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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.
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Chapter 1. Introduction

1.1 Background of Study

Advances in nanotechnology and biotechnology open a new frontier for the development
of enzyme-catalyzed bioprocesses which are green and sustainable in comparison with
chemical processes. Nevertheless, enzymes constitute the majority of the operational cost
in a large scale process and their low stability and reusabilityin a dynamic reactor system
impede their industrial applications *. Immobilization of the enzymes on nano-structured
materials has been recognized as a promising approach to enhance enzyme stability,
activity and reusability. The nano-structured materials offer several intrinsic advantages,
such as larger surface areas, that allow a higher enzyme loading and reduced mass transfer

resistance for substrates 2.

Immobilization technology has received a growing interest in the development of
biocatalytic techniques as well as enzyme carriers, including natural polymers
(e.g.cellulose, starch, agarose and chitosan) *°, synthetic polymers (e.g. ion exchange resin
and polyvinyl alcohol) ®7 or inorganic materials, such as silica , zeolite °® and mesoporous
silica *°. However, enzyme leakage and low stability due to inefficient immobilization
protocol remain as the key challenges for industrial applications. The methodologies for
recovering biocatalysts have not been well developed. It is, therefore, a focal point to
identify enzyme carriers that are technically feasible for the immobilization of enzymes to
improve their biocatalytic functions with enhanced stability and recyclability, making the

enzyme-catalyzed process economically viable for industrial applications.

Recent development in nanotechnology has provided a wealth of diverse nano-scale
carriers that could be applied for enzyme immobilization. A specifically functionalized
nanomaterial promises exciting advantages for improving enzyme stability and capability,
and biochemical performances. Enzyme immobilization using nano-structure carriers can
significantly increase life cycles of the biocatalyst for its reuse, hence reducing the cost of
the biocatalytic process. Nanobiocatalyst, an emerging technology that assembles enzyme

molecules onto nanomaterial carriers, creates a microenvironment surrounding the enzyme
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catalysts that favor desirable chemical kinetics and selectivity for substrates, therefore
promoting maximal reaction efficiencies. To date, functional nanomaterials such as
nanofibers, nanoparticles, nanotubes, and nanocomposites have been used as enzyme
carriers **"**. The approaches of immobilization can be accomplished via covalent and non-

covalent binding, cross-linking, entrapment or encapsulation *°.

Nevertheless, despite the constant efforts into the development of immobilization
techniques and strategies, the employment of the immobilized enzymes in a bioreactor
system may lead to a reduction of enzyme activity due to the change of enzyme’s unique
structures upon immobilization. Enzyme molecules embedded inside enzyme supports that
could not directly contact with substrates also promotes ineffective cost management as a
result of unreacted biocatalyst occurrence. Hence, the development of novel
nanobiocatalysts is a growing biotechnological interest. The integration of enzymes with
nanomaterials leads to a hybrid nano-biotechnology assembly that combines the
biocatalytic ability of the enzymes with the unique active functions within the nano-
structure network. However, how to immobilize multi-enzymes on the functionalized
carriers for a continuous process still remains to be a challenge. Furthermore, there is a
lack of knowledge for understanding the generic mechanisms and interfacial reactions
associated with the nanomaterial-immobilized enzyme system. Such fundamental
information is significantly important in the development of the multi-enzyme bioprocess.
Till now, there are few studies reporting the influence of local microenvironment of
nanobiocatalysts and the structure-function relationship in nanomaterial-immobilized
enzyme system. Extensive understanding behind biocatalyst adsorption phenomena on
solid surface is also less reported. Moreover, exploring new enzyme nanocarriers, which
economically and industrially viable, can be worthy of investigations to nurture the
advancements of the nanobiocatalyst-assisted technology and to promote the feasible

translation of this bench-scale technology into commercial practices.

The demand of enzymes-catalyzed bioprocesses has been extended to diverse sectors
including biocatalysis, pharmaceutical, bioenergy and food industries. Harnessing a green
and sustainable waste management in food industry attracts tremendous attention. Cheese
whey, the main by-product in casein and cheese manufacturing processes, has been
regarded as an organic pollutant in wastewater due to its high organic loading *°. A cost-
effective treatment is therefore highly pursued prior to its safe disposal into eco-system.
Through B-galactosidase-catalyzed reaction, bioconversion of lactose-rich wastes into

3
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valuable products endows a promising solution. Lactose can be transgalactosylated into
galacto-oligosaccharides (GOS), which offer a range of important health functions in

living systems such as prebiotic function and low caloric sugar alternatives *'.

Nanoparticles have strong thermal and mechanical stability. Importantly,
nanoparticles offer uniform nanopores and tuneable periodic nanostructures which are
beneficial for enhancing mass transfer and molecule diffusion within and enzyme-
nanoparticle network *®. On the other hand, nanofibers offer a high surface-to-volume ratio
promoting a high adsorption capacity of enzyme loading. The porosity of nanofibers
allows easy penetration of biomoleculesinto all available surfaces. Furthermore, the
specific surface characteristics, discrete nanostructures and self-assembling behaviors of
nanofibers provide exciting opportunities to develop nanobiocatalysts for bioprocesses
using bioreactor systems. Considering these advantages, nanofibers and nanoparticles were
therefore chosen as enzyme carriers in this PhD project. The nanomaterials were
synthesized and functionalized to facilitate p-galactosidase binding to form
nanobiocatalysts assembly. Their adsorption capability, enzymatic stability and
functionality in B-galactosidase immobilization for lactose bioconversion to GOS were
comprehensively investigated. Other scientific challenges include the understanding of the
influence of microenvironment and biocatalyst-nanomaterial interfacial reactions in
controlling biocatalyst activities and its bioengineering performance were systematically

examined.

1.2 Objectives and Scopes

The aim of this research is to develop a new technology for fabricating nanoparticle-and
nonafiber-immobilized B-galactosidase as nanobiocatalysts for lactose bioconversion to
galacto-oligosaccharides. Experimental studies have focused on the following research

objectives:

e To synthesize and functionalize [-galactosidase nanocarriers from (i) dendrimer-
like silica nanoparticles with hierarchical pores and (ii) polystyrene nanofibers.

e To examine the activity, stability and functional ability of immobilized B-
galactosidase and the influence on the bioengineering performance in enhancing

lactose conversion into galacto-oligosaccharide.



Chapter 1

e To advance fundamental knowledge in enzyme adsorption on solid surface and
interfacial reactions associated with nanomaterial-immobilized enzyme system.

e To develop and assess a recirculating bioreactor system for high lactose conversion
into  galacto-oligosaccharide using the nanofibers-based p-galactosidase

nanobiocatalyst.

1.3 Thesis Outline

This thesis is written in a publication-based format. Major experimental results are
presented in five refereed journal papers (published and to be submitted) which are
included in Chapters 3 to 7. The following descriptions provide a short summary of the

thesis:

Chapter 1 introduces the project background, and briefly describes current research
gaps and the objectives of this study. The outline of the thesis content and the respective

motivation of each chapter are also included.

