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Abstract

Enzyme immobilization has been recognized as a promising technique to enhance enzyme
stability, activity and reusability for the development of cost-effective, green and
sustainable biotechnological processes. Recent development in nanotechnology has opened
a new frontier for diverse nano-scale enzyme carriers. The immobilization of enzyme onto
nanomaterials produces a nanobiocatalyst assembly, which maximizes reaction efficiencies
by favoring desirable chemical reaction kinetics and selectivity for substrates, while the
unique properties of nanocarriers offer a revolution of biocatalyst applications in the
bioprocessing field. Nevertheless, the issues of enzyme leakage and conformational
changes make the translation of the biocatalyst technology into commercial practices
technically challenging and economically infeasible. Hence, investigating new
technologies for fabricating the nanobiocatalyst with promising biocatalytic activities and
functionalities is of great importance.

In this PhD research, nanoparticle- and nanofiber-based enzyme carriers were
developed and explored to immobilize B-galactosidase for conversion of lactose from dairy
industry wastes into galacto-oligosaccharide (GOS) as a high value product. The structure-
function relationship for the nanocarrier, the enzyme-nanocarrier microenvironment and
the enzyme-nanocarrier nanobiocatalyst structure were extensively evaluated, aiming to

enhance the bioengineering performance of the nanobiocatalysts.

Dendrimer-like silica nanoparticles (HPSNs) with hierarchical pores were
synthesized, characterized and functionalized with amino (NH,) and carboxyl group
(COORH) to facilitate enzyme binding. Our findings revealed that surface functionalization
can promote enzyme affinity towards the nanomaterial interface and selectively enhance

enzyme reusability and its catalytic activity for improving the GOS production yield.

A systematic synthesis of polystyrene nanofibers (PSNFs) was executed by
optimizing key fabrication parameters using the electrospinning technique, including
polymer concentration, electric voltage and distance between discharge needle tips and the
collector. Surface modification of the PSNF was found to improve enzyme loading and

activity. In addition, the local microenvironment of the nanobiocatalysts was able to



optimize the enzyme selectivity and specificity, resulting in favouring transgalactosylation
over hydrolysis for the lactose bioconversion.

Further investigation to enhance the enzyme stability and catalytic activity at various
operating conditions was conducted. PSNFs were chosen as the enzyme carrier owing to
their scaling up potential in a manufacturing reactor system with their excellent mechanical
and structural properties. Immobilizing (-galactosidase on the modified PSNF surface
facilitated formation of stable enzyme binding and exhibited distinguished catalytic
performance. Thermal and pH stability were improved significantly while the recyclability
was enhanced from four to nine cycles. The evaluation of lactose conversion performance

showed an improved GOS yield from 14 to 28% in comparison to free [3-galactosidase.

To advance the knowledge of understanding B-galactosidase binding on the PSNF
surface, the B-galactosidase/nanofiber nanobiocatalyst structure were comprehensively
analyzed. Characterizations on the nanobiocatalyst properties were performed before and
after biocatalyst immobilization. The analysis using scanning electron microscope (SEM),
fluorescence microscope, Fourier transform infrared spectroscopy (FTIR), and Raman
spectroscopy demonstrated successful biocatalyst attachment, homogenous distributions
and no conformation changes. The effectiveness factor for lactose conversion into galacto-
oligosaccharides (GOS) in a disc-stacked column reactor indicated distinguished
biocatalyst performance in comparison to the free counterpart.

Finally, a scalable recirculating spiral reactor was designed in-house and operated for
a continuous GOS production using the nanofibers-B-galactosidase nanobiocatalyst. The
PSNF-B-galactosidase performed better in GOS production yield by exceeding the free
counterpart about 1.5 to 3.7-fold. The variable parameters of the bioreactor system such as
reaction time, feed flow rate and initial substrate concentration were found to have a
profound effect in optimizing GOS synthesis. The best GOS production yield was
determined at 159 g/l with 86% lactose conversion under the optimal operating conditions
of 24 h reaction time, 15 ml/min flow rate and 400 g/l initial lactose concentration.

