
EFFECT OF OXYGEN ON BETA-LACTAM ANTIBIOTIC PRODUCTION 

BY IMMOBILIZED CEPHALOSPORIUM ACREMONIUM 

by 

YONG HO KHANG, B.E., M.S. in Ch.E. 

A DISSERTATION 

IN 

CHEMICAL ENGINEERING 

Submitted to the Graduate Faculty 
of Texas Tech University in 

Partial Fulfillment of 
the Requirements for 

the Degree of 

DOCTOR OF PHILOSOPHY 



^0\ 
73 

/Jo.'/^ 
C c ? ACKNOWLEDGEMENTS 

I wish to express my sincere gratitude to Dr. Fred 

Senatore. He, as my academic adviser, has continuously 

provided the intellectual stimulation required to develop the 

skill of scientific approach. I am also indebted to him for 

the financial aid. Without his full and continuous financial 

support, never would this work have been completed. 

I am grateful to Dr. Steven R. Beck who so generously 

provided me with chemicals and equipment which enabled me to 

continue this work uninterruptedly. My appreciation is 

extended to Dr. Richard W. Took. His kindness, encouragement, 

and guidance were what made me continue especially when things 

went wrong. I am also grateful to Dr. R. Russell Rhinehart for. 

his timely assistance and to Dr. Robert W. Shaw for his 

assistance in all aspects of biochemistry in this 

investigation. I will always be indebted to Dr. Hariharan 

Shankar. Throughout the years that I have known him, he has 

provided countless hours in advising me on various aspects of 

this project. 

A special thanks goes to my wife, Heh-Rhan, and my son, 

Tony. Their love always encouraged me to complete this work. 

Above all, I want to express a special gratitude for my 

parents in Korea, Keuk-Jun and Bong-Rhan Woo, whose existence 

and constant love made this possible. 

11 

^ v 



TABLE OF CONTENTS 

ACKNOWLEDGEMENTS ii 

ABSTRACT vi 

LIST OF TABLES viii 

LIST OF FIGURES ix 

NOMENCLATURE xiii 

CHAPTER 

I.INTRODUCTION 1 

1.1 Primary Objectives 1 

1.2 Rationale 1 
1.3 Research Scheme 4 

II. LITERATURE REVIEW 6 

2.1 Cephalosporium acremonium 6 
2.2 Biosynthesis of Cephalopsorins 7 
2.3 Cell Immobilization 16 

2.3.1 Immobilized Cells and Immobilized Enzymes 17 
2.3.2 The Advantages of Immobilized Cells Over 

Free Cells 20 
2.3.3 Limitations of Immobilized Cells 21 
2.3.4 Immobilization Methods 24 
2.3.5 Biological Properties of Immobilized 

Cells 31 
2.3.6 Reactor Configuration for Immobilized 

Cells 36 
2.3.7 Oxygen Supply to Immobilized Cells 38 

2.4 The Mathematical Theory of Diffusion and 
Reaction in Porous Catalysts 41 

2.4.1 The Effective Diffusitivity 41 
2.4.2 Transfer to the External Surface of the 

Catalysis 44 
2.4.3 The General Equations of Diffusion and 

Reaction 47 
2.4.4 The Single Reaction in an Isothermal 

Catalyst 4 9 
2.4.5 Characterization of Immobilized 

Biocatalysts 51 

111 

i^ 



III. MATERIALS AND METHODS 55 

3.1 Microorganisms and Media 55 
3.1.1 Fermentation Microorganism 55 
3.1.2 Bioassay Microorganisms 55 
3.1.3 Media and Culture Conditions 5 9 

3.2 Assay Methods 63 
3.2.1 Agar Diffusion Assay 64 
3.2.2 Spectrophotometric Assay 66 
3.2.3 Chemical Assay 67 
3.2.4 Cell Dry Weight 69 
3.2.5 Total Protein 70 
3.2.6 Oxygen 71 

3.3 Immobilization Methods 7 6 
3.3.1 Porous Kappa-carrageenan Beads 7 6 
3.3.2 Calcium Alginate Beads 7 9 
3.3.3 Operating Conditions for Immobilized Cell 

System 80 

IV. RESULTS AND DISCUSSION 83 

4.1 Standard Calibration Curves for Assays 83 
4.1.1 Agar Diffusion Assay 83 
4.1.2 Spectrophotometric Assay 8 6 
4.1.3 Chemical Assay 94 
4.1.4 Cell Dry Weight 99 
4.1.5 Total Protein 105 
4.1.6 Oxygen 107 

4.2 Free Cells and Immobilized Cells 107 
4.2.1 Viability of Immobilized Cells 107 
4.2.2 Operating Conditions for Immobilized 

Cells 112 
4.2.3 Cellular Growth 120 
4.2.4 Oxygen Limitation 122 
4.2.5 The Yield Coefficient of Specific fi-lactam 

Antibiotic Production of Free and 
Immobilized Cells 127 

V. MATHEMATICAL MODELING OF li-LACTAM ANTIBIOTIC 
PRODUCTION 132 

5.1 Assumptions for Model Development 132 
5.2 Development and Solution of the Mathematical 

Model 13 6 
5.3 Results of Experiments and Mathematical 

Modeling ^ 14 7 
5.4 Application of the Mathematical Model 153 
5.5 Approximate Expressions of Effectiveness 

Factors 157 

VI. CONCLUSIONS 164 

IV 

'••>v 



VII. RECOMMENDATIONS 166 

REFERENCES 169 

APPENDIXES 

A. A COMPUTER PROGRAM FOR NUMERICAL SOLUTIONS WITH 
ROBIN BOUNDARY CONDITIONS 181 

B. SOLUTIONS OF COMPUTER PROGRAMS 18 6 



ABSTRACT 

The study of cell immobilization is one of the most 

rapidly growing areas of modern biotechnology. The problem of 

oxygen transfer to immobilized aerobic respiratory cells poses 

a major constraint on the wider application of immobilized 

cell technology. 

This research was aimed at investigating the oxygen 

effect on the production of fi-lactam antibiotics when 

Cephalosporium acremonium was immobilized in calcium alginate 

beads. Oxygen concentrations in bullc liquid phase were 

controlled via air, pure nitrogen, and pure oxygen. The 

initial rates of fi-lactam antibiotic production were 

determined at various oxygen concentrations in both the free 

and the immobilized cell system. 

Specific ii-lactam antibiotic production of immobilized 

cells was about 160% of that of free cells. The results 

obtained were expressed as experimental effectiveness factors. 

Theoretical effectiveness factors were calculated assuming 

that the reactions catalyzed by free cells obeyed Michaelis-

Menten kinetics. Theoretical calculations solved numerically 

agreed with experimental ones to within 5±1% when both 

internal and external mass transfer of the oxygen were 

considered. Further calculations were performed to see how the 

effectiveness factors were influenced by the immobilized bead 

vi 
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size and the cell density in the beads. The approximate 

expressions of effectiveness factors reported in the 

literature were compared with the numerically obtained 

solutions to provide the best approximate expression of 

effectiveness factor for immobilized Cephalosporium acremonium 

cells. Yamane's approximate expression of effectiveness factor 

was fit within ±2.5% of relative error with the solutions 

numerically obtained in this investigation. 
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CHAPTER I 

INTRODUCTION 

1 . 1 P r i m a r y O h j e c t i v t ^ s 

The primary objectives of this research are (i) to 

immobilize whole cells of Cephalosporium acremonium and (ii) 

to investigate the effect of oxygen on fi-lactam antibiotic 

production in the immobilized cell system. The approach taken 

in this study is to vary oxygen concentration in bulk liquid 

phase and to determine the initial rates of antibiotic 

production at various oxygen concentrations in both the free 

and the immobilized cell system. Theoretical calculations 

will demonstrate the dependence of effectiveness factor on 

bead particle size and cell density in the beads. 

1 .7 Rationale 

The use of immobilized enzymes and cells to study 

microbial processes is one of the main trends in modern 

biotechnology. In many cases, immobilized cells have proved 

to be more efficient biocatalyzers than immobilized enzymes 

(Birnbaum et al., 1983). Immobilized cells can be used in a 

number of metabolic and physiologic states. For example, they 

may be dead but still catalytically active, alive but 



resting, or alive and growing. The advantages of cell 

immobilization techniques also include easier handling of 

cells, easier separation of products, reduction in cell loss, 

higher dilution rates, and continuous operation. The primary 

reason for avoiding the use of immobilized cells is the mass 

transfer limitations of substrate supply to the cells. In 

general, the limitations of substrate supply can be easily 

solved by simply increasing the substrate concentration in 

the bulk phase. In the case of oxygen, however, oxygen 

deficiency cannot be so easily solved because of the limited 

oxygen solubility in bulk phase. Under atmospheric pressure 

at room temperature, the solubility of oxygen in water is 

about 0.25 mM. 

Cephalosporium acremonium, which is a fungus, produces 

(iso-) penicillin N, (deacetoxy- and deacetyl-) cephalosporin 

C, each has the fi-lactam ring, and each has been extensively 

studied in the production of these fl-lactam antibiotics. 

Cephalosporin C (CPC) is the most important member of the 

cephalosporins. CPC did exhibit appreciable activity against 

gram-positive and gram-negative bacteria, and it was 

resistant to hydrolysis by penicillinase from Bacillus 

subtilis (Flynn, 1972). Cell immobilization has been used to 

produce several antibiotics, such as bacitracin (Morikawa et 

al., 1980a), ampicillin (Morikawa et al., 1980b), tylosin 

(Veelden and Pape, 1982), patulin (Deo and Gaucher, 1983), 

and penicillin G (Deo and Gaucher, 1984). But there are no 



reports about fi-lactam antibiotic production with immobilized 

whole cells of C. acremonium. 

Oxygen is absolutely required for fl-lactam antibiotic 

production due to the presence of dioxygenases in 

biosynthetic pathway of CPC (Demain and Wolfe, 1987). Minimum 

oxygen tension required to produce cephalosporin C production 

was 10-20% in free-suspended cells (Feren and Squires, 1969). 

Since aeration alone can provide 10-20% oxygen tension, 

oxygen has not been considered to be an important parameter 

in the free cell system. In the immobilized cell system, 

however, the situation may be quite different due to the mass 

transfer resistance of solid material. This research was 

performed to illustrate quantitatively how oxygen diffusion 

affected fl-lactam antibiotic production when C. acremonium 

was immobilized. 

Glucose and nitrogen sources were omitted from a 

chemically defined medium in an attempt to avoid possible 

catabolite repressions on the biosynthesis of fl-lactam 

antibiotics. Other nutrients such as DL-methionine and trace 

elements were sufficient so that the production rate was 

limited by oxygen. Experimental results that were obtained 

from both the free and the immobilized cell system were 

compared with theoretical ones. 

In the tradition of chemical engineering, the influence 

of mass transfer on the overall reaction process is well 

represented using the effectiveness factor. The factor is 



defined as the ratio of observed rate of reaction with mass 

transfer resistance to a hypothetical rate of reaction if 

mass transfer resistance was absent. The theoretical model in 

this research was based on an oxygen mass balance around an 

immobilized bead particle. Both internal and external mass 

transfer of the oxygen were considered for the immobilized 

preparation. 

1.:̂  Research Scheme 

The investigation of the oxygen effect on the fl-lactam 

production in the free and the immobilized cell system 

followed the specified format: 

(1) Examination of the fl-lactam antibiotic assay 

methods: A rapid and stable assay method was selected among 

agar diffusion assay, spectrophotometric assay, and chemical 

assay. Pure cephalosporin C (90%, Sigma) was used as a 

standard sxibstance. 

(2) Examination of the effect of oxygen on the fl-lactam 

antibiotic production in free cell system: Initial fl-lactam 

antibiotic production rate was determined at a fixed cell 

density and at various oxygen concentrations. 

(3) Examination of cell immobilization method: 

Entrapment of cell immobilization techniques was used, since 

it is the most widely used method of cell immobilization. 

(4) Examination of the effect of oxygen on the fl-lactam 

antibiotic production in immobilized cell system: Initial fl-



lactam antibiotic production rate was determined at the same 

cell density as in free cell system and at various oxygen 

concentrations. 

(5) Mathematical modeling: A nonlinear equation 

obtained from oxygen mass balance was solved using a 

numerical (Runge-Kutta-Gill) method. 

(6) Comparison between experimental results and 

theoretical ones: Experimental effectiveness factors were 

compared with theoretical ones. 



CHAPTER II 

LITERATURE REVIEW 

2.1 Cephalosporium acremonium 

A search for antibiotic-producing organisms was made by 

Giuseppe Brotzu in 1945. Brotzu examined the microbial flora 

of seawater near a sewage outlet at Cagliari (Italy), assuming 

that the process of self-purification of the water might be 

due in part to bacterial antagonism. He isolated a fungus 

which was a wild strain of species of Cephalosporium (Jones, 

1970) . This name Cephalosporium, from which the names of the 

cephalosporin compounds are derived, has been largely replaced 

by the name Acremonium (Gams, 1971). Gams (1971) described one 

of Cephalosporium acremonium strains as Acremonium striatum 

(ATCC 36225), which is high producer of cephalosporin C. 

Morphology and physiology of A. striatum are as follows 

(Peberdy, 1987) : Colonies of A. striatum are of variable cclcr 

from white to cream, pink or orange, and 16-25 mm in diameter 

after 10 days on malt e.xtract agar. The ccnidicphores are 

si.T.ple, occasionally branching, measuring 3-6 ^r^ m ler. ̂ tn ar.. 

1--2 |im in width. The conidia are ellipsoidal, short, 

cylindrical with rounded ends, 3-7 x 1-2 um, remaininT in a 

head at the tip of the conidiogenous cell after secession. 
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A. striatum grows optimally between 20 and 30 °C. The 

ability to grow at 37 °C is sufficiently restricted to be a 

useful diagonostic test (Pitt, 1973). Light had an influence 

on the growth of A. striatum (Seviour and Read, 1983) . 

A. striatum is an asexual fungus, and genetic manipulations 

are based on parasexual events and processes. Protoplast 

fusion has proved to be an effective procedure for 

establishing crosses in fungi. Anne and Peberdy (1976) first 

showed that protoplast-fusion crosses were possible in 

A. striatum and Hamlyn and Ball (197 9) developed this 

expertise to demonstrate genetic recombination. A. striatum 

produces arthrospores in submerged culture. Nash and Ruber 

(1971) showed that the period of growth when hyphae were 

differentiating into arthrospores coincided with the period 

of maximum biosynthesis of fl-lactam antibiotics. Although the 

two phenomena were not obligately linked, it was possible to 

separate arthrospores from hyphae by gradient centrifugation, 

and such preparations enriched in arthrospores have increased 

antibiotic-producing capability compared with hyphae 

(Peberdy, 1987). 

2.2 Biosynthesis of Cephalosporins 

Cephalosporins are also produced by procaryotes such as 

Aatinomyaetes and Streptomyaes as well as by filamentous 

fungus, C. acremonium. The overall biosynthetic pathway to 
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the cephalosporins is shown in Figure 2.1 (Demain and Wolfe, 

1987) . 

(1) Formation of the tripeptide: The initial reaction 

appears to be the condensation of L-cysteine and L-a-

aminoadipic acid to form L-a-aminoadipyl-L-cysteine (AC). L-

valine is epimerized to the D-form during the addition which 

leads to the tripeptide 5-L-a-aminoadipyl-L-cysteinyl-D-

valine (LLD-ACV). Very little is known about the AC 

synthetase or the LLD-ACV synthetase (Demain and Wolfe, 

1987) . 

(2) Formation of the penicillin intermediates: The 

further conversion of LLD-ACV to isopenicillin N has been 

demonstrated in cell-free systems from Cephalosporium (Konomi 

et al., 1979) and Streptomyaes (Jensen et al., 1982). This 

ring cyclization enzyme (isopenicillin N synthetase or 

cyclase) is soluble and stimulated by Fe''"'', reducing agents 

such as ascorbate and DTT, and by oxygen (Sawada et al., 

1980; Kupka et al., 1983a). White et al.(1982) performed an 

experiment to investigate oxygen consumption during the 

formation of isopenicillin N from the LLD-ACV (Figure 2.2). 

They found that one mole of dioxygen is consumed for the 

synthesis of one mole of isopenicillin N. The enzyme, 

cyclase, from Cephalosporium has been purified to homogeneity 

and its molecular weight shown to be 41000; its activity can 

be stabilized by sucrose (Hollander et al., 1984). The next 

step in the normal biosynthetic path is catalyzed by an 
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a 02 consumption 
• Isopenicillin N formation 

30 

Time (min) 

Figure 2.2. Oxygen consumption during the formation of 
isope.nicillin from the LLD-ACV (Taken from White et al. 
1982) . 



extremely labile epimerase which epimerizes the L-a-

aminoadipate side-chain of isopenicillin N to the 

D-configuration of penicillin N. This enzyme activity was 

discovered by Konomi et al. (1979) in C. acremonium. The 

existence of the epimerase and its extreme lability was 

confirmed by Jayatilake et al. (1981) and Baldwin et al. 

(1981) . The epimerase in Streptomyaes clavuligerus is more 

stable than in C. acre/nonium (Jensen et al., 1983a). 

(3) Formation of the cephalosporins: For many years, 

penicillin N and cephalosporins were believed by many to be 

the end products of two separate pathways that diverged from 

an unknown intermediate derived from 5-(L-a-aminoadipyl)-L-

cysteinyl-D-valine. However, in 1976, enzymatic ring-

expansion of penicillin N to a cephalosporin was discovered 

(Kohsaka and Demain, 1976). The ring expansion reaction 

requires Fe"*"*", ascorbate, and is stimulated by ATP (Hook et 

ai., 1979) . Further studies employing a 20-fold purified 

enzyme prepared from an antibiotic positive strain of C. 

acremonium revealed an absolute requirement of a-

ketoglutarate and liberation of CO: from a-ketoglutarate 

during the reaction (Kupka, 1983a; Kupka, 1983b). These 

studies (Kupka, 1983a; Kupka, 1983b) have shewn that there i 

an absolute requirement for oxygen and that the ring-

ezoansion enzyme has a molecular weight of about 3 1000. 

The relationship between critical oxygen level ani 

cephalosporin C was studied by Feren and Sg'jires (106}) . 
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Critical oxygen level is defined as concentration of 

dissolved oxygen above which cell respiration proceeds at a 

rate independent of oxygen tension in the broth (Feren and 

Squires, 1969). The respiration related critical oxygen level 

occurred near 5% while the antibiotic titer related minimum 

oxygen tension fell between 10% and 20% (Figures 2.3 and 

2.4). The ring-expansion enzyme is an a-ketoglutarate-linked 

dioxygenase. As with dioxygenases, the order of substrate and 

cofactor addition is extremely important. The enzyme is 

inactivated by a-ketoglutarate or by penicillin N if either 

is added before Fe''"'", ascorbate and ATP (Shen et al., 1984) . 

Deacetoxycephalosporin C has been found in low concentrations 

in fermentation broths of C. acremonium and Streptomyaetes 

and has also been found to be produced by the unicellular 

bacteria, Flavobacterium spp. and Xanthomonas spp. (Singh et 

al., 1982). Deacetoxycephalosporin C is hydroxylated to 

deacetylcephalosporin C by an a-ketoglutarate-linked 

dioxygenase (Fujisawa et al., 1977). The enzyme is stimulated 

by a-ketoglutarate, ascorbate, dithiothreitol and Fe"*"̂ , 

incorporates oxygen from molecular oxygen and is specific for 

deacetoxycephalosporin C (Turner et al., 1978). 

Freeman and Aharonowitz (1981) immobilized S. 

clavuligerus cells in crosslinked, prepolymerized 

polyacrylamide gels to produce cephalosporins. They found 

that these immobilized cells produced cephalosporins 
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continuously for 96 h with yields similar to those of free 

resting cells, whereas the same cells, when immobilized by 

direct polymerization of acrylamide monomers, yielded 

significantly lower amounts of antibiotics. 

Jensen et al.(1984) succeeded in converting LLD-ACV to 

deacetyl-cephalosporin C by immobilizing enzymes 

(cyclization, epimerization, expansion, and hydroxylation 

enzymes) on an anion exchange resin, DEAE-trisacryl gel. All 

these enzymes were obtained from cell-free extracts of 

S. clavuligerus. They observed that within 60 min, all of the 

LLD-ACV is consumed and converted to a mixture of (iso-) 

penicillin N and deacetylcephalosporins. However, immobilized 

enzymes obtained from C. acremonium did not convert LLD-ACV 

to deacetylcephalosporin C under conditions where the 

Streptomyaes enzymes were active (Wolfe et al., 1984). This 

difference seems to be caused by the instability of 

Cephlosporium enzymes, especially of the epimerase (Wolfe et 

al., 1984) . 

The role of deacetylcephalosporin C as a precursor of 

cephalosporin C is supported by the isolation of 

cephalosporin C non-producing mutants which form deacetyl

cephalosporin C as their sole extracellular antibiotic 

(Fujisawa et al., 1975). These mutants lack acetyl-CoA and 

deacetylcephalosporin C acetyItransferase . This enzyn̂ .atic 

conversion of deacetylcephalosporin C to cephalosporin Z is 
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the terminal reaction in cephalosporin-producing fungi 

(Demain and Wolfe, 1987) . 