Chapter 2 comprises literature review and studies on the recent development of
nanobiocatalyst advancements and applications in bioprocessing engineering. It provides
an overview of up-to-date development of novel nanocarriers, and identifies new research
and development strategies for fabrication and applications of the nanobiocatalyst in
bioprocess, as well as the perspectives and critical challenges associated to the
commercialization of this advanced technology. Major part of the literature study has been
published in the Journal of Royal Society Interface in 2015. Additional literature studies on
understanding protein adsorption phenomena on solid surface and details information
about B-galactosidase-catalyzed lactose bioconversion into galacto-oligosaccharides are

also elaborated.

Chapter 3 presents the synthesis and performance evaluation of dendrimer-like
hierarchical pore silica nanoparticles (HPSNs) as an enzyme carrier. The synthesis,
functionalization and characterization of three types of HPSNs are demonstrated and
compared. Their performances in term of adsorption yield, recyclability and capability to
preserve enzyme activity are evaluated. Finally, their contribution towards enhancing

transgalactosylation selectivity to enhance GOS synthesis is studied. This chapter is
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presented as a journal paper, which has been published in the Enzyme and Microbial

Technology in 2016.

Chapter 4 presents experimental results of (1) the synthesis of polystyrene nanofiber
(PSNF), as an enzyme carrier, (2) fabrication of -galactosidase-PSNF assembly, and (3)
assessment of biocatalytic activities of the nanobiocatalytic assembly. The bioengineering
performance of [-galactosidase-PSNF in converting lactose into GOS is further
investigated by examining the influence of nanoenvironment in enhancing conversion and
production yield. This chapter is presented as a journal paper, which has been published in

the Journal of Biotechnology in 2016.

Chapter 5 describes the enhancement of enzyme stability and metabolic function of
B-galactosidase-PSNF. The importance of surface modification to facilitate B-galactosidase
binding is demonstrated. The modified PSNF-Gal is evaluated in term of adsorption
capability, enzyme stability at different pH and temperature conditions and recyclability.
Their immobilization ability and engineering performance in lactose bioconversion are
benchmarked and compared with non-modified PSNF. This chapter is presented as a
journal paper, which has been published in the Bioprocess and Biosystem Engineering in
2015.

Chapter 6 demonstrates the understanding of B-galactosidase immobilization on
polymer nanofiber surface through integrated characterizations. The effect of chemical
modification on PSNF mechanical stability and physiochemical properties is investigated.
The biocatalyst attachment, distributions and conformations are examined using advanced
analytical devices including SEM, fluorescence microscope, FTIR, and Raman
spectroscopy. The effectiveness factor for lactose conversion into galacto-oligosaccharides
(GOS) in a disc-stacked column reactor is also demonstrated by comparing to the free

counterpart. This chapter is prepared in a publication format to be submitted soon.

Chapter 7 reports the scaling-up of PSNF-Gal in a reactor system. A scalable
recirculating spiral reactor is designed and assessed for the GOS production. The Kkinetic
reaction of the immobilized enzyme is compared with free enzyme at similar enzyme
concentration. Variable parameters of the biosystem are optimized, including the
conversion rate and productivity, effect of flow rate, and effect of substrate concentration.

The outcomes from this chapter offer a vital guideline in translation of the bench-scale
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nanobiocatalyst technology into industrial application. This chapter is prepared in a

publication format to be submitted soon.

Chapter 8 summarizes the key results and findings for this thesis project and the
recommendations of future prospective in the development of nanobiocatalysts and their

applications for bioengineering industries.
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Abstract

The nanobiocatalyst (NBC) is an emerging innovation that synergistically integrates
advanced nanotechnology with biotechnology, and promises exciting advantages for
improving enzyme activity, stability, capability, and engineering performances in
bioprocessing applications. NBCs are fabricated by immobilizing enzymes with functional
nanomaterials as enzyme carriers or containers. In this paper, we review the recent
development of novel nanocarriers/nanocontainers with advanced hierarchical porous
structures for retaining enzymes, such as nanofibers, mesoporous nanocarriers and
nanocages. Strategies for immobilizing enzymes onto nanocarriers made from polymers,
silicas, carbons, and metals by physical adsorption, covalent binding, crosslinking or
specific ligand spacers are discussed. The resulting NBCs are critically evaluated in terms
of their bioprocessing performances. Excellent performances are demonstrated through
enhanced NBC catalytic activity and stability due to conformational changes upon
immobilization and localised nanoenvironments, and NBC reutilization by assembling
magnetic nanoparticles into NBCs to defray high operational cost associated with enzyme
production and nanocarrier synthesis. We also highlight several challenges associated with
the NBC-driven bioprocess applications, including the maturation of large-scale
nanocarrier synthesis, design and development of bioreactors to accommodate NBCs, and
long-term operations of NBCs. We suggest these challenges are to be addressed through
joint collaboration of chemists, engineers and material scientists. Finally, we have
demonstrated great potential of NBCs in manufacturing bioprocesses in the near future
through successful laboratory trials of NBCs in carbohydrate hydrolysis, biofuel

production and biotransformation.

Keywords: nanobiocatalysts, immobilization, enzyme, nanocarrier, bioprocess
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2.1 Introduction

Advances in biotechnology have witnessed a growing interest in the development of green
and sustainable bioprocesses using enzymes. The exquisite activity, specificity and
selectivity of enzymes have made them as promising biocatalysts for numerous fascinating
applications including in biocatalysis biosensor and biomedicine. Biocatalysts promote
green processes due to low chemical consumption and no release of toxic by-products.
Nevertheless, the major challenges associated with the enzymes-catalyzed bioprocesses are
high operational costs due tolow stability and reusabilityof the enzymes when extended to
large scale industrial processes. Enzymes immobilization on support materials is rapidly
gathering pace in recent years. It has been commonly recognized that such technology is
able to shelter and/or stabilize enzymes against chemical and environmental attacks, and
importantly the immobilized enzymes could be recovered and reused in a large scale
continuous process'. The development of immobilization techniques as well as the
materials from natural/synthetic polymers or inorganic materialsas enzyme supports has
been extensively studied recently, as reported in the review paper by Datta et al.’.
However, employment of the immobilized enzymes in a bioreactor system may lead to a
reduction of enzyme activity due to the change of the unique and native structures of

enzyme upon immobilization *

, although the enzyme activity and stability can be
maintained through optimal immobilization by extensive studies to identify the most
suitable immobilization protocols *. The methodologies for recovering biocatalysts arealso
poorly developed. It is, therefore, a focal point to identify enzyme -carriers with

biocompatible, robust and separable features.