Overall, nanoparticles- and nanofibers-immobilized B-galactosidase nanobiocatalysts
were successfully developed and assessed for conversion of lactose into GOS in this study.
The nanobiocatalyst assembly demonstrated remarkable selectivity towards
transgalactosylation to produce GOS from lactose.Comparing with free enzyme, the

immobilized P-galactosidase significantly enhanced enzymatic activities, leading to

Xi



excellent bioconversion performance. The distinguished bioengineering perfomance of
nanofiber-immobilized p-galactosidase in a scalable recirculating spiral bioreactor
indicates their great potential for a large scale and continuous process application.
Furthermore, the understanding of the binding mechanism for the enzyme and its
nanoscale support surface and the nanobiocatalyst structure can be a key driver for
fabricating biocatalyst-nanomaterial hybrids and improving biocatalyst efficiency. In
summary, the findings of this study provide new insights into the development of

economically and industrially viable nanobiocatalysts for industry-scale bioprocesses.

Xii



Table of Contents

D =Tod U= 1 o] o OSSP 1\
[ ] = o ST RRPPRPR %
ACKNOWIEAGEMENT ... re e sneenns viii
ADSIFACT bbb bbb X
TabIe OF CONTENTS .....ocviiiiiiiie e bbb bbb enes Xiii
LiST OF TADIES ..o e e XiX
LEST OF FIQUIES. ...t bbbttt sttt XX
Chapter 1:  INTrodUCTION.........oiiee et re e 2
1.1 Background Of STUAY.......cccoovieiieiiic e 2
1.2 ODJECHIVES @NU SCOPES. ... .couirieiiieiieiieieite sttt ettt nb e 4
1.3 THESIS OULHING ..ot ee e 5
RETEIEINCES ... ettt bbb bbb bbb re s 7
Chapter 2: Nanobiocatalyst Advancements and Bioprocessing Applications........... 10
Statement Of AULNOISNIP ......oiuiiiiiec e 11
N 0L - Tod PSSP 13
/2% R 111 {0 o L1 Tox o] 4 SRS 14
2.2 Advancements in Nanocarriers for Nanobiocatalysts............cccccovveveiieieereseenne. 17
0 R -1 10 1 o= £ TSR 18
2.2.2  NANOPOIOUS CAITIEIS ....uviuvieitiite sttt sttt sbe bbb i 21
2.2.3  NANOCONTAINETS ....evieiienieiesiesie sttt ettt sa et st sbesbesresranneas 22

2.3  Strategies for the Development of Nanobiocatalysts............cccccvvveveiieiecieieene. 24
2.3.1  POIYMEr NANOCAITIEIS ....c.viviiiitiiteiiieiieie ettt 24
2.3.2  SIICA NANOCAITIEIS. .. .ueeieiereeeieesieeeseesee e ereestee e eeesreenseeseesseesseaneesseesseeneenns 29
2.3.3  CarbON NANOCAITIEIS ...c..oveierieitiiiesieeeeie ettt sbe st sresreeneas 32
2.3.4  Metal-Based Nanoparticles or COMPOSILES..........ccvvvevveiieiiieiieeiee e 33

2.4 Engineering Performance of Nanobiocatalysts...........cccccoovriiiiiiinnc i 34
241  Enzyme Activity and Stability.........ccccooiiiiiiinieiee e 35
2.4.2  Reusability of Nanobiocatalysts ..........cccccceviiiiiiiiiiiic e 39
2.4.3  Processability of Nanobiocatalysts ..........cccccevveviiiiiiiiic i 42



2.5 Applications of Nanobiocatalysts in BIOPrOCESS..........ccceveerierirrenieniesieeie e 44

2.5.1  Carbohydrate Hydrolysis ..........cccoiiiiiiiiiiiic e 44
2.5.2  BIOfUEI ProdUCHION ......coviiiiiiiiiicieieeee e 46
2.5.3  BIOtransfOrmMation ..........cccovuiiiiiieninieie e 48
2.6 Understanding Biocatalyst Adsorption on Nanomaterial ............cccccoeveivervnennne. 49
2.6.1  Factors Affecting Biocatalyst AdSOrption ..........cccooeiieiinieieicieneseeseae 50
2.6.2  Protein Behaviour on INTErfaces ........cccccevvreienine i 51
2.7  Advanced Characterization of Immobilized Biocatalyst .............ccccceevvvrvereiennen. 52
2.7.1  Direct Visualization of Biocatalyst Distribution on Surface ............cccccc...... 53
2.7.2  Assessment of Biocatalyst Immobilization...........c.ccooevviiniiniiiciee 54
2.7.3  Structural Elucidation of Immobilized Biocatalyst ...........c.cccccevveviiieiieennenn. 55
2.8 Nanobiocatalysts for Wastes Conversion into Valuable Products........................ 56
2.8.1  Dairy Industry Waste Management ...........cccoocevereriininieeienese e 57
2.8.2  Enzymatic Lactose BIOCONVEISION........ccoiiiiiiiriiiiiniesiieieee et 58
2.9 CoNCIUSION REMAIKS .....ooviiiieiieie e 62
RETEIEINCES ... ettt bbbttt bbb r e n e 63

