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Abstract

This study focused on identifying optimum sonication regimens (e.g. intensity, duty
cycles) that may intensify bioprocesses without damaging the biocatalyst. Possible
mechanisms of productivity enhancement in various biotechnology processing scenarios
were investigated. Three model processes were used: 1) production of bioethanol from
lactose by fermentation with the yeast Kluyveromyces marxianus; 2) B-galactosidase
catalyzed hydrolysis of lactose in a homogeneous cell-free system; and 3) hydrolysis of
soluble and insoluble particulate cellulose of various sizes, catalyzed by soluble cellulase.
The above processes involved: 1) conversion of a soluble substrate by a live catalyst in
the presence of gas-liquid mass transfer; 2) a cell-free homogeneous bioreaction system;
and 3) a heterogeneous reaction system involving substantial solid-liquid mass transfer
limitations depending on the size of the substrate (i.e. soluble and insoluble particulate
cellulose).

Low intensity ultrasound (11.8 W c¢m™ sonication power at the sonotrode tip),
enhanced the ethanol productivity of the batch fermentation process. At the specified
sonication intensity a duty cycle of 20% was found to be optimal. A duty cycle of 40%
adversely affected the fermentation. With the best duty cycle of 20%, the final ethanol
concentration was 5.2+0.68 g L', or nearly 3.5-fold that of the control fermentation. The
productivity enhancing effect of sonication was attributed to a possible improved
desorption of carbon dioxide from the fermentation broth. Ultrasound may also have
facilitated transport of lactose into the cell by affecting cell permeability. While
ultrasound apparently enhanced desorption of carbon dioxide, it also damaged yeast
enzymes such as B-galactosidase and this may explain why a 40% duty cycle had an
adverse impact on the fermentation. Although at the highest duty cycle of 40% sonication
reduced cell growth, cell viability remained high at >70% during most of the
fermentation. In continuous fermentations, sonication always enhanced the steady-state
biomass concentration and ethanol concentration at all dilution rates tested relative to the
corresponding controls.

Ultrasound effectively influenced enzyme-substrate binding/unbinding for f3-
galactosidase mediated hydrolysis of lactose in a cell-free system. A short irradiation

pulse (i.e. 10% duty cycle), applied at the highest irradiation power (11.8 W cm ™),
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improved the initial hydrolysis rate, by nearly 1.4-fold relative to control. This effect of
ultrasound was possibly due to its accelerative effect on collision frequency of the
enzyme and substrate molecules as a consequence of the microturbulence caused by
sonication.

The cellulase-mediated hydrolysis of soluble cellulose as well as particulate
cellulose was enhanced by sonication at a 10% duty cycle and power intensity of 11.8 W

cm 2, but prolonged sonication adversely impacted the enzyme stability at a constant

temperature of 50 °C relative to control.

v



Use of ultrasound in enhancing productivity of biotechnological processes

Acknowledgements

In the name of Allah, most benevolent, ever merciful

I would like to express my sincere appreciation and thanks to my principal supervisor
Professor Yusuf Chisti for his constant encouragement, guidance, precious advice,
criticisms, friendship and continuous support throughout this study. It was a pleasure to

work with him.

I am specially grateful for the financial support provided by Ministry of Higher
Education, Malaysia, under a SLAI scholarship and a study leave provided by Universiti
Malaysia Pahang.

Other individuals that deserve my thanks are:

Professor Clive Davis and Associate Professor Pak Lam Yu for their support and for
being special friends;

Associate Professor Dr Mazzuca-Sobczuk for useful discussions and for being a special
friend;

The Microsuite manager, Anne-Marie Jackson for providing me with the research
materials and some memorable fun-times;

The lab technicians, Judy Collins, John Sykes, John Edwards and Clive Bardell for help

and technical advice;



Use of ultrasound in enhancing productivity of biotechnological processes

My research colleagues, Pat, Farhan, Ta, Sadia, Tawan, Haider, Naila, Shazla, Khaizura,
Syaifuddin and Xue Mei for sharing many thoughts during my work in the Micro-Suite
laboratories;

The other postgraduate students that have come and gone over the past four years and the
present students; and

My Malaysian friends for motivation and for being special friends.