2.3 Cell Tmmnh-ili^al-inn 

One of the most striking aspects of studies on the 

immobilization of biocatalysts has been the way in which the 

methods employed have been simplified. Early methods used 

fairly sophisticated chemical means to immobilize isolated 

enzymes. Gentler methods were shown to be satisfactory for 

enzyme immobilization (Birnbaum et al., 1983). In many cases 

it was unnecessary to purify individual enzymes from the 

microbial cells that produced them. This approach to enzyme 

immobilization has resulted in cell immobilization. The 

isolation and purification of intracellular enzymes is an 

expensive and often inefficient process. However, most 

methods of cell immobilization are simple, cheap and 

effective. Many microorganisms normally exist as films on the 

surface of solid materials or entrapped within gels or slimes 

of their own making. Thus, the deliberate immobilization of 

cells does not necessarily place them in an environment alien 

to them. Cells are immobilized for a variety of reasons of 

varying complexity (Bucke, 1986): 

• to present a single enzyme produced by and contained 

within the cells in a convenient form for commercial use; 

• to present, similarly, a sequence of enzymes; 
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• to provide a highly concentrated source of viable 

cells for the biotransformation of substrates or simply as a 

large inoculum for conventional fermentation; 

• to bring together biocatalysts that would not normally 

coexist; 

• to allow the medium term storage of cells for 

commercial use without further growth; and 

• to preserve cell lines stored only with difficulty by 

conventional means. 

2.3.1 Immobilized Cells and 
Immobilized Enzymes 

The most prominent feature of immobilized whole-cell 

systems compared with those of the corresponding enzyme 

systems is their wide flexibility (Figure 2.5). The use of 

immobilized cells instead of immobilized enzymes offers 

various advantages. Many of the enzymes used in industry are 

of microbial origin and the use of whole microorganisms 

instead of isolated enzymes thus obviates costly and tedious 

purification procedures. Furthermore, the stability of 

individual enzymes is often improved if they are retained in 

cell structure (Klibanov, 1979). 

The most distinct advantage of using immobilized cells 

instead of immobilized enzymes is gained in connection with 

multistep reactions. The immobilized cell can have the 

necessary enzymes properly arranged, whereas using 
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immobilized enzymes requires elaborate coupling procedures 

for optimum results. The enzymes responsible for the desired 

production can be also synthesized in living immobilized 

cells (Birnbaum et al., 1983). 

In some instances, however, the use of immobilized pure 

enzymes is preferable. Whole cells possess a number of enzyme 

activities that may compete with the one desired. This will 

lower the yield and also lower the purity of the product. 

When living cells are used, metabolites are unavoidably 

excreted into the product stream. This is sometimes 

unacceptable in medical applications containing an 

immobilized biocatalyst. As far as single enzyme reactions 

are concerned, it is usually possible to obtain immobilized 

enzymes with much higher activity per unit volume than it is 

with the corresponding immobilized cells (Birnbaum et al., 

1983) . 

The distinction between immobilized enzymes and 

immobilized cells is often arbitrary. The cells within an 

immobilized cell preparation may lyse and then gradually lose 

their original morphological characteristics. The desired 

activity, however, may remain unaffected. After some ti.r.e, 

the immobilized cell preparation may be virtually 

indistinguishable from an immobilized crude enzyme 

preparation (Birnbaum et al., 1983). 
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2.3.2 The Advantages of Immobilized 
Cells Over Free Cells 

The merits as well as the drawbacks of using immobilized 

cells instead of free cells depend on the intrinsic 

properties of the cells and the purpose for which they are 

used. The advantages of immobilized cells over free cells are 

following (Birnbaum et al., 1983): 

(1) Advantages gained by the physical size of 

immobilized cell particles: Many advantages are a direct 

consequence of the simple fact that immobilized cell 

particles are much larger than free cells. The particle size 

allows easy recycling in industrial processes as well as in 

analytical devices. The reusability obviously contributes 

significantly to the overall economy of a process. 

(2) Advantages gained by the physical confinement of the 

cells to a support: The confinement of the cells to a support 

material implies a number of desirable properties. The 

product in an immobilized cell system is largely free of 

cells and the cost of separation processes is reduced. 

Physical confinement also plays a vital role in protecting 

the cell from a detrimental environment. Accidental local and 

temporary extremes of temperature, pH, and chemical reagents 

have less of a damaging effect on immobilized cells because 

of the general buffering capacity of the solid phase. As for 

microbial infection, the entrapping matrix can be expected to 

exclude contaminating microorganisms. The advantageous 
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properties of immobilized cells may be augmented by co-

immobilization with other cells, enzymes, or organic and 

inorganic catalysts. 

(3) Advantages gained by the chemical and physical 

composition of the support: The chemical composition of the 

support may also play a specific role and let the immobilized 

cells experience a favorable environment due to partitioning 

effects, thus increasing their effectiveness. For example, 

production of ethanol by the yeast Saccaromyces cerevisiae 

immobilized in k-carrageenan promoted a very high final 

concentration of alcohol, presumaQDly because the ethanol 

shunned the very polar gel phase and was therefore enriched 

in the surrounding aqueous phase (Wada et al., 1981). 

(4) Advantages gained by the reuse of biocatalyst: The 

easy reuse of immobilized cells also has other very important 

advantages. First, recycling obviates the need of cultivating 

new cells for every transformation attempted and thereby 

saves materials, labor, and production facilities. Second, 

reuse of cells drastically reduces the problem of cell mass 

disposal and therefore constitutes an environmental bonus. 

2.3.3 Limitations of Immobilized Cells 

In the following situations, immobilization of cells is 

unsuitable (Birnbaum et al., 1983). 

(1) The immobilization procedure may involve chemical 

agents, solvents, or heat. These factors may be detrimental 



22 

to the desired activity (Larsson et al., 1976). This is 

especially critical if the immobilized cells are to 

participate in complex biosynthetic reactions. 

(2) Immobilization is unsuitable when the desired enzyme 

activity is extracellular. The enzyme will be lost from the 

preparation unless a support is chosen with pores narrow 

enough to retain these molecules. 

(3) If the desired product is an intracellular one, for 

example, a protein or a fatty material, the product is 

difficult to harvest unless the cells are reversibly attached 

by a means such as adsorption. 

(4) The use of immobilized entrapped biocatalysts can be 

problematic when the product has low solubility. If the 

product concentration exceeds the solubility limit, 

intraparticular precipitation of the product may result. The 

problem is accentuated if mass transfer limitations exists. 

(5) When the product is more or less closely associated 

with cellular proliferation, another problematic situation 

arises. The immobilized preparation can be used for only a 

limited time, after which it is crowded with cells. 

(6) A limitation of the immobilization technique is a 

reduced reaction rate due to a rate limiting mass transfer of 

substrates and products in the particulate preparation. If 

the immobilized cells are very active, the substrate 

concentration at the catalytic site (i.e., within the cells) 

will be lower than optimum. The transport of substrate by 
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diffusion through the unstirred layer and through the support 

matrix is simply not fast enough to keep up with cells 

working at their maximum rate. To improve the situation, the 

mass transport rate should be increased in a number of ways: 

• Increase the substrate concentration in the bulk 

solution. 

• Decrease the particle size. 

• Increase the diffusion rate (e.g., by using particles 

with larger pore sizes). 

• Decrease the cell loading. 

• Use surface bound cells. 

Increasing the substrate concentration seems to be simple 

solution but is by no means always easy. A very important 

example is oxygen, which has a low solubility in fermentation 

media and therefore very easily becomes a limiting factor. 

(7) Poor mass transfer lowers the effectiveness of 

immobilized cells not only because it limits substrate 

concentration, but also because it contributes to the 

accumulation of products in the immediate vicinity of the 

cells. If the product then inhibits the performance of these 

cells, the loss in effectiveness may be very pronounced. 

(8) Immobilization is unsuitable when the substrate has 

a very high molecular weight and when the substrate is 

insoluble. The pores of the catalyst preparation may 

seriously hamper diffusion or may not allow passage of the 

substrate molecules to the actual site of catalysts. 



24 

(9) An analogous situation arises when the product has a 

high molecular weight and thus does not diffuse readily 

through the support. The accumulation of product can lead to 

seriously reduced activity. 

2.3.4 Immobilization Methods 

The association of cells with a support can be 

accomplished by numerous separate preparative procedures. 

These methods include (i) adsorption to a support, (ii) 

covalent attachment to a support, (iii) ionic and/or covalent 

crosslinking, (iv) lattice entrapment, (v) microcapsule 

entrapment, and (vi) several miscellaneous procedures 

(Birnbaum et al., 1983). 

(1) Adsorption to a support: The adsorption of cells 

onto a fixed support depends on a number of variables (Murray 

and van den Berg, 1981). The composition, charge, and shape 

of the support material influence the attachment of cells to 

the support and conditions during adsorption as well as 

during operation determine the extent of cell retention. Cell 

concentration, carrier concentration, salt concentration, pH, 

temperature, and time are important. Since the adsorption of 

cells to the support depends on noncovalent interactions 

(such as ionic, hydrogen, van der Waal's, and hydrophobic 

bonding), the binding of cells to the carrier is relatively 

weak and cell desorption may readily occur, especially during 

cell growth. 
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The adsorption method is particularly suitable for 

extrasensitivity cell systems, such as cultured animal cells. 

Giard et al. (1979) have given an illuminating example of the 

application of mammalian cells adsorbed to a support by 

cultivating human diploid fibroblasts on microcarriers for 

subsequent production of interferon. 

(2) Covalent Attachment to a Support: Cells can be 

covalently bounded to the support surface. As with adsorbed 

cells, cells covalently coupled to the outer surface of a 

support do not experience the internal diffusional 

limitations that occur with entrapped cells. For the 

production of ethanol. Gainer et al. (1980) were able to bind 

Saccharomyces cerevisiae to cellulose using cyanuric chloride 

as a coupling reagent. Though covalent coupling to a support 

is the prefered method when immobilizing enzymes, the method 

is of minor importance when immobilizing whole cells because 

of (i) the expense of the coupling reagents, (ii) the fact 

that not every cell type can be covalently coupled under 

sufficiently mild conditions, and (iii) the poor cell-loading 

on the particle. 

(3) Ionic and/or Covalent Crosslinking: This method is 

simple, gentle, and cheap. The factors influencing 

flocculation depend on several characteristics of the cells, 

the crosslinking agent, and the environmental conditions. 

These preparations begin to resemble entrapped cells, and 

like entrapped cells, crosslinked cells often have 
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diffusional limitations. Several of the commercially 

available immobilized whole-cell glucose isomerase 

preparations are prepared by glutaraldehyde crosslinking 

(Hollo et al. 1981). 

(4) Lattice entrapment: Entrapment is generally a gentle 

and simple method; it allows high cell densities and is 

therefore often preferred when immobilizing cells. The 

activity of entrapped cell preparations may appear to be 

lower them comparable surface-bound preparations because of 

the diffusional limitations, but the productivity will be 

greater because high cell loading can be achieved. There are 

several entrapment methods (Birnbaum et al., 1983). 

(i) Polymerization (Polyacrylamide) : The cells are 

entrapped by mixing them with a monomer and a crosslinker 

before polymerization. A catalyst system is then added and 

polymerization occurs. In order to minimize the toxic effects 

of the reagents and the polymerization procedure upon the 

cells, there are three rules to obey (Larsson and Mosbach, 

1976) : 

• Keep the time of exposure to the chemicals to a 

minimum. 

• Dissipate the heat generated during polymerization as 

effectively as possible. 

• Keep the system buffered. 

Beads can be formed by suspension polymerization using an 

organic phase and an emulsifying agent (Nilsson et al.. 
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1972) . Klein and Schara (1980) obtained Candida tropicalis 

cells entrapped in spherical beads of polyacrylamide that 

retained 90 to 100% of the phenol-degrading activity of free 

cells. 

(ii) Thermal gelation (Agar; Carrageenan and Collagen): 

Aqueous solutions of several naturally occuring polymers form 

gels when the temperature is lowered or when the preparation 

is dried. Subsequent to gelation these carriers must often be 

treated with stabilizing agents to increase the mechanical as 

well as chemical strength of the gel. 

Agar is extracted from certain species of marine algae. 

Agar's popularty is due to its biocompatability, its 

stability, its hysteresis (it gels at a low temperature but 

melts at a high temperature), and its potency (gelation is 

perceptible at concentrations as low as 0.1%) (Davidson, 

1980). Toda and Shoda (1975) immobilized Saccharomyces 

pastorianus in agar for sucrose inversion. 

Carrageenan is the collective name for the galactans, 

extracted from red algae, which consist of galactose units 

that are partly in the anhydro form and partly esterifled 

with sulfuric acid (Tramper, 1983). Of the three known types 

of carrageenan, gamma, kappa, and iota, only the latter two 

are suitable as a support for enzyme and cell immobilization. 

The sodium salts are soluble in water, but the potassium and 

calcium salts form gels at ambient temperature as a result of 

the formation of double helices. Gelation also occurs by 
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contact with a solution containing NH4'-, Cu2+, Mg2+, Fê "', 

amines, and water-miscible organic solvents (Chibata et al., 

1987). Carrageenan is very unstable at low pH because of the 

weak 1,4-glycosidic bond connecting the galactose residues. 

On the other hand, above pH 4.5 it is stable even under 

sterilization conditions. To reduce the temperature at which 

the cell-polymer mixture jells, the concentration of 

carrageenan must be reduced. If locust bean gum is added in 

compensation for carrageenan, gel particles with mechanical 

properties similar to the original carrageenan preparation 

are obtained (Takada et al., 1977). Takada et al. (1977) 

immobilized Streptomyaes phaeochromogenes in k-carrageenan 

for glucose isomerization. 

Collagen is a natural linear protein polymer that serves 

as a support and connective matrix in mammalian cell systems 

and has been extensively used as a support in animal cell 

cultures. Constantinides et al. (1981) described the 

entrapment of Brevibacterium flavum cells in collagen. 

Gelatin, a hydrolytic derivative of collagen, has been used 

quite extensively. Gelatin preparations are usually treated 

with glutaraldehyde or formaldehyde to improve the mechanical 

and chemical stability. 

(iii) lonotropic gelation (Alginate and Chitosan): 

Alginate is a glycuronan extracted from brown algae. It is 

unbranched copolymer consisting of residues of D-mannuronic 

acid and L-guluronic acid. In principle three structural 
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elements occur, a-1,4-L-guluronan (G) blocks, fi-l,4-D-

mannuronan (M) blocks, and a polyuronid consisting of 

alternating guluronic and mannuronic acid residues arranged 

in a blockwise fashion along the polymer chain: 

M-G-M (M-M) n-M-G- (M-G) q-M-G- (G-G) p-G-M-G 

The axial-axial bond between gluronic acid residues force the 

G-blocks in a zigzag chain and several of these chains can 

form strands, which are glued together by calcium ions. As 

the concentration of poly-G-blocks increases, the gel becomes 

harder and more friable (Tramper, 1983). Alginate gels are 

mechanically strong except when high concentrations of 

phosphate, Mg"̂ *, K*, or chelating agent are present. Columns 

of alginate pellets are resistant to compression and abrasion 

even at high flow rates. Immobilization in a calcium alginate 

is usually a safe, fast, mild, simple, cheap and versatile 

technique, which may be applied to a wide range of 

biocatalysts. Kierstan and Bucke (1977) described the 

entrapment of Saccharomyces cerevisiae cells in alginate for 

ethanol production. 

Chitosan is a glucosamine polymer obtained by 

deacetylation of chitin which is extracted from crab shells 

and similar sources. A solution of chitosan will set when in 

contact with anions such as phosphate, owing to the cataionic 

nature of the polymer. Chitosan will precipitate above pH 7.0 

(Tramper, 1983) . Vorlop and Klein (1981) immobilized 
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Escherichia coli cells in chitosan for L-tryptophan 

production. 

(iv) Precipitation gels (Cellulose): Cellulose is a 

vegetable fiber and one of the most abundant natural organic 

compounds. It consists of linear polymers of varying length. 

Each molecule is composed of 1,4-linked fl-D-glucose units. 

Linko et al. (1978) immobilized Actinoplanes missouriensis 

cells in cellulose for glucose isomerization. 

(v) Polycondensation gels (Epoxy and Polyurethane): 

Cells can also be entrapped by polycondensation with epoxy-

or isocyanate-substituted polymers. A disadvantage with these 

procedures is that the materials used are often toxic to the 

cells, but good activity and desirable support properties 

(high rigidity, chemical inertness, and porosity) have often 

been obtained (Birnbaum et al., 1983). Klein and Eng (1979) 

mixed a water-soluble polyaminoamide with an epoxy polymer 

and Escherichia coli cells and allowed the mixture to 

condense. The polyurethane method employs polymers bearing 

terminal isocyanate groups. Tanaka et al. (1979) used this 

polyurethane method to immobilize Arthrobacter simplex cells 

for steroid transformation. 

(5) Microcapsule entrapment: Mohan and Li (1975) 

developed liquid-surfactant membrane-encapsulated cell 

preparations of approximately 20-40 |im in diameter in which 

each droplet contained about 500-600 Micrococcus 

denitrificans cells. Encapsulation in polyurea has also been 
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attempted but with limited success, mainly because of the 

toxic effects of the membrane precursors diamines amd 

isocyanates (Chibata et al., 1974). 

(6) Miscellaneous immobilization procedures: Cells can 

be confined by simply using commercially available filters or 

membranes. Hollow fiber reactors have been used for the 

production of uroccuiic acid (Kan and Shuler, 1978) . The use 

of two liquid-aqueous phases constitutes a very mild process 

compared with systems based on one organic liquid phase 

(e.g., hexane) and one aqueous phase. The latter system 

usually leads to death of the cells (Duarte and Lilly, 1980) . 

2.3.5 Biological Properties 
of Immobilized Cells 

The immobilization procedure can alter the metabolic 

activity or viability of the cells. The physical stresses 

that closely packed growing cells exert on one another and on 

the support are not present in traditional fermentations. 

These properties of immobilization often affect the cells in 

a variety of ways. 

(1) Cell morphology: The most obvious difference between 

an immobilized cell culture and a suspension culture is the 

fraction of total volume occupied by cells. The volumetric 

fraction of cells in conventional suspension cultures varies 

between 1 and 30% (Blanch and Wilke, 1982). The cell packing 

density in some immobilized cell reactors, however. 
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approaches full capacity of the available volume (Inloes et 

al., 1983). 

Fission and budding, each indicative of cellular 

viability can be seen in both scanning and transmission 

electron micrographs. The microbes are distorted by the 

pressure of the surrounding organisms (Koshcheyenko et al., 

1983) . Laretta-Garde et al. (1981) reported that growing 

Rhodopseudomonas capsulata cells exerted sufficient pressure 

to induce deformation of the surrounding calcium alginate 

gel. 

(2) Cell physiology: Cell physiology can be defined as 

the study of the relationship between the metabolic 

capability of cells and their environment (Anderson, 1986). 

With many immobilized cell preparations it is difficult to 

know the viability status of the cells. Various approaches 

have been used to assess viability including measurements of 

biomass changes, oxygen or substrate uptake and protein 

synthesis (Figure 2.6). Any dramatic change in the 

environmental conditions to which cells are exposed will 

inevitably result in substantial changes in cell physiology 

(Figure 2.7). Some of these effects can be attributed 

directly to the immobilization method itself. When cell 

viability must be retained or when essential membrane 

processes are required, then the immobilization method must 

be mild, whereas when only one or a few intracellular enzymes 
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Measurement of numbers/biomass 
•Direct microscopy 
•Viable counts on released cells 
•Gravimetric, protein or nitrogen estimations. 

Activity measurements 
•Oxygen or substrate uptake 
•Increased activity in response to nutrients 
•Decreased activity in response to antibiotics 

Figure 2.6. Various techniques used to assess the viability 
of immobilized cells (Taken from Anderson, 1986) . 

Range of physiological problems during immobilization 
Chemical and physical damage to: 

•Required enzymatic/metabolic activity 
•Viable cells 
•Fragile cells (particularly animal and plant cells) 
•Obligately anaerobic cells 
•Mycelium organisms 
•Cell surface and membrane associated enzymes 

Physiological and methodological solutions: 
Use of spore forms if available followed by in situ 

growth if necessary. 
Use of mild immobilization procedures: 

•Improved less damaging polymerization techniques 
•Polysaccharides with reduced gelation temperatures 
•Adherence, flocculation or biospecific affinity 

immobilization if appropriate. 

Figure 2.7. Physiological problems and potential solutions 
related to immobilization methods (Taken from Anderson, 
1986) . 



34 

are required, then the range of potential immobilization 

methods is much larger. Following immobilization, viable 

cells and to a much lesser extent non-viable cells, will 

respond to or be affected by the new environment in ways 

which can be beneficial or detrimental to the intended 

process. In general, biocatalysts can be expected to lose 

some activity immediately following immobilization. 

Nevertheless there is now ample evidence that for some cell 

types amd production processes immobilization has yielded 

remarkcible benefits (Birnbaum et al., 1983). The reported 

catalytic half lives of operating immobilized cell systems 

are certainly encouraging: 120 days for aspartic acid 

production, more than 50 days for malic acid production, more 

than 270 days for malic acid degradation and 60 days for 

glucose isomerization (Bull et al., 1982). 