Recent development in nanotechnology has provided a wealth of diverse nano-scale
carriers that could be applied to enzyme immobilization.Immobilization of the enzymes on
nanostructured materials has been recognized as a promising approach to enhance enzyme
performances. The nanobiocatalyst (NBC) is an emerging innovation that synergistically
fuses nanotechnology and biotechnology breakthroughs. The NBC formation encompasses
the assembling of enzyme molecules onto nanomaterial carriers to favour desirable
chemical kinetics and selectivity for substrates. The functionalized nanocarriers allow
assembling enzymes in ordered structures, which act as a nanoscale information storage
and processing system. Research has shown that nanostructured materials possess the

requirements of the NBCs provide large surface areasthat allow a higher enzyme loading
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and reduce mass transfer resistance for substrates 1

. The NBC is a specifically
functionalized enzyme-nanocarrier assembly, which promises exciting advantages in
improving enzyme stability, capability, and engineering performances, and allowing
creation of a microenvironment surrounding the enzyme catalysts for maximal reaction
efficiencies. Enzyme immobilization using nanostructured carriers can significantly
increase life cycles of the biocatalyst, hence reducing the cost of the biocatalytic process.
Betancor and Luckarift ® described enzyme immobilization onto the nano-scale material as
a versatile new technology offers advantages including low cost, rapid immobilization and
reaction, similarity of nano size, mild conversion condition, robust activities, mobility,
high loading, minimum diffusional limitation, self-assembly and stability. A revolutionary
class of biocatalysts can be developed by introducing the unique properties of the nano-
scale material such as mobility, confining effects, solution behaviours and interfacial
properties into nanobiocatalysts. The preparation, catalytic efficiency and application
potential of nanobiocatalysts are significantly different from conventional immobilized
enzymes. To date, functional nanomaterials have been used for the development of NBCs
such as nanofiber (NF) scaffolds®, nanotubes (NTs)’, nanoparticles (NPs)?, nanocomposites
(NCs)® and nanosheets (NSs)™.The increasing interest of NBCs has become a driving force
for the fabrication of nanocarriers with unique properties and structures. Advanced
nanocarriers such as NFs, nanopores and nanocontainers can significantly enhance the

engineering performances of enzymes.

Retaining the enzyme functionality is a major challenge associated with the
development of NBCs for bioprocessing applications. Over the past decade, a number of
technologies for fabrication of NBC assemblies have been intensively reported. Among the
binding mechanisms studied, covalent attachment isexclusively reliable for specific
binding sites and circumventing enzyme leaching **"**. Meanwhile, in spiteof the simplicity
of physical adsorptions, their execution in industrial scale is largely challengeddue to
critical enzyme leakage ***°. The immobilization strategies are varied depending on the
physical and chemical characteristics of both enzymes and nanocarriers, and their
interfacial interactions. The NBC assemblyshould also be applicable in the bioprocessing
environment without affecting the native enzyme properties. Therefore, NBCs with
tremendous biochemical and engineering performance such as enhancedenzyme activity
and stability as well as reusability and processabilityare to be pursued.The development of

functional nanomaterials as enzyme carriers and supports, and immobilization techniques
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have been intensively studied during last two decades, which have been comprehensively

4 1819 However, to our best knowledge, the engineering

reviewed in recent reports
performances of NBCsand their contributions in the bioprocesses appear to be less
reported. Bioprocess operations endow a special niche for the production of valuable and
marketable products. With attractive performances in regards to productivity and

recyclability, the NBC is a promising candidate for substrate pre-treatment %,

! and biotransformation??. An integrated process for industrial

biofuelproduction
bioprocessesusing the NBCs is proposed as sketchedin Figure 2.1, which illustrates the
research approach from the synthesis of nanocarriers and enzyme immobilization strategy
to execution of a specific function and evaluation of bioprocessing performances of the

NBCs.

SYNTHESIS OF NANOMATERIALS

l A--eeemeeeeeeeennnns Characterization

SURFACE MODIFICATIONS

Silica-based Pﬂlymer—based | Metal-based Carbon-based

\/

Covalent Binding r Non-Covalent Binding
Chemical modification “ "E‘ Direct adsorption
R EEEEE » ENZYME INTEGRATIONS “::oeeeee:
Cross-linking Electrostatic binding
Ligand (Halo-Tag, PEG) l Affinity binding

Applications

Substrate Products

Figure 2.1 Flow diagram demonstrating an integrated process of using advanced

nanobiocatalyts for industrial bioprocessing applications.
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This article aims to review recent development and applications of the NBCs in
industrial bioprocesses. We first discuss the advancements of up-to-date nanocarriers
including nanofibers, nanoporous carriers and nanocontainers. We highlight these
nanocarrier unique structures and physiochemical properties which are essential for
enzyme immobilization. It is also noted that porous microbeads can be classified into these
nanocarriers for preparation of biocatalysts since the porous environment is highly
compatible with the biological activity of the immobilized biomolecules although the pore
size is larger than the mesoporous materials. New strategies for the fabrication and
functionalization of NBCs are then addressed for different enzyme nanocarriers and
immobilizations. We summarize and evaluate the biocatalytic activities and bioprocessing
performance of resulting NBCs. In closing, case studies on NBC bioprocesses for

carbohydrate hydrolysis, biofuelproduction and biotransformation are reported.

2.2 Advancements in Nanocarriers for Nanobiocatalysts

NBCs integrate a biological entity for biocatalysis (i.e., enzyme) with a nanomaterialcarrier
with unique electronic, optical, magnetic, and external-stimuli responsive properties. There
have been many reported technologies for production of specific and processable enzymes,
such as recombinant DNA technology to bring the commercial enzyme cost down, directed
evolution for pursuing specific traits and widening substrate repertoire, and bioprocessfor
making recyclable and durable enzymes for industrial applications. These techniques have

1.2 and Lopez-Gallego and Schmidt-Dannert 2.

been reviewed in detail by Illanes et a
Herewe will focus on the development of nanostructured and nanoporous carriers for the

NBC assembly fabrication.

The development of novel nanocarriers with unique functions and characteristics
comprises (i) the introduction of functional groups on nanocarriers surface for
immobilizing various enzymes or responding to external stimuli, (ii) construction of
special structures for increasing the surface area, facilitating substrate diffusion, recycling
nanocarriers, or confining enzymes inside nanocages, and (iii) improving processability of

nanocarriers such as mechanical and thermal stability.

Hierarchical nanostructures play a significant role in improving the performance of

immobilized enzymes in terms of their activity, functionalability and stability. A range of
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advanced nanocarriers have been developed and reported in recent studies, including
nanoparticle (NP), nanosphere, nanogel, nanocage, nanowire, nanocube, nanorod,
nanofiber (NF), nanotube (NT), nanosheet (NS)and nanofilm. Enzyme immobilization onto
the NPs has been reviewed by Ansari and Husain *°. Here,we will only focus on recent
research progresses for the development towards applicationof nanofibers, nanoporous
carrier, nanocontainers for NBC fabrication.

2.2.1 Nanofibers

Among the nanostructured materials examined for NBC assembly, nanostructured fiber
(NF) offers a number of outstanding characteristics, including high enzyme loading and
homogenous dispersion in a liquid phase. Furthermore, the high porosity and
interconnectivity endow nanostructured fibers with low hindrance for mass transfer. The
specific surface characteristics, discrete nanostructures and self-assembling behaviors of
NFs provide exciting opportunities to develop NBCs for bioprocesses using bioreactor
systems. The integration of enzymes with NFs leads to a hybrid assembly that combines
the biocatalytic ability of the enzymes with the unique functions of NFs within the
nanostructure network.One-dimensional NFs have been proven as promising nanocarriers
in improving biocatalyst performance by considering the factors such as surface area to
mass ratio, loading capacity and efficiency, mass transfer resistance, and recyclability.
Electrospinning is a commonly used technique to synthesize NFs, due to its simplicity in
operation. Fabrication through the electrospinning generates various sizes of fibrous mats,
ranging from nanometers to a few micrometre scale”?' Except from the single fiber
configuration, hybrid structures such as side-by-side, core-shell and hollow NFs can be
fabricated from this technique %. Side-by-side hybrid fibers (Figure 2.2A) are synthesized
by merging two polymer solutionsinto a single jet using a dual-opposite-spinneret
electrospinning. Well-aligned and uniform side-by-side fibers may potentially be usedfor

carrying two enzymes at the same site.