Lastly, I wish to express my unlimited appreciation to my beloved wife Azilah Ajit, my
daughter Aqilah Batrisyia and my family for their irreplaceable encouragement, undying
love and prayers. To my mum for her infinite patience, sacrifice and understanding during

the years of this study.

Above all, I thank God the almighty for his grace, mercy and guidance which enabled the

successful completion of this study.

Vi



Use of ultrasound in enhancing productivity of biotechnological processes

Table of Contents
ADSTIACE ...ttt ettt b ettt et il
ACKNOWIEAZEIMENLS ..ottt et ettt et eseeesabeenseesseeenseenneenseens \
TabIE Of CONLENLS ..ottt ettt sttt sb e et vii
LSt OF FIZUIES ..cevieeieeiie ettt ettt ettt et s e e b e esbe e seessaeesseensaessseenseensaennsans X
LISt OF TADIES ...cuiiiieiieicieee ettt Xiv
ADDTEVIALIONS ...ttt ettt ettt ettt ettt XV
CHAPTER 1 INTRODUCTION .....coutiiiiiiiiniiitinienienesenteeste ettt 1
CHAPTER 2 LITERATURE REVIEW ....c.ooiiiiiiiiiiiieeeeeee e 3
2.1 URTASOUNG.....coeeiiiiiiiiiiieiteeie ettt ettt ettt et sttt eaeen 3
2.2 Effects of ultrasound .........c..coooiiiiiiiiiiniii e 4
2.2.1 CAVIEALION ...ttt sttt sttt ettt ettt ettt eeee 4
2.2.2 Compression and rarefaction .............cocceeviieiieiiieniiieiecieeeeeee e 4
2.2.3 TUIDULANCE ...ttt e 5
2.3 Use of ultrasound in biotechnological ProCesSes .........ccuvevierreieireciieirieiieere e eeeeeenens 5
2.4 Effect of ultrasound on microbial fermentation............ccoeeveeiieniiiiieiieieee e 6
2.5 Ethanol production from lactose by Kluyveromyces marxianus..............c..ccocoeeeeuennen.. 8
2.6 Factors affecting the fermentation ..............ccooiieiiieiieiieiie e 12
2.7 Effect of ultrasound on B-galactosidase..........cceecuveeierieriieiieiece e 17
2.8 Effects of ultrasound on gas-liquid mass transfer.............ccccovvveviriniininieniceneen 18
2.9 Effect of ultrasound on enzymatic hydrolysis of cellulose..........cccceoevveeiienierieeinennen. 21
2.10 ObJeCtiVEs O STUAY ..vievieiiiiiieiieciie ettt ettt ebe e aeeseneeaneeneas 23
2.11 Contributions Of the StUAY ........cccviiiiiiiiiiieiicce e e 24
CHAPTER 3 MATERIALS AND METHODS ......coiiiiiiiiinineeeceeeeeeeeees 25
3.1 Effects of ultrasound on conversion of lactose to ethanol by live cells....................... 26
31T INErOAUCHION ...ttt 26
3.1.2 Culture MEedIUM .....coueiiiiiiiiiiiiitieiecee ettt 26
3.1.3 Microorganism, maintenance and preparation.............eceeveeeeeerieeneeseeseneennenns 27
3.1.4 Batch bioreactor fermentations ............ceoeeieririerieeienenieneeiesieeee e 28
3.1.5 Sonobioreactor fermentations .............coeeuevuerierierienienienieieieieeeeeeee et 32
3.1.6 Continuous bioreactor fermentations ...........cocceevverueruenerienienienienieiereieeeeeaes 33