The methanogenic organism Methanesarcina barkeri 

maintained activity longer when entrapped in calcium alginate 

gel than when incubated as free cells (Scherer et al., 1981). 

Similarly hydrogen productivity of the algae Anabaena 

cylindrica was found to be three times higher with agar gel 

entrapped cells than with free cells (Kayano et al., 1981). 

Other excunples can be given relating to methane production 

(Karube et al., 1980), and ethanol production (Nagashima et 

al., 1984) where immobilization of cells has stabilized 

activity and enhanced productivity in long run operations. 
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Viable immobilized cells can be supplied with nutrients to 

maintain activity, while substantial growth and replication 

on or within the carrier material can be promoted. 

Growth and replication of immobilized cells can be a source 

of problems. Leakage of cells can reduce activity of the 

biocatalyst and released cells can complicate the downstream 

processing stages. Cell leakage is more likely to occur with 

physical adsorption or aggregation methods of immobilization 

than with gel entrapment techniques. Another key area 

requiring research concerns the manipulation of metabolism to 

achieve optimum product formation without unnecessary and 

wasteful biomass production. Various options here include 

periodic operation with and without key nutrient components, 

continuous addition of specific nutrients at very low 

concentrations and variation of the dilution rate 

(Venkatasubramaniam and Karkare, 1983) . For example, in 

studies on butanol production by immobilized Clostridium 

acetobuyutlicum periodic nutrient pulses were supplied to 

enable the organisms to maintain essential cell constituents 

without allowing multiplication to proceed (Haggstrom, 1983). 

The use of maintained but non-growing cells has the advantage 

that the metabolic capacity of the cells is utilized fully 

for product formation giving a high yield coefficient, which 

is defined as product formation over substrate consumption. 

The development and refinement of procedures to control the 

metabolism of immobilized cells is central to the 
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exploitation of this technology for the formation of non-

growth associated complex fermentation products such as 

antibiotics. At the research level, antibiotics which have 

been produced using immobilized cells include penicillin, 

bacitracin, candicidin, nisin, colistin, cephamycin C, 

patulin, theinamycin and nikkamycin (Vandamme, 1983). 

Although the potential exists there is, as yet no economic 

incentive to replace well established fermentation processes 

by immobilized cell technology (Anderson, 1986) . In order to 

achieve efficient and competitive production technique, 

physiological and technical problems with immobilized cell 

systems require extensive further study with important 

process design paraimeters such as cell loading factors, mass 

tranport and diffusion efficiencies, and oxygen transfer 

problems. 

2.3.6 Reactor Configuration 
for Immobilized Cells 

The choice of reactor configuration for an immobilized 

cell process is an intricate task due to the many factors 

involved including the immobilization method and 

characteristics of the particular process, e.g., viability 

requirements and oxygen demand. Comparison of the various 

reactor types available for immobilized cell systems needs to 

take account of factors such as particle characteristics 

(i.e., shape, size, robustness, density, mechanical 
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strength), aeration requirements, nature of substrate, 

inhibitory effects and hydrodynamic and economic 

considerations (Venkatasubramanian et al., 1983). 

(1) The continuous stirred tank reactor (CSTR): The 

major problem encountered with the use of immobilized cell 

particles in CSTRs is related to the harsh treatment to which 

the immobilized particles are exposed. A high rate of shear 

may severely damage the support particles, especially in the 

case of gel particles. The basket reactor was developed in an 

attempt to protect catalyst particles from the disruptive 

action of the agitator. The catalyst is retained in mesh 

baskets that form the blades of the impeller. This gives good 

mixing and offers protection from attrition. Such adaptions, 

however, are not suitable for large scale reactors (da 

Fonseca et al., 1986). 

(2) Packed bed reactor (PBR): Packed bed reactors are 

very common and convenient to use at laboratory scale. They 

are, however, difficult to scale-up and to quantify (da 

Fonseca et al., 1986). The size of the particulate carrier 

affects both pressure drop and internal diffusion resistance. 

Particle compression caused by the static weight of the bed 

and the pressure due to flow is usually a severe drawback in 

packed beds of gel particles. Packed bed reactors can also 

present considerable drawbacks in three phase operation. Gas-

liquid contact is restricted, as is the release of gas from 

the voids of the bed (da Fonseca et al., 1986). 
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(3) Fluidized bed reactor (FBR): Liquid fluidized and 

gas-liquid fluidized beds are the most common types used as 

bioreactors. A third (gas) phase often develops in liquid 

fluidized beds as a result of the biological reaction. FBRs 

are usually recycle reactors since, at the minimum fluidizing 

velocity, a single pass of the liquid phase generally gives 

liquid residence times which are insufficient to achieve the 

desired conversion. Particle size, shape and density are 

important factors governing fluidizing velocities. FBRs 

combine some of the advantages of STRs and PBRs and few 

drawbacks (da Fonseca et al., 1986). Their attractive 

features include good mixing and mass transfer properties. 

The use of FBRs was extended to aseptic systems (Black et 

al., 1984). 

(4) Gas mixed reactors: The use of gas to circulate the 

contents of a fermenter through an external tiibe or 

internally using a draft tube is a convenient means (no 

rotating parts are involved) of achieving good mixing and 

aeration. Such airlift fermenters are of simple construction 

and operation and are low power consumers. Consequently, they 

are very attractive for large scale opeartion. 

2.3.7 Oxygen Supply to Immobilized Cells 

One of the most serious limitations for the development 

of aerobic biological processes involves meeting the oxygen 

demand of the biomass. The problem is particularly acute in 
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immobilized cell systems where oxygen has to diffuse through 

the solid phase. Dense packing of cells in beads or films 

causes severe problems of oxygen transfer and carbon dioxide 

removal. This major problem of oxygen transfer to immobilized 

respiring cells has not yet been adequately solved and it 

poses a major constraint on the wider application of 

immobilized cell technology. 

Oxygen transfer rates can be improved by operating under 

increased air pressure or by enrichment of the gas phase with 

pure oxygen. These approaches have been used in experimental 

trials but can lead to problems of oxygen toxicity and 

accumulation of carbon dioxide to inhibitory levels within 

matrices and films. The most important resistance to the 

liquid-cell oxygen transfer is the diffusion through the 

matrix of the aggregate or film (Anderson, 1983) . Cells on 

the periphery can be well supplied whereas those at lower 

levels may be severely limited by the failure of the 

diffusion rate to match the oxygen consumption rate of the 

total population. This can be avoided by the use of small 

biomass support particles of 0.1 mm or less in diameter or by 

the use of correspondingly thin films. Such small particles, 

however, create operational problems (Anderson, 1983). 

A more radical approach to solving the oxygen supply 

problem has been to generate oxygen within aggregates of 

films by supplying hydrogen peroxide which is decomposed by 
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in situ catalase activity (Enfors and Mattiasson, 1982). This 

approach is restricted by the inherent toxicity of hydrogen 

peroxide to most cells. Another biological approach in the 

generation of oxygen is to co-immobilize oxygen-consuming 

organisms with oxygen-producing organisms, for example, 

algae. This has been studied in a Chlorella pyrenoidosa-

Gluconobacter oxydans preparation (Adlercreutz et al., 1982). 

The conversion of glycerol to dihydroxyacetone(1,3-dihydroxy-

2-propanone) catalyzed by the bacteria {Gluconobaater 

oxydans) was increased by a factor of two in the 

coimmobilized preparations. Other ways to carry oxygen to 

immobilized cells is to use hemoglobin and 

perfluorochemicals. The solubility of oxygen from air in the 

solution without hemoglobin and perfluorochemicals (FC-75) 

was approximately 0.25 mM. But the maximal concentration of 

oxygen was increased to be 2.41 mM in a 2.16 mM of 

oxyhemoglobin solution and 4.25 mM in a 25% emulsion of FC-75 

(Adlercreutz and Mattiason, 1982). 

Electrolytic decomposition of water to oxygen and 

hydrogen has been used in order to supply submerged 

fermentation with Pseudomonas fluorescens with oxygen (Enfors 

and Mattiasson, 1982). However, the authors noticed 

inhibitory effects which they ascribed to the possible 

formation of hypochlorite. 
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2.4 The Mathematical Thg^ory of Dif fiisi on 
and Reaction in Porous ratalysl-<^ 

The effects of mass transfer within a porous structure 

on observed reaction characteristics were analyzed 

quantitatively by Thiele (1939). The important result of his 

analysis is the quantitative description of the factors that 

determine the effectiveness of a porous catalyst. The 

effectiveness factor is defined as the ratio of the actual 

reaction rate to that which would occur if all of the surface 

throughout the inside of the catalyst particle were exposed 

to reactant of the same concentration and temperature as that 

existing at the outside surface of the particle. 

2.4.1. The Effective Diffusivity 

A porous mass of solid contains pores of nonuniform 

cross-section which define a very tortuous path through the 

particle and which may intersect with many other pores. Thus 

the flux predicted by an equation for normal molecular bulk 

diffusion should be multiplied by a geometric factor which 

takes into account the tortuosity and the fact that the flow 

will be impeded by that fraction of the total pellet volume 

which is solid. It is therefore expedient to define an 

effective diffusivity Dg in such a way that the flux of 

material may be thought of as flowing through an equivalent 

homogeneous medium. That is. 
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De = D^ (e/X) (2.1) 

where D is the normal molecular bulk diffusion coefficient 

e is the porosity of the particles, and 

X is a tortuosity factor. 

The porosity £ may conveniently be measured by finding 

the particle density pp in a pyknometer using an inert non

penetrating liquid. The true density Ps of the solid should 

also be founded by observing the pressure of a gas before and 

after expansion into a vessel containing a known weight of 

the material. The ratio pp/ps then gives the fraction of solid 

present in the particles and (1 - pp/ps) is the porosity. The 

tortuosity X is the ratio of the path length which must be 

traversed by molecules in diffusing between two points within 

a pellet to the direct linear separation between those points 

(Coulson and Richardson, 1979). 

Theoretical predictions of X rely on geometrical models 

of the porous structure. Aris (1975) introduced the 

cylindrical pore model, Smith-Wako model, Butt-Foster model, 

and other models based on random paths. 

In immobilized biocatalysts, the effective diffusion 

coefficient can be influenced by the concentration of the 

diffusing species, the concentration of biomass, the 

temperature, the permeability of the carrier matrix and the 

effect of substrates and products on the carrier matrix. 

Tables 2.1 and 2.2 show experimental effective diffusion 
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Table 2.1. Experimental effective diffusion coefficients in 
microbiax aggregates. 

Diffusing De Reference 
substance (x 10^ cm2/s) 

Oxygen 0.21-2.0 Matson & Characklis, 1976 

Oxygen 0.82 Chen & Bungay, 1981 

Glucose 0.048-0.6 Matson & Characklis, 1976 

Ammonia 1.3 Matson & Characklis, 197 6 

Nitrate 1.4 Matson & Characklis, 1976 

Table 2.2. Experimental effective diffusion coefficients in 
various carrier matrices. 

Diffusing Dg Carrier Reference 

substance (x 10^ cm^/s) matrix 

Glucose 1.2 Polyacrylamide Matsunaga et al.,1980 

0.5 Agar Matsunaga et al.,1980 

1.0 Collagen Matsunaga et al.,1980 

0.1-5 Polyacrylamide Mavituna, 1979 

1.5-4.5 Carrageenan Kim & Ryu, 1982 

6.62 Calcium alginate Merchant et al., 198 

Sucrose 6.7 Agar Toda & Shoda, 1975 

Ethanol 0.15 Polyacrylamide Mavituna, 19^9 

Oxygen 0.4-1.1 Carrageenan Kim & Ryu, 1982 

21.1 Calcium alginate Adlercreutz, 1986 
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coefficient of oxygen of microbial aggregates and various 

carrier matrices, respectively. 

2.4.2 Transfer to the External Surface 
of the Catalysis 

The diffusion path may be diviaed into two parts: (i) 

bulk fluid to outer surface of the particle or pellet, and 

(ii) particle surface to active internal surface of the 

porous solid. This section deals with the former: The latter 

was discussed in next section. 

For surface catalysis to be effective, the reactants 

present in the ambient fluid must be transported to the 

surface of the solid, and reaction products then transported 

back from surface to fluid. Fluid passing over the surface of 

a catalysis develops a boundary layer in which the velocity 

parallel to the surface varies rapidly over a very short 

distance normal to the flow. The fluid velocity is zero at 

the solid surface but approaches the bulk-stream velocity at 

a plane not far (usually less than a millimeter) from the 

surface. Mixing occurs in the bulk stream, and reactants and 

products are transported at rates that depend primarily on 

the nature of the flow. 

Very near the surface, the fluid velocity is low and 

there is little mixing. In this region, transport normal to 

the surface is by molecular diffusion. Then the flux of 
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matter to the external surface of the pellet can be expressed 

as follows: 

N = kL(Cb - Cs), (2.2) 

where N is the diffusion flux of the constituent in fluid to 

solid, kL is a mass transfer coefficient, Cb is the 

concentration in the ambient fluid, and Cs is the 

concentration at the surface. 

Dimensional considerations suggest the following as a 

basis for correlation of experimental data on mass transfer: 

Sh = kLd/D, (2.3) 

where a is a characteristic length of the flow passage (i.e., 

film thickness) and D is the material diffusivity of the 

fluid outside the particle. This dimensionless number (Sh) is 

known as the Sherwood number. If the effective diffusivity 

(De) in the particle, instead of D, is used to make kLa 

dimensionless, the number is known as a Biot number (Bi) for 

mass transfer. It is then the ratio of a rate of transfer 

between phases to that within the particle. 

In the simple diffusion problem outlined above the 

Sherwood number depends only on the geometry of the particle. 

In more complicated situations with flow around the particle 

and the simultaneous transfer of heat and mass, the full 



46 

transport equations must be rendered dimensionless in this 

way and the Sherwood number becomes a function of, not only 

of the geometry, but also of the other dimensionless groups 

that appear such as the Reynolds (Re) and Schmidt (Sc) 

numbers. 

If ^ is a sphere of diameter a and the medium is at rest 

around it (i.e.. Re = 0), the Sherwood number (Sh) is 2 

(Aris, 1975) . This together with other evidence that links 

the square root of the Reynolds number and the cube root of 

the Schmidt number has suggested correlations of the form 

Sh = 2 + B(Re)i/2(Sc)^/3 (2.4) 

where 

Re = au/v 

Sc = v/D 

u = velocity of flow far from the sphere 

V = kinematic viscosity of the fluid. 

Values of B have been reported ranging from 0.3 to 1 (Aris, 

1975) . 

A study by Rowe et al. (1965) gave values of B of 0.69 

for air and 0.79 for water in the range 20 < Re < 2000. The 

laminar boundary layer in flow over a flat plate and over a 

rotating disc also give a Sherwood number proportional to 

(Re) ̂ /2(sc)"̂ /̂  (Aris, 1975) . 



2.4.3 The General Equations of 
Diffusion and Reaction 

The general theoretical approach is to develop the 

mathematical equations for simultaneous mass transfer and 

chemical reactions as the reactants and product diffuse into 

and out of the porous catalyst. Let f be the concentration 

per unit volume, W be a vector such that the amount per unit 

area per unit time which crosses an element with normal n, 

and g be the rate of generation per unit time per unit volume 

These three quantities are continuous functions of the 

position vector r within the domain Q. occupied by the 

particle and of time, t. 

The continuity of the entity gives 

jjj{af/at + y^^ - g}dV = 0. (2.5) 

Because of the assumed continuity the only way in which this 

equation can hold for arbitrary subdomain of Q. is for the 

integrand to vanish, so that 

3f/3t + "^'N = g in Q. (2.6) 

It is more appropriate in heterogeneous catalysis to specify 

r the rate of reaction per unit area, so that g; = a.p^SqT, 

where ai is the stoichiometric coefficient, pb the bulk 

density of pellet, Sq the catalytic surface area per gram. If 
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there are several reactions for the species Ai, they may be 

written IiajiAi = 0 (j = 1,2, ...,R), and then 

gi = IjajipbSgrj, (2.7) 

where Tj is the rate of the jth reaction. If e is the 

fractional free space of pellet and Ci the concentration of 

Ai, fi = eCi. 

Then Eq.(2.6) becomes 

e(aCi/9t) + ^•Ni = pbSgdjajiEj) . (2.8) 

The flux of each Ai should depend linearly on the gradients of 

all other species. Then 

l̂i = - SkDik,eVCk (2.9) 

where the Di)̂ ,e ̂ ^^ the effective multicomponent diffusion 

coefficients. If Diĵ ê is constant, Eq.(2.8) becomes 

e(aCi/at) = Di,e^^Ci + pbSqdjttj^rj) . (2.10) 

For the single isothermal reaction, the suffix j may be 

dropped and the above equation becomes 

e(aci/at) = Di^e^^Ci + pbSqttir (C;,T3), (2.ID 
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The general expression of Eq.(2.11) is 

e(aCi/at) = (1/r^) [ (a/8r) {r^ Di,e(aCi/ar) } ] 

+ pbSgair(Ci,Ts) , (2.12) 

where r is the distance from point, line or plane of 

symmetry. This equation can be used for the slab (q = 0), 

cylinder (q = 1), or sphere (q = 2). 

2.4.4 The Single Reaction in 
an Isothermal Catalyst 

The mathematical analysis of one of the simplest systems 

should be considered to illustrate the approach to calculate 

the effectiveness factor. The simplest case of reaction rate, 

r is that of the irreversible, isothermal, and first order 

reaction (e.g., Z = ki(Ts)C) in a slab of catalyst with sealed 

edges or equivalently of one dimensional diffusion and 

reaction in a single cylindrical pore. Let a be the half 

thickness of the slab and r be the distance from the central 

plane. Then Eq.(2,12) in the steady state (3Ci/at = 0) gives 

De(d2C/dr2) = PbSgki(Ts)C in -a < r < a, (2.13) 

with the following boundary conditions: 

dC/dr = 0 (assuming symmetry about the central 

plane) at r = 0 (2.14) 

C = Cs at r = ± a (called Dirichlet condition) (2.15a) 
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or 

kL(Cb-Cs) = ± De(dC/dr)s a t r = ± a ( ca l l ed Robin 

c o n d i t i o n ) , (2.15b) 

Let u = C/Cb and p = r/a. Then the dimensionless forms of Eqs. 

(2.13)-(2.15) are 

d2u/dp2 = (()2u in 0 < p < 1, (2.16) 

du/dp = 0 at p = 0, (2.17) 

with 

u = 1, (2.18a) 

or 

Bi(l-Us) = (du/dp)s at p = 1, (2.18b) 

where (j), Thiele modulus, = a (pbSgki (Tg)/Dg} ̂ 2̂ and Bi, Biot 

number, = kLa/Dg. 

The effectiveness factor T\ for the single and isothermal 

(Ts) reaction can be expressed as 

Tl = {JJJ r(C,Ts) dv} / {Vpr(Cb,Ts) } (2.19) 

where Vp = volume of particle. 

The solution of Eq.(2.16) to the Dirichlet problem is 

u(p) = cosh((t)p)/cosh (j). (2.20) 

Tl = tanh((|))/(|). (2.21) 
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When the Robin boundary condition (2.18b) is applied to the 

solution of Eq.(2.16), the solution is 

u(p) = cosh ((t)p)/{ cosh (()+ ((()/Bi)sinh (|)}, (2.22) 

r\ = sinh (j)/{<j)cosh <|)+«|)2/Bi) sinh 0}. (2.23) 

For first-order irreversible reaction in a sphere (Aris, 

1975), the solutions of the Eq.(2.16) to the Robin boundary 

condition can be expressed as 

u(p) = sinh«()p)/[p{sinh(j)+(l/Bi) ((l)cosh(J)-sinh<|)) }] (2.24) 

Tl = 3«l)coth<l)-l)/[(t)2{l+(l/Bi) ((j)coth(j)-l) }] . (2.25) 

2.4.5 Characterization of 
Immobilized Biocatalysts 

One of the most useful hypoclieses in the theory of 

biochemical kinetics is that certain reaction intermediates 

are present in concentrations which bear a steady-state 

relationship to the concentrations of the main reactants. This 

quasi-steady-state or pseudo-steady state hypothesis results 

in Michaelis-Menten kinetics or Langmuir-Hinshelwood kinetics 

(Aris, 1975; Bailey and Ollis, 1977). When the reaction rate 

is expressed as a Michaelis-Menten relationship, the rate r in 

Eq. (2 .12) becomes 

r = V̂ <3̂ C/(Km+C) (2.2 6) 
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where Vmax = maximum reaction rate and Km = Michaelis constant. 

When the enzymatic reaction is inhibited, the reaction rate is 

usually expressed by the following equations (Moo-Young and 

Kobayashi, 1972) : 

(i) competitive inhibition; 

r = V„axC/{C+Km(l + I/Ki) } (2.27) 

(ii) non-competitive inhibition; 

r = Vn,axC/{ (C+Km) ( 1 + I / K i ) } , ( 2 . 2 8 ) 

where I = concentration of inhibitor (I = C for substrate 

inhibition, I = P for product inhibition) and Ki = inhibitor 

constant. 