Chapter 3: Dendrimer-Like Nanoparticles Based p-Galactosidase Assembly for

Enhancing Its Selectivity towards Transgalactosylation .............cccccevviineniinininnns 80
Statement 0f AULNOISNIP .....oovviie s 81
N 0] 1 - T SRRSO 83
K200 A |11 0T (1 o4 A o o OSSR 84
3.2 Materials and MethOdS.........cccveriiiieiieece e 86

3.2 1 CREIMICAIS. .. ...ttt et eneas 86
3.2.2  Preparation and Functionalization of Nanoparticles.............ccccceevevieiieennenn. 87
3.2.3  Characterization of NanopartiCles ...........ccccoevvveieiieie s 87
3.2.4  Enzyme Immobilization on Nanoparticles ............cccoovviiiiiiiiiniiciiie 88
3.2.5  Production of Galacto-OligosacCharides ............c.covviireiiieieneiencse s 88
3.2.6  Chemical ANAIYSIS ........cocveiiiiieiieee et 88
327 RECYCIADIILY voovveeiie e s 90
3.2.8  StatiStiCAl ANAIYSIS......cviiiiiiieiiiiei e 90
3.3 RESUILS ANA DISCUSSION.....ccueeiiierieeriesieeie e siee e eae e ste e sreesae e sseesseeneesseeseeenee e 91
3.3.1  Preparation and Characterization of HPSNS..........c.cccccoviiiiiiiii e, 91
3.3.2  Immobilization of BSA and B-Galactosidase .............cccoevevviininiiinininns 94



3.3.3  Operational Stability of Nanobiocatalysts ...........ccccceveiiiiiiiinniic e 97

3.3.4  Production of Galacto-OligosacCharides ............cccovviirieieiencnesesesee 102
34 CONCIUSION....uiiiiiieie st bbbttt bbb nne e 104
ACKNOWIEAGEMENL......c.iiiieii et re e nneenrs 105
RETEIBNCES ...ttt ettt et e et e e nre et e 106

Chapter 4: Manipulation of Nanofiber-Based p-Galactosidase Nanoenvironment for

Enhancement of Galacto-oligosacharide Production............ccccccevviieiieni e viese e, 111
Statement 0f AULNOISNIP .....ooveiice e 112
N 0L = Uod PSPPSR 114
Ot N [ 011 £ (1 o4 A o] o PSP 115
4.2  Materials and MethodS..........coeiiiiiiiiiee e 117

421 CREMICAIS.....oiiiiiiiiieeee bbb 117
4.2.2  Synthesis of Nanofibrous Polystyrene by Electrospinning............cc.ccoovevee. 117
4.2.3  Enzyme Immobilization on Nanofibers...........cccoviiiiiiis 117
4.2.4  ENZYMAtiC ACLIVILY ASSAYS ...ccueeiueirieireeieiieseesteseesteeie e ste et sre e e e 118
4.25  Production of Galacto-Oligosaccharides ...........ccceevveveiieeieeresiese e 118
4.2.6  ChemicCal ANAIYSIS .....cccoiiiiieieieierese e 119
4.2.7  StatistiCal ANAlYSIS.......cviiiiiiiiiii e 120
4.3 ReSUItS aNd DISCUSSION.......ciiiriiiiieiiesiesie ettt st nne e 120
4.3.1  Fabrication and Functionalization of Polystyrene Nanofibers .................... 120
4.3.2  Immobilization of BSA and f-Galactosidase ...........ccccevvvieieniienininnns 123
4.3.3  Production of Galacto-Oligosaccharides ............ccoceveririiiinienencieseseeas 126
A4 CONCIUSION. ..ottt bbbttt besreereene e 131
ACKNOWIEAGEMENL........eiiiiiice ettt anas 131
RETEIBNCES ... ettt et et ne e 132
SUPPOITING MALETTAL .....oveiiiieee et 135