vii



Use of ultrasound in enhancing productivity of biotechnological processes

3.1.7 Analytical Methods .......c.cooiiiiiiiee e 37
3.1.8 Gas-liquid mass transfer MeasuremMents. ...........ceeveerueerieeseienieeieeeeneee e 43
3.2 Effects of ultrasound on B-galactosidase-mediated hydrolysis of lactose. ................... 46
3.2.1 INEOAUCTION ....couiiieiiieiieeciee ettt sttt 46
3.2.2 Enzyme and SUDSIIALE ..........cocuieiiiiiiieriieeiieiiecieeeiee ettt eseae e ene 46
3.2.3 Experimental setup and Operation..............cceeeveeerierveecreeneeiieeieereeseee e eeneenns 47
3.2.4 GIUCOSE ANALYSIS.....eccvvieirierieitiieie ettt et eteeeteeeereebeesaeeseaeesbeesseesseessseenseenns 47
3.2.5 ENZyme Stability.......ccoeiiiiiiiiiee e 47
3.2.6 B-Galactosidase aCtIVILY .......cevuieriierieeiieiieiie ettt 48
3.3 Effects of ultrasound on enzymatic hydrolysis of cellulose ...........ccccoeeevieiieniennnnne. 48
3.3, 1 INEOAUCTION ....couiiieitieictecie e 48
3.3.2 Enzyme and SUDSIIAtES ......c..coeeiiriiiiriieie ittt 48
3.3.3 SubDStrate Preparation ............oc.eeceerieeiierieenieeeeeereereeseesseeseesseesereeseensaesneeees 49
3.3.4 Cellulose NYAIOLYSIS.....ccvieiviieiieiiecieeeie ettt ettt e e ereeseae e 49
3.3.5 Cellulase Stability.......ccccveeviieeiieiiie ettt ree e erre e sre e e enee s 50
3.3.6 Cellulase actiVIty @SSAY ....cceereereieriieniieeieeeteerieesteeste e et e sieeeee e eseeesneeenneenee 53
CHAPTER 4 RESULTS AND DISCUSSION......ooiiiiiiiiiiieieieeeeteeeeeeeeeeee e 54
4.1 Bioethanol fermentation using K. mMarXianus ..............ccceeeeeeeereeseeeieeeeeeienie e 54
4.1.1 Baseline determination (nonsonicated batch fermentation)............ccccccevveennnenn. 54
4.1.2 Sonicated batch fermentations ...........ccceeeevieriiriinienieiiceeceeee e 55
4.1.3 Continuous culture of K. marXianus ..............cccccceeueveeoienenoeneiieniiieneeeeaens 72
4.1.4 Oxygen transfer studies in BIOTCACTOT ........ccuevuieriirierieiieiecieiceeee e 80

4.2 Effect of ultrasound on B-galactosidase mediated-hydrolysis of lactose (cell-free

V£ 15] 1.4 PSPPI 83
4.2.1 INtrOAUCHION ...ttt 83
4.2.2 Baseline determination (nonsonicated enzymatic hydrolysis of lactose) ......... 84
4.2.3 Effects of sonication on lactose hydrolysis........cccceevieriiioiiiiienienecceeee 87
4.2.4 Effects of sonication on enzyme stability ..........cccceevviieiiieiienieniieeeeeee e 90
4.3 Effect of ultrasound on enzymatic hydrolysis of cellulose..........c.ccoceviriiniiicnennne 91
4.3.1 Non-sonicated cellulose hydrolysis (baseline studies) ..........cccceeeeeriervernnnns 92
4.3.2 Estimation of kinetic parameters of cellulose hydrolysis...........cccccveevvierniennns 94
4.3.3 Effects of ultrasound on cellulose hydrolysis ..........cccoecvveviieiiiiiiiciieciiesieces 96
4.4 Effects of sonication on various bioreaction systems (a unified analysis) ................ 106
CHAPTER 5 CONCLUSIONS ..ottt 107

viii



Use of ultrasound in enhancing productivity of biotechnological processes

CHAPTER 6 RECOMMENDATIONS ..ottt 109
LIST OF PUBLICATIONS ..ottt sttt 110
REFERENCES ... ettt sttt sttt et 111
APPENDIX 1.ttt ettt et st 131
APPENDIX 2. e 135
APPENDIX 3.t 136
APPENDIX 4.ttt e 176
APPENDIX 5.ttt ettt ettt sttt 186
APPENDIX 6.ttt ettt ettt ettt 193
APPENDIX 7.ttt ettt ettt et st 207

X



Use of ultrasound in enhancing productivity of biotechnological processes

List of Figures

Figure 2.1 Batch lactose fermentation by K. marxianus at an initial lactose concentration

of 40 g L', 30 °C and pH 5.0 (Lukondeh ef al., 2005). (DCW is dry cell

WEIZNEL) 1ottt ettt ettt e e e e b e et e e rneeneesneeeene e 9
Figure 3.1 Schematic diagram of the batch ultrasound assisted fermentation system....... 30
Figure 3.2 Ultrasonic flow cell dimensions (INM). ...........ccceevueerieeriierieesieereeree e 31
Figure 3.3 Ultrasound generator (Misonix Sonicator 3000). .........ccceereevirrieieiienienieenenn 33
Figure 3.4 Setup for continuous fermentation. .............occeeiieiireiieniene e 35