From the pseudo-steady-state hypothesis (3Ci/3t = 0) , the 

general equation of immobilized biocatalyst will be 

0 = (l/r^) (a/ar(rqDi,e(aCi/ar) ) ) 

+ pbSgaiJT (2.2 9) 

where q = 0, 1, or 2 for the slab, cylinder, or sphere 

respectively. This equation, (2.29), cannot be solved 

analytically in Michaelis-Menten type reaction and numerical 

methods are needed (Na and Na, 1970). 
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Given the difficulty of conducting detailed and well-

controled experiments with immobilized cells or enzymes, 

considerable effort has been exerted in applying the 

mathematical theory of reaction and diffusion in porous media 

to these systems. A vast number of solutions of the 

differential equations involved using various particular 

geometries and reaction rate expressions with immobilized 

cells and enzymes have been reviewed by Karel et al. (1985). 

The difference in the rate of substrate conversion into 

product for free and immobilized biocatalysts can be expressed 

by two different effectiveness factors. The first, the 

stationary effectiveness factor Tj is the ratio of initial 

substrate conversion rates at the same substrate concentration 

for the same amount of immobilized and free cells or enzymes: 

Tl = Vobs,i/Vobs,f . (2.30) 

This ratio of initial rates is, however, not very suitable for 

practical purposes, where the time taken for a biocatalyst to 

convert a defined amount of substrate is of primary interest. 

In this case, an operational effectiveness factor has been 

introduced (Kasche, 1983). This is the ratio between the times 

to convert a certain amount of substrate with the same amount 

of free, Xf, and immobilized biocatalyst X̂ , 

Tlo = X./Xi. (2.31) 
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Both these quantities can be used to characterize immobilized 

biocatalyst systems. The values are generally < 1 due to mass 

transfer limitations outside the biocatalyst particle 

(diffusion layer) and inside the particle (coupling reaction-

diffusion) . In some cases, values > 1 have been observed or 

predicted for non-isothermal or product-inhibited systems 

(Kasche, 1983). For practical applications of immobilized 

biocatalysts it is of interest to design systems where rj or r\^ 

approaches unity, when use of the biocatalyst is optimal. 
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CHAPTER III 

MATERIALS AND METHODS 

3.1 Microoraanismfi and MpH-ia 

3.1.1 Fermentation Microorganism 

Cephalosporium acremonium strain CW-19 (Acremonium 

striatum, ATCC 36225) : ATCC 36225 can produce 300 to 400 ̂ ig/ml 

of cephalosporin C and 1000 to 1500 p,g/ml of penicillin N in a 

defined medium (Behmer and Demain, 1983). In this research, A. 

strictuiTJ (ATCC 36225) , which was commonly called as C. 

acre/noniu/n, was obtained from American Type Culture Collection 

(ATCC) for fermentation microorganism and maintained on the 

agar slant medium. 

3.1.2 Bioassay Microorganisms 

Alaaligenes faecalis (ATCC 8750) and Micrococcus luteus 

(ATCC 9341): Two most commonly used methods for bioassay are 

the agar diffusion (or plate) method and the spectro

photometric (or tube) method. The basis of both these methods 

is the quantitative comparison of the effect of two 

substances, a standard and a sample, on the growth of a 

suitable microorganism in a nutrient medium. Both these 

techniques have the following requirements in regard to the 
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test organism (Hewitt, 1977): 

(i) The test organism must be dependent for growth on the 

presence of the substance to be assayed. 

(ii) Addition of graded doses of the substance to be 

assayed (both sample and standard) should result in graded 

responses on incubation. 

(iii) The nutrient medium for the test must contain an 

excess of all substances required by the test organism except 

the substance to be assayed. This substance should be absent 

from the basic medium. 

(iv) Apart from the substance to be determined, no other 

substance that may be present in the sample should be capable 

of promoting growth of the test organism or of modifying its 

growth. 

Various test organisms used for the antibiotic assays are 

listed in Figure 3.1. For this research, two microorganisms, 

Alaaligenes faecalis (ATCC 8750) and Micrococcus luteus (ATCC 

9341), were selected among other available microorganisms, 

which were used for the bioassays of fl-lactam antibiotics 

produced by Cephalosporium acremonium (Figure 3.2) . It is 

known that Alaaligenes faecalis (ATCC 8750) is sensitive to 

cephalosporin C but resistant to penicillin N, and Micrococcus 

luteus (ATCC 9341) is sensitive to penicillin N but resistant 

to cephalosporin C (up to 500 |ig/ml) (Zanca and Martin, 1983) 

These two microorganisms were also purchased from American 

Type Culture Collection. 
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Antibiotic Test organisms 

Ampicillin 
Amphomycin 
Amphotericin B 
Bacitracin 
Carbomycin 
Cephaloridine 
Cephalothin 
Chloramphenicol 
Chlortetracycline 
Cloxacillin 
Colistin 
Cycloserine 
Dactinomycin 
Dicloxacillin 
Dihydrostreptomycin 
Erythromycin 
Gentamicin 
Griseofulvin 
Kanamycin 
Lincomycin 
Methicillin 
Nafcillin 
Neomycin 
Novobiocin 
Nystatin 
Oleandomycin 
Oxacillin 
Oxytetracycline 
Paromomycin 
Penicillin G 
Phenethicillin 
Polymyxin 
Streptomycin 
Tetracycline 
Tylosin 
Vancomycin 
Viomycin 

Sarcina lutea 
Micrococcus flavus 
Saccharomyces cerevisiae 
Sarcina subflava 
Sarcina lutea 
Staphylococcus aureus 
Staphylococcus aureus 
Sarcina lutea 
Bacillus cereus var, mycoides 
Staphylococcus aureus 
Bordetella bronchi septica 
Staphylococcus aureus 
Bacillus subtilis 
Staphylococcus aureus 
Bacillus subtilis 
Sarcina lutea 
Staphylococcus epidermidis 
Microsporum gypseum 
Staphylococcus aureus 
Sarcina lutea 
Staphylococcus aureus 
Staphylococcus aureus 
Staphylococcus aureus 
Staphylococcus epidermidis 
Saccharomyces cerevisiae 
Staphylococcus epidermidis 
Staphylococcus aureus 
Bacillus cereus var. mycoides 
Staphylococcus epidermidis 
Staphylococcus aureus 
Sarcina lutea 
Bordetella bronchiseptica 
Bacillus subtilis 
Bacillus cereus var. 
Sarcina lutea 
Bacillus cereus var. 
Bacillus subtilis 

mycoides 

mycoides 

Figure 3.1. Test organisms for bioassay of various antibiotics 
(Taken from Kavanagh, 1972). 
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Antibiotic Test organisms Reference 

CPC 

CPC 

CPC + 
Pen N 

CPC 

CPC 

Pen N 

Pen N 

Alaaligenes faecalis 
(ATCC 8750) 

Pseudomonas 
aeruginosa Pss. 

Escherichia coli 
(Ess-22-31) 

Pseudomonas 
aeruginosa Pss. 

Drew & Demain, 1973 

Sawada et al., 1980 and 
Kupka et al., 1983b 

Behmer & Demain, 1983 and 
Zanca & Martin, 1983 

Kupka et al. 1983a 

Alaaligenes faecalis Zanca & Martin, 1983 
(ATCC 8750) 

Escherichia coli Ess. Kupka et al., 1983a 
Pseudomonas aeruginosa Pss. 
Micrococcus roseus (ATCC 178) 
Micrococcus luteus (ATCC 381) 
Straphylococcus aureus (Tu 202) 
Streptococcus pyogenes (ATCC 10389) 

Micrococcus luteus 
(ATCC 9341) 

Zanca & Martin, 1983 

CPC: (Deacetoxy- and deacetyl-) cephalosporin C, 

Pen N: (Iso-) penicillin N 

Figure 3.2. Test organisms for bioassay of fl-lactam 
antibiotics produced by C. acremonium. 
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3.1.3 Media and Culture Conditions 

In all cases, media were prepared with double-deionized 

and glass-distilled water. Sugars such as glucose (2M) and 

sucrose (IM) were autoclaved separately and added to the 

presterilized medium using disposable serological pipets (10 

ml, Fisher) in order to avoid colorization of media. It was 

observed that when sugars were autoclaved with DL-methionine 

together, the color of media was turned into dark-brown from 

colorless after sterilization. 

The condition of steam sterilization was 15-20 min at 121 

°C (15 psig) in all cases. 

(1) Media for Cephalosporium Acremonium (ATCC 36225): 

(i) Agar slant medium (g/L): malt extract, 20.0; 

peptone, 5.0; agar, 15.0. 

(ii) Primary seed medium (g/L): corn steep liquor, 30.0; 

starch, 30.0; glucose, 10.0; caelum carbonate, 5.0. This 

medium was adjusted to be pH 7.4 with NH4OH and filtered 

through Whatman No.l filter paper before sterilization in 

order to make the medium clear (Khang, 1986). 

(iii) Secondary seed medium (g/L): glucose, 30,0; ammonium 

sulfate, 7.5; DL-methionine, 4.0; K2HPO4, 12.0; KH2PO4, 9.0; 

trace elements, 135 ml. In this medium, pH was automatically 

7.0-7.3 due to the phosphate buffer solution, and pH 

adjustment before sterilization was not needed. Trace 

elements solution contained (g/L): Na2S04. IOH2O, 5.0; 



60 

MgS04.7H20, 2.5; FeSO4.7H20, 1.0; MnS04.H20, 0.2; ZnS04.7H20, 

0.2; CUSO4.5H2O, 0.05; CaCl2.2H20, 0.5. 

(iv) Rest medium-I for free cells (g/L): sucrose, 36.0; 

DL-methionine, 5.0; K2HPO4, 12.0; KH2PO4, 9.0; trace elements, 

135 ml (Zanca and Martin, 1983). 

Zanca and Martin (1983) observed that growth in this 

medium was limited by the absence of glucose and nitrogen 

source and that biosynthesis of antibiotics (penicillin N and 

cephalosporin C) was linearly dependent on incubation time and 

cell-mass. 

(v) Rest medium-II for immobilized cells (g/L): sucrose, 

36.0; DL-methionine, 5.0; CaCl2.2H20, 1.5; KH2PO4, 1.5; trace 

elements, 135 ml. 

pH was adjusted to be pH 7.4 before sterilization with 5% 

NaOH solution. K2HPO4 in rest medium-I for free cells was not 

used because it dissolved calcium alginate beads (see section 

4.1.4). In order to increase the strength of immobilized bead, 

Na2SO4.10H2O in trace elements was omitted for immobilized 

cells (note that 5% NaOH is also a source of Na^ ion) and the 

amount of CaCl2.2H20 was increased. 

(2) Culture conditions for Cephalosporium acremonium: C. 

acremonium (ATCC 36225) cultures were inoculated on agar 

slants and incubated at 28 ± 0.5 °C for 7 days in a dry type 

bacteriological incubator (Blue M Co.) and stored in a 

refrigerator (2 °C) until use. 
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Cells from an agar slant were suspended in one milliliter 

of sterilized water using a disposable inoculating loop 

(diameter 1 mm, Fisher). The suspended cells were transfered 

into 50 ml of primary seed medium contained in a 250 ml-

Erlenmeyer flask. The primary seed culture was incubated at 28 

± 2 °C for 3 days on a shaker incubator (Lab-Line Co.) at 200 

rpm. One milliliter of the 3-day-old primary seed culture was 

sampled and inoculated in 50 ml of secondary seed medium 

contained in a 250 ml-Erlenmeyer flask. This secondary seed 

culture was incubated at 28 ± 2 °C for one day (24 h) on a 

shaker incubator at 220 rpm. Twenty milliliters (2 x 10 ml) of 

the 1-day-old secondary seed culture were again inoculated in 

200 ml (2 X 100 ml) of secondary seed medium contained in a 

1000 ml (2 X 500 ml)- Erlenmeyer flask to increase cell 

density. After incubating for one day at the same conditions 

(250 rpm, 28 ± 2 °C) , the tertiary seed culture (200 ml) was 

transferred into a 2-L fermenter (Multizen-2000, New Brunswick 

Co.) containing 1000 ml of rest medium-I for free cells. The 

total working volume became 1200 ml. Fermentations were 

carried out at 28 ± 0.5 °C with 300-550 rpm at various oxygen 

concentrations that were controlled using air, pure nitrogen, 

and/or pure oxygen flow rate (Figure 3.3). When the primary 

seed culture was inoculated directly into a fermenter, the 

period of lag phase would be 24-72 h (Khang, 1986) . The long 

period of lag phase could be reduced to 5-10 h by use of the 

tertiary seed cultures. 
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Figure 3 . 3 . Schematic diagram of experimental set -up 
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(3) Alcaligenes faecalis and Micrococcus luteus: A. 

faecalis (ATCC 8750) and M, luteus (ATCC 9341) were kept and 

grown in Nutrient Agar Medium (Difco), which contained (g/L) 

beef extract, 3.0; peptone, 5.0; agar, 15.0. 

Incubation was performed for 12 h at 37 ± 0.5 °C in a dry 

type bacteriological incubator (Blue M Co.) and kept in the 

refrigerator (-10 °C) until use. 

3.2 i^ssay Methods 

Cephalosporins have been analyzed by paper chromatography 

(Miller, 1962), respirometry (Shaw and Duncombe, 1963), high 

performance liquid chromatography (White and Fox, 1982), 

immobilized microbial tube assay (Tanaka et al., 1982), agar 

diffusion assay (Zanca and Martin, 1983), chemical assay 

(Lubbe et al., 1986), and spectrophotometric assay (Khang et 

al., 1988). Agar diffusion assay, spectrophotometric assay, 

and chemical assay were employed in this research because of 

their economic benefits. In all cases, cephalosporin C (purity 

90%, Sigma) was used as a standard substance. 

Since agar diffusion assays and spectrophotometric assays 

are bioassays, they require very careful preparations. General 

factors requiring constant supervision (Kavanagh, 1972) are 

(i) the seeded bacterial population and their activity, (ii) 

temperature, pH, and moisture content of assay medium, (iii) 

the amount of seeded culture, and (iv) dosage of test 

solution, time and temperature of incubation. 
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3.2.1 Agar Diffusion Assay 

In agar diffusion assays the point of application of the 

test solution is surrounded by a turbid zone contrasting with 

its relatively clear surroundings. 

Agar diffusion assays with A. faecalis and M, luteus were 

carried out in Antibiotic Medium #5 (Difco), which contained 

(g/L) beef extract, 1.5; yeast, 3.0; peptone, 6.0; agar, 15.0. 

(1) Apparatus required: (i) Water bath operating at 50 ± 

2 °C, (ii) Autoclave operating at 15 lb./sq.inch (psig), (iii) 

Analytical paper disks with a diameter of 0.5 inch (Fisher), 

(iv) Micropipets (10 - 1000 l̂l) and serological pipets (1-10 

ml), (v) Petri dishes with diameters of 10 cm and sterilizable 

stainless steel case for them (Fisher), (vi) Incubator 

operating at 37 ± 0.5 °C, (vii) Oven opearting at 80 ± 5 °C. 

(viii) Refrigerator operating at 2 °C, (ix) Autoclavable 

bottles (250 ml), (x) Inoculating loop (I.D. 3 mm), and (xi) 

Caliper (Mitutoyo, Japan). 

(2) Operating procedures: (i) Operate the water bath at 

the desired temperature, (ii) Autoclave the required number of 

bottles containing the assay medium (each bottle contains 50 

ml of assay medium) for 15 min at 121 °C (15 psig) and 

transfer to a water bath maintained at 50 ± 2 °C, (iii) 

Autoclave empty petri dishes at the same conditions and dry 

them completely in an oven maintained at 80 ± 5 °C, (iv) 

Suspend test microorganisms in 2 ml of sterilized water from 

agar slants using an inoculating loop, (v) Inoculate each 
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bottle of cooled assay medium (50 °C) with well-shaken cell 

suspension and mix thoroughly, taking care not to form air 

bubbles, (vi) Taking precautions to keep the plate sterile, 

transfer 20 ml of the assay medium into each petri dish using 

serological pipets and remove any air bubbles by quick 

application of a Bunsen flame but avoid excessive flaming as 

this gives the medium a streaky apperance, (vii) Place the 

petri dish on a level bench and allow the transferred medium 

in each petri dish to solidify at room temperature, (viii) 

Drop 150 |ll of sample solution on each analytical paper disk 

using micropipets and put the paper disk on the center of the 

solidified agar surface, (ix) Transfer each petri dish, when 

set, to a refrigerator at 2 °C, and leave it for 4 h to allow 

the sample solution to diffuse, (x) Take out the assay petri 

dish from a refrigerator and incubate it for 24 h at 37 ± 0.5 

°C, and (xi) Read the inhibited area using a caliper after 24 

h incubation. 

(3) Preparation of standard solutions: Weigh 10 mg of 

cephalosporin C (CPC) and transfer this in 10 ml of sterilized 

water. Mix thoroughly. This solution contains approximately 

1000 |ig/ml of CPC. Using micropipets, various concentrations 

of CPC were obtained by diluting this solution with sterilized 

water as follows: Dilution (V/V) = CPC standard solution 

(1000 |ig/ml)/sterilized water. 

Dilution 1:1 1:3 1:9 1:19 1:39 1:99 

CPC (̂ lg/ml) 500 250 100 50 25 10 
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(4) Preparation of sample solutions: Take a suitable 

amount of C. acremonium culture from a fermenter, centrifuge 

it for 5 min at about 2000 rpm, and dilute the supernatant 

(1:1) with sterilized phosphate buffer solutions (pH 7.0). 

Filter the diluted solution through a 0.2 pm membrane filter 

(dia. 1.3 cm, Millipore). This filtered solution was 

immediately used as a test sample solution. 

3.2.2 Spectrophotometric Assay 

The spectrophotometric antibiotic assays are based both 

upon a knowledge of the interaction of the organism-

inhibitor and upon the spectrophotometric measurement of 

turbidity. Spectrophotometric assays were carried out in a 

liquid assay medium containing 3.0 g of yeast and 6.0 g of 

peptone per liter of water. 

(1) Apparatus required: (i) Test tubes (borosilicate 

glass, 12 x 75 mm, American Scientific), (ii) Digital 

spectrophotometer (Sequoia-Turner Co.), (iii) Water bath 

operating at 90 ± 2 °C, (iv) Autoclave operating at 15 

lb./sq.inch (psig), (v) Micropipets (10 - 1000 |il) , (vi) 

Incubator operating at 37 ± 0.5 °C, (vii) Autoclavable tubes 

(capacity, 10 ml), (viii) Inoculating loop (I.D. 3 mm), (ix) 

Vortex mixer, and (x) Refrigerator operating at 2 °C. 

(2) Operating procedures: (i) Operate the water bath at 

the desired temperature, (ii) Autoclave the required number of 

tubes containing liquid assay medium (each tube contains 2.0 
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ml of assay medium) and cool down to room temperature, (iii) 

Suspend test microorganisms in the sterilized tubes from agar 

slants using an inoculating loop, (iv) Incubate the tubes for 

10 h at 37 ± 0.5 °C (after 10 h incubation, the absorbance at 

800 nm was 0.43 ± 0.02) and keep them in the refrigerator at 2 

°C until use (This culture was used as a seed culture for 

repeated assays. This seed culture in the refrigerator should 

be replaced every 2 days.), (v) Inoculate a loop of 10 h-seed 

culture into 2 ml of fresh liquid assay medium contained in a 

sterilized tube and add 300 |J.l of antibiotic sample solution 

into the tube and mix well using a vortex mixer, (vi) Incubate 

the mixture in an incubator for exactly 4 h at 37 ± 0.5 °C, 

(vii) Plunge the incubated tube into a hot water bath heated 

to 90 °C for 20 seconds in an attempt to stop the growth of 

test organisms and cool down to room temperature, (viii) Pour 

the contents of the cooled tube into a borosilicate glass test 

tube carefully, and (ix) Place the test tube in a spectro

photometer and read the absorbance of light at 800 nm. 

(3) Preparations of standard and sample solutions are the 

same as those in agar diffusion assay methods. 

3.2.3 Chemical Assay 

A colorimetric determination of penicillins involves the 

enzymatic hydrolysis of penicillins into-the corresponding 

penicilloic acids that, in the presence of mercuric chloride. 
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reduce molybdoarsenic acid to molybdenum blue; the latter is 

measured spectrophotometrically at 800 nm (Pan, 1954). This 

principle was extended for the determination of cephalosporins 

by replacing penicillinase in chemical assay for penicillins 

with cephalosporinase (Lubbe et al., 1986). 

(1) Apparatus required: (i) Spectrophotometer (Sequoia-

Turner Co.), (ii) Micropipets (100 - 1000 îl) , (iii) Test 

tubes (borosilicate glass, 12 x 75 mm, American Scientific), 

and (iv) Centrifuge operating at about 2000 rpm. 

(2) Chemicals required for preparing 1 L of test reagent 

(equivalentally 2000 assays): (i) Ammonium molybdate, 

(NH4) 6M07O24.4H2O, 50 g, (ii) Conc-Sulfuric acid, H2SO4, 42 ml, 

(iii) Sodium arsenate, Na2HAs04. 7H2O, 6 g, (iv) Mercuric 

chloride, HgCl2, 0.7 g, and (v) Cephalosporinase (Type IV, 

Sigma), which was produced by Enterobacter cloacae, containing 

0.32 units of penicillinase/mg protein and 2.9 units of 

cephalosporinase/mg protein. 

