amount of silica gel increased, the amount of PHA also increased.  
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Table 4.4 PHA content of silica gel extraction 

Run PHA (mg) 

1 14 

2 16 

3 37 

4 39 

5 29 

6 30 

7 34 

8 28 

9 20 

10 38 

11 22 

12 41 

13 29 

14 29 

15 29 

16 29 

17 29 

Remark: Experiments 13-17 are the same example.  

Silica is an extremely effective adsorbent and non-toxic, along with its remarkable 

textural properties like high surface area, large pore size/volume, and plenty of open 

pores, along with its good mechanical, chemical, and thermal stability (non-swelling) up 

to 1500 °C, make it an incredibly effective adsorbent [135]. According to Yang et al. 

(2018) and Halamoda-Kenzaoui et al. (2015) [136, 137], the silica structure affects how 

stable silica nanostructures are. Large porous silica nanoparticles, for instance, changed 

their colloidal stability and had their silica surface scratched by biological and cellular 

media in a synergistic way. Apart from aqueous colloidal stability, additional significant 

practical metrics to characterize the reaction activity and selectivity of silica 

nanostructures are heat stability and reusability [138]. Ferraz et al. (2004) [139] 



 
 

(62) 
 

researched the extraction of lipids from human serum using a silica-based extraction, as 

reported by Neoh et al. (1986), which requires a half-hour absorption phase but failed to 

extract lipids from human serum effectively [140]. This was achieved only after 

increasing the silica concentration 10 times throughout two successive absorption phases 

that lasted 2 and 16 h. Probably, the levels of lipids in the samples used were lower than 

what is typically present in human serum [140]. For this reason, it can be concluded that 

Silica gel and cells affect PHA extraction. Silica gel is a conventional physical pre-

treatment method used to interrupt cell membranes and extract intracellular products. 

Silica gel, a water adsorbent, was chosen for PHA recovery, attempting to rely on lipid 

removal from human serum research [139, 141]. The lipid component of the cell extract 

may be adsorbed in the porous silica gel and sink to the bottom during the chloroform 

phase, increasing the solvent's lipid dissolution and augmenting the PHA recovery than 

the sodium hypochlorite basis technique. 

 The analysis of variance (ANOVA) and code regression coefficients of the 

quadratic model for find the influencing factors to PHA production were shown in Table 

4.4. The statistical analysis results of PHA showed that p-value of PHA production 

models was < .0001. In this silica gel (C²) is a significant p-value of .0142. It was indicated 

that the PHA model was significant at the confidence level of 95% (p-value ≤ .05). The 

value of the coefficient of determination (R2) of PHA was 0.9791, indicating that the 

experimental findings and predicted data were well correlated (Table 4.4) 

The model construction was arranged in a series by using all coefficients with 

symbols of all variables in terms of linear, squares, and interactions. The mathematical 

equation of full quadratic model was shown in Eqs. (7). 

 

PHA = -151.33625 + 5.89425A + 0.814125B – 0.670625C + 0.001100AB – 

0.054917AC + 0.000625BC – 0.046650A² – 0.003059B² + 0.073160C² (7) 
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Table 4.5 ANOVA results of BBD for extraction  

Source Sum of 

Squares 

df Mean Square F-value p-value 

Model 910.62 9 101.18 36.41 < 0.0001* 

A-Temperature 8.57 1 8.57 3.08 0.1225 

B-Cell 7.04 1 7.04 2.53 0.1556 

C-Silica gel 0.3803 1 0.3803 0.1368 0.7224 

AB 0.0484 1 0.0484 0.0174 0.8987 

AC 10.86 1 10.86 3.91 0.0886 

BC 0.0225 1 0.0225 0.0081 0.9308 

A² 5.73 1 5.73 2.06 0.1943 

B² 6.31 1 6.31 2.27 0.1757 

C² 29.21 1 29.21 10.51 0.0142* 

Residual 19.45 7 2.78   

Lack of Fit 19.45 3 6.48   

Pure Error 0.0000 4 0.0000   

Cor Total 930.07 16    

 R2 = 0.9791     

*p-value ≤ .05 and are significant. 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

(64) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 3D surface and 2D contour graph of PHA extraction (A), silica gel and 

temperature; (B), silica gel and cell; and (C), cell and temperature. 
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The Eqs. (7) were employed to create the three-dimensional (3D) response surface 

graph and the related two-dimensional (2D) contour to determine the optimum 

combination of the assessed variables (Figure 4.9 A to C). The interaction between silica 

gel + temperature in this range shows that they slightly affected (Figure 4.9 A). While the 

interaction between silica gel + cell in this range shows that the amount of PHA increases 

when the cell concentration is higher from 40 to 80 mg and the amount of silica gel is 

between 18 to 30 g (Figure 4.9 B). The interaction between cell + temperature in this 

range shows that the amount of PHA increases when the cell concentration is higher from 

40 to 80 mg (Figure 4.9 C). However, to increase Extraction PHA efficiency, it is essential 

to consider all three studied variables and other control factors concurrently. 