Figure 3.5 (a) Fermenter feed pump calibration plot and (b) the corresponding dilution

Figure 3.6 Calibration curve for Agy at 1:25 dilution versus actual dry biomass
CONCENETATION. ...ttt ettt ettt eb st eb e sae e 38
Figure 3.7 Calibration curve for lactose concentration. .............cceeeveereeercreenreeseeereeneennen. 40
Figure 3.8 Release of intracellular B-galactosidase activity after various periods of
sonication. Samples were sonicated continuously for the specified period at
550 W and 20 KHZ. .....oouoiiiiiiiiiiieieeeceeet e 43
Figure 3.9 Dissolved oxygen electrode response versus time from the instance of transfer
t0 OXYZEN-SAtUTALEA WALET. ....eeoeiieiieiieciie ettt ettt 44
Figure 3.10 Dissolved oxygen electrode response versus time from the instance of
transfer to oxygen-saturated lactose medium. ..........c.ccceevveiiiecieeneenieenens 45
Figure 3.11 Schematic diagram of the 2-L stirred beaker system used for enzymatic
hydrolysis of cellulose (dimension in €M) .........ccceeevevieeriieniieeerieeeiieesiee e, 52
Figure 4.1 A typical control fermentation profile of K. marxianus at initial lactose
concentration of 50 g L™, 30 °C, pH 5.0 and inoculum size of 5% by
VOIUIMIC. ...ttt et ettt st ete e s e seaeenseenseesssesnseenseas 55
Figure 4.2 Effects of sonication on: (a) biomass concentration; (b) lactose concentration;
and (c) dissolved oxygen concentration. Except for the nonsonicated control,
the sonication intensity was 11.8 W cm 2. Each of the profiles shown in (a)
and (b) is an average of three independent fermentations. ............ccccceene.e 57
Figure 4.3 Ethanol concentration profiles. The sonication intensity was 11.8 W cm™
except for the nonsonicated control culture. Each of the profiles shown is an

average of three independent fermentations. ..........cccceeeeerienieiieeieeniens 59



Use of ultrasound in enhancing productivity of biotechnological processes

Figure 4.4 Foaming behavior of the fermentation: (a) just before sonication commenced
9.5 h after inoculation; (b) the same fermentation 10 min after sonication
commenced at a power intensity of 11.8 W ¢cm 2 and a duty cycle of 20%. 61

Figure 4.5 Comparison of hemocytometer/methylene blue and plate count methods for
viable cells (sonication intensity = 11.8 W ¢cm > where applicable)............. 64

Figure 4.6 Cell viability profiles. The sonication intensity was 11.8 W cm ™ except for the
nonsonicated control culture. Each of the profiles shown is an average of
three independent fermentations. ..........c..ocveeeviieciierieiieeieeeeeee e 66

Figure 4.7 Yeast cell morphology (1000x magnification) at 22 h of fermentation: (a)
control (no sonication); (b) sonication at 10% duty cycle; (c) sonication at
20% duty cycle; (d) sonication at 40% duty cycle. The sonication intensity
Was AlWays 11.8 W CIM . ..o 67

Figure 4.8 B-Galactosidase activity profiles during fermentation: a) extracellular enzyme
activity; b) intracellular enzyme activity. The sonication intensity was 11.8
W cm ™ except for the nonsonicated control culture. Each of the profiles
shown is an average of three independent fermentations. ...........ccccceveennnen. 69

Figure 4.9 Biomass specific [-galactosidase activity profiles during fermentation: a)
extracellular enzyme activity; b) intracellular enzyme activity. The
sonication intensity was 11.8 W c¢cm ™ except for the nonsonicated control
culture. For clarity, lines are plotted only through the data for the control

culture (solid lines) and the culture sonicated at the 40% duty cycle (dashed

Figure 4.10 The continuous fermentation profiles: (a) biomass and lactose concentrations;
and (b) ethanol concentration. When ultrasound was used, sonication
intensity was 11.8 W cm > and duty cycle was 20%. Arrows mark the on/off
SEQUENCE OF SONICATION. ...eeutieiieiiiieiieeiie e et stteeete et e e eiee e e e e e beeeaeeenneens 74