Chapter 5: Enhancing Enzyme Stability and Metabolic Functional Ability of p-

galactosidase through Functionalized Polymer Nanofiber Immobilization............... 138
Statement of AULNOISNIP ...c.vooiiecc e 139
N 01 - Uod OSSR 141
T8 A 11 o L1 T [ o OSSR 142
5.2  Materials and Methods ..o 143

521 CREMICAIS. ...c.eiiiiiiieeiie e 143



5.2.2  Preparation of Nanofibrous Polystyrene by Electrospinning ...................... 143

5.2.3  Enzyme Immobilization on Nanofibers...........cccocviiiiiii e 144
5.2.4  Synthesis of Galacto-OligosacCharides ...........cccoovevveveviereereseese e 144
525  Chemical ANAIYSIS ........ccceiiiiiiiieie et 144
526  ENZYMAtiC ACLIVITY ASSAYS .....oiviriiiiiiireieieite sttt 145
5.2.7  Effect of pH and Temperature of Immobilized Enzyme ............ccccovnrnene. 146
5.2.8  REUSADIILY ..c.veiviiiiiee ettt 146
5.2.9  StatistiCal ANAIYSIS.......ciiveiiiiiiieie e 146
5.3 ReSUItS aNd DISCUSSION........cieeiiiaiiiieiiieiieseesteeie et sree e ie e sreeseesreesreenens 146
53.1 Immobilization of B-GalactosSidase...........cccceveriririiiiiiic e 146
5.3.2  EffeCt Of PH oo 148
5.3.3  Effect of TEMPErature .........cocoveiieiiie e 149
5.3.4  REUSADIIITY ..ouoiiiiiiieieee e 150
5.3.5  Production of Galacto-OligosacCharides ............cocovvvirieieieic i 151
5.4 CONCIUSION....uiiiiiiiii ittt bbbttt be b b nne e 157
ACKNOWIEAGEMENL......eeiiiiiice et re e nas 157
RETEIBINCES ...t sttt s re et et te et e e nreenreenee e 157
Chapter 6: Characterization of p-Galactosidase/ Polymer-Nanofibers
Nanobiocatalysts and Application for Galacto-Oligosaccharides Production........... 162
Statement 0f AULNOISNIP .....ocvviiiee e 163
N 0L - Uod O 165
6.1  INFOAUCTION ...ttt te et esre et enreenneenne s 166
6.2  Materials and MethOUS .........cooiviiiiiiiiie s 168
6.2.1  Synthesis of Polymer Nanofibers ............cccociveiiiiicie i 168
6.2.2  B-Galactosidase Immobilization Procedure..........cccoovveieienennneic e, 168
6.2.3  Characterization of Polymer Nanofibers ...........cccooiiiiiiie 169
6.2.4  Lactose Bioconversion into Galacto-Oligosaccharides............c.ccocvveninnnne. 170
6.2.5  Chemical ANAIYSIS ........ccceiiiiiiieie e 171
6.3 ReSUItS aNd DISCUSSION........eiuiiiieiiiiiie ittt 171
6.3.1  Textural Properties of Polymer Nanofibers...........ccoccooviiiiiiineicniscen 171

6.3.2  Physical Characterization of Polymer Nanofibers/ [B-Galactosidase

NANODIOCATAIYSES. ... 173

XVi



6.3.3  Chemical Characterization of Polymer Nanofibers/ [p-Galactosidase

NANODIOCALAIYSES.......c.eeeeieeie e 175
6.3.4  Production of GOS by the Nanobiocatalyst in a Column Reactor .............. 178
8.4 CONCIUSTION....c.eiiiitiitieieeie e bbbttt bbb ens 183
ACKNOWIEBAGEMENT. ...ttt eneenes 183
RETEIBNCES ... ettt st et e et e et e e nre e re e 184

Chapter 7: High Galacto-Oligosaccharide Production in Recirculating Spiral

Reactor by Polymer Nanofiber Immobilized p-Galactosidase ...........c..cccccevvevinrnnnen. 188
Statement of AULNOISNIP .......ooiiiiie s 189
N 01 = Uod PSPPSR 191
% R 114 oo [FTox 1 To] SRS P PRSP 192
7.2 Materials and MethOdS .........coviuiiiiiiiiirie s 193