Feng et al.”® fabricated core-shelINFsby incorporating non-electrospinnable materials
into NFs as a core while the shell template was made from electrospinnable polymers. This
was achieved by using a facile co-axial electrospinning process, consisting of two syringes

for inner (non-electrospinnable) and outer (electrospinnable) solution, respectively.

18



Chapter 2

Removal of the core left the inner part empty so that a hollow structure inside the NFs was
generated. These core-shell NFs were applied to a multiple enzyme-catalyzed reaction,
involving 3a-hydroxysteroid dehydrogenase, diaphorase and NADH-dehydrogenase. The
enzyme mixture solution were fedinto the hollow area while a N,N-dimethylacetylamide
solution of 30 wt% polyurethane sheath was served as a template *°. This novel polymer
NF carrier affords high performance in the multi-enzyme biotransformation. Core shell NF
carrier alleviates biomolecules diffusion limitation by controlling the thickness of the
sheath and the size of the hollow, which can be tuned by the ratio of inner-outer injection

speed during the electrospinning process.

The electrospinning technique can also be useful to fabricate NFs with a hybrid of
inorganic/organic material to improve the robustness and mechanical strength of
materialsFor example, silica NPs were inserted inside the hollow ultrafine polymer fibers

to synthesizea silica-embedded NFcomposite ¥

. This hybrid nanocomposite can
withstand the shear stress during bioprocessing without significant deformation. This
feature allows enzyme-loaded NFs to be used in a semi-continuous or continuous

1.3 reported that uniform quantum-dotsdistribution on polymeric

bioprocess. Hwang et a
NFsinduced a higher degree of compactness and shape rigidity, resulting in efficient

enzyme immobilization.

NFs offer a high surface-to-volume ratio to show a high adsorption capacity of
enzyme loading. The porous structures of the NFs allow easy penetration of the
moleculesinto all available surfaces. However, the overlapping surfaces of NFs block the
enzyme penetration, while some enzyme molecules shielded inside the NFs may not be
attacked by the substrate molecules, which reduce enzyme activities. Ros et al.* reported a
chemical modification strategy to increase the surface area of polymer NFs by treating NFs
with oxidizing agents such as nitric acid and sulphuric acid.Chemical modification plays
an important role in fine-tuning the porous structure of NFs for easy penetration of
biomolecules. As the alteration yields an accessible and penetrable surface, enzymes can
attach into the inner region of NF carriers. This functional structure also allows optimal
substrate diffusion. As a result, the bioconversion of substrates in bioprocessing reactions

can be performed effectively without diffusion constraints.
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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) 3. (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
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nanoflowers (spheres in nanoflowers’ core as protein molecules) at 12 h (b) and 3

days (c) in enhancing enzyme activity and stability ¥'.

2.2.2 Nanoporous Carriers

Mesoporous silica and carbon materials are designed with uniform nanopores and tuneable
periodic nanostructures, which are promising for controlling release of small and large
molecules *. The porous structures can offer a high surface area as well as their ability to
encapsulate enzymes within the pores to provide a more suitable microenvironment than a
planar surface. However, the pore sizes could be vital for enzyme entrapment. In contrast
to immobilization protocols, the entrapment does not involve any bond between the
enzyme and carrier surface. It has been observed that the enzyme exhibits higher activity
and thermal stability when the pore size of the carrier is equivalent to the hydrodynamic
size of the enzyme. The enzyme can preserve its native conformation in such a pore size,
so that the active sides of the enzyme molecules can facilitate interfacial reactions with
substrate molecules. When the pore size of the enzyme carrier is smaller than the enzymes,
enzyme molecules are incapable to enter into the pore, resulting in a low enzyme loading.
On the other hand, the nanocarriers with pore sizes larger than the enzyme may reduce the
enzyme activity, which may be attributed to the enzyme leaching or reduction in the

enzyme stability**°,

Recently, Du et al.** developed dendrimer-like silica NPs with hierarchical pores.
These silica NPs were synthesized with centre-radial and multiple-scale pores. Large pores
were favourable for hosting large biomolecules, while uniform mesopores actedas
nanocontainers for encapsulatingsmall molecules. Such unique properties are pertinent
across a spectrum of the domains, which are significant in coordinating the diffusion of a

range of molecules of different sizes to the interior part of NPs (Figure 2.22B).

The porous structures of the nanocariers can also be beneficial for hybridizing other
components to form multiple functional nanocomposites or assemblies. For example, silica
mesoporous nanomaterials can be co-synthesized with magnetic NPs to allow the
enzyme/nanocarrier complexes to be easily recovered from the aqueous reaction media.
Magnetic silica NPs can be synthesized in several ways, including fabricating in a rattle

type, and encapsulating magnetic NPs into mesostructured silica nanospheres, aligned
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mesoporousshells and pore channels® .Multifunctional mesoporous silica has been

employed in an electrochemical immunosensor **.

An integrated multifunctional intelligent nanocarrier developed by Motornov et

al.*could be another futuristic biocatalyst supports. The stimuli-responsive nanocarriers

43-44 45-46 47-48
, pH

are able to be triggered by light***, temperature and ionic strength®. Stimuli
could be applied either to the material surface or to the biomolecules which encourage or
discourage the enzyme-surface interactions. These switchable systems provide
unprecedented potential in bioprocess applications®. A hybrid of core-shell intelligent
particles as an artificial biological cell was developed with an environmental-responsive
feature”. The core compartments were designed by accommodation offunctional
composites composed of polymers, enzymes and NPs, while the shell was responsive to
environmental stimuli through opening or closing the selective gates. Special functions
were performed by responding to different environmental stimuli. Release of small
molecules from the cargo made from enzyme-responsive mesoporous silica was reported
in the trials for colon-specific drug delivery >!. Capped with bridged silsesquioxane as a
gatekeeper, the mesoporous MCM-41 were able to open the gate and release entrapped

drugs in the presence of a specific enzyme. Rica et al.>

proposed a concept of enzyme-
responsive NPs to develop a synergistic biocatalyst-medicine device. They used a
cleavableenzyme-linker to modify the polymer-based NPs. The release of the enzymes at
the targeted tissue as well as therapeutic biomolecules can be reduced significantly through
chemical transformation.This is an exciting futuristic nanoporous complex that can be

potentially applied to biocatalysts for bioprocessing applications.