 

4.6 The statistical experimental design for fabrication of microcarrier PHA by 

emulsion technique 

 The optimum condition of fabrication of microcarrier PHA by emulsion technique 

was arranged as 29 runs of BBD (Table 4.5). The influence of four independent variables 

PHA (A), PVA (B), NH5CO3 (C) and Stirrer (D) were investigated. The experimental 

results of pore size and diameter ranged at 0.479 – 1.970 µm and 17-125 µm, respectively. 

The pore size and diameter are the best, accorded by the second-order quadratic model. 

The best microcarrier has pore size and diameter 0.970 and 125 µm, respectively, were 

obtained from the experimental results which used PHA 0.24 g, PVA 0.5 %, NH5CO3 

1 %, and Stirrer 500 rpm in run 18.  

 The analysis of variance (ANOVA) and code regression coefficients of the 

quadratic model to find the influencing factors to pore size and diameter were shown in 

Table 4.5-4.6. The statistical analysis results of pore size and diameter showed that the p-

values of models were 0.0001 and 0.0017, respectively. It was indicated that the pore size 

and diameter model was significant at the confidence level of 95% (p-value ≤ .05). The 

value of the coefficient of determination (R2) of pore size and diameter models were 

0.8957 and 0.8421, respectively, indicating that the experimental findings and predicted 

data were well correlated (Table 4.5-4.6). 
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 For the pore size model in this stirrer (D), PHA and NH5CO3 (AC), NH5CO3 (C²), 

and stirrer (D²) are significant model terms with the p-values at .00001, .0013, .0024, 

and .0001, respectively (Table 4.5). The diameter model in this stirrer (D), PHA (A²), and 

stirrer (D²) are significant model terms with the p-values at .00002, .0339, and .0009, 

respectively, (Table 4.6). 

 The model construction was arranged in a series by using all coefficients with 

symbols of all variables in terms of linear, squares, and interactions. The mathematical 

equation of the full quadratic model is shown in Eqs. (8). 

 

Pore size = -1.52619 + 2.32689A + 0.637824B + 0.111976C + 0.005072D + 0.405582AB 

– 1.46623AC + 0.001609AD – 0.046791BC – 0.000704BD – 0.000098CD + 

5.27120A2 – 0.0242991B2 + 0.025159C2 – 2.87172E-06D2  (8) 

Table 4.6 ANOVA results of BBD for pore size of MC-PHAs  

Source Sum of Squares df Mean Square F-value p-value 

Model 5.12 14 0.3658 8.59 0.0001 

A-PHA 0.0094 1 0.0094 0.2214 0.6452 

B-PVA 0.0289 1 0.0289 0.6782 0.4240 

C-NH5CO3 0.0519 1 0.0519 1.22 0.2881 

D-Stirrer 1.19 1 1.19 27.90 0.0001 

AB 0.0009 1 0.0009 0.0202 0.8891 

AC 0.6833 1 0.6833 16.04 0.0013 

AD 0.0110 1 0.0110 0.2591 0.6187 

BC 0.0222 1 0.0222 0.5209 0.4823 

BD 0.0675 1 0.0675 1.58 0.2287 

CD 0.0793 1 0.0793 1.86 0.1940 

A² 0.0074 1 0.0074 0.1732 0.6836 

B² 0.0152 1 0.0152 0.3572 0.5596 

C² 0.5848 1 0.5848 13.72 0.0024 

D² 1.16 1 1.16 27.32 0.0001 

Residual 0.5965 14 0.0426 
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Table 4.6 ANOVA results of BBD for pore size of MC-PHAs (Continued) 

Source Sum of Squares df Mean Square F-value p-value 

Lack of Fit 0.5965 10 0.0596 
  

Pure Error 0.0000 4 0.0000 
  

Cor Total 5.72 28 
   

 R2 = 0.8957     
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Figure 4.10 3D surface and 2D contour graph of pore size (A), PHA and PVA; (B), 

PHA and NH5CO3; (C), PHA and stirrer; (D), NH5CO3 and PVA; (E), 

PVA and stirrer; and (F), NH5CO3 and stirrer 

(A) (B) 

(C) (D) 

(E) (F) 
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  The model construction was arranged in a series by using all coefficients with 

symbols of all variables in terms of linear, squares, and interactions. The mathematical 

equation of the full quadratic model is shown in Eqs. (9). 