A R |V - 1 (=] - 1 ST 193
7.2.2  Synthesis and Functionalization of Nanofibrous Polystyrene...................... 194
7.2.3  ImmODbilization ProCedUIE.........cccoiiieiiieiee e 194

7.2.4  Experimental Set-up of Recirculating Spiral Reactor for GOS Synthesis...195

7.2.5  Analytical Methods. .......ccoiiiiiiiiiieeece e 195
7.2.6  Conversion and ProdUCHIVILY ..........ccoceiiriniiinineneseee e 196
7.2.7  StatistiCal ANAIYSIS.......civeiiceiieie e 198
7.1 RESUILS AN DISCUSSION......ciuitiriiiiitiieeisie sttt 198
7.3.1  Development and Assessment of Recirculating Spiral Reactor .................. 198

7.3.2  Time-course of Conversion Rate and Productivity in Recirculating Spiral

REBACIOT ettt r e 201
7.3.3  Effect of Flow Rate on Galacto-Oligosaccharide Synthesis........................ 203

A S o] 4 [od 1] o] PSSP 206
ACKNOWIEAGEMENT. ... 209
L (=] =] 0 0TS 209
Chapter 8: Conclusions and Future DIreCtion...........ccccccovvveviiiieiieeie e 213
T8 A O] o (o] 1] [ TSRO P PSPPI 213
8.2 FULUIE DIFECLION ...eveeeie ettt e e nne e e s 216
PUDBIISNEA PAPEIS ...ttt bbb 217
F AN o] o 1=] T |G PSPPI 218

F AN o] o 1=] T | GOSN 239



APPENTIX 3ottt bttt b et h bbbt et nbenneenrs 250
APPENTIX 4 ..ottt 260
N o] 0T 410 D TS 270

XViii



List of Tables

Table 2.1 Strategies for producing nanobiocatalysts for a wide range of bioprocesses

1 0] 0] 7= L1 [0 31T 26
Table 2.2 Characteristics of different types of nanomaterials............cccoeoeveiiienciiiinnn 36
Table 2.3 Engineering performances of nanobiocatalysts. ..........ccccccviiieiiiniiin e 40

Table 2.4 Sources of B-galactosidase and reaction conditions for the conversion of lactose

INEO GOS L.ttt bbb bbb Rt b e e bt bbbt ne s 61
Table 3.1 Physicochemical properties of HPSNs-NH; andHPSNs-COOH. ....................... 93
Table 3.2 Characteristics of 3-galactosidase and bovine serum albumin (BSA). ............... 94

Table 3.3 Adsorption capacity and activity recovery of enzymes on various supports. .....99

Table 4.1 Comparison of various types of immobilized B-galactosidases for lactose

conversion and GOS production YIeld. ..o 129
Table 5.1 Comparison on lactose bioconversion, GOS vyield, and recyclability of
nanobiocatalysts from various types of support materials and sources of enzymes.......... 155
Table 6.1 Contact angle measurement of Nnanofibers. ...........cccccvevviie v, 173

Table 6.2 Comparison on lactose bioconversion and GOS vyield by immobilized enzymes
In various types of SUPPOrt MaterialsS. ..o 182
Table 7.1 The flow rate of lactose feeding with the corresponding total recirculation cycle,
residence time and resulting lactose conversion in the spiral PSNF-Gal reactor system..198
Table 7.2 Comparison on lactose bioconversion and GOS yield by immobilized enzymes
In various types of SUPPOIt MaterialsS. ..........coviiiiiiiiiie e 207