Figure 4.11 Steady state concentration of biomass, lactose and ethanol at various dilution
rates in control (no sonication) and sonicated continuous cultures of K.
TRATXIARIUS. ...ttt et e 76

Figure 4.12 Steady state ethanol productivity at various dilution rates in control and

SONICALEA CULTUIES. ..oeeieeeeeeeee e e e e e e e 77

X1



Use of ultrasound in enhancing productivity of biotechnological processes

Figure 4.13 Lineweaver-Burk plots of continuous fermentation of lactose by K.
marxianus: (a) control — no sonication; (b) sonication at 20% duty cycle with
an intensity of 11.8 W CITL 2 oot 79
Figure 4.14 Dependence of mass transfer coefficient on agitation rate and aeration rate in
the absence of ultrasound: (a) air-water system; and (b) air-uninoculated
medium. All measurements were at 30 °C. Each profile shown is an average
of three independent EXPEriMENtS. .........cecueerueerireiiieiierie et 81
Figure 4.15 Dependence of mass transfer coefficient on agitation rate: (a) air-water
system; and (b) air-uninoculated medium. In all cases the aeration rate was
at 2 vvm and the temperature was 30 °C. Each profile shown is an average
of three independent EXPEriMENtS. ..........cccvevveerireriieriienie e eree e eee e 83
Figure 4.16 Glucose production from lactose during nonsonicated enzymatic hydrolysis.
Initial substrate concentrations S, were 5-60 g L™'. Each profile shown is an
average of three independent eXperiments. ...........c.eceveecveerienieicieeneenienienns 85
Figure 4.17 Effects of initial substrate concentration S, on the initial rate (V;) of lactose
hydrolysis at various initial substrate concentrations (5.0-60.0 g L™). ....... 86
Figure 4.18 Double reciprocal (Lineweaver-Burk) plot of 1/V; versus 1/S, for enzymatic
hydrolysis 0f [aCtOSE. .....cceiiiiiiieiee e 86
Figure 4.19 Effects of ultrasonication on initial reaction rate (V;) at power intensities of:
a) 24 W em%; b) 4.7 W em™; and ¢) 11.8 W cm 2. Control reactors were
not sonicated. Each profile shown is an average of three independent
CXPETIMEIES. ..vvvieiiviiesereeeiieeeteeestteesreeestbeesteeesebeeesbaeessseeessseesssesessseesssseensses 88
Figure 4.20 Effects of ultrasonication on: (a) maximum reaction rate (V.); and (b)
Michaelis constant (K,,) for hydrolysis of lactose at various sonication
intensities (/) and duty CYCIES. ....c.oooiiioiieiiiieeie e 90
Figure 4.21 Residual enzyme activity (%) versus time at various sonication duty cycles.
The sonication power intensity was fixed at 11.8 W cm (37 °C, pH 6.5).
Each profile shown is an average of three independent experiments. .......... 91
Figure 4.22 Time courses of the enzymatic hydrolysis of: (a) carboxymethyl cellulose
(CMCO); (b) Solka-Floc BH 300 (30 um); (c) Solka-Floc BH 40 (60 pum); and
(d) Solka-Floc CH 10 (290 um). Nonsonicated controls at various initial
substrate concentrations S,, the initial enzyme concentration was always 0.1