Diameter = -83.92798 – 185.29787A + 75.74132B – 5.28380C + 0.411223D – 

332.13020AB – 25.17485AC – 0.340731AD – 0.771294BC – 0.034375BD – 

0.008603CD + 2564.06043A2 – 17.3358B2 + 1.13295C2 – 0.000198D2

          (9) 

Table 4.7 ANOVA results of BBD for Diameter of MC-PHAs 

Source Sum of Squares df Mean Square F-value p-value 

Model 23596.52 14 1685.47 5.33 0.0017 

A-PHA 59.83 1 59.83 0.1893 0.6701 

B-PVA 407.48 1 407.48 1.29 0.2753 

C-NH5CO3 115.66 1 115.66 0.3659 0.5549 

D-Stirrer 7815.45 1 7815.45 24.73 0.0002 

AB 576.49 1 576.49 1.82 0.1983 

AC 201.42 1 201.42 0.6373 0.4380 

AD 495.24 1 495.24 1.57 0.2312 

BC 6.03 1 6.03 0.0191 0.8921 

BD 160.80 1 160.80 0.5087 0.4874 

CD 612.57 1 612.57 1.94 0.1856 

A² 1746.56 1 1746.56 5.53 0.0339 

B² 77.45 1 77.45 0.2450 0.6283 

C² 1185.81 1 1185.81 3.75 0.0732 

D² 5540.75 1 5540.75 17.53 0.0009 

Residual 4424.97 14 316.07   

Lack of Fit 4424.97 10 442.50   

Pure Error 0.0000 4 0.0000   

Cor Total 28021.49 28    

 R2 = 0.8421     
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Figure 4.11 3D surface and 2D contour graph of diameter (A), PVA and PHA; (B), 

NH5CO3 and PHA; (C), stirrer and PHA; (D), NH5CO3 and PVA; (E), PVA 

and stirrer; and (F), NH5CO3 and stirrer 

(A) (B) 

(C) (D) 

(E) (F) 



 
 

(71) 
 

The Eqs. (8) were employed to create the three-dimensional (3D) response surface 

graph and the related two-dimensional (2D) contour to determine the optimum 

combination of the assessed variables (Figure 4.10 A to F). The interaction between PHA 

+ PVA, PHA + NH5CO3, and NH5CO3 + PVA in this range shows that they slightly 

affected (Figure 4.10 A, B and D). While the interaction between PHA + stirrer, PVA + 

stirrer, and NH5CO3 + stirrer in this range shows that of microcarrier have pore size 

widened when speed up stirrer from 200 to 1000 rpm (Figure 4.10 C, E, and F). 

The Eqs. (9) were employed to create the three-dimensional (3D) response surface 

graph and the related two-dimensional (2D) contour to determine the optimum 

combination of the assessed variables (Figure 4.11 (A) to (F)).  The interaction between 

NH5CO3 + PVA in this range shows that they slightly affected (Figure 4.11 D). While the 

interaction between PVA + PHA, NH5CO3 + PHA, and stirrer + PHA in this range shows 

that of microcarrier have diameter widened when the amount of PHA increases from 0.08 

to 0.24 g (Figure 4.11 (A) to (C)). The interaction PVA + stirrer, and NH5CO3 + stirrer 

in this range shows that of microcarrier have diameter widened when the stirrer is 500 

rpm (Figure 4.11 E and F). 