2.2.3 Nanocontainers

Enzymes can be attached to the fiber surface or enclosed inside the pores. However,
enzyme leaching can be an issue if only the enzymes are attached by physical adsorption.
Enzyme reactivity could be affected due to conformational change or is reduced by
exposing to crosslinking reagents. To encapsulate the enzyme molecules inside a nanoscale
container is a very promising approach to maintain the enzyme activity, while substrates

can be freely diffused into and out of the container.
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A nanocontainer with a “ship-in-a-bottle” pore structure was used to prevent the
enzyme leaching (Figure 2.2C). The mesoporous silicas had spherical mesocellular cages
(around 40 nm) connected by 13 nm-sized mesopores. After the enzyme was adsorbed into
the spherical cages with a high degree of enzyme loading, the enzyme was covalently
cross-linked by the glutaraldehyde to form enzyme aggregates. These enzyme aggregates
had a size range which was less than the cage size (40 nm) but larger than the pore size (13
nm). In this way, the enzyme aggregates were retained inside the nanocages, resulting in a
stabilized enzyme activity®®. The mesoporous silicawasalso modified to show a cage-like
porous structureso as to retain enzyme molecules without cross-linking, such as SBA-16
(cubic) and FDU-12(cubic). FDU-12 had isolated cages (about 17nm) which were
connected in three dimensions by small pore windows (less than 4nm). Liu et al.*®
discovered that when the enzyme molecules were trapped inside the nanocages, the pore
entrance was reduced to prevent the possible release of the enzyme molecules, while the
pore size was large enough for entry of substrate molecules and exit of products (Figure
2.2D). The nanocages could be formed from biological molecules like DNA, which could
assist us in understanding of complicated enzyme reactions inside the biological species
and even human bodies. Through DNA self-assembly process, DNA molecules could form
various cage structures, including tetrahedra, cubes, octahedra, dodecahedra and
icosahedra shapes. Juul et al.>® conducted experiments to control the encapsulation and
release of horseradish peroxidase in DNA nanocavity through temperature change. The
nanocavity (approximately 10- 12 nm) was covalently closed by 12 double-stranded DNA
helices as the edges of the structure. The entrapped enzymes showed catalytic activity
inside the DNA cage, and the substrate molecules were able to penetrate the apertures in

the DNA lattice into the DNA cages for biocatalytic reactions.

Another exciting enzyme nanocarrier was fabricated as hybrid organic-inorganic
nanoflowers, which was an innovative discovery reported in Nature Nanotechnology *'.
They characterized that the resulting microspheres had an average size of less than 2 um
and showed a relatively smooth surface, in which enzymes were mainly located in the core
the nanoflower (Figure 2.2E). The crystal structured nanoflowers were used for
immobilization of a-lactaloumin, laccase, carbonic anhydrase and lipase. The hybrid
nanoflower exhibited enhanced enzymatic activity and stability compared with free
enzymes, which may be attributed to the confinement of the enzyme in the core of the
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nanoflower. This nanoflower may withstand the harsh environment in the bioprocess

operations.

2.3 Strategies for the Development of Nanobiocatalysts

Nanobiocatalysts can be fabricated through the immobilization of enzymes on or
encapsulated in a multitude of nanomaterials including polymers, silicas, carbons and
metals. Different techniques and methodologies have been explored and developed
successfully to retain the enzymes on or in the nanomaterials. These approaches include
physical adsorption via electrostatic interactions, hydrophobic interactions, hydrogen
bonding or van der Waals forces, covalent binding, cross-linking of enzymes, or physical
entrapment or encapsulation. The physical entrapment is mainly determined by the sizes of
nanocarrier pores and enzyme molecules, which has been discussed in detail in section 2.3.
Other approaches are based on the functional groups on the surfaces of enzymes and
nanocarriers employed in the formation of NBCs. The enzyme itself possesses amino (-
NH.), carboxylate (-COOH), thiol (-SH) and hydroxyl (-OH) groups located in lysine,
arginine, glutamic and aspartic acid residues >* which are widely used to interact with
functional groups from nanocarriers, while the functional groups on the nanocarriers are
introduced via surface modifications. The methodologies for the fabrication of the NBCs
can be varied, depending on physical and chemical properties of the nanocarriers and
enzymes, as well as applications and processes of the resulting NBCs. These are the focus
of this section. A range of nanocarriers and immobilization procedures for fabrication of
the NBCs in the bioprocessing applications are tabulated in Table 2.1. The schematic
presentations for fabricating NBCs and SEM/TEM images for some of the resulting NBCs
are depicted in Figure 2.3 and Figure 2.4, respectively.

2.3.1 Polymer Nanocarriers

Compared to other enzyme nanocarriers, polymer-based materials can be easily produced
in large quantities, and importantly the polymer nanocarries can provide a number of

reactive groups for fabrication of NBC assemblies with high stability and functional
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activities ** *>*®. Polymers have been widely used as enzyme supports. However, their
huge geometric size is unfavourable due to the diffusion resistance *’. The molecular
structure of conventional polymer materials is uncontrollable, and their physical
characteristics such as porosity, pore size or thickness may make the polymer materials
unfavourable for enzyme immobilization. Unlike the conventional polymers,
nanostructured polymers hold many distinctive properties which benefit the enzyme
functionality and stability. The polymer nanocarriers remain the feature of modifiable
surfaces of polymers for further biomolecule conjugation. They can be easily fabricated in
nanometer-scale, ranging from 30-500 nm with a large surface area 2’. Therefore, they
accommodate high enzyme loading and consequently enhance the biological activity .
The immobilization of multi-enzymes on polymer nanocarriers builds a molecular bio-
network, and thus creates an interfacial microenvironment, which could affect the
accessibility of active sites, configuration of enzymes and biochemical mechanisms.
Nanogels, NPs, nanocrystals and NFs from polymers have been examined as enzyme hosts

in bioprocessing applications 2" %%,

Nanogels are cross-linked nano-porous particles produced from hydrophilic
polymers. Encapsulation of enzymes inside the nanogels is the most commonly used
technique >°. However, the substrate molecules may experience mass transfer resistance
through the nanogel to reach the enzyme molecules. This issue can be overcome by

61 Covalent immobilization can be

implementing porous structures of the nanogels
achieved via formation of a covalent linkage between the functional groups of nanogels
and enzymes (Figure 2.3A). a-chymotrypsin enzyme was immobilized on mesoporous
magnetic nanogels through photochemical in-situ polymerization ®2. The enzyme was
anchored to the carboxyl-containing support by 1-ethyl-3-(3-dimethylaminepropyl)
carbodiimide (EDC) activation. Two or more enzymes also have been co-immobilized on
the surface of nanogels ®. One novel approach was to introduce polymer monomers onto
the surface on a single enzyme, and then induce in-situ polymerization to form a porous
polymeric network with a few nanometer thickness ®*. This method can facilitate substrate
entry into the nanogel and their interfacial reactions with the enzyme. The nanogel can also

provide a shield for the enzyme itself.
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Table 2.1 Strategies for producing nanobiocatalysts for a wide range of bioprocesses

applications.
Binding Methods  Supports Enzymes Applications Reference
Electrostatic Carboxyl- Glucoamylase  Hydrolysis 65
interaction functioned
magnetic NPs
magnetic NPs- P -galactosidase  Galacto- 66
chitosan oligosaccharide
production
Physical Zinc oxide NPs  B-galactosidase  Lactose !
adsorption hydrolysis
Polyacrylonitrile Lipase Biodiesel o7
NFs production
Chemical Silica NPs Xylitol L-Xylulose >4
modification dehydrogenase  production
Amino Silica NPs Horseradish Biosensor and “
functionalization peroxidase biodetection
Thiol linkages Silver NPs a-amylase Starch hyrolysis 68
Alkyl grafting Ferric silica NCs Lipase Biodiesel ’
production
Bioaffinity Concanavalin A B-galactosidase  Biosensor 69