(3) Preparation of test reagent: (i) Molybdoarsenic acid 

solution: a) Dissolve 50 g of ammonium molybdate in 700 ml of 

deionized water, b) Add 42 ml of concentrated sulfuric acid, 

cooling in an ice-bath, to the ammonium molybdate solution, c) 

Dissolve 6 g of sodium arsenate in 100 ml of deionized water, 

d) Mix the 100 ml of sodium arsenate solution with ammonium 

molybdate-sulfuric acid solution, e) Adjust the volume of the 

mixed solution to 1 L with deionized water, f) Store the final 

solution at 37 °C at least 24 h before use, and g) Keep it m 
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a brown bottle at room temperature, (ii) Mercuric chloride 

solution: a) Dissolve 0.7 g of mercuric chloride in 1 L of 

deionized water and b) Keep it in a brown bottle at room 

temperature, (iii) Test reagent: Just before assaying 

cephalosporins, mix 500 jil of the molybdoarsenic acid solution 

with 500 |il of mercuric chloride solution and mix well using 

vortex mixer, (iv) Cephalosporinase solution: a) Dissolve 0.3 

g of cephalosporinase in 300 ml of sterilized water, and b) 

Keep it in a refrigerator (2 °C) until use. 

(4) Operating procedures: (i) Mix 300 pl of 

cephalosporinase solution with 300 |il of antibiotic sample 

solution in a test tube, and incubate the mixture for 10 min 

at room temperature (25 ± 2 °C) , (ii) After 10 min, mix 1 ml 

of test reagent and 0.4 ml of phosphate buffer (0.3 M, pH 7.0) 

with the incubated sample solution, and let it stand for 60 

min at room temperature, and (iii) After 60 min, centrifuge 

the test tube for 1-2 min at about 2000 rpm in an attempt to 

render the turbid solution clear, and read the absorbance of 

light at 800 nm. 

(5) Preparations of standard and sample solutions are the 

same as those in agar diffusion assay methods. 

3.2.4 Cell Dry Weight 

Microbiological assays for measurement of cellular 

growth have been carried out either directly by measuring dry 

weight, wet weight, wet volume, turbidity, cellular nitrogen. 
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cell counts, or indirectly from data on CO2 evolution or total 

protein production (Norris and Ribbons, 1969). Whatman paper 

filters are usually used to measure cell dry weights. Drying 

cell mass on these paper filters takes more than 12 h at 60 

°C, whereas membrane filters takes less than 3 h at 60 °C for 

drying cells (Khang, 1986). Membrane filters are more 

expensive than paper filters but are reusable when washed with 

water very carefully. 

(1) Cell dry weight for free cells: Sample culture (10 

ml) was harvested from the fermenter and the mycelial mass was 

separated by filtration through a preweighted membrane filter 

(0.45 pm, Millipore) and washed several times by successive 

resuspension with 50 ml distilled water. The filter was dried 

for 3 h in an incubator at 60 °C and weighed after waiting for 

20 min at room temperature in order to obtain a constant 

weight. 

(2) Cell dry weight for immobilized cells: A suitable 

amount of calcium alginate beads (50 beads) were dissolved in 

0.25 M trisodium citrate (CeHsNasO?) solution. Then cell dry 

weight (per bead volume) was determined as was measured for 

free cells. 

3.2.5 Total Protein 

The Lowry procedure is found to be the most reliable and 

satisfactory method for quantitation of soluble proteins. 

Recent modifications have provided a consolidated method 
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which is simple, rapid, objective, and more generally 

applicable (Peterson, 1977). Total proteins produced by C. 

acrej7ioniu/n were measured using a Protein Assay Kit (P5656, 

Sigma), which contains Lowry reagent, sodium deoxycholate, 

trichloroacetic acid, folin-ciocalteu phenol reagent, and 

bovine serum albumin for standard protein solution. 

Sample cultures (3 ml) were centrifuged for 5 min at 

about 2000 rpm, and the supernant (0.05 ml) was diluted with 

water (0.95 ml) because sucrose dissolved in the supernatant 

interfered with the Diagnostic Kit reagent. The known 

interfering compounds with the Lowry protein determination are 

shown in Figure 3.4. This diluted solution (1 ml) was used as 

a test solution. Since there was no protein precipitation 

during the assay, the Lowry reaction was run directly on the 

test solution following the introductions in the Protein Assay 

Kit. 

3.2.6 Oxygen 

There are various methods to determine dissolved oxygen 

concentrations in biochemical processes such as (i) oxygen 

electrode methods (galvanic and polarographic electrodes), 

(ii) chemical methods (Winkler method, oxidation of NADH, and 

oxidation of phenylhydrazine), and (iii) other methods (gas 

chromatography, mass spectrometry, manometry, and volumetric 

techniques) (Atkinson and Mavituna, 1983). The first two 
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Compound Comment 

Ammonium sulfate 

Potassium ions 
(> 12 mM) 

EDTA 

Tris 

Bicine 

Tricine 

Sucrose 

Fructose 

Glucose 
Xylose 
Mannose 
Rhamnose (> ImM) 

Triton X-100 

Citrate 

Succinic acid 

Ethylene 
Glycol 
Glycerol 

Decreases color development 

White precipitate 

Increase blank above 0.5 mM 
Decrease color yield below 0.5 mM 

Decreases blank 

Increase blank 

Increase blank 

Increase blank 

Increase blank 

Increase blank 

Increase blank 

Decrease color yield above 0.1 mM 

Decrease color yield above 0.1 mM 

Increase blank 

Figure 3.4. Compounds interfering with the Lowry protein 
determination (Taken from Bensadoun and Weinstein, 1976) 

ipi" I V 
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methods were used to determine dissolved oxygen in this 

research. 

(1) Oxygen electrode methods: The reduction of dissolved 

oxygen at a noble metal surface negatively polarized with 

respect to a reference electrode forms the basis of the design 

and operation of oxygen electrodes. Oxygen electrodes consist 

of the cathode (silver, gold, platinum, zinc, lead, or 

cadmium) and the anode (lead, or silver/silver chloride). The 

electrolyte may be sodium hydroxide for a galvanic type 

electrode and potassium chloride for a polarographic type 

electrode. The main difference between galvanic and 

polarographic electrodes is that the former do not require an 

external voltage source for the reduction of oxygen at the 

electrode. This is due to the fact that when a relatively 

basic metal, such as zinc, lead or cadmium, is used as the 

cathode, the voltage generated by such an electrode pair is 

sufficient for spontaneous reduction of oxygen at the cathode 

surface (Atkinson and Mavituna, 1983). The reaction for the 

silver-lead galvanic probe at the cathode is 

Oy + 2H2O + 4e- > 40H-

and at the anode is 

Pb > Pb2+ + 2e-



74 

Thus the overall reaction is 

O2 + 2H2O + 2Pb > 2H2O + 2Pb(OH)2. 

For polarographic electrodes, the reactions at the platinum 

cathode are 

O2 + 2H2O + 2e- > H2O2 + 20H-

H2O2 + 2e- > 20H-

and the reaction at the silver anode is 

Ag + Cl- > AgCl + e". 

Thus the overall reaction is 

4Ag + O2 + 2H2O + 4C1- > 4AgCl + 40H-. 

Dissolved oxygen in cephalosporins fermentation was 

measured using a platinum-lead galvanic electrode with a 

replaceble membrane (thickness = 25.4 )lm) and a Dissolved 

Oxygen Analyzer (Model DO-50, New Brunswick). Figure 3.5 shows 

the construction of this galvanic electrode. 

(2) Chemical methods: The current output of the electrode 

is directly proportional only to the partial pressure of the 

dissolved oxygen (i.e., oxygen tension), and chemical assays 

"•nmHBBIHm^v^ 
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Figure 3.5. A galvanic oxygen electrode (New Brunswick 
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are needed for the calibration of dissolved oxygen electrodes 

in order to know actual concentration of oxygen. Winkler 

method is used widely for determining the solubility of oxygen 

in water and waste water. An excess of a standard solution of 

manganous ions is added to the sample and then the unoxidized 

manganous ions remaining are back-titrated by an iodometric 

procedure. A Dissolved Oxygen Kit (Fisher), which contains 

manganous sulfate reagent, alkalin-iodide-azide reagent, 

sulfuric acid reagent, and dissolved oxygen titrant, was used 

in this research for quantitation of the response of the 

galvanic electrode. 

Calibration was carried out by controlling oxygen 

tension in rest medium-I without K2HPO4 and microorganisms 

(K2HPO4 interfered with this chemical method) at the 

temperature of fermentation condition, using pure oxygen and 

pure nitrogen. 

3.3 ImrnQbilization Methods 

Entrapment in kappa-carrageenan and calcium alginate gels 

is widely used as a cell immobilization technique. These two 

methods were examined to immobilize C. acremonium. 

3.3.1 Porous Kappa-carrageenan Beads 

In order to reduce diffusion limitation in k-carrageenan 

gel, porous k-carrageenan beads v/ere prepared using a 

biohomogenizer. 
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(1) Apparatus required: (i) Autoclavable glass syringe 

(100 ml) and needle (gauge #18), (ii) Autoclavable silicone 

hose (O.D. 2 mm; length 2 m ) , (iii) Autoclavable bottles (250 

ml), (iv) Autoclavable air filter, (v) Magnetic stirrer-

heater, (vi) Peristaltic pump, (vii) Thermometer (150°C) and 

water bath (2000 ml), (viii) Erlenmeyer flask (500 ml) and its 

rubber plug, (ix) Magnetic stirrer, (x) Serological pipets (10 

ml) , (xi) Biohomogenizer (Fisher) operating at 11000 rpm, and 

(xii) Centrifuge operating at about 2000 rpm. 

(2) Chemicals required: (i) Kappa-carrageenan (Sigma), 

(ii) Locust bean gum (Sigma), (iii) Aerosol OT (Sigma): 

Dioctyl sodium sulfosuccinate, (iv) 0.3 M KCl, and (v) 0.8% 

NaCl solution. 

(3) Operating procedures for preparing 100 ml k-

carrageenan gels: (i) Kappa-carrageenan (1.0 g), Locust bean 

gum (0.5 g ) , and 2% Aerosol OT (7.5 ml) were dissolved in 

0.80% NaCl solution (82.5 ml). (ii) The mixture was autoclaved 

and stored in water bath operating at 45 °C. (iii) A glass 

syringe, around which silicone hoses were wound, and a needle 

was autoclaved. After cooling down, the temperature inside the 

syringe was maintained at 45 °C by circulating hot water 

(90°C) through the silicone hoses (Figure 3.6). (iv) One-day-

old seed culture (20 ml, cell dry wt.~2.5 g/1) was centrifuged 

for 5 min about 2000 rpm and the supernatant (10 ml) was 

discarded using serological pipets. (v) The concentrated seed 

culture was warmed to 45 °C and mixed with the prewarmed 

I uan^s^ 
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Figure 3.6. Schematic diagram of immobilizing methods for k-
carrageenan beads. 



79 

k-carrageenan mixture using a biohomogenizer for 20 sec at 

11000 rpm. Very fine foams were produced due to the presence 

of an anionic biological detergent (Aerosol OT). The foams did 

not disappear easily since the viscosity of k-carrageenan 

mixture was very high due to the presence of locust bean gum. 

(vi) The foamed cell-carrageenan mixtures were poured into the 

warmed syringe (45 °C) and injected through a needle in 

presterilized 0.3 M KCl solution (20 °C) with mild agitation. 

Injection of 100 ml of cell-carrageenan mixtures was completed 

within 60 min. The beads formed were cured in KCl solution for 

2 h and then washed with sterilized water. 

3.3.2 Calcium Alginate Beads 

Cell immobilization in calcium alginate is a mild 

technique and it is unnecessary to make porous calcium 

alginate beads. When a calcium alginate bead was completely 

dried at room temperature, its diameter was reduced from 3 mm 

in water to ^ 1 mm. 

(1) Apparatus required: (i) Autoclavable glass syringe 

(100 ml) and needle (gauge #18), (ii) Autoclavable bottles 

(250 ml), (iii) Autoclavable air filter, (iv) Erlenmeyer flask 

(500 ml) and its rubber plug, (v) Magnetic stirrer, (vi) 

Serological pipets (10 ml), and (vii) Centrifuge operating at 

about 2000 rpm. 
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(2) Chemicals required: (i) Alginic acid, sodium salt 

(Sigma): viscosity of 2% solution « 14000 cps at 25 °C, and 

(ii) 0.1 M CaCl2.2H20. 

(3) Operating procedures for preparing 100 ml calcium 

alginate gels: (i) Sodium alginic acid (2.0 g) was dissolved 

in water (80 ml). (ii) The sodium alginate solution was 

autoclaved and stored at room temperature, (iii) A glass 

syringe and a needle was autoclaved and cooled down to room 

temperature, (iv) One-day-old seed culture (40 ml, cell dry 

wt.« 2.5 g/1) was centrifuged for 5 min about 2000 rpm and the 

supernatant (20 ml) was discarded using serological pipets. 

(v) The concentrated seed culture was poured into the sodium 

alginate solution and mixed well, (vi) The cell-alginate 

mixture was poured into the syringe and injected through a 

needle in presterilized 0.1 M CaCl2.2H20 solution (20 °C) with 

mild agitation. Injection of 100 ml of cell-alginate mixture 

was completed within 30 min. Calcium alginate bead size was 

dependent on the needle size. The beads were allowed to cure 

in the calcium chloride solution for 2 h, then washed with 

sterilized water. 

3.3.3 Operating Conditions for 
Immobilized Cell System 

Total working volume was reduced from 1200 ml for free 

cell system to 500 ml for immobilized cell system. Lower 

working volume (300 - 400 ml) caused inadequate mixing and 
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inadequate temperature control due to the fermenter structure. 

The appropriate bead fraction (bead vol./ working vol.) was 

0.3 ± 0.05. Antifoam agent was unnecessary for immobilized 

cell system, although foams arose due to CO2 evolution. 

Calcium alginate beads were used in a weak buffer solution and 

pH adjustment was required every 4-6 h to keep pH 6.5-7.0 (see 

Section 3.1.3). Strong buffers were used with k-carrageenan 

beads and pH adjustment was not needed. Table 3.1 lists the 

operating conditions for free cells and for immobilized cells 

in calcium alginate beads. 

^•Kymmm 
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Table 3.1. Operating conditions for fermentation in a 2-L 
fermenter (oxygen =0.27 mM). 

Conditions Free cells Immobilized cells 
in calcium alginate beads 

Temperature 

Working volume 

Agitation (rpm) 

Antifoam agent 
(silicone 100) 

pH adjustment 
during experiment 

Bead fraction (v/v) 

Initial cell 
dry wt. (g/L) 

Period of 
lag phase (h) 

Cell dry wt.(g/L) 
after 24 h 

28 ± 1°C 

1200 ml 

300-550 

1 ml 

(pH 6.8±0.2) 
Not necessary 

— 

~ 1.0 

5 to 10 

~ 10.0 

28 ± 1°C 

600 ml 

170-350 

not necessar 

(pH 6.8±0.2) 
necessary 

0.3 ± 0.05 

~ 1.0 

10 to 20 

~ 3.0 

fl-lactam antibiotics 
(|ig/ml) after 24 h - 500 

Specific fl-lactam 
antibiotics 
(p.g/mg cells) ~ 50 

- 250 

- 80 

•vimpvi^HHBnnaai^ 
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CHAPTER IV 

RESULTS AND DISCUSSION 

4.1 Standard Calibrafion Culr^r^<^ 
for Assays 

4.1.1 Agar Diffusion Assay 

It was observed that errors occurring from weighing and 

diluting were very difficult to discover and correct. The 

influence of inocula size of test organisms was also 

significant on inhibited zone. When inocula amount of test 

organisms was small, the inhibited zone was not well defined. 

Larger size of inocula made the inhibited zone clearer but 

smaller. Linton (1961) tested the influence of inocula size 

of Staphylococcus aureus on the inhibited zone of agar surface 

using streptomycin (1000 |ig/ml) : When the number of S. aureus 

cells used for inocula was less than 1.0 x 10^ cells/ml, the 

inhibited zones produced was not sharp. In his test, the 

appropriate cell numbers were in the range of 1.0 x lO'' and 

1.0 X 10^ cells/ml. Zone size was also a function of agar 

thickness and attention was paid to achieving a uniform layer. 

Thin layers gave larger zones than thick layers. Nonuniformity 

in thickness caused error in zone size. In this research, the 

number of cells used for inocula was about 1.0 x 10^ cells/ml 

and the layers were about 4 mm thick when 25 ml of agar-cell 

» J»«.v 
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mixture were put into a 10-cm petri dish. The position of the 

paper disk on a plate also influenced the size of the 

resulting zone of inhibition, and the paper disk was put on 

the center of each petri dish. 

It was essential to maintain constant the volume of test 

solutions that were applied to yield a test zone. Disposable 

micropipets could reduce this error factor. Nonuniform 

incubation temperature was one of the potent causes of 

inaccurate diffusion assays. To reduce this influence, all the 

petri dishes were stacked on the bottom in an incubator. 

Incubating time must be noted precisely. Since test organisms 

were growing in agar entrapments, inhibited zones became 

smaller when the prespecified incubating time was exceeded. 

Errors due to reading procedures were reduced by taking the 

mean of four sets of readings. The differences from the mean 

value were considered as the range of error allowance. 

Figure 4.1a shows the relationship between the diameter 

of inhibited zones and cephalosporin C (CPC) concentrations. 

The inhibited area of A. faecalis (ATCC 8750) responded 

linearly to cepahlsoporin C concentration at low levels (up to 

100 }ig/ml). When the concentration of antibiotic was 

increased, the inhibited zone diameters of A. faecalis 

deviated from the linearity. The inhibited area of M. luteus 

(ATCC 9341) began to be appeared at 250 |Lig/ml of cephalosporin 

C (Figure 4.1b). Assay time required for testing one sample in 

agar diffusion assays was at least 24 h. This long assay time 
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seemed to be inadequate for performing kinetic studies with 

immobilized cells. Thus, another bioassay method, 

spectrophotometric assay, was tested to reduce assay time. 

4.1.2 Spectrophotometric Assay 

Light will be scattered by suspensions of bacteria. Most 

of the light scattered by bacteria is at angles only slightly 

deviated from the light beam. At a fixed angle (5*'-30°) , the 

scattered light increased linearly with a increase in the 

concentration of bacteria (Koch and Ehrenfeld, 1968). 

Turbidity as measured by a small angle photometer may be 

expressed as a form of Beer's law as: 

I/Io = exp (-NEab) (4.1) 

where N is concentration of bacteria, E is the particle 

extinction coefficient, a is the optically effective area of 

the particle, and b is the thickness of the suspension. In 

dilute suspensions, a and E are constant. In a photometer, b 

is the thickness of the cuvette and is constant. After 

combining the constants into one, D, the above equation may be 

written: 

log (lo/I) = A = OD = DN (4.2) 

•^•^•^nm «^v 
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where A is absorbance, D is a constant, and OD is optical 

density. In spectrophotometric assays, growth inhibitors 

(antibiotics) and microbes interact to decrease the 

absorbance. Common assay errors of spectrophotometric assays 

stemmed from (i) sampling and weighing, (ii) dilution to assay 

level, (iii) measurement of volumes of samples and broth, (iv) 

incubation, (v) measurement of turbidity, and (vi) 

interpolation from standard curve for calculation of potency 

of the sample. 

Micropipets were used for sampling and diluting as in 

agar diffusion assays. Disposable test tubes were used to 

reduce the measurement error of turbidity. Other procedures 

were relatively simple compared with agar diffusion assays. No 

report "of analysis of cephalosporin C using this 

spectrophotometer method was available in the literature. Thus 

several factors influencing the assay results were studied as 

follows: 

(1) Absorbance of medium: Figure 4.2 shows the 

absorbance-wavelength profile. The absorbance of liquid assay 

medium, whose color is light brown, became zero after 700 nm 

when there were no microorganisms. Since 800 nm wavelength was 

used in chemical assay methods (see section 3.2.3), the same 

wavelength was used in order to render the results comparable 

to those of the chemical assay. 

(2) Growth of A. faecalis (ATCC 8750) in liquid assay 

medium: The period of lag phase was about 1-2 h in a fresh 

^^v 
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liquid assay medium at 37 ± 0.5 °C (Figure 4.3). Stationary 

phase was achieved at about 8-10 h. Thus the 10-h incubated 

seed cultures were used as a test culture. 

(3) Incubation time: Incubation time severely affected 

the assay, especially in low concentrations of cephalosporin 

C. When 300 p,l of antibiotic solution was added to 2 ml test 

culture, dose-response curve became linear at 4 h incubation 

time (Figure 4.4). 

(4) Dosage in test culture: When dosage of antibiotic 

solution was small in test culture, the effect of dose on the 

growth of test organisms appeared late. For example, when 80 

|Il of antibiotic solution was added into 2 ml of test culture 

(4% v/v), dose-response curves became linear after 10 h 

incubation. With 15% (300 |il in 2 ml test culture) dosage, 

however, only 4 h was required to get a linearity in the dose-

response curve (Figure 4.5). 