However, to optimize the production of microcarriers from PHA, it is essential to 

consider the four studied variables and other control factors concurrently. 
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Table 4.8 MC-PHAs under Scanning Transmission Microscope (SEM) 

Run dry 

weight 

(g) 

  

1 0.0323 

 

  

2 0.1634 

 

  

3 0.0307 
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Table 4.8 MC-PHAs under Scanning Transmission Microscope (SEM) (Continued) 

Run dry 

weight 

(g) 

  

4 0.0856 

 

  

5 0.0914 

 

6 0.0989 
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Table 4.8 MC-PHAs under Scanning Transmission Microscope (SEM) (Continued) 

Run dry 

weight 

(g) 

  

7 0.0628 

  

8 0.0199 

 

  

9 0.0500 

 
 

 

 

 



 
 

(75) 
 

Table 4.8 MC-PHAs under Scanning Transmission Microscope (SEM) (Continued) 

Run dry 

weight 

(g) 

 

10 0.1464 

 

11 0.0079 

 

  

12 0.0925 
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Table 4.8 MC-PHAs under Scanning Transmission Microscope (SEM) (Continued) 

Run dry 

weight 

(g) 

  

13 0.1007 

 

  

14 0.0533 

 

  

15 0.0754 
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Table 4.8 MC-PHAs under Scanning Transmission Microscope (SEM) (Continued) 

Run dry 

weight 

(g) 

  

16 0.0948 

 

  

17 0.0210 

 

  

18 0.1640 
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Table 4.8 MC-PHAs under Scanning Transmission Microscope (SEM) (Continued) 

Run dry 

weight 

(g) 

  

19 0.0166 

 

  

20 0.1546 

 

  

21 0.0645 
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Table 4.8 MC-PHAs under Scanning Transmission Microscope (SEM) (Continued) 

Run dry 

weight 

(g) 

 

22 0.1021 

 

23 0.0677 

 

  

24 0.0638 
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Table 4.8 MC-PHAs under Scanning Transmission Microscope (SEM) (Continued) 

Run dry 

weight 

(g) 

  

25 0.0674 

 

 
 

26 0.0674 

 

  

27 0.0674 
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Table 4.8 MC-PHAs under Scanning Transmission Microscope (SEM) (Continued) 

Run dry 

weight 

(g) 

  

28 0.0674 

 

 
 

29 0.0674 

 

  

Remark: Experiments 25-29 are the same example. 
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Table 4.9 Pore size and diameter of microcarriers   

Run Pore size (µm) Average  

pore size (µm) 

Highest 

Frequency 

(µm) 

Diameter (µm) 

Minimum 

size 

Maximum 

size 

1 0.309 0.938 0.583±0.162 0. 566 ± 0.027 42.863±0.310 

2 0.222 1.020 0.479±0.177 0. 427 ± 0.032 97.152±0.684 

3 0.416 0.996 0.656±0.140 0. 633 ± 0.029 34.234±0.029 

4 0.312 1.062 0.599±0.179 0. 478 ± 0.035 40.428±0.405 

5 - - - - - 

6 - - - - - 

7 0.709 2.119 1.412±0.360 1.405 ± 0.048 86.562±0.326 

8 0.545 1.409 0.969±0.223 0.972 ± 0.045 32.831±0.093 

9 - - - - - 

10 - - - - - 

11 0.437 1.378 0.717±0.172 0. 687 ± 0.001 80.787±0.978 

12 0.495 1.359 0.838±0.245 0. 667 ± 0.018 56.392±0.458 

13 0.303 1.374 0.851±0.274 0. 863 ± 0.049 65.691±0.543 

14 0.413 1.363 0.747±0.230 0.699 ± 0.062 64.367±0.724 

15 0.832 2.010 1.259±0.315 1. 148 ± 0.048 35.323±0.157 

16 0.467 1.648 0.881±0.280 0.792 ± 0.038 27.557±0.526 

17 0.434 1.251 0.654±0.172 1. 197 ± 0.060 39.540±0.529 

18 0.371 2.132 0.970±0.363 0.891 ± 0.039 125.864±0.512 

19 1.061 2.894 1.970±0.458 1.943 ± 0.094 33.264±0.367 

20 0.346 1.185 0.707±0.228 0. 745 ± 0.033 80.755±0.542 

21 - - - - - 

22 - - - - - 

23 0.345 2.228 0.920±0.506 0. 731 ± 0.057 40.014±0.163 

24 0.222 1.020 0.479±0.177 0. 427 ± 0.032 17.172±0.267 

25 0.347 1.040 0.665±0.182 0.615 ± 0.026 41.393±0.542 

Remark: Experiments 25-29 are the same example. (-) is unable to form. 
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The forming of PHA polymers into microcarriers using the emulsion technique. 

The experiment was designed using Box-Behnken (BBD), with a total of 29 experiments. 