- magnetic NPs

&Biodetection

Imidoesterification  Polyacrilonitrile Lipase Anti-biofilm
NFs
Hydrophobic Carbon NTs Lipase Biodiesel 7
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interaction production
Covalent by Polyaniline — B -galactosidase  Galacto- %8
glutaraldehyde magnetic NPs oligosaccharide
production
Polysiloxane/pol P -galactosidase  Lactose &
yvinyl alcohol - hydrolysis
magnetic NPs
Graphite NSs Glucoamylase  Glucose 10
production

Polymeric NPs are also attractive due to their simple synthesis, high stability,
uniform size distribution, and abundance of functional groups for enzyme immobilization.
Covalent binding is often employed for stabilizing enzyme molecules on NPs. Lipase on
magnetic Fe304—chitosan NPs was realized by using coupling agents, namely EDC and N-
hydroxysuccinimide (NHS) "2. Enzyme binding onto cellulose nanocrystals was initiated
by attacking the nucleophilic amino groups of the activated matrix. Mahmoud et al.”
presented such a binding technique in employing cyclodextrin glucanotransferase
(CGTase) on cellulose nanocrystals. The attacks on the amino groups occurred after matrix
pre-functionalization with carboxylic groups while prior to further activation by
NHS/EDC. Meanwhile, carbohydrate or poly-ethylene glycol (PEG), generally known as
an enzyme-surface connecting agent * were introduced to provide additional platforms of

hydrogen bonding and enzyme protection .
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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.

Nanofibrous hosts have received increasing attention because of their unique

interconnectivity, permeability and separability ™.

Physical adsorption is the most
commonly used method for enzyme immobilization onto the NFs. However, the enzyme
leaching can be a severe issue for bioprocessing applications. As an alternative, successful
immobilization is often employed through covalent binding as confirmed by SEM images
(Figure 2.4A) ". The hydrophobic surfaces of the polymer NFs can be modified to increase
the biocompatibility. For nitrile-rich polymer nanocarriers such as polyacrilonitrile (PAN),
enzyme binding onto them is normally activated through imidoesterification between

6

imidoesters of the NFs and amino groups of enzymes °. However, their covalent

conjugation was inefficient since less than 30% of the initial activity was retained after 10

.”" upgraded this technique by using an epichlorohydrin coupling

repeated cycles. Li et a
agent when they conjugated catalase onto PANnanofibrous. A rapid enzyme
immobilization was achieved using this crosslinking procedure (Figure 2.3B).

Experimental data revealed that the amount of attached catalase remained stable after 3 h
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reaction, indicating an equilibrium state was reached. However, a drastic activity reduction
was simultaneously observed, which was believed due to the detrimental impacts of the
epichlorohydrin. Therefore, more effective and non-toxic crosslinking agents are pursued

for enzyme immobilization onto PAN NFs.

Co-synthesizing with functionalized polymers is a recently developed strategy to
create nanocarrier reactive sites. Co-polymer NFs have been prepared from maleic
anhydride and styreme as a new aptasensor platform *°. The abundance of maleic
anhydride promoted high loading of aptamers to ensure sufficient capacity to capture
enzymes. For example, Stoilova et al.”® employed this technique for acetylcholinesterase
binding. They initially optimized the weight ratio between two polymers to obtain
considerable amount of reactive anhydride moieties. The reactive groups potentially
formed a facile binding with other functional molecules for specific reactions. The reaction
with polyethers, for instance, can form flexible spacers that allow efficient enzyme
mobility and reduce steric interference. Consequently, the resultant favourable

environment enhanced the storage and thermal stability of the native enzyme.

A combination of enzyme aggregate coating and covalent enzyme attachment has
been explored for fabricating enzyme-polymer NF assembles. A thin layer of enzyme
molecules were covalently linked to the surface of polymer NFs. When more enzyme
molecules were added, they were cross-linked to the first layer of molecules, leading to a
crosslinked enzyme aggregate coating (Figure 2.3C) "°. Enzyme molecules can also be
encapsulated inside the polymer NFs by co-electrospinning enzyme in solution with a
water-soluble polymer. Consequently, successful enzyme immobilization is achieved by
crosslinking the polymer. Alternatively the NBCs can be formed by the coaxial
electrospinning with aqueous one or multi enzymes in the core and a water-insoluble

polymer in the shell &.

2.3.2 Silica Nanocarriers

Enzymes can be physically adsorbed onto the mesoporous silica NPs (MSNs) (Figure
2.4B), mainly through hydrophobic/hydrophilic and electrostatic interactions. By tuning
the surface properties including the pore geometry, surface charge density, and functional

groups, mesoporous silicates have been used to adsorb a variety of enzymes ** 852 we
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have listed several examples of crosslinking enzymes inside the pore and physical
encapsulation or entrapment inside a nanocontainer made from silica-based nanocarriers in

previous sections 2.2 and 2.3.

Covalent attachment is realized by using crosslinking agents such as glutaraldehyde
and carbodiimide derivatives. Zhang et al.>* studied the functionalization of silica NPs by
introducing aldehyde, cyanogen, epoxy or carbodiimide groups. The —NH, and -COOH
groups in lysine residues of enzyme are reacted with aldehyde- and epoxy-activated silica
nanoparticles. Multiple covalent attachments (Figure 2.3D) are formed in the reactions
using these functional groups. Such modifications were applied for immobilization of
Rhizobium etli CFN42 xylitol dehydrogenase to synthesize various rare sugars. Rekuc et
al. experimentally revealed that laccase immobilization was also enhanced by readily

available functional groups such as —-NH;, -OH and oxirane rings from the MSN support.

Using the covalent binding technique, the enzyme is anchored to the surface through
any one or more reactive sites. The enzyme displays high efficiency in biocatalysis on
some active sites, while the enzyme activity on other sites could be lost. Targeted
immobilization has been investigated through specific and focused binding (Figure 2.3E).
For example, affinity binding encourages specific molecule bioconjugation onto silica-
based supports. It has been implemented on ferric silica NPs by grafting long alkyl groups
for lipase binding °. The affinity binding resulted in an excellent lipase binding efficiency
up to 97%, leading to enhanced stability without major loss of transesterification activity.
Besides affinity grafting, metal introduced onto the MSN surfaces can specifically bind to
a histidine tag on the enzyme. Cu?* was employed to attach laccase onto mesoporous silica
5 Consequently, the affinity binding showed a higher adsorption capacity (98.1 mg/g
particles) and activity recovery (92.5%) than physical adsorption procedure. Cu- and Ni-
modified silicas were also used to specifically bind His-tagged lipase 3%

inhibitor .

and protease
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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 (a), 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 *°.

Another immobilization technique is to form a spacer arm between the enzyme and
activated matrix . One approach for spacer arms is carried out through amine activation
using glutaraldehyde as a coupling agent. However, although the bridge molecules reduce
enzyme leaching, their strong binding may decrease biological activity due to enzyme

denaturation.
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2.3.3 Carbon Nanocarriers

Carbon-based nanocarriers have been widely employed for enzyme immobilization owing
to their inertness, biocompatibility and thermal stability ®*2. Among them, carbon NTs
(CNTs), nanodiamond and graphene derivatives appeared to be the most attractive
nanocarriers for producing the NBC assembly. A variety of covalent binding and physical
adsorption methods have been studied onto pristine or functional CNTs. CNTs possess a
hydrophobic nature which is essential for driving enzyme binding. Enzyme deposition onto
single walled CNT can be achieved via simple physical-adsorption without chemical
modifications through sequential steps '*. Using an ionic adsorption technique, a-amylase
and urease immobilized onto two-layer alumina silicate halloysite NTs have shown
promising stability and reusability *%. The different charges between NT surface and
enzymes enhanced the binding. Both enzymes retained more than 55% of their initial
activity after 7 cycles of separation and reaction, as well as preserved more than 90% of its
activity after 15- day storage. This simple physical adsorption can also be applied to un-
modified multi walled CNTs surfaces, such as lipase adsorption. Prlainovic et al.”® found
that the duration for complete enzyme adsorption depended on the medium ionic strength.
Based on their observation, the ionic strength enhanced hydrophobic interactions which led
to successful enzyme immobilization. In addition, lipase itself contains approximately 28-
33% of hydrophobic amino acids, and thus promotes the enzyme to be in open-lid position

% which can be a driving force for initiating the adsorption process.