(5) Effect of pH on the growth of A. faecalis: The 

sensitivity of an assay for acidic antibiotics such as 

penicillins and cephalosporins will increase with a decrease 

in pH. At low pH, however, the growth of test organism may be 

limited. Figure 4.6 shows that the optimal pH range for the 

growth of A. faecalis and for the sensitivity of the assay was 

in the range of pH 6.5 to 7.5. Assay time of 

spectrophotometric methods was reduced to 4 h from 24 h 

required for agar diffusion assays at optimal conditions. 

i i l B P i i ^ ^ ^ ^ ^ 
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However, this spectrophotometric assay also depended on the 

activity of test organisms. It was not easy to maintain the 

same activity of test organisms all the time. Thus, another 

assay method, chemical assay, was studied. 

4.1.3 Chemical Assay 

A simple and rapid chemical assay method for 

cephalosporins was introduced by Lubbe et al. (1986). They 

observed that the time needed for incubation of cephalosporin 

C with the enzyme (cephalosporinase) was 10 min and maximum 

absorption of the molybdenum blue color occurred at about 60-

70 min. The blue color remained constant for at least another 

50 min. Their procedures required 100 p.1 of sample solution 

(containing 2.5-250 p,g of cephalosporin C) , 50 .̂1 of the 

cephalosporinase solution (containing 50 |lg cephalosporinase 

in phosphate buffer), 1 ml of phosphate buffer, and 1 ml of 

molybdoarsenic acid-mercuric chloride reagent. 

These required amounts of solutions were modified in this 

research to increase the assay sensitivity as follows: 300 }il 

of sample solution (containing 5-500 |lg of cephalosporin C) , 

300 ,̂1 of the cephalosporinase solution (containing 300 |lg of 

cephalosporinase in phosphate buffer), 0.4 ml of phosphate 

buffer, and 1 ml of molybdoarsenic acid-mercuric chloride 

i-eagent. Disposable borosilicate-glass cylinder tubes (12 x 75 

mm) were used as test cuvettes to eliminate the measurement 

error of the absorbance as in the spectrophotometric assay. 

^ 
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The total test volume should be more than 1.6 ml with these 

glass tubes. Below this volume, the indicated value on a 

spectrophotometer was not consistent with the developed color. 

Figure 4.7 shows the standard calibration curve of 

cephalosporin C in chemical assay. 

Assay time required in the chemical assay method was 7 0 

min. This 70 min was much less than the 4 h required for the 

spectrophotometric assay method and convenient enough to 

perform kinetic studies of immobilized cells. The results of 

chemical assays should be compared with those of 

spectrophotometric assays. Figure 4.8 shows a good correlation 

between these two methods when pure cephalosporin C (90%, 

Sigma) was used as a sample solution. The deviations of data 

from the linearity were within ± 6%. Unit cost of chemicals 

and total costs for 1000 assays are also listed in Table 4.1 

and 4.2, respectively. Cost of spectrophotometric assay was 

1/3 the cost of chemical assay, whereas chemical assay was 

more convenient than spectrophotometric assay. Differences 

between chemical and microbiological assays should not be 

expected to agree when applied to impure antibiotics because 

of the presence of substances which interferes with each assay 

to different degrees. Usually the chemical method will 

indicate a higher amount of antibiotics than the 

microbiological assay: Neither is right, neither is wrong, 

they measure incommensurable. Differences between two methods 

•^v 
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Company 

Difco 

Chemicals Cost ($) 

Aldrich 

Sigma 

Yeast extract 
Peptone 
Nutrient agar 

Ammonium molybdate 
Sulfuric acid 
Sodium arsenate 

Mercuric chloride 
Cephalosporinase 

0.07/g 
0.06/g 
0.09/g 

0.08/g 
0.02/g 
0.14/g 

0.30/g 
0.42/unit 

Table 4.2. Cost evaluation for 1000 assays. 

Spectrophotometric assay Chemical assay 

Chemicals cost($) Chemicals cost($) 

Yeast 
extract (6g) 

Peptone (12g) 

Nutrient 
agar (23g) 

0.42 

0.72 

2.07 

ATCC 8750 (1 vial) 40.0 

Ammonium 
molybdate (50g) 

Sodium 
arsenate (6g) 

Mercuric 
chloride (0.7g) 

Cephalosporinase 
(300 units) 

4.00 

Sulfuric acid (77g) 1.54 

0.84 

0.21 

126.00 

132.59 Total 43,21 
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should be considered as a lead to be investigated and not as 

indication of poor work (Kavanagh, 1972). 

4.1.4 Cell Dry Weight 

Cellular growth during fermentation was monitored by 

assaying cell dry weight. Membrane filters were used to reduce 

drying time. Cell dry weights could be also determined 

indirectly using optical density, accumulated cell wet volume 

after centrifuge, and cell wet weights. These indirect methods 

for assaying cell dry weights 

took only 5-10 min for predicting the appropriate cell dry 

weights. 

Evaluating optical density of culture is a convenient 

method to measure cell growth. This method requires that 

fermentation medium be very clear and cells be suspended 

homogeneously in the culture. The latter requirement 

(homogeneous culture) usually limits the application of this 

method to certain microorganisms such as bacteria and yeast. 

In order to use this method to C. acremonium cultures, in 

which cells have a tendency to be aggregated, sample cultures 

were first homogenized using a Biohomogenizer (Fisher) at 

11000 rpm for 1-3 min and diluted to assay level. Figure 4.9 

shows the correlation ..between optical density and cell dry 

weight. 

The homogenized C. acremonium cultures were also used for 

determining cell wet volume. Sample volume (10 ml) was added 
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in a calibrated centrifuge tube (capacity, 15 ml) and 

centrifuged about 2000 rpm for 10 min. The volume of 

accumulated cells on the bottom of the tube was read using a 

magnifying lens. This result is shown in Figure 4.10. 

The method of cell wet weight could eliminate the 

homogenizing step. Since membrane filters absorb constant 

amounts of water, a linear relationship was obtained between 

cell dry weight and cell wet weight (Figure 4.11). Cell wet 

weight decreases as time elapses due to water vaporization at 

room temperature. Thus weighing of filtered cells on a 

membrane filter (0.45 |im, Millipore) should be completed 

within 20 sec. Cell wet weight was used as a quickly 

measurable indication of cellular growth. This information was 

verified with real cell dry weight after 3 h, which was needed 

for drying filtered cells. 

For determining cell dry weights of immobilized cells, 

immobilized beads need to be dissolved. Generally immobilized 

beads are stable at high temperature. Calcium alginate beads 

and k-carrageenan beads were not dissolved even at sterilized 

conditions (121 °C, 15 psig). Calcium alginate beads were 

dissolved in 0.25 M trisodium citrate or 0.5 M K2HPO4 

solution. Time needed to dissolve alginate beads depended on 

concentration (Table 4.3). The dissolved solutions were 

filtered through a membrane filter (0.45 |Im, Millipore) and 

dried for 3 h at 60 °C. 
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Table 4.3. Time requirement for the dissolution of calcium 
alginate beads. 

Time(h) Chemicals (M) 
needed Trisodium citrate Dibasic-potasium phosphate 

(CgHsNaaOT) (K2HPO4) 

< 0.1 < 0.4 

0.2 0.5-0.6 

0.25-0.4 
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Kappa-carrageenan beads were dissolved in 0.8% NaCl 

solution at 80 °C. The dissolved solution was centrifuged for 

2 min at about 2000 rpm and the supernatant was discarded 

carefully using pipets. Then the precipitated cells were 

washed again with 0.8% NaCl solution (80 **C) and centrifuged. 

After repeating this process three times, cells were filtered 

through a membrane filter and dried at 60 °C. 

The total cell dry weight of immobilized cells were 

calculated as follows: Let 

total (beads + medium) working volume = T ml, 

medium volume = M ml, 

bead volume = B ml/bead, which was determined from 

A(water volume)/bead, and 

cell dry weight per bead = X mg/bead. 

Then total bead numbers (N) and total cell dry weight (CDW) 

will be 

N = (T - M)/B (4.3) 

CDW = X*N/T. (4.4) 

4.1.5 Total Protein 

Bovine serum albumin contained in a Protein Assay Kit 

(Sigma) was used as a protein standard. There was a linearity 

between absorbance and total protein concentration (Figure 

4.12a). Deviation from this linear relationship was observed 

as the concentration of total protein was increased (Figure 

4.12b). The sample solution prepared (see section 3.2.5) was 
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diluted until its total protein concentration was less than 

100 |ig/ml. Its final total concentration was determined by 

multiplying the dilution factor. 

4.1.6 Oxygen 

Oxygen concentration in rest medium-I (without K2HPO4) 

was controlled using pure oxygen and nitrogen gas. Once the 

desired oxygen tension was achieved, the gas inlet and outlet 

of the fermenter were closed. The closed system was kept at 

least for 1 h at fermentation temperature (28 °C) to achieve a 

gas-liquid equilibrium. Then the sample solution was taken 

quickly and used for chemical assay. Figure 4.13 shows a good 

linearity between oxygen tension and oxygen concentration. 

4.2 Free Cells and Immobilized Cells 

4.2.1 Viability of Immobilized Cells 

Activity of cells in immobilized state was monitored by 

evaluating total protein and fl-lactam antibiotics produced by 

immobilized C. acremonium cells. Beads with lower gel strength 

can be expected to provide better cell viability in 

immobilized state. On the other hand, there may be leakage of 

cells and fracture of beads if the bead gel strength is too 

low. Chao et al. (1986) studied physical and thermal stability 

of k-carrageenan beads. Polyethylenimines (PEI)-treated 

carrageenan beads exhibited more resistance to heat and 

abrasion than KCl-treated carrageenan beads. 

ift\ 
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Critical compression force for PEI-treated carrageenan 

gel strength was 23.1 lb/ , whereas with KCl as a curing 

agent, it was 4.9 lb/. KCl was used in this research. KCl-

treated carrageenan beads were not soluble in phosphate buffer 

solutions. Total protein production rate of C. acremonium 

cells entrapped in k-carrageenan beads was very low with only 

250 |ig/ml of protein being produced after 100 h incubation and 

there was no production of antibiotics (Figure 4.14). However, 

cells entrapped in calcium alginate beads showed good 

viability. Total proteins produced in calcium alginate beads 

was 3500 Jig/ml and fl-lactam antibiotics was produced about 500 

}Xg/ml after 40 h (Figure 4.15) . These results could be 

attributed to the different effective diffusivities of oxygen 

in k-carrageenan and calcium alginate beads. Effective 

diffusivity of oxygen was 1.1 x 10"̂ ° m2/s for 2% k-carrageenan 

beads (Kim and Ryu, 1982) and 21.1 x 10"̂ ° m2/s for 2% calcium 

alginate beads (Adlercreutz, 1986). Thus, the effective 

diffusivity of oxygen in calcium alginate beads is about 20 

times higher than that in k-carrageenan beads. 

The physical characteristics of calcium alginate beads 

were well studied by Cheetham et al.(1979). They observed that 

alginate pellets formed using lower Ca^* or alginate 

concentrations had lower mechanical strength. The minimum 

concentration to form pellets was 1% (w/v) alginate incubated 

in 0.08 M CaCl2 for 2 h. Calcium chelating agents, such as 

phosphates, EDTA and certain cations such as Mg^^ or K' which 

><ip 
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are bound strongly to alginate form soluble salts, disrupt 

alginate gels by solubilizing the bound Ca2+. The solubilizing 

effects of these agents could be overcome by adding Ca2+ to 

the substrate solution (Cheetham et al., 1979). Since cell 

immobilization in calcium alginate was effective for 

Cephalosporium acremonium, this immobilization technique was 

selected for the following kinetic studies. 

4.2.2 Operating Conditions 
for Immobilized Cells 

(1) pH: Rest medium-II for immobilized cells in calcium 

alginate beads contained weak buffer (see section 3.1.3) and 

pH adjustment was needed during fermentation. Figure 4.16 

shows that pH was decreasing rapidly after 5 h of fermentation 

of the immobilized cells in this medium. pH had to be adjusted 

to 7.0 ± 0.2 every 5-6 h. Table 4.4 lists the approximate pH 

change in 350 ml rest medium-II when 0.1 ml of 5% NaOH 

solution was added. From this table, the approximate volume of 

5% NaOH solution that were needed for pH neutralization could 

be easily calculated. For example, if pH in fermentation 

culture was found to be pH 5.0, the required 5% NaOH solution 

would be 1.5 ml since 

(pH 6.0-pH 5.0) (pH 7.0-pH 6.0) 
{ + } X 0.1 ml = 1.5 ml. 

(ApH) 0.2 (ApH) 0.1 
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Table 4.4. Approximate pH change in 350 ml rest medium for 
immobilized cells with 0.1 ml of 5% NaOH. 

If pH in rest medium 
is 

pH will be increased 
by 

4.0 - 5.0 

5.0 - 6.0 

6.0 - 7.0 

7.0 - 7.5 

- 0.3 

- 0.2 

" 0.1 

- 0.05 
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(2) Agitation: The effect of agitation on the activity of 

immobilized C. acremonium cells was determined by monitoring 

total protein production rate in a shaker incubator (Figure 

4.17) and oxygen uptake rate in a fermenter (Figure 4.18). 

When immobilized cells in a 500 ml-Erlenmeyer flask were 

incubated in a shaker incubator, external mass transfer 

effects dominated below 160 rpm. Higher agitation was not 

desirable because of vortex formation on the flask bottom. The 

optimal agitation for immobilized cells in a fermenter was in 

the range of 150-500 rpm. Below 150 rpm, immobilized cell 

beads were likely to be precipitated on the bottom of the 

fermenter. Above 500 rpm, bead fracture occurred due to shear 

force and friction with agitator. Above 350 rpm, the 

sensitivity of oxygen probe began decreasing. 

(3) Cell density in a calcium alginate bead: Generally 

cell density inside of alginate beads influences diffusion of 

substrates such as oxygen and/or other nutrients. Figure 4.19 

shows the effect of cell density on the production of total 

protein. Total protein production rate increased as cell 

density increased. But specific protein production rate (total 

protein production rate/cell dry weight) decreased as cell 

density increased. 

(4) Bead size: Calcium alginate bead size was linearly 

dependent on the needle size when needle ID (inside diameter) 

was less than 2.5 mm (Figure 4.20). 

•?\ 
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4.2.3 Cellular Growth 

Cell growth rate of immobilized cells was lower than that 

of free cells due to mass transfer limitation of substrates 

and limited space to grow. Figure 4.21 shows the effect of 

immobilization on the cellular growth of C. acremonium. 

Cell growth rate of immobilized C. acremonium cells was 

about 27% of that of free cells in rest medium. 

The rate of growth expresses the change in population 

with time. This change depends on the population as well as 

time, so that 

dX/dt = ̂ IX (4.5) 

where X is cell mass expressed in cell dry weight and \i is the 

instantaneous growth rate constant. Integrating between 

initial (XQ) and final (X) populations gives 

X = Xoê ^ (4.6) 

and the time for the population to double, td, is 

td = In (2/̂ l) . (4.7) 

In rest medium, doubling time of immobilized C. acremonium 

cells was 3.8 h and that of free cells was 2.5 h. 

^ n«J«*ii • " ^ - ^ i ^ ^ l B « i ^ ^ ^ " W ^ ^ I ^ \ 
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4.2.4 Oxygen Limitation 

Oxygen is absolutely required for the growth of C. 

acremonium cells and for the synthesis of fl-lactam antibiotic 

production (see section 2.2). The relationship between 

critical oxygen level and cephalosporin C was studied by Feren 

and Squires (1969). They reported that the respiration related 

critical oxygen level of C. acremonium occurred near 5% while 

the antibiotic titer related minimum oxygen tension fell 

between 10% and 20% (see Figures 2.3 and 2.4) in fermentation 

broth, which contained glucose and nitrogen source. In this 

study, minimum oxygen level for maximum cell growth rate in 

rest medium, in which glucose and nitrogen source were absent, 

was 0.04 ± 0.01 mM (10-18 % oxygen tension) (Figure 4.22) and 

for maximum fl-lactam antibiotic production rate in rest medium 

was 0.08 ± 0.01 mM (25-33 % oxygen tension) (Figure 4.23). 

Figure 4.23 showed that fl-lactam antibiotic production by free 

and immobilized cells obeyed Michalelis-Menten kinetics: That 

is, 

V = V„ax*C/(K„ + C) . (4.8) 

Table 4.5 listed different kinds of linearization of the 

original equation and values obtained from a linear least-

square fit using a personal computer (Macintosh SE). 

Total protein production rate of free C. acremonium 

cells also depended upon oxygen concentration (Figure 4.24). 

^\ 
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Table 4 . 5 . R e s u l t s of t h e l i n e a r r e g r e s s i o n a n a l y s i s of l i n e a r 
a p p r o x i m a t i o n s of t h e M i c h a e l i s - M e n t e n model fo r fl-lactam 
a n t i b i o t i c p r o d u c t i o n r a t e . 

F r e e C e l l s 

Km Vmax 

Immobilized Cells 

Km Vmax 

E-H P l o t 0 . 0 3 5 11.87 0.92 0.054 8.20 0.98 

Hanes P l o t 0 .029 11.34 1.00 0 .069 8.95 0 .99 

I n v e r s e Hanes 
P l o t 0 .028 11 .28 1.00 0.067 8.85 0 .99 

L-B P l o t 0 .046 1 3 . 3 1 0 .98 0 .053 8.24 0 .98 

Km = oxygen (mM) 

Vmax = maximum fl-lactam a n t i b i o t i c p r o d u c t i o n r a t e (}lg/g 
c e l l s / h ) 

R = c o r r e l a t i o n c o e f f i c i e n t 

E-H ( E a d i e - H o f s t e e ) P l o t : V = Vmax - (V/C)Km 

H a n e s P l o t : C/V = ( l /Vmax)C + Km/Vmax 

I n v e r s e Hanes P l o t : C = Vmax (C/V) - K m 

L-B (Lineweaver -Burk) P l o t : 1/V = (Km/Vmax) (1/C) + 1/Vmax 
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Oxygen uptake rate of free and immobilized cells in rest 

medium is shown in Figure 4.25. Specific oxygen uptake rate of 

free Cephalosporium acremonium was 4.2 ± 0.3 mM 02/cell g/h. 

Table 4.6 lists specific oxygen requirements of some other 

microorganisms (Brock, 1984). 

4.2.5 The Yield Coefficient of Specific 
fl-lactam Antibiotic Production of Free 
and Immobilized Cells 

The yields of biomass and of microbial products usually 

have significant implications on operating and capital costs 

of industrial microbiology (Atkinson and Mavituna, 1983). The 

yield coefficient of specific fl-lactam antibiotic production 

may be defined as 

dP/dt - Yp/s(dS/dt) 
= = Yp/x , (4.9) 

dX/dt - Yx/s(dS/dt) 

where X = cell mass, P = product, S = substrate, Yp/̂  = yield 

coefficient of specific fl-lactam antibiotic production, Yp/s = 

yield of product, and Ŷ /s = yield of cell mass. Yield 

coefficients are not always constant, since they are 

dependent on biological parameters (cell mass, cell activity, 

and cell growth rate) and chemical parameters (oxygen, 

carbon, nitrogen, and phosphate contents of the medium). If 

production rate is linearly dependent upon cell growth rate, 

Y / can be easily determined from Eq. (4.9). 

^. 
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Table 4 . 6 . S p e c i f i c oxygen requi rements of some microorganisms 
(Taken from Brock, 1984) . 

Organism mM 02/g c e l l s / h 

Aspergillus niger 3.0 

Streptomyces griseus 3.0 

Penicillium chrysogenurn 3.9 

Klebsiella aerogenes 4 .0 

Saccharomyces cerevisiae 8 .0 

Escherichia coli 10.8 

*N. 
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Zanca and Martin (1983) observed the linear relationship 

between the growth of C. acremonium cells and fl-lactam 

antibiotic production in rest medium, in which glucose and 

nitrogen sources were absent, even though fl-lactam antibiotics 

are secondary metabolites. The same result was obtained in 

this research: when free C. acremonium cells were grown in 

rest medium-I, fl-lactam antibiotic production rate was 

linearly proportional to cellular growth rate (Figure 4.26). 

Thus, the yield coefficient of specific fl-lactam antibiotic 

production can be determined from Eq.(4.1). 

The yield coefficient of specific fl-lactam antibiotic 

production was about 50 |ig/mg cells in free cell system and 

about 80 |j,g/mg cells in immobilized cell system at 0.27 mM O2 

(see Table 3.1). This result indicates that specific fl-lactam 

antibiotic production of immobilized cells is about 160% of 

that of free cells. 
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CHAPTER V 

MATHEMATICAL MODELING OF 

fl-LACTAM ANTIBIOTIC PRODUCTION 

5 . 1 AssumPtion.<^ f o r MnHel D<:>vfi1 npmf^n^ 

To solve the equations governing the transport processes 

and reactions in immobilized cells, a number of simplifying 

assumptions are required (Karel et al., 1985). Some of the 

assumptions that are required in this model development are 

given below along with justification for each assumption and 

an indication of where previous workers have diverged from 

these assumptions. 