It was found that the microcarriers obtained are easy to form, precipitate quickly when in 

saturated conditions and can be autoclaved. The morphology of microcarriers was 

examined under a SEM as shown in Table 4.7. The microcarriers obtained in each 

experiment are of different sizes. MC-PHAs have diameters in the range of 17-125 µm 

and pore sizes in the range of 0.479 – 1.970 µm, as shown in Table 4.8. In each experiment 

the sizes of MC-PHAs are very different and the sizes are not uniform. However, in run 

1 8 , the size of MC-PHAs was large and the size was most consistent, it was found that 

the average diameter was 1 2 5 . 8 64  µm and the average pore size was 0 . 9 7 0  µm, the 

formed MC-PHAs had the highest weight of MC-PHAs, which was 0 .1640 g (from the 

PHA precursor content of 0.24 g, accounting for 68.34%. of initial weight). Chung et al. 

(2008) studied biodegradable microcarriers fabricated using gas foaming in double 

emulsion W1/ O/W2 using PLGA. It was found that the carrier had an average size of 

approximately 1 7 5  µm [94]. Run 2 4  had the smallest size of MC-PHAs which has an 

average diameter of 17.172 µm and average pore size of 0.479 µm. As for runs 5, 6, 9, 

10, 21, and 22, MC-PHAs had the appearance of a film due to low spinning speed. When 

spinning for the full time, there was still chloroform remaining and after drying, it formed 

a film. 

 This is compared to the size of the commercial microcarrier brand Cytodex1 

( Sigma-Aldrich), which has a diameter of 6 0 -8 7  µm and an average of 1 9 0  µm when 

swelled in liquid solution. The size of the microcarriers that can be formed in the 

laboratory from PHA is no different from that of the commercial microcarriers. Therefore, 

the microcarrier suitable for further study is the microcarrier from run 1 8  because the 

microcarrier has the most uniform size, is large, and has the highest diameter. 

 PHAs and ammonium bicarbonate (NH5CO3) affects the size of the microcarriers, 

if the amount of PHA increases, the size of the microcarriers increases. In the research of 

[83] when increasing the concentration of poly(lactic-co-glycolic acid) PLGA from 1.6 % 

to 6.3 % (w/v). The microspheres had an increase in particle size from 175.3 μm to 362.4 

μm and a decrease in pore size from 29.4 μm to 7.9 μm. PLGA microspheres are prepared 

by adding increasing amounts of ammonium bicarbonate to the W1 aqueous phase of the 
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primary emulsion solution. Ammonium bicarbonate at 0%, 1%, 5%, and 10% (w/v) had 

average diameters of 343, 403, 439, and 535 μm, respectively. It was shown that the 

porous PLGA microspheres were larger, caused by increasing the amount of ammonium 

bicarbonate. This is apparently because of internal gas bubbles that enlarge the size of the 

gas-developed primary droplets. and creates additional gas bubbles in the solidified 

polymer phase [142]. Different concentrations of poly (vinyl alcohol) (PVA) allow 

microcarriers with different pore sizes. Gas bubbles are created and develop through the 

surface during the evaporation of the aqueous solvent [96]. Therefore, the stirring rate 

affects the forming of the microcarrier.  

 Porous structures play an important role in cell culture. This is because it not only 

promotes cell adhesion and distribution but also promotes the exchange of nutrients and 

metabolic waste [143]. The pore size should be within an appropriate range, to achieve 

high performance of cell culture with microcarriers or porous scaffolds [143, 144, 145]. 

If the pore size is too small, cell migrate is limited, resulting in the formation of a cell 

capsule nearby the microcarrier [97]. Conversely, if the pore size is too large, there is a 

decrease in surface area limiting cell adhesion [144]. The optimal pore size can vary for 

different cell [145, 146]. However, pores should also be connected to each other to allow 

enough many directions cell–cell interactions within the microcarriers [97]. 
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4.8 Cell adhesion and growth of L292 and Vero cell in dynamic condition on MC-

PHAs and Cytodex1 

 4.8.1 Vero cell growth on Cytodex1 

  Dynamic cell culture was studied using a microcarrier at 1 g/L, 

concentration cells were 1x106, incubated at 3๐C and 5% CO2 at 30 rpm stirring rate, 

samples at 24, 48, 72, 96, 120, and 144 h were stained with crystal violet. Vero cells were 

able to adhere to the Cytodex1 microcarrier. This can be seen from the dark purple spots 

of Crystal Violet staining the nuclei of Vero cells (Figure 4.12). 