g L', Each profile shown is an average of three independent experiments. 93

xii



Use of ultrasound in enhancing productivity of biotechnological processes

Figure 4.23 Effects of substrate concentration on the rate of enzyme-catalyzed hydrolysis
of CMC (control, N0 SONICALION). ....ccveeeverieeiiiecerie et et et 95
Figure 4.24 Plot of 1/V; versus 1/S, for enzymatic hydrolysis of CMC in the absence of
ultrasonication (CONIOL). ......ccuiriirieriirieieii e 95
Figure 4.25 Effects of ultrasonication on initial reaction rate (V;): (a) sonication intensity
of 11.8 W cm™% (b) sonication intensity of 4.7 W cm?; (c) sonication
intensity of 2.4 W c¢m 2. The controls were not sonicated. The substrate was
CMC. Each profile shown is an average of three independent experiments.97
Figure 4.26 Effect of sonication on: (a) maximum reaction rate V. and (b) Michaelis
constant Ky, for hydrolysis of CMC. The control was not sonicated. (/ is
SONICALION INTENSIEY.) c.vvieririieriiieirieeirieeieeesreeeireesbeeeireesrreeesereessraeessbeeeneneas 99
Figure 4.27 Glucose production from Solka-Floc particulate cellulose of different particle
sizes: (a) 30 um; (b) 60 pm; and (c) 290 um. In all cases the sonication duty
cycle was 10% and the power intensity was 11.8 W cm 2. Control runs were
not sonicated. S, is initial substrate concentration. Each profile shown is an
average of three independent eXperiments............ccveeeeeveeviiereeeeeenreenneene. 102
Figure 4.28 Glucose production by hydrolysis of: (a) CMC; (b) particulate cellulose at
particle size of 30 um. In all cases the sonication duty cycle was 10% and
the power intensity was 11.8 W c¢cm 2. S, is initial substrate concentration.
Each profile shown is an average of three independent experiments. ........ 103
Figure 4.29 Effects of ultrasound on the residual enzyme activity (%): (a) sonication
intensity of 2.4 W cm?; (b) sonication intensity of 4.7 W cm % (c)
sonication intensity of 11.8 W c¢cm > Controls were not sonicated. Each

profile shown is an average of three independent experiments. ................. 105

xiii



Use of ultrasound in enhancing productivity of biotechnological processes

List of Tables

Table 2.1 Some of the parameters used to characterize a fermentation (Doran, 1995).....10
Table 2.2 Published kinetic parameters for batch fermentation of lactose by K. marxianus
Table 2.3 Prior sonication studies of fermentation proCcesses..........ccevveevvieruiereeeeeerreennenns 14
Table 3.1 Composition of the culture medium for batch and continuous fermentations...27
Table 3.2 Sonication regimens used at a fixed sound intensity of 11.8 W em™ ............... 33
Table 4.1 Comparison of fermentation Kinetics............occeereeririiiieiienieiie e 62

Table 4.2 Summary of steady state parameters from continuous cultures of K. marxianus

X1v



Use of ultrasound in enhancing productivity of biotechnological processes

ar

C*
Co
CL

CcMC

0D

~ 8 8o

Abbreviations

Cross-sectional area (m?)

Interfacial area per unit liquid volume (m ™)

Dissolved oxygen saturation concentration (mol L")

Dissolved oxygen concentration in bulk liquid phase (% sat or mol L™")
Actual instantaneous concentration of dissolved oxygen in the broth (mol
L™

Carboxymethyl cellulose

Dissolved oxygen concentration measured by probe (mol L™ or % of air
saturation)

Dilution rate (h ™)

Initial enzyme concentration (g L™")

Maximum ethanol concentration (g L™")

Frequency (s’l)

Henry’s law constant

Sonication intensity (W cm %)

Mass transfer coefficient (m s_l)

Volumetric mass transfer coefficient (s™)

Michaelis constant (g L")

Response coefficient of oxygen probe (s ')

Saturation constant for substrate (g L")

Power input (W)

Ethanol productivity (g L' h™")

Irradiation power of ultrasound (W)

Biomass productivity (g L™ h™")

Average biomass specific ethanol production rate (g g ' h™")

Average biomass specific lactose uptake rate (g g h™")

Substrate concentration (g L

Substrate concentration in the reactor at steady state (g L")

Initial substrate concentration (g L")

Time (s)

XV



Use of ultrasound in enhancing productivity of biotechnological processes

- Mass transfer time (s)

Vi Initial reaction rate (M s ')

Vi Liquid volume in the reactor (m?)
Ve Maximum reaction rate (M s_l)
Xonax Biomass concentration (g Lfl)
V7 Ethanol yield on substrate (g g ™)
Yo Biomass yield on substrate (g g™")
T, Probe response time (s)

u Liquid viscosity (mNs/m?)

u Specific growth rate (h™")

Umax Maximum specific growth rate (h™")
p Density (kg/m’)

Xvi