(1) The immobilized cell system is isothermal: Unlike 

the situation with heterogeneous catalysis in the gas phase 

on supported metal catalysts, temperature gradients in an 

immobilized cell aggregate will generally be negligible. The 

Prater temperature, AT, is the maximum possible temperature 

difference between the interior and exterior of a catalyst 

particle, based on a balance of the rates of substrate 

diffusion and heat conduction (Prater, 1958): 

AH*Cb*De*K 
AT = 

k 

132 
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where AH is the heat of reaction, Cb the bulk substrate 

concentration, De the effective substrate diffusivity in the 

aggregate, K the partition coefficient of the substrate in 

the aggregate and k is the thermal conductivity in the 

immobilized cell aggregate. Microbial processes that are 

aerobic have large heats of reaction, but the solubility of 

oxygen in water (Cb) is quite low, and leads to very small 

values (less than 0.1 ''C) of AT in essentially all 

situations. For anaerobic processes such as the fermentation 

of glucose to ethanol, the AT values may be higher. The 

maximum AT for the complete conversion of a 1 M glucose 

solution was 0.13 °C (Perry and Chilton, 1973). Such a small 

temperature rise will have little effect (less than 1% 

change) on the reaction rate. 

(2) Pick's law governs the process of diffusion in the 

immobilized cell system: According to Pick's law, each 

component flux depends only on its own concentration 

gradient. It is assumed that Pick's law governs the diffusive 

transport. Other effects such as convective transport within 

the aggregate and the transport of ions in the presence of an 

electrostatic potential are generally neglected in the 

immobilized cell system (Karel et al., 1985). 

(3) The immobilized cell system can be represented as a 

homogeneous phase: The immobilized cell aggregate is composed 

of a number of different materials which may or may not be 

homogeneously dispersed. Nevertheless, it is generally 
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assumed that the aggregate may be represented as a locally 

homogeneous phase characterized at any point by a single 

concentration of each chemical species and that these 

concentrations can be used in the kinetic expressions for the 

cell activity. According to microscopic observations, C. 

acremonium cells entrapped in calcium alginate beads were 

almost homogeneously distributed after 36 h incubation in 

fermentation media. 

(4) A mass transfer coefficient define external 

transport to the particle: The external flux of a component 

to the surface depends only on a single mass transfer 

coefficient (kL) which characterizes the hydrodynamics in the 

bulk concentration Cb- Thus the flux per unit area evaluated 

at the surface in the direction normal to the surface (n) is 

kL(Cb - Ce) = - Deii-^C. 

(5) The aggregate is at pseudo-steady state: Time 

dependence is of primary importance in traveling wave 

solutions of the diffusion equation. It is, however, rarely 

needed in the context of immobilized cell processes. This 

assumption is valid in most practical cases (Karel et al., 

1985). In pseudo-steady state, a lumped model of substrate 

uptake by an immobilized cell particle describes that the 

rate of substrate utilization within the immobilized cell 

particle must be equal to the rate of substrate transport 
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from the bulk liquid phase into the surface of immobilized 

cell particle. A distributed model in pseudo-steady state 

gives formulation of the mass balance on a thin shell within 

the immobilized cell particle. This device permits 

consideration of all concentrations within the immobilized 

cell particle as independent of position; in essence it is a 

very small lumped system. One exception of this assumption is 

the experimental determination of effective diffusivity in 

immobilized cell aggregates from the uptake or release of a 

tracer (Webster and Shuler, 1981) . The deactivation of 

enzymes under conditions of mass transfer limitation was 

considered by Verhoff and Goldstein (1982), Oscillatory 

behavior might also preclude the pseudo-steady-state 

assumption. Sustained periodic behavior was observed for the 

growth of cells on surfaces (Laretta-Garde et al., 1981). 

(6) There is a single enzyme reaction kinetics: Although 

a series of consecutive enzymatic reactions were studied with 

immobilized enzymes (Mosbach and Mattiason, 197 6), there has 

been very little work which considered various reaction 

networks with immobilized cells. 

When oxygen was supplied as a substrate for fl-lactam 

antibiotic production, the antibiotic production rates of 

free Cephalosporium acremonium cells, which were in rest 

medium, obeyed Michaelis-Menten kinetics (see Fig. 4.23). 

Thus, it can be assumed that 
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(oxygen) + (enzymes in cells) > (fl-lactam antibiotic 

production). (5.1a) 

This expression is that of a single enzyme reaction kinetics: 

(substrate) + (enzyme) > (production). (5.1b) 

(7) There is no spatial dependence of the diffusivity or 

the intrinsic activity: The growth or death of cells can lead 

to a spatial distribution of the catalytic activity. Do and 

Bailey (1982) considered the effects of nonuniform activity 

distributions on Michaelis-Menten kinetics under various 

conditions. They found that the effects were relatively 

small. The inability to measure an activity distribution 

which prevails in most experimental conditions precludes the 

use of refined models with an activity distribution. 

(8) There is no feedback inhibition of product: 

According to biosynthetic pathway to cephalosporin C (see 

section 2.1), metabolites of C. acremonium had no inhibitory 

action in producing fl-lactam antibiotics. 

5.2 Development and Solution 
of the Mai-hematiral Model 

The simultaneous phenomena of mass transfer and reaction 

can be coupled through a mass balance for the solute about an 
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infinitesimal element within the particle. The general mass 

balance is: 

Input + Production = Output + Consumption 
+ Accumulation. (5.1c) 

These terms should have dimensionally consistent units. 

Usually, they are expressed as rates, i.e., amount per unit 

time. The oxygen mass balance for a spherical immobilized 

cell particle (Figure 5.1) was derived as follows: In mass 

transfer by molecular diffusion, the mass flux N can be 

expressed by Pick's law: 

dC 
N = - De (5.2) 

dr 

where, dC/dr is the concentration gradient in a spherical 

particle, which is the driving force for diffusion, and D© is 

the effective diffusion coefficient of oxygen in the 

particle. When there is no production at steady state 

condition, Eq. (5.1c) becomes 

N I 47:r2 + 0 = N I 47C(r+Ar)2 + Rv*47tr2Ar + 0 (5.3) 
r r+Ar 

lim r^N | - r2Ar | 
r+Ar r 

Ar->o = - r2 Rv (5.4) 
Ar 
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Figure 5.1. A spherical immobilized cell particle. 
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d(r2N ) 
= - r^ Rv (5 .5) 

d r 

where Rv i s r e a c t i o n r a t e p e r u n i t volume ( i . e . , oxygen u p t ak e 

r a t e ) . S u b s t i t u t i n g (5 .2) i n t o (5 .5) g i v e s 

d2c 2 dC 
De( — + ) = Rv . (5 .6) 

dr2 r d r 

In Michaelis-Menten kinetics, Rv is expressed as 

k2pC 
Rv = f o r immobi l i zed c e l l s (5 .7) 

Km + C 

where k2 = kinetic constant and p = cell density. Then the 

mass balance of oxygen in a spherical immobilized cell 

particle yields 

d2c 2 dC k2pC 
De( + ) = . (5.8) 

dr2 r dr Km + C 

Boundary conditions are 

dC 
r = 0: = 0; (5.9) 

dr 

r = R: C = Cb (Dirichlet condition) (5.10a) 

or 
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dC 
r = R: De( ) ̂ ^^ = kL(Cb - Co) (5.10b) 

dr 
(Robin condition) 

where Cb = oxygen concentration in bulk phase and CQ = oxygen 

concentration on the surface of immobilized cell particle. 

In order to make dimensionless formulation, let Y = C/Cb 

and X = r/R. Then Eqs. (5.8)-(5.10) can be rewritten in 

dimensionless form 

d2Y 2 dY R2k2P Y <|)2Y 
___ + = = (5.11) 
dX2 X dX DeKm(l+CbY/Km) 1 + pY 

dY 
X = 0 : — = 0 ; ( 5 . 1 2 ) 

dX 

X = 1: Y = 1 (Dirichlet condition) (5.13a) 

dY RkLd- Y\^^^) 

X = 1: ( )x=i = = Bid- Yl,.,) 
dX De 

(Robin condition) (5.13b) 

where the dimensionless parameters (j), p and Bi are defined by 

0 = {R2k2p/(DeKm) }̂/2 . ({> is called Thiele modulus 

P = Cb/Km 

Bi (Biot number) = RkL/De . (5.14) 

Eq. (5.11) is a non-linear equation and cannot be solved 

analytically. Na and Na (1970) introduced the calculation 

procedure of the steady-state one dimensional diffusion 
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equation with a nonlinear source term. They used a method of 

transformation which made it possible to transform the 

governing differential equation from a boundary-value to an 

initial-value problem. Using their transformation method, the 

differential equation of Eq. (5.11) was solved numerically 

using a Runge-Kutta-Gill integration routine (White, 1974) 

with a grid spacing of 0.001. 

(1) Transformation to an initial-value problem: To 

transform Eq. (5.11) to an initial-value problem, a linear 

group of transformation is introduced: 

X = A"! ̂ , Y = Aa2 ̂  (5.15) 

where A is the parameter of transformation and ai and 02 are 

constants to be determined. Under this group of 

transformation, Eq. (5.11) becomes 

d24 ' 2 d ^ A2ai<l)2 ^ 

d^2 ^ d^ 1 + PA«2 vp 

L e t X= pA«2. ( 5 . 1 7 ) 

With the constant X thus defined, Eq. (5.16) is seen to be 

independent of A if tti takes the value of zero; that is, 

tti = 0 
X = ^. (5.18) 

Eq. (5.16) now becomes 

"^X 
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d2xp 2 d ^ (|>2 vp 

dX2 X dX 1 + X^ 

Boundary condition of Eq. (5.12) becomes 

d̂ ' 
X = 0: — = 0; (5.20) 

dX 

To get the missing boundary condition at X = 0, let Y = A at 

X = 0. Upon transformation, this becomes 

X = 0: Y = A«2 vp = A; (5.21) 

the latter is seen to be independent of A if a2 = 1. Then Eq 

(5.20) becomes 

X = 0: ^ = 1. (5.22) 

The parameter of transformation A can be computed from 

another boundary condition, which gives 

X = 1: A^ = 1 for Dirichlet condition (5.23a) 

dH' 

X = 1: A( )^^^ = B i d - Â 'lĵ ^̂ ) 
dX 

for Robin condition (5.23b) 

or 

A = 1/Y for Dirichlet condition (5.24a) 
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Bi 
^ "^ for Robin condition. (5.24b) 

(d^/dX),„, + Bi^,^^ 

Thus, solution of Eq. (5.19) consists of the following steps. 

(i) Assign a value of X. 

(ii) Numerically integrate Eq. (5.19) as an initial-

value problem with the boundary conditions given by 

Eqs. (5.22) and (5.23) from X = 0 to X = 1. The values of W 

and d^/dX at X = 1 are then obtained. 

(iii) The parameter of transformation A is computed from 

Eq. (5.24) . 

(iv) With A, tti = 0, and a2 = 1 known, the solution to 

the original equation, Eq.(5.11), can be computed from the 

transformation equation, Eq.(5.15), as 

X = A«i 5= 5, Y = Aa2 vp= A^. 

(v) The value of P and Cb corresponding to this 

particular solution can then be computed by Eq. (5.17) and 

(5.14), i.e., 

A.= pAa2 = PA (5.17) 

P = X/A 

Cb = P*Km. (5.14) 

(vi) Other values of X are assigned and steps (l)-(5) 

are repeated until the required range of p is covered. 

Na and Na (1970) introduced various values of A. at (J)̂  = 

12. However, it was observed in this study that the values of 
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X. were useless at different (|>2 values because they severely 

depended on <|)2 value. It was very difficult to find a desired 

X value by using trial and error methods. In this research, 

it was found that there existed a linear relationship between 

(- log X) and Thiele modulus, (j) (Figure 5.2). Using this 

linearity obtained from a least square fit, a desired X value 

at different <|) was easily calculated. 

(2) Numerical solution: Data needed for numerical 

integration of Eq.(5.19) were obtained from both experiments 

and literature reviews. Adlercreutz (1986) studied oxygen 

supply to immobilized cells using immobilized Gluconobacter 

oxydans in calcium alginate beads. He determined that 

effective oxygen diffusivity in 2% calcium alginate bead was 

De = 2.11 X 10-9 ni2/s. 

The Sherwood number depends on the particle size as 

expressed in Eq. (2.4): Sh = {kJ</D^) = 2 + B (Re) 1/2 (sc) 1/3. As 

an approximation, it was assumed that the external mass 

transfer coefficient, kL was independent of R in the range 0.1 

mm < R < 5 mm (Harriott, 1962). Adlercreutz (1986) also found 

experimentally that this Sherwood number was proportional to 

R. The slope of the line of Sh vs R (m) was 39,000. 

Accordingly, kL was calculated as kL = 39,000(De) in this 

study. Other experimental data used for the numerical .. 

integration of Eqs.(5.19) and (5.23) are listed in Figure 

5.3. A computer program and its solution with Robin boundary 

••»ir\ 
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(1) Oxygen effective diffusivity for 2% calcium alginate, 
De, (Adlercreutz, 1986) = 2.11 x lO'^ m2/s 

(2) Oxygen mass transfer coefficient, kL, (Adlercreutz, 1986) 
= 8.2290 X 10-5 in/s 

(3) Maximum oxygen uptake rate by free cells, k2 = 1.3567 x 
10"^ mol of oxygen / kg of cell dry wt. / s 

(4) Michaelis-Menten Constant, K^ = 2.93 x 10-^ M of oxygen 

(5) Cell density, p = 3.0 kg of cell dry wt./m^ 

(6) Bead diameter, R = 0.0015 m 

(7) Thiele modulus, (j) = 12.1706 

(8) Biot number, Bi = 58.5071 

(9) Assigned value: X = 0.0133 for Robin condition 
X = 0.0169 for Dirichlet condition 

* Determined value: 
(i) transform parameter from the assigned X value, 

A = 0.00143433 for Robin problem 
A = 0.00180668 for Dirichlet problem 

(ii) oxygen concentration in bulk phase by the assigned X 

value, 
Cb = 0.27 mM (100 % oxygen tension) 

Figure 5.3. Data for the numerical integration of Eqs. (5.19) 
and (5.23). 

"9—•wmil^v 
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conditions are shown in Appendixes A and B, respectively. The 

dimensionless oxygen profiles inside the bead were obtained 

from the numerical solution and shown in Figures 5.4 and 5.5. 

5.3 Results of Kxperi mf̂ nl-c; 
and Mathematical Modeling 

By tradition in chemical engineering, the influence of 

mass transfer on the overall reaction process is represented 

using the effectiveness factor Tl, which is defined physically 

as 

observed reaction rate 
^ = ^ 

rate which would be obtained 
with no mass-transfer resistence 

in bulk concentration and temperature 

and theoretically for an isothermal reaction as in Eq. (2.19) 

III r(C) dv 
T̂  = (2.19) 

Vp r(Cb) 

where Vp = volume of particle and r(Cb) = reaction rate at the 

concentration Cb in bulk phase. The effectiveness factor 

cannot be easily evaluated analytically when r(Cb) takes the 

nonlinear form as in Eq.(5.7b) 

k2p C 

r(Cb) = . (5.7b) 
Km + C 
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In this case, it is necessary to numerically solve the 

boundary-value problem and then evaluate the observed 

reaction rate using the following equation 

Ap dC 

r(C) = {De ( )) (5.25) 
r=R 

Vp dr 

where Vp and Ap denote the particle volume and external 

surface area, respectively: Ap/Vp = 3/R for a spherical 

particle. 

In terms of equivalent dimensionless variables, the 

effectiveness factor is 

3(dY/dX)x=i 
r, = (5.26) 

(})2{1/(1 + P) } 

where Y = C/Cb, X = r/R, (^^ = R2k2p/(DgKm) , and P = Cb/Km. 

Theoretical effectiveness factor in this research was 

calculated using Eq.(5.26). Experimental effectiveness was 

simply obtained by dividing the specific antibiotic 

production rate of immobilized cells by that of the free 

cells. The oxygen profile inside the bead, which was obtained 

in section 5.2, is shown in Figure 5.6. The experimental 

effectiveness factors are shown in Figure 5.7. Theoretical 

effectiveness factors agreed with the experimental 

effectiveness factors to within 5±1 % when both external and 
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internal mass transfer of the oxygen was considered (Robin 

condition) . Further experiments were performed to prove the 

results of Figure 5.7 by varying immobilized bead diameters 

at 100% oxygen tension (Figure 5.8). 

S.4 Application of the Mathematical Model 

Once an agreement between experimental observations and 

theoretical calculations was established in Figure 5.7, it 

was possible to perform theoretical calculations for the 

overall effectiveness factor under different hypothetical 

conditions. The results of some example calculations are 

shown in Figures 5.9 and 5.10. In Figure 5.9, bead diameters 

were varied while cell density and oxygen concentration in 

bulk phase were kept constant. Here, the effect of bead 

diameter on the dimensionless oxygen profile inside the bead 

can be clearly seen. In Figure 5.10, both immobilized bead 

diameters and cell densities were varied at constant oxygen 

concentration. Although the effect of cell density on oxygen 

diffusivity in the beads was not taken into consideration. 

Figure 5.10 should provide an indication for achieving high 

effectiveness factors by alternative ways. For example, it 

can be deduced that if beads are made with a radius of 1.5 mm 

and an overall effectiveness factor of at least 0.5 is wanted 

at 100% oxygen tension, cell densities exceeding 8 kg/m^ must 

not be used. To reach high overall effectiveness factors with 

Kv 
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a high cell density, it would be necessary to use very small 

particles (R = 0.5 mm). 

5.5 Approximate Expressions 
of Effectiveness Factors 

Effectiveness factors solved numerically can give 

relatively accurate results to get a quantitative 

understanding of the phenomena of immobilized cells. However, 

their evaluation necessitates a considerable amount of 

calculations, even with the use of a digital computer. It is 

highly desirable, if possible, to have an algebraic 

expression of the effectiveness factor for immobilized cells. 

Even if it is approximate, an equation in a purely functional 

form would be more useful in that it would allow design 

procedures to be developed on an analytical, rather than a 

purely numerical, basis. Three kinds of different approximate 

expressions were reported for immobilized biocatalysts where 

the reaction rate was expressed by the Michaelis-Menten 

equation. These expressions sould be compared with data 

numerically obtained in this study to select the best 

approximate expression for immobilized C. acremonium cells. 

(1) Approximate expression proposed by Atkinson et al. 

(1974) for a sphericle particle. 

tanh«l)i/3) 0/3 

^ ^ 1 { - 1 } for O < 3 

<|)i/3 tanh(0/3) 

I n > 



158 

1 t anh( ( j ) i /3 ) 1 
T̂  = { ^ } fQ^ O > 3 

O <|>i/3 tanh(<D/3) 

whe re <t> = R [ V^^x/{De (K„, + Cb) } ] ^/^ 

K = Km/Cb 

<l)l = <|){ (l+K)/K}l/2 

O = (>/ [2(1+K) {1-Kln(l + 1/K) } ] 1/2. 

(2) Approximate expression proposed by Kobayashi et al. 

(1976) for a sphericle particle. 

T| = (T|o + 2.6K0-8'ni)/(l+2.6K0-8) 

where Tjo a n d Tli a r e g i v e n b y : 

1 f o r O < V3 

1 - [l/2 + cos(l/3) {COS-M6/02 -1) +47r}] 

for O > V3 

T̂^ = (3/0) (1/tanhO - I/O) . 

(3) Approximate expression proposed by Yamane (1981) for 

a spherical particle. 

'q* = (Ti*o + 2.6KO-8T|*I)/(1+2.6K0-8) 

n*a = 1 for (j) < {6(l+2/Bi) }i/2 
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1/2 + cos (9/3 + 471/3) 

Tl*o = l - { }^ f o r (1) > { 6 ( l + 2 / B i ) }i/2 
1 - 1/Bi 

<|)2 (j)2 

n*i = { + j - i 

3 (<j)coth<l) - 1) 3Bi 

where 

9 = cos-i{ 1-4(1-1/Bi)2(i/Bi + 1/2 - 3/(1)2) } 

Bi = kLR/De. 

The three kinds of approximate expressions concerning rj 

were compared with the corresponding numerical values for the 

various combination of (^ at fixed K value. Relative error All 

for the approximations T{a was expressed by 

Tla - "H 
AT| = X 100 %. (5.27) 

Errors of approximate expressions for Dirichlet and Robin 

boundary conditions are listed in Table 5.1. The approximate 

expression proposed by Atkinson et al.(1974) gave good 

results when (|) was below 6.5, but it gave less than - 60% of 

AT) when (j) was above 12.1. Kobayashi's approximate expression 

was best with Dirichlet boundary condition and it gave about 

± 2.0% of Arj (Figure 5.11) . As mentioned in section 5.3, 

experimental effectiveness factors of immobilized C. 

acremonium cells agreed with theoretical effectiveness 

factors when Robin boundary condition was used. With Robin 

^ 
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Table 5.1 Relative errors A"n (%) caused by the three 
approximate expressions of the effectiveness factor T| ^or an 
immobilized C. acremonium cell bead (k = 0.108). 