 

 

Figure 4.12 Vero cell on Cytodex1 at different cultivation times 
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4.8.2 Vero cell growth on MC-PHAs 

 In the study of cell dynamic culture using a microcarrier at 1 g/L, 

concentration cells were 1x106, incubated at 3๐C and 5% CO2 at 30 rpm stirring rate and 

samples taken at 24, 48, 72, 96, 120, and 144 h and stained with crystal violet, Vero cells 

can adhere to the MC-PHAs microcarrier but less than the Cytodex1 microcarrier. This 

can be seen from the dark purple spots of crystal violet staining the nuclei of Vero cells 

(Figure 4.13). 

   

 

Figure 4.13 Vero cell on MC-PHAs at different cultivation times 
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4.8.4 L929 cell growth on Cytodex1 

  Dynamic cell culture was studied using a microcarrier at 1 g/L, 

concentration cells were 1x106, incubated at 3๐C and 5% CO2 at 30 rpm stirring rate and 

samples taken at 24, 48, 72, 96, 120, and 144 h were stained with Crystal Violet. L929 

cells were able to adhere to the Cytodex1 microcarrier. This can be seen from the dark 

purple spots of Crystal Violet staining the nuclei of L929 cells (Figure 4.14). 

 

 

Figure 4.14 L929 cell on Cytodex1 at different cultivation times 
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4.8.4 L929 cell growth on MC-PHAs 

In the study of cell dynamic culture using a microcarrier at 1 g/L, 

concentration cells were 1x106, incubated at 3๐C and 5% CO2 at 30 rpm stirring rate and 

samples taken at 24, 48, 72, 96, 120, and 144 h and stained with crystal violet, L929 cells 

can adhere to the MC-PHAs microcarrier but less than the Cytodex1 microcarrier. This 

can be seen from the dark purple spots of crystal violet staining the nuclei of L929 cells 

(Figure 4.15). The figure shows that L929 cells were able to adhere to MC-PHAs more 

than Vero cells. 

  

 

Figure 4.15 L929 cell on MC-PHAs at different cultivation times 
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4.9 Cytotoxicity of MC-PHAs by MTT assay 

 Microcarriers should have non-cytotoxic properties, therefore, to ensure that this 

type of microcarrier is suitable for culture with cells, it is necessary to test it before using 

it in practice. When comparing the toxicity of the microcarriers Cytodex1 and MC-PHAs 

to Vero and L929 cells using the MTT assay, it was found that when Vero and L929 cells 

were grown together with the microcarriers Cytodex1 and MC-PHAs in comparison with 

a control unit without a microcarrier.  Cells that can adhere to the microcarrier can grow 

and as the number of cells increases, the measured MTT value will be high. Because 

living cells have activities dehydrogenase of mitochondria reacts with MTT, turning it 

from light yellow to blue crystals of insoluble formazan. Therefore, the blue intensity of 

formazan is directly proportional to the number of surviving cells. On the other hand, If 

the microcarrier is toxic to cells causes cell death the microcarriers have characteristics 

that are inappropriate for cell adhesion and growth. The number of cells decreases or 

increases at low doses. As a result, the intensity of the formazan blue color is also low. 

Cytotoxicity assay of MC-PHAs found that the percent viability of Vero and L929 cells 

were 92.40 % and 100.00 %, respectively. This study shows that PHA can be fabricated 

and is not toxic to animal cells (Table 4.9). The standard ISO 10993-5:2009(E) reports 

that if viability is reduced to < 70 % of the blank, it has a cytotoxic potential. 

 

Table 4.10 Viability of animal cells on MC-PHAs 

Condition % Viability* 

Vero cell L929 

Cytodex1 100.00±0.000 100.00±0.000 

MC-PHAs 92.40±0.032 100.00±0.000 

* Viability = 100 - %cytotoxicity 

 

 The in vitro cytotoxicity of the chitosan microspheres (CSM), and the viability 

of L-02 cells incubated with CSM extract displayed no significant change at all the 

concentrations tested, with cell viability over 100% in all cases [97]. 
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4.10 Biocompatibility of MC-PHAs with Vero and L929 cells by DAPI staining 

 Microcarrier compatibility studies with Vero and L929 cells, by staining with 

DAPI, a fluorescence dye that stains cell nuclei. This allows a clear image of the cells 

on the microcarrier to be seen under the fluorescent camera. The Cytodex1 microcarrier 

showed higher nuclear fluorescence than the MC-PHAs (Table 4.10). 

 

Table 4.11 Microcarriers stained with DAPI at 96 h. 