Covalent binding has been reported for modified CNT carriers via inducing the
reaction of free amine groups on the surface of a protein with carboxylic acid groups on
CNTs, confirmed by TEM images in Figure 2.4C. The carboxylic acid groups were

introduced by oxidation of CNTs and activation using carbodiimide *%. Lipase %%,

organophosphorous hydrolase ***%

and other enzymes have been successfully
immobilized onto CNTs. Alternatively, enzyme molecules are covalently attached to
linking molecules on the CNT surface via hydrophobic or m-m interactions. Linking
molecules can provide specific sites for CNTs to immobilize enzymes, exemplified by 1-

pyrenenbutanoic acid succinimidyl ester for horseradish peroxidise '

, a poly(ethylene
glycol) based spacer for perhydrolase S54V *°? and Na,Na-bis(carboxymethyl)-I-lysine for

His-tagged NADH oxidase %,
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Other carbon-based nanomaterials show similar chemical and physical properties of
CNTs and, therefore, similar methods can be used for immobilizing enzymes onto these
materials. For example, trypsin was covalently immobilized onto detonated nanodiamonds
(3-10 nm) %, and non-covalent bonds were formed between co-enzyme of glucose oxidase

and glucoamylase and chemical reduced graphene oxide nanocarriers %°.

2.3.4 Metal-Based Nanoparticles or Composites

Metal-based nanomaterials have been widely used for fabricating NBCs. Among them,
magnetic NPs are one exceptional example due to their high recyclability for biocatalysts.
Functional groups, such as amino, carboxylate, thiolate or phosphate, are introduced onto
the metal NP surfaces to create strong interfacial reactions with enzyme molecules, and
consequently to enhance the enzyme immobilization. Excellent enzyme immobilization on
nanoporous gold biocomposite (Figure 2.4D) had resulted in an increase in both
biocatalytic performance and enzyme stability . Carbodiimide linkage, for instance, was
applied to activate magnetic NPs for cholesterol oxidase immobilization % and to modify
gold NPs for glucose oxidase immobilizers "% Multi-functional groups allow enzyme
and cofactors, or multienzymes to bind onto one single metal NP, facilitating multi-
reaction in a one-pot medium %. This catalyst mixture circumvents the laborious and
multi-stage operations by shortening long reaction pathways. Amine and carboxylic acid
were grafted on multifunctional Fes0, NPs using robust silane linkages **°. Mediator
thionine, enzyme horseradish peroxidase and secondary anti-human IgG antibody were
loaded concurrently onto the modified Fe;O4 NPs to produce a highly sensitive label for
diagnosing pancreatic cancers.

A thin layer of polymers can be coated onto the surface of metal NPs, on which
functional groups are then interacted with enzyme molecules to achieve stable
immobilization. Chitosan, PEG, polyvinyl alcohol, and polyethyleneimine (PEI) have been
explored for the coating purpose *****?, Targeted immobilization onto metal NPs can be
achieved through affinity interactions, such as antibody-antigen, and streptavidin-biotin.
Biotin groups are first introduced into metal NPs, and then streptavidin is bound to biotin-
coated NPs and acts as a spacer arm for the conjugation of biotinylated enzymes. Here are

113

a few excellent examples for immobilization of catalase on activated Au NPs and
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glucose oxidase (GOx) on apoferritin NPs ''*. Affinity peptides are often used for
modification of the metal NPs as well. The gold binding peptide was the first example of
engineered inorganic-binding peptides. Multiple repeats of the peptide were used for
directing enzyme self-immobilization on the gold surface **°. Ligand as a bridging unit in
protein bioconjugation can also be modified to promote multifunctional features. Susumu
et al.*® modified ligand molecules with dihydrolipoic acid and PEG terminal ends,
promoting a simultaneous coupling of biomolecules and dyes to quantum dots. Metal NPs
can also be incorporated into CNTs, mesoporous silicas, and polymer nanogels or NFs to
synthesize nanocomposites. Fabrication strategies for enzyme immobilization methods

onto these nanocomposites are similar to those described above.

There are no universal strategies for constructing NBCs in different processes. The
characteristics and relative benefits of the different categories of NBCs are summarizes in
Table 2.2. Selection of a specific immobilization strategy depends on many factors,
including enzyme molecular structure, application process, and nanocarrier and surface
functional groups. However, any strategy should aim at maintaining or improving enzyme
functional properties (activity, stability, selectivity and specificity) and being applicable for

the NBCs in a bioprocessing environment.

2.4 Engineering Performance of Nanobiocatalysts

Exploitation of NBC technologies are still in the infant stage in bioprocessing industry.
Process-related traits of the NBCs are not fully understood. The success of NBC
technology in the large-scale manufacturing process relies on four key features: (1) specific
activity under the process conditions; (2) stability of the NBCs when exposing to pH /
temperature variations, organic solvent interface, high shear stress and other harsh
environments; (3) reusability of biocatalysts; and (4) high throughput for large-scale
processes. It is economically and technically crucial that the NBCs are able either to
maintain stable activities in a long term in a continuous process, or to be recycled for re-
use in a batch operation process for many runs in which the NBCs are separated from the
reaction media after the reaction is completed. For a continuous operation, stability of the

enzyme activity as well as reduction of the enzyme leakage are the main targets for
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immobilization, while for batch operations, recyclability and constant enzyme activity of
NBCs are the key challenges.

2.4.1 Enzyme Activity and Stability

It is believed that immobilization onto solid supports could reduce the enzyme activity,
such as bovine serum albumin®!, penicillin acylase '’ and B-galactosidase ®. This belief
may not be true when enzymes are immobilized onto the nanocarriers. There are many
studies on the enhancement of enzyme activity after the enzyme is bioconjugated with
nanocarriers. The mechanisms of the enhancement of the enzyme activities through the
nanocarrier immobilization have been discussed in detail in a recent review paper 2. The
comparison of the kinetic parameters between free and immobilized enzyme, as well as the
key contributions for the performance improvement is summarized in Table 2.3. It is
generally accepted that the enhancement of enzyme activity and stability may be due to
enzyme conformation change. Immobilization of enzymes onto nanocarriers results in
stabilization of active conformation, which promotes the interfacial reactions between the
substrate and enzyme reactive sites (Figure 2.5A), while the soluble enzyme in the solution

has a freedom in conformation change.
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Table 2.2 Characteristics of different types of nanomaterials.

Polymer

Nanocarriers

Silica

Nanocarriers

Carbon

Nanocarriers

Metal-based

Nanoparticles or

Composites
Source Natural and Silica Carbon nanotubes, Magnesium,
synthetic diamond, graphene quantum dots,
polymers gold, and metal
oxides
Configuration Nanofibers, Nanoparticles, Single-wall Nanoparticles
Nanogels, mesoporous Nanotube,multi-
nanoparticlesl structures, wall natUbe,
nanocontainers nanocontainers nanofilm
Contributor of  Functional Highly porous Hydrophobic Functional group
nanocarriers for  groups available  structures, surfaces, or thin layers of
nanobiocatalysts from polymers Introducing introducing polymers onto
external external functional —metal surfaces

functional groups  groups Covalent binding
Nanobiocatalyst Covalent binding; Physical Physical Covalent binding
fabrication entrapment, adsorption, adsorption,
cross-linking entrapment, covalent binding
crosslinking,
spacer-arm
Recycle Attached to Attached to Attached to Magnetic or
macroporous magnetic particles magnetic particles  centrifugal
structures or or separated by separation
magnetic density differences
particles
Mechanical Weak Strong Strong Strong
strength
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Multiple point covalent bonding via short spacer arms on nanocarriers may be a

powerful strategy to improve the enzyme activity * ®

, While physical adsorption of lipase
onto nanocarriers via hydrophobic interactions significantly increases the enzyme activity
because the open form (active in catalysis) is stabilized when the large hydrophobic groups
are exposed to hydrophobic surfaces of nanocarriers as evidenced by Palomo et al.*° and
Chen et al.*?°. Conformation change may also be induced via some molecules presented in
the surfaces of nanocarriers. a-Amylase underwent a conformation change by binding to
Ca®* inside CaHPO, nanocarriers, resulting in a large fraction of enzymes in their

allosterically activated form and enhanced enzyme activities **.

The increased and prolonged enzyme activity can be ascribed to the enhanced
stability of nanocarrier-enzyme complexes as well. Enzymes may become denatured due to
interactions with hydrophobic interfaces. The enzymes may also become deactivated due
to formation of aggregates in the isoelectric point, at high temperature, or in the presence
of salts or solvents. Changes in the enzyme structure tend to decrease the enzyme activity.
Through immobilization onto nanocarriers, enzymes are shielded from denaturing

microenvironments 12

, resulting in a higher enzyme activity than the free enzyme. For
example, the curvature of CNTs reduced the detrimental interactions between enzyme
molecules due to the longer distance between molecules, thereby leading to higher enzyme
stability on single-walled CNTs in comparison to flat graphite *3. Covalent binding
mediated by carbodiimide formed a stable bond between amino groups of enzyme and
carboxyl groups of functionalized supports ***. Consequently, it reduced the mobility of
protein structure. The rigid structure of the NBCs could promote the enzyme stability to
withstand relatively harsh system and operation conditions comparing to free enzymes.
Stabilization of B-galactosidase through multipoint covalent attachments was obtained on
magnetic Fe;O,-chitosan NPs . Jordan et al.***has revealed a thermal improvement by
stabilizing the weak ionic forces and hydrogen bonds through NP activation using a
carbodiimide crosslinker. A remarkable stability of cellulases was observed at a broader
range of temperatures with an optimum enzymatic activity at 50°C. Trypsin-coated NFs
showed a super capability to maintain the enzyme activity after the NBC assembly was
repeatedly used for one year and to exhibit great resistance to proteolysis, paving the way

for industrial applications *%.

Localized nanoenvironment is an important approach to the improvement of enzyme
activity. The nanoenvironment surrounding enzyme molecules may prevent enzyme
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deactivation. For example, a hydrophilic environment may reduce the concentration of
hydrophobic organic solvents or some gases near to the enzyme to prevent loss of enzyme
activity, while a hydrophobic environment may tremendously reduce the detrimental effect
of very hydrophilic deactivating molecules, like hydrogen peroxide *¥’. The
nanoenvironment may provide a localised optimal reaction conditions for the immobilized
enzyme, such as pH, ionic strength, and temperature. The presence of peptides on Au NPs
helped construct a local pH of 7.7 in comparison to bulk solution of 7.0, thus lipase
reaction rates were 3-180 times higher than controls *®. Gold and silver NPs acted as a
conduction centre to facilitate transfer of electrons. Immobilization of redox enzymes onto
colloidal gold or silver NPs may help the protein to make possible conducting channels
between the prosthetic groups and the gold/silver surface **. The nanoenvironment may
also facilitate substrate molecules entry into reactive sites of enzymes through a favourable
partition or molecular gatekeepers. Cationic substrates were favoured over anionic

substrates when Au NPs were coated with anion peptides for a-chymotrypsin **°.

== S

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.
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Multisubunit and coenzyme immobilized on the same nanocarriers may also
contribute to the enhanced enzyme activity. The activity and specificity of multimeric
enzymes depend on the architectural structure of subunits. Immobilization of subunits on
the same nanosupports can prevent subunit dissociation. In a cascade reaction, two
enzymes immobilized in a short distance can accelerate the biocatalysis reactions since the
diffusion paths of intermediates are reduced (Figure 2.5B). Glucose oxidease-horseradish

peroxidase immobilization onto magnetic NPs was used to demonstrate the concept **.

Nanocarriers may also restore the enzyme activity of a functionally impaired
enzyme. An isolated extracellular pectate lyase had a very low native state activity, but the
activity was regained by immobilization of the enzyme onto hydroxyapatite NPs. The
activity increased 27.7 fold with a 51 fold increase in half-life at a temperature of 90°C as

compared to untreated one 2.

2.4.2 Reusability of Nanobiocatalysts

Feasible reutilization of the biocatalyst is an extremely important requirement in
translating NBCs into commercialization. Recovery of NBCs can be a significant issue and
downstream processing for their recuperation after the reaction is very complex.
Microcarriers or microbeads, however, can be easily separated from reaction medium due
to the density difference. Integration of nanostructure with micro- or macro- structures can
facilitate the separation of nanobiocatalysts. Nanostructured microparticles can offer the
nanoenvironment for enzymatic catalysis and reusability for easy separation. Integration of
magnetic technology with the enzyme immobilization on the nanocarriers can enhance
recoverability and reusability of the NBCs ***. NBCs can be separated from the reaction
media by simply turning on the magnetic field and attracting magnetic nanocarriers onto
magnetic sources. However, some NBCs may be carried away by the reaction media due to

weak magnetic forces
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Nanocarrie Enzyme Binding Kinetic parameters of Kinetic parameter of free  Contribution for Reference
rs strategy NBCs enzyme improvement

Au NPs Glucose oxidase Carbodiimide Ky, =3.74 mM K = 5.85 mM Conformation 108
Vmax = 1.42 uM/min/mg Vmax = 0.25 pM/min/mg change

Magnetic Cholesterol Carbodiimide Ky =0.45mM Kn=2.08 mM Conformation 106

NPs oxidase Vmax = 1.64 uM/min/mg Vimax = 0.67 uM/min/mg change

Ferric silica Lipase Hydrophobic Kn = 3.65 mM Kn =0.09 mM Multipoint S

nano- interaction Vinax = 131.4 Uimg Vinax = 133.3 UImg binding

composites

Au NPs Dehydrogenase  Physical K (MDH) = 0