<t> 

0 . 8 1 

1 . 6 2 

2 . 4 3 

4 . 0 6 

6 . 4 9 

8 . 1 1 

1 2 . 1 7 

1 4 . 6 0 

1 8 . 6 6 

2 1 . 0 9 

2 2 . 7 2 

3 2 . 4 5 

4 8 . 6 8 

8 1 . 1 4 

D i r i 

ATIA 

- 0 . 1 0 

- 0 . 3 0 

- 0 . 7 0 

- 1 . 1 1 

- 0 . 1 0 

3 . 3 7 

- 6 4 . 9 4 

- 6 4 . 3 0 

- 6 2 . 7 7 

- 6 3 . 2 2 

- 6 2 . 8 0 

- 6 3 . 2 6 

- 6 4 . 5 5 

- 6 5 . 5 1 

c h l e t C o n d i t i o n 

ATIK 

0 . 0 0 

0 . 0 0 

- 0 . 3 0 

- 0 . 6 0 

- 0 . 1 0 

0 . 4 3 

2 . 5 0 

1 . 9 4 

0 . 1 8 

- 1 . 1 9 . 

- 0 . 2 1 

0 . 8 7 

0 . 0 0 

0 . 6 9 

ATIY 

2 . 4 0 

0 . 0 0 

0 . 1 0 

- 1 . 1 1 

- 1 . 7 7 

0 . 2 1 

- 2 . 2 3 

- 2 . 5 3 

- 1 . 4 6 

- 2 . 9 8 

- 1 . 9 2 

- 2 . 0 4 

- 2 . 5 3 

- 2 . 0 7 

Rob 

ATIA 

- 0 . 1 0 

- 0 . 3 0 

- 0 . 5 0 

- 0 . 8 1 

0 . 4 1 

4 . 5 1 

2 5 . 6 8 

- 6 3 . 0 0 

- 6 1 . 2 1 

- 6 1 . 5 4 

- 5 9 . 2 5 

- 6 2 . 0 5 

- 6 2 . 6 7 

- 6 4 . 2 8 

i n C o n d i t i o n 

ATIK 

0 . 0 0 

0 . 0 0 

- 0 . 1 0 

- 0 . 3 0 

0 . 4 1 

1 . 5 4 

5 . 7 0 

5 . 7 2 

4 . 3 7 

3 . 3 2 

3 . 3 6 

4 . 2 1 

5 . 3 3 

4 . 2 8 

ATJY 

2 . 5 0 

1 . 1 0 

0 . 3 0 

- 0 . 8 1 

- 1 . 2 5 

1 .32 

0 . 6 8 

1 . 0 8 

2 . 6 6 

1 . 4 5 

2 . 4 9 

0 . 9 0 

2 . 6 6 

1 . 4 3 

ATIA 

ATIK 

ATIY 

ATI of Atkinson's approximate expression 

ATI of Kobayashi's approximate expression 

ATI of Yamane's approximate expression 
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boundary condition, Yamane's approximate expression was best 

fit (about ± 2.5% of ATj) with the numerically solved results 

(Figure 5.12) . 

~x 
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CHAPTER VI 

CONCLUSIONS 

Oxygen concentration in bulk liquid phase was increased 

when either aeration or agitation was increased. However, 

since air itself played the role of a carrier gas in 

submerged culture, working volume was being reduced during 

aeration. With 1.3 w m (air vol./working vol./min), about 4 % 

of total working volume was reduced a day. High agitation was 

harmful to immobilized cells. Calcium alginate bead fracture 

was observed at 500 rpm. When cell density in the immobilized 

cell system was more than 3.0 g/L, it was almost impossible 

under 500 rpm to increase oxygen concentration above 0.1-mM 

of O2 (40% oxygen tension) during fermentation even with 5.0 

vvm aeration. At 40% oxygen tension, fl-lactam antibiotic 

production rate of immobilized cells was about 50% of that of 

free cells. Therefore, in order to increase fl-lactam 

antibiotic production using immobilized Cephalosporium 

acremonium cells, another external source of oxygen, i.e., 

pure oxygen gas, was required. 

The experimental results and theoretical calculations of 

the current investigation lead to the following summary: 

(1) Cephalosporium acremonium cells were successfully 

immobilized in calcium alginate beads. 
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(2) Minimum oxygen concentration for the maximum cell 

growth rate of free Cephalosporium acremonium in rest medium 

was 0.04 ± 0.01 mM (10-18 % oxygen tension) and the maximum 

oxygen uptake rate of free cells was 4.2 ± 0.3 mM 02/g 

cells/h. 

(3) Minimum oxygen concentration for maximum fl-lactam 

antibiotic production rate in rest medium was 0.08 ± 0.01 mM 

(25-33 % oxygen tension) for free cell system and 0.27 ± 0.01 

mM (95-100 % oxygen tension) for immobilized cell system. 

(4) Cellular growth rate of immobilized cells in calcium 

alginate beads was about 27% of that of free C. acremonium 

cells. 

(5) Specific fl-lactam antibiotic production rate 

(defined as fl-lactam antibiotic production rate/cell mass) of 

immobilized C. acremonium cells at 0.27 mM O2 (100% oxygen 

tension) was about 160 % of that of free cells although the 

effectiveness factor was 0.74 ar. this oxygen level. 

(6) Theoretical effectiveness factors agreed with 

experimental ones to within 5±1 % when both internal and 

external mass transfer of oxygen were considered. 

(7) Yamane's approximate expression of effectiveness 

factor was best fit with the solutions numerically obtained 

in this investigation: Relative error of effectiveness factor 

was ± 2.5%. 



CHAPTER VII 

RECOMMENDATIONS 

Two Strategies have been identified to increase the 

oxygen transfer rate to immobilized cells: (i) oxygen supply 

from external sources and (ii) in-situ oxygen production. 

Methods of supplying oxygen from external sources include 

recirculating the aerated medium, increasing oxygen partial 

pressure, and using oxygen carriers (hemoglobin and 

perfluorochemicals). The disadvantages of these methods 

include mechanical limitations, low efficiencies, and 

expensive materials and toxicity to the cell membranes, 

respectively. 

In-situ oxygen production methods involve converting 

hydrogen peroxide to oxygen or generating oxygen from algal 

photosynthesis. High concentrations of hydrogen peroxide may 

cause rapid cell death (Enfors and Mattiasson, 1982). Thus, 

co-immobilization of oxygen-consuming organism with oxygen-

generating organism from photosynthesis may be the best way 

to supply oxygen to immobilized cell system. The oxygen-

consuming organism can produce carbon dioxide, which can be 

utilized by the alga. Many systems, where two organisms live 

together to the benefit of both, occur naturally. Such 
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organisms are known as symbionts. Algae are known to 

participate in many symbiotic relationships with fungi 

(Round, 1981). The best studied system is that of lichens, 

where an alga and a fungus together make up the lichen 

thallus, in which the cell species supplement each other's 

metabolic capacity (Ahmadjian and Jacobs, 1983). 

The following studies are recommended for supplying 

oxygen to immobilized C. acremonium in calcium alginate beads 

via co-immobilization of algal-fungal system. 

(1) Co-immobilize a fl-lactam antibiotic-producing 

fungus, Cephalosporium acremonium, with an oxygen-generating 

algae, Chlorella pyrenoidosa, in calcium alginate beads. 

It was reported that C. pyrenoidosa immobilized in 

calcium alginate beads evolved 4.5 mM 02/g cells/h 

(Adlercreutz and Mattiasson, 1982). Oxygen uptake rate of 

free C. acremonium cells was experimentally determined in 

this research as 4.2 ± 0.3 mM 02/g cells/h. Thus the oxygen 

deficit of the immobilized C. acremonium can be satisfied by 

CO-immobilization of the C. pyrenoidosa. 

Before employing co-immobilization of algal-fungal 

system, their symbiotic relationship must be investigated 

from a study of mixed culture in a batch system. The 

parameters which would be studied are temperature, pH of the 

system, light intensity, carbonate concentration, toxicity of 

fl-lactam antibiotics to algae, toxicity of byproducts of 

•mHBi^ 
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algae to fungus, and the effect of ratio of algal-fungal cell 

densities on the oxygen evolution/consumption rate. 

(2) Design a continuous process system using various 

bioreactors such as constant stirred tank reactors, 

fluidized-bed reactors, and packed-bed reactors. 

From the view point of biotechnology, the greatest 

advantage of cell immobilization is the possibility of a 

continuous operation without cell loss. When the fungus and 

algae are successfully co-immobilized, a continuous process 

system should be designed by studying the following 

parameters: bead diameter, bead fraction (i.e., bead 

volume/working volume), fresh medium dilution rate, recycle 

frequency, agitation, reactor size, and storage stability of 

immobilized cells. 

"'•^N. 
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APPENDIX A 

A COMPUTER PROGRAM FOR NUMERICAL SOLUTIONS 

WITH ROBIN BOUNDARY CONDITIONS 

Definition of Parameters 

D: Effective diffusivity of Oxygen (m2/s) 
OMTC: Oxygen Mass Transfer Coefficient (m/s) 
UR: Oxygen Uptake Rate (M 02/kg cells/s) 
CM: Michaelis-Menten Constant (M O2) 
R: Radius of Immobilized diameter (m) 
TM: Thiele Modulus 
BI: Biot Number 
CD: Cell Density (kg/m^) 
A: Transform parameter 
PK: Assigned Value {X in Eq. 5.19) 
X: r/R 
Y d ) : d^'/dX in Eq. (5.19) 

Y(2) : "¥ in Eq. (5.19) 

Yl: d4'/dX at X = 1 

Y2: ^'at X = 1 

BETA: X/A (P in Eq. 5.14 ) 
OC: Oxygen Concentration 
OT: Oxygen Tension 
DYl = A*Y1 
DY2 = A*Y2 
DX: AX 
XLIM: Limit Value of X 
H: A Space Grid 
EFF: Effectiveness Factor 

C 
Dimension Y(10), F(10), Z(30) 

C 
C 
C Read Fixed Data 
C 

CD = 3.0 
D = 2.11E-09 
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OMTC = 8.229E-05 
UR = 1.356E-06 
CM = 2.93E-05 
R = 0.0015 

C 
C 
C 

H = 0.001 
X = 0.0 
XLIM =1.0 
DX = 0.1 
L = DX/H 
LL = 1.0/DX 
M = 0 
N = 2 

C 
C 
Q 
C Calculated Data 
C 
C 

OUR = CD*UR 
TM = (OUR* (R**2.) / (D*CM) ) **0.5 
BI = OMTC*R/D 

C 
C 
C Initial Data 
C 
C 

ITER = 0 
PK = O.lOE-03 

C 
50 WRITE (*,100) PK 
100 FORMAT(//, IX, 'PK = ',E13.6/) 

C 
C 
C Boundary Conditions 
Q 
C 

Yd) = 0.0 
Y(2) = 1.0 

C 
C 
C Write the Calculated Results 
C 
c 

WRITE (*,101) 
101 FORMAT(IX,7X,•X=(r/R)',7X,'Y(1)=(dY/dX)',6X,•Y(2)=(Y)') 
C 

WRITE (*,102) X, (Yd), I = 1, N) 
102 FORMATdX, 6E16 .6) 

C 
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C 
c 
C Runge-Kutta-Gill Program 
C 
c 
c 

DO 200 IN = 1, LL 
C 
C 
51 IF(X-XLIM) 6,6,7 
6 CALL RUNGE (N, Y, F, X, H, M, K) 

GO TO (10,20), K 
10 F d ) = (TM**2.)*Y(2)/(1.0+PK*Y(2) ) - (2./X)*Y(l) 

F(2) = Y d ) 
GO TO 6 

C 
C 

ITER = ITER + 1 
IF(ITER-L) 51,52,52 

52 ITER = 0 
Z(IN) = Y(2) 

C 
C 

WRITE (*,102) X, (Yd), I = 1, N) 
200 CONTINUE 

C 
C 
Q 
C Calculate Results 
Q 
C 
C 

Yl = Y d ) 
Y2 = Y(2) 
A = BI/(Y1 + BI*Y2) 
BETA = PK/A 
OC = BETA*CM 
OT = 368000.0*OC 
DYl = A*Y1 
EFF = 3.0*DY1*(l.+BETA)/(TM**2.) 

C 
c 
c 
C Write Results 
C 
c WRITE (*, 103) R,A,BETA, OC,OT,EFF,TM 
103 F0RMAT(/1X,•R=',F13.6,1X,'m'/lX, 'A=',E13.6/ IX,•BETA=' 

* ,E13.6/1X, '0C=', E13.6,1X,'M'/ IX,'0xygen=',F13.6, IX 
* '%'/lX,'Eff. Factor=', F13.6/1X, 'Thiele Modulus=', 
* F13.6/) 
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C 
C 
C Calculate Dimensionless Radius and Oxygen Concentration 
C 
C 
c 

WRITE (8,104) 
104 FORMAT (/IX, 8X, ' (r/R) ' , IIX, ' (C/Cb) ') 

C 
C 

DO 201 J = 1, LL 
X = 0.1*J 
ZZ = A*Z(J) 
WRITE (*,105) X, ZZ 

105 FORMAT (IX,6X, F4.1,6X,E16 . 6) 
201 CONTINUE 
C 
C 
C 
C Work Again with Another 'PK' Value 
Q 
C 

PK = PK + 0.20E-03 
IF (PK - 0.20E-01) 50,50,60 

C 
60 STOP 

END 
C 
C 
C 
C SUBROUTINE PROGRAM: 
C This routine performs Runge-Kutta calculation by 
C Gills method. 
Q 
C 
C 

SUBROUTINE RUNGE (N, Y, F, X, H, M, K) 
C 

DIMENSION Y(10), F(10), Q(IO) 
C 

M = M + 1 
GO TO (1, 4, 5, 3, 7) , M 

1 DO 2 I = 1, N 
2 Q(I) = 0.0 

P = 0.5 
GO TO 9 

3 p = 1.7071067811865475244 
C 
4 X = X + 0.5*H 
5 DO 6 I = 1, N 

Y d ) = Yd) + P*(F(I) *H - Q d ) ) 
g Q(I) = 2.0*P*H*F(I) + (1.0-3.0*P)*Q(I) 
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P = 0.292832188134524756 
C 

GO TO 9 
7 DO 8 I = 1, N 
8 Y d ) = Yd) + H*F(I)/6.0 - Q(I)/3.0 

M = 0 
K = 2 
GO TO 10 

9 K = 1 
10 RETURN 

END 



APPENDIX B 

SOLUTIONS OF COMPUTER PROGRAMS 

Examples of solutions are presented below for the 

following 5 conditions of oxygen tension. 

(1) Oxygen: 17.690190 % 

PK = .300000E-03 

X=(r/R) Y(l) = (d^/dX) Y(2)=^ 
.OOOOOOE+00 .OOOOOOE+00 .lOOOOOE+01 
.lOOOOOE+00 .57 0631E+01 .12 6572E+01 
.199999E+00 .170964E+02 .232416E+01 
.299998E+00 .465965E+02 .526717E+01 
.399997E+00 .128735E+03 .133341E+02 
.499995E+00 .363691E+03 .359215E+02 
.600000E+00 .104086E+04 .100295E+03 
.700005E+00 .295403E+04 .284084E+03 
.800009E+00 .795627E+04 .792509E+03 
.900014E+00 .189215E+05 .207549E+04 
.100002E+01 .373541E+05 .483040E+04 

R= .001500 m 
A= .182854E-03 
BETA= .164065E+01 
0C= .480712E-04 M 
Oxygen= 17.690190 % 
Eff. Factor= .365299 
Thiele Modulus= 12.170640 

(r/R) (C/Cb) 
0.1 .231441E-03 
0.2 .424981E-03 
0.3 .963122E-03 
0.4 .243819E-02 
0.5 .656838E-02 
0.6 .183394E-01 
0.7 .519459E-01 
0.8 .144913E+00 
0.9 .379511E+00 
1.0 .883256E+00 
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2) Oxygen: 41.010770 % 

K = .130000E-02 

X=(r/R) 
.OOOOOOE+00 
.lOOOOOE+00 
.199999E+00 
.299998E+00 
.399997E+00 
.499995E+00 
.600000E+00 
.700005E+00 
.800009E+00 
.900014E+00 
.100002E+01 

Y(l) = (d4'/dX) 
.OOOOOOE+00 
.569884E+01 
.170547E+02 
.463519E+02 
.127159E+03 
.352778E+03 
.964013E+03 
.245802E+04 
.543080E+04 
.995746E+04 
.154537E+05 

Y(2)=^ 
.lOOOOOE+01 
.126541E+01 
.232186E+01 
.525349E+01 
.132495E+02 
.353563E+02 
.963450E+02 
.257367E+03 
.637890E+03 
.139618E+04 
.266163E+04 

R= .001500 m 
A= .341791E-03 
BETA= .380349E+01 
0C= .111442E-03 M 
Oxygen* 41.010770 % 
Eff. Factor= .513860 
Thiele Modulus* 12.170640 

r/R) 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 

(C/Cb) 
.432506E-03 
.793590E-03 
.179560E-03 
.452855E-02 
.120845E-02 
.329299E-01 
.879659E-01 
.218025E+00 
.477203E+00 
.909721E+00 
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(3) Oxygen: 61.897310 % 

PK = .330000E-02 

X=(r/R) Y(l) = (d^/dX) Y(2)=^ 
.OOOOOOE+00 .OOOOOOE+00 .lOOOOOE+01 
.lOOOOOE+00 .568398E+01 .126480E+01 
.199999E+00 .169721E+02 .231729E+01 
.299998E+00 .458720E+02 .522649E+01 
.399997E+00 .124145E+03 .130852E+02 
.4 99995E+00 .333202E+03 .343062E+02 
.600000E+00 .84 54 94E+03 .8 97356E+02 
.700005E+00 .188787E+04 .2212 63E+03 
.800009E+00 .352712E+04 .487551E+03 
.900014E+00 .557028E + 04 . 94 0172E+03 
.100002E+01 .777186E+04 .160674E+04 

R= .001500 m 
A= .574854E-03 
BETA= .574059E+01 
0C= .168199E-03 M 
Oxygen* 61.897310 % 
Eff. Factor* .609922 
Thiele Modulus* 12.170640 

(r/R) (C/Cb) 
0.1 .727075E-03 
0.2 .133210E-02 
0.3 .300447E-02 
0.4 .752210E-02 
0.5 .197211E-01 
0.6 .515849E-01 
0.7 .127194E-00 
0.8 .280271E+00 
0.9 .540462E+00 
1.0 .923639E+00 
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(4) Oxygen: 82.779300 % 

PK = .730000E-02 

X*(r/R) Y(l) = (d^/dX) Y(2)=^ 
.OOOOOOE+00 .OOOOOOE+00 .lOOOOOE+01 
.lOOOOOE+00 .565450E+01 .12 6358E+01 
.199999E+00 .168097E+02 .230826E+01 
.299998E+00 .44 94 66E+02 .517384E+01 
.399997E+00 .118605E+03 .127751E+02 
.4 99995E+00 .300984E+03 .324 691E+02 
.600000E+00 .688466E+03 .798480E+02 
.700005E+00 .133669E+04 .17 9005E+03 
.800009E+00 .218820E+04 .354012E+03 
.900014E+00 .313509E+04 .6197 68E+03 
.100002E+01 .410068E+04 . 981591E+03 

R* .001500 m 
A* .950860E-03 
BETA* .767726E+01 
OC* .224944E-03 M 
Oxygen* 82.779300 % 
Eff. Factor* .685251 
Thiele Modulus* 12.170640 

(r/R) (C/Cb) 
0.1 .120149E-02 
0.2 .219483E-02 
0.3 .491959E-02 
0.4 .121474E-01 
0.5 .308735E-01 
0.6 .759242E-01 
0.7 .170209E-00 
0.8 .336616E+00 
0.9 .589312E+00 
1.0 .933356E+00 
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(5) Oxygen: 99.981380 % 

PK = .133000E-01 

X*(r/R) 
.OOOOOOE+00 
.lOOOOOE+00 
.199999E+00 
.299998E+00 
.399997E+00 
.499995E+00 
.600000E+00 
.700005E+00 
.800009E+00 
.900014E+00 
.100002E+01 

Y(l) = (d^/dX) 
.OOOOOOE+00 
.561091E+01 
.165727E+02 
.436387E+02 
.111318E+03 
.264443E+03 
.547895E+03 
.958163E+03 
.144427E+04 
.195649E+04 
.246732E+04 

Y(2)*^ 
.lOOOOOE+01 
.126179E+01 
.229500E+01 
.509808E+01 
.123503E+02 
.302022E+02 
.696452E+02 
.144068E+03 
.263794E+03 
.433759E+03 
.655020E+03 

R* .001500 m 
A* .143433E-02 
BETA* .927265E+01 
OC* .271689E-03 M 
Oxygen* 99.981380 % 
Eff. Factor* .736293 
Thiele Modulus* 12.170640 

r/R) 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 

(C/Cb) 
.180981E-02 
.329177E-02 
.731231E-02 
.177144E-01 
.433199E-01 
.998939E-01 
.206640E-00 
.378366E+00 
.622152E+00 
.939513E+00 
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