Condition Cell DAPI 

Cytodex 1 L929 

cell  

dynamic 

  

MC-PHAs L929 

cell  

dynamic 

  

Cytodex 1 Vero cell  

dynamic 
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Table 4.11 Microcarriers stained with DAPI at 96 h. (Continued) 

Condition Cell DAPI 

MC-PHAs Vero 

cell  

dynamic 
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4.11 Cell growth rate and glucose content of cell culture media 

 4.11.1. Vero cell growth and glucose content of the cell culture medium 

  The culture of Vero cells adheres to dynamic Cytodex1 and MC-PHAs in 

Eagle's Minimum Essential Medium (MEM) supplemented with 10% FBS at 0, 24, 48, 

72, 96, 120 and 144 h. Using a starter cell concentration of 1x106 cell/mL. It was found 

that the growth of the cells on MC-PHAs increased cell slowly compared to cell on 

cytodex1. The amount of glucose in food decreases with cell growth shown in the Figure 

4.16. 

 

 

Figure 4.16 Vero cells adhered to microcarriers and the amount of glucose in cell 

culture at times 0, 24, 48, 72, 96, 120, and 144 h. (A) cytodex1 dynamic 

and (B) MC-PHAs dynamic  
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4.11.2. L929 cell growth and glucose content of the cell culture medium 

 The culture of L929 cells adheres to dynamic Cytodex1 and MC-PHAs in 

Eagle's Minimum Essential Medium (MEM) supplemented with 10% FBS at 0 , 24 , 48 , 

72, 96, 120 and 144 h. Using a starter cell concentration of 1x107 cell/mL. It was found 

that the growth of the cells on MC-PHAs increased cell slowly compared to cell on 

cytodex1. The amount of glucose in food decreases with cell growth. Shown in the Figure 

4.17.  

 

 

Figure 4.17 L929 cells adhered to microcarriers and the amount of glucose in cell culture 

at times 0, 24, 48, 72, 96, 120, and 144 h. (A) cytodex1 dynamic and (B) 

MC-PHAs dynamic 
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The results of culturing Vero and L929 cells on MC-PHAs showed that the highest 

cell concentrations were 2.45 x 10 6 and 3.29 x 10 6 cell/mL, respectively, at 144 h. Vero 

and L929 cells on cytodex1 showed that the highest cell concentrations were 4.80 x 10 6 

and 5 .65  x 1 0  6 cell/mL, respectively, at 144 h (Figure 4.16-4.17). From crystal violet 

staining in Figure 4.12-4.15, cells adhered to MC-PHAs were clearly less adherent than 

Cytodex1.  The properties of MC-PHAs are not as good as Cytodex1  microcarrier. 

Therefore, MC-PHAs need to be developed for use in animal cell culture in the future. 

Collagen conjugated poly(3-hydroxybutyrate) (P3HB) microparticles (Col-

P3HB-MPs) had more cells adhered to their surface than the poly(3-hydroxybutyrate) 

(P3HB) microparticles (P3HB-MP) group did, as demonstrated by staining with the DAPI 

fluorescent dye. These findings revealed that collagen modification of the P3HB-MP 

surface was a more significant component promoting cell adhesion than initial 

electrostatic interactions [147]. The development of anchorage-dependent cells in 

bioreactor systems is facilitated by microcarriers, which are support matrices. Cells in 

microcarrier (MC) culture can develop as multilayers within the pores of microporous 

structures, which are often suspended in culture medium and on the surface of tiny spheres 

in a monolayer configuration. Many optimization efforts have been made since Van 

Wezel, 1967 [148] first proposed this intriguing strategy, with the main goal being to 

enhance the physicochemical characteristics of MC [149], [150]. These investigations 

have led to different microcarriers with different surfaces, charges, structures, and other 

properties. This allows the surface properties of the microcarriers to be tailored according 

to cell type [151]. Cytodex type-1 microcarriers are made of cross-linked dextran matrix 

these positive charged groups found throughout the entire matrix of the microcarriers are 

believed to promote attachment and growth of cells especially for anchorage dependent 

cell lines [148]. In this research, the surface area was improved to increase the charge of 

the microcarriers, by using gelatin to coat the surface of the MC-PHAs. This allows the 

cells to adhere to the microcarriers. However, the time required for coating is limited. 

Therefore, the gelatin has not penetrated well enough into the microcarrier. This causes 

the cells to still be unable to adhere and spread out well. 
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CHAPTER 5  

CONCLUSIONS 

 

5.1 Conclusion 

 In this research, we aimed to increase the PHA accumulation in 

Novosphingobium sp. THA_AIK7 by optimizing carbon, nitrogen, and phosphorus 

sources. The extraction condition by silica gel was investigated to increase the PHA yield. 