XiX



List of Figures

Figure 2.1 Flow diagram demonstrating an integrated process of using advanced
nanobiocatalyts for industrial bioprocessing applications. ............ccccovevvevieiesiiese e 16
Figure 2.2 Nanocarriers with unique physicochemical properties. (A) Side-by-side hybrid
nanofibers promote immobilization of two enzymes to perform simultaneous reactions. (B)
Schematic illustration of dendrimer-like nanoporous silica for the co-immobilization of
enzyme with co-factors or other biomolecules (a), TEM image of dendrimer-like
nanopores silica (b) *. (C) Schematic illustration (a) and TEM image * (b) of ship-in-a-
bottle pore structures to retain and stabilize enzymes inside the nanocages. (D) Schematic
illustration (a) and optical micrograph *® (b) of nanocages with substrate-diffusion
gatekeepers to prevent enzyme leaching. (E) Schematic diagram (a) and SEM images of
the formation of BSA-incorporated Cuz(PQO,),.3H,0 nanoflowers (spheres in nanoflowers’
core as protein molecules) at 12 h (b) and 3 days (c) in enhancing enzyme activity and
SEADTIIEY 37 oottt ettt ettt e e enes 20
Figure 2.3 Strategies for immobilizing enzyme onto nanocarriers. (A) Covalent linkages
between functional groups of nanocarriers and enzymes. (B) Polymeric network using
cross-linker agents such as glutaraldehyde and epichlorohydrin. (C) Crosslinking enzyme
aggregate coating. (D) Multiple point covalent bonding via short spacer arms on
nanocarriers. (e) Spacer molecules such as ligand to promote specific enzyme binding. ...28
Figure 2.4 (A) SEM images of polyacrylonitrile nanofibrous membrane (PNM) (a) and
lipase-immobilized PNM (b) °. (B) TEM images of catalase-loaded mesoporous spheres
(@), removed mesoporous sphere template (b) and CLSM images of microcapsules loaded
with FITC-labelled catalase (c) &". (C) TEM images of functionalized carbon nanotubes
(CNT) (left) and lipase-bound CNT (right) ®. (D) SEM and fluorescent images of
nanoporoous gold composite before (a) and after (b) lipase loading ®...........cccovvvrevnnce. 31
Figure 2.5 Engineering performance of nanobiocatalysts in bioprocess applications. (A)
Enhancing enzyme activity by stabilizing the enzyme reactive sites towards the substrate.
(B) Accelerating biocatalysis through cascade reactions of the co-immobilized enzymes in
one-pot medium. (C) Recycling the nanocarriers after the enzyme activity decays. .......... 38
Figure 2.6 Applications of NBCs in Bioprocess. (A) Extension of enzyme activity from 24

h to 36 h by immobilized cellulases on Au-magnetic silica nanoparticles . (B) Storage

XX



stability of free lipase (0) and immobilized lipase (e) on polyacrylonitrile nanofibrous

150

membrane . (C) Recyclability of lipase-NPG biocomposite for catalytic conversion of

soybean oil to biodiesel ®°

. (D) Synthesis of GOS from lactose conversion by f-
galactosidase-nanospheres (£ lactose, A total galacto-oligosaccharides, =
MONOSACCNAITAR) 2%, ...ttt n e 46
Figure 2.7 Schematic representation of orientation changes of adsorbed enzyme
immobilization on different iNterfaces 1............o.oooiioeeeeeeeee e, 52
Figure 2.8(a) The reaction pathway of lactose hydrolysis and transgalactosyslation using

free B-galactosidase

. (b) Proposed reaction pathway of lactose bioconversion using the
PSNF-Gal due to localized nanoenvironment 2, ...........ccc.oovveveeeeeeeneenseeeeseeesesssseesnon, 60
Figure 3.1 FTIR spectra of HPSNs-NH, with CTAB template, HPSNs-NH, andHPSNs-
(01010 USRS PRTSRSRSN 92
Figure 3.2 SEM images of HPSNs-NH; at 5 um on the left side and 500 nm at the right
][ [T RSSO 93
Figure 3.3 Adsorption yield and adsorption capacity of BSA (a, ¢) and p-galactosidase (b,
d) on HPSNs, HPSNs-NH, and HPSNs-COOH. (BSA/enzyme concentration: 2-10 mg/ml,
incubated at 37 °C in pH 7 phosphate buffer solution for overnight at 4 °C). @ HPSNs-
NH2, HPSNS-COOH, A HPSNS ....ooititeieiteeeeeeeetetee e s eeteses e s ees s e snesaseseseseeeeseneeeeon 96
Figure 3.4 Activity retention profiles of free [-galactosidase and immobilized f-
galactosidase on HPSNs-NH,;, HPSNs-COOH and HPSNs at various enzyme
concentration (0.5-2 mg/ml). The activity of free enzyme at similar concentration at 37 °C
was selected as a control (100%). m HPSNs-NH,, i HPSNs-COOH and o HPSNGs........... 98
Figure 3.5 Recyclability of immobilized -galactosidase on HPSNs-NH, after 10 repeated
cycles. The activity determined at the first cycle (0.45 U/mg) was considered as a control
(100%). (Operation conditions: at 37 °C with 2 mg/ml enzyme concentration in pH 7). .101
Figure 3.6 The composition of reaction mixture (remaining lactose, glucose, galactose,
GOS) by (a) free B-galactosidase and (b) HPSNs-NH2-Gal and (c) the effect of initial
lactose concentrations on lactose conversion and (d) GOS yield. (Operation conditions: 2
mg/ml enzyme concentration in pH 7 incubated at 37 oC for 1 h reaction time using 400 g/l
lactose for (a-b) and 50-400 g/l for (c-d)).0 Remaining glucose, A GOS, e glucose, ¢
galactose, m HPSNs-NH2-Gal and [ free f-galactosidase. ..........ccccooveviveieniiencnnninne 103
Figure 4.1 (a-d) Microscopic images at 40x objective magnification of polystyrene

nanofibers (PSNF): (a) nanofibers with uniform diameters (fabrication conditions: 20 %

XXi



w/v polymer concentration, 25 kV electric voltage, 15 cm distance), (b) nanofibers with
beads (black dots) (fabrication conditions: 30 % wi/v polymer concentration, 25 kV electric
voltage, 10 cm distance), (c) nanofibers with heterogeneous diameter (fabrication
conditions: 30 %, w/v polymer concentration, 25 kV electric voltage, 20 cm distance), and
(d) nanofibers with coil-like geometry (fabrication conditions: 30 % w/v polymer
concentration, 30 kV electric voltage, 25 cm distance). (e-f) SEM images of PSNF: (e)
unmodified nanofibers and (f) HNO3z-modified nanofibers.............cccooveviiviiiecc e, 122
Figure 4.2 Adsorption yield and adsorption capacity for (a,c) BSA and (b,d) PSNF-Gal on
acid-modified and unmodified nanofiber surface. ..........ccoceeeiieniie i 124
Figure 4.3 Specific enzymatic activity for free B-galactosidase and PSNF-Gal on acid-
modified and unmodified Nanofiber SUMaCe. .........cccoveiiiiii i 125
Figure 4.4 Component concentration changes in the product stream at different reaction
time for (a) free f-galactosidase and (b) PSNF-Gal. (Operation conditions: incubated at 37
°C using 400 g/l of initial lactose CONCENtration)...........ccccovvreveveriiiiiecreie e, 127
Figure 4.5(a) Lactose conversion and (b) GOS yield using free 3-galactosidase (free-Gal)
and PSNF-Gal. (Operation conditions: incubated at 37 °C within 5 h reaction time using
400 g/l of initial 1actose CONCENTIALION). ........eiiriiiiieie s 128
Figure 4.6(a) The reaction pathway of lactose hydrolysis and transgalactosyslation using
free B-galactosidase *°. (b) Proposed reaction pathway of lactose bioconversion using the
PSNF-Gal due to localized NanOeNVIFONMENL. ........cccovierieriiiirieiisieieee e 130
Figure 5.1 Adsorption capacity (mg enzyme/ g support material) of the modified PSNF-
Gal and unmodified PSNF-Gal. (Enzyme concentration: 2 mg/ml, incubated at 37 °C in pH
7 phosphate buffer SOIULION). .......c.ooiiiiiec e 147
Figure 5.2 Enzyme activity profiles of free-Gal,modified PSNF-Galand unmodified
PSNF-Gal at various pH conditions, while keeping at 37 °C with 2 mg/ml enzyme
concentration. The activity of free enzyme (2.08 U/mg) at pH 7 was selected as a control
60107 OO 149
Figure 5.3 Enzyme activity profiles of free-Gal,modified PSNF-Galand unmodified
PSNF-Gal at various reaction temperatures, while keeping at 37 °C with 2 mg/ml enzyme
concentration. The activity of free enzyme (2.14 U/mg) at 37 °C was selected as a control
G010 OO 150
Figure 5.4 Recyclability of the modified PSNF-Gal and unmodified PSNF-Gal. The
activity determined at the first cycle (0.24 U/mg and 0.27 U/mg, respectively) was

XXii



considered as a control (100%). (Operation conditions: at 37 °C with 2 mg/ml enzyme
CONCENEFALION TN PH 7). 1ot bbb 151
Figure 5.5 Product profiles from lactose bioconversion at different initial lactose
concentrations by free-Gal,modified PSNF-Galand unmodified PSNF-Gal. (Operation
conditions: at 37 °C with 2 mg/ml enzyme concentration in pH 7)..........cccccocveecurecnnnee. 152
Figure 5.6 Effect of initial lactose concentration on (a) lactose conversion and (b) GOS
yield by free-Gal, modified PSNF-Gal and unmodified PSNF-Gal. m modified PSNF-Gal,
[ unmodified PSNF-Gal, i free-Gal. (Operation conditions: at 37 oC with 2 mg/ml

enzyme CONCENEFatioN 1N PH 7). ..ooiuiiiiie e 153
Figure 6.1 SEM images of (a) untreated, (b) 2 h acid treated, (c) 10 h acid-treated, and (d)
24 h acid-treated NANOTIDETS. .......oiiiiicce s 172
Figure 6.2 SEM images of (a-b) B-galactosidase-free PSNF and (c-d) B-galactosidase-
loaded PSNF at 10 pm and 50 LML .oc.veieeiiiiiieeeeee s 174

Figure 6.3 Visualization of FITC-tagged enzyme using fluorescene microscope: (a) PSNF
fluorescence background, (b) FITC-PSNF-B-Gal fluorescence image excitation (c)
negative control PSNF-B-gal without fluorescence excitation. .............ccccoevviveieerinennenn, 175
Figure 6.4 FTIR spectra of (a) B-galactosidase-free PSNF, (b) free B-galactosidase and (c)
B-galactosidase-10aded PSNF. ... s 176
Figure 6.5 Raman spectrum analysis of (a) B-galactosidase-free PSNF and (b) B-
galactosidase-loaded PSNF, (¢) Raman mapping false colour image of B-galactosidase-
loaded PSNF, scale bar 2um, (c¢) accumulated signals for the red and green spectrum, (d)
Raman signals for the red spectra, (¢) Raman signals for the green spectra. .................... 179
Figure 6.6 The effect of substrate feeding rate on (a) lactose conversion and (b) production
yield and (c) the immobilization effectiveness factor at different initial lactose
concentration by PSNF-Gal. Reactions were conducted at 37 °C using 2 mg/ml enzyme
concentration in pH 7 for 24 h reaction time in recirculationg stacked column reactor....180
Figure 7.1 Schematic diagram of spiral PSNF-GAL reactor system for lactose
bioconversion. (1) Temperature-controlled magnetic stirrer, (2) feeding tank, (3) silicone
tubing, (4) peristaltic pump, (5) inlet, (6) spiral PSNF-Gal, (7) reactor, (8) outlet. .......... 196
Figure 7.2 (a, b) Comparison of free enzyme and immobilized enzyme on lactose
conversion and GOS selectivity at various lactose concentrations. (c) The effect of initial

lactose concentration on product yield by PSNF-Gal. Reactions were conducted on 300-

XXiii



700 g/l lactose at 15 ml/min feed flow rate, using 2 mg/ enzyme concentration at 37 °C in
PH 7 TOr 24 1 reaCHION TIME. ..ot 200
Figure 7.3 (a) The composition of reaction mixtures (b) conversion rate and (c)
productivity rate of PSNF-Gal in recirculating spiral reactor. Reactions were conducted on
400 g/l initial lactose concentration, feed flow rate at 15 ml/min lactose/h at 37 °C using 2
mg/ml enzyme concentration in pH 7 for 30 h reaction time. ...........ccoceveieiiniciisinne 202
Figure 7.4 The effect of feed flow rate on (a) lactose reduction, (b) product yield, (c) GOS
selectivity, and (d) enzyme leakage of immobilized B-galactosidase in recirculating spiral
reactor. Reactions were conducted on 400 g/l initial lactose concentration, at 37 °C using 2
mg/ml enzyme concentration in pH 7 for 24 h reaction time. .........c.ccoceieriincic i 204

XXIV



	TITLE: Preparation and Characterization of β-Galactosidase Nanobiocatalysts and Its Application for Galacto-Oligosaccharides Production
	Declaration
	Preface
	Acknowledgement
	Abstract
	Table of Contents
	List of Tables
	List of Figures