Fabrication process of microcarriers from PHA by emulsion technique and the use of 

microcarriers in dynamic animal cell culture.  

 Novosphingobium sp. THA_AIK7 was cultured in mineral salt medium (MSM) 

with various carbon, nitrogen, and phosphorus sources. Crude glycerol, MSG, and 

Na2HPO4·7H2O were the best sources for growth and PHA production. Experimental and 

predicted values from the logistic and Gompertz models trended to go in the same 

direction proving that these models could explain microbial growth and PHA production 

accurately. The extracted polymer structure was verified as a PHBV copolymer by 1H 

NMR spectrometry analysis. The HV monomer contents in the polymers derived from 

crude glycerol, fructose, and glycerol were 10.85, 10.16, and 6.59 mol%, respectively. 

Results indicated that Novosphingobium sp. THA_AIK7 produced a PHBV copolymer 

from various carbon sources without precursor addition. The endotoxin-free PHBV 

polymer produced from Novosphingobium sp. THA_AIK7 showed promise for medical 

applications.  The optimum conditions of PHAs extraction using silica gel were 80 mg of 

the cell, silica gel 30 g, and temperature at 50๐ C, with the amount of PHA extracted at 41 

mg. This extraction method could retrieve PHAs up to 51.25% of cell dry weight, which 

was higher than the hypochlorite extraction method. 

The optimum conditions of the fabrication process of microcarriers from PHA by 

emulsion technique were PHA 0.24 g, PVA 0.5 %, NH5CO3 1 %, and Stirrer speed at 500 

rpm. It was found that the average diameter of MC-PHAs was 125.864 µm and the 

average pore size was 0.970 µm. The diameter of MC-PHAs was not different from that 

of the commercial microcarriers, Cytodex1. The yield of fabricated MC-PHAs was 

0.1640 g from originate PHA 0.24 g, accounting for 68.33%. MC-PHAs were used for 

Vero and L929 culturing using starter cells at 1x106 cells/mL. It was found that the cells 
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were able to adhere to MC-PHAs but could not spread and grows the surface of MC-

PHAs. Hence, the highest concentrations of Vero and L929 cells reached only 2.45x106 

and 3.29x106 cells/mL, respectively, at 144 h. Glucose concentration in the medium 

decreased with cell growth. Cytotoxicity assay of PHA microcarriers found that the 

percent viability of Vero and L929 cells were 92% and 100%, respectively.  

In summary, Novosphingobium sp. THA_AIK7 produced a PHBV copolymer 

from crude glycerol without precursor addition. Silica gel extraction method could 

retrieve PHAs up to 51.25% of cell dry weight. PHA can be fabricated into microcarriers 

and is not toxic to animal cells. However, the properties of MC-PHAs would be improved 

to enhance cell adhesion and proliferation in the next step. 

 

5.2 Suggestion 

 Suggestion for future work since PHAs do not have a charge, the charge should 

be added to MC-PHAs so that cells can adhere and grow on MC-PHAs by coating them 

with charged substances such as gelatin or collagen, and the coating time should be 

appropriate. Modify the molding method, such as using a tool to control microcarrier 

pellet drop to get microcarriers of similar size.  
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APPENDIX A 
Cell culture medium 
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Eagle’s Minimum Essential Medium (EMEM) 1000 mL 

 

Medium MEM        9.4 g 

Sodium pyruvate        0.11 g 

Sodium bicarbonate         2.2 g 

Glutamine (GlutaMAXTM-I 100x)       20  mL 

Non-essential amino acids (100x)       10 mL 

Fetal bovine serum         100 mL 
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APPENDIX B 
Phosphate Buffer Saline 
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Phosphate Buffer Saline (pH 7.4) 1000 mL 

 

NaCl             8 g 

KCl       0.2 g 

Na2HPO4       1.44 g 

KH2PO4       0.24 g 
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APPENDIX C 
Standard Curve 
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Figure C1 Standard curve of glycerol  
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APPENDIX D 
PHA extracted 
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Table D1 PHA of extraction process using silica gel 
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Table D1 PHA of extraction process using silica gel (Continued) 
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Table D1 PHA of extraction process using silica gel (Continued) 
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Table D1 PHA of extraction process using silica gel (Continued) 
 
Run PHA 
13 

 
Note Experiments 13-17 are the same example. 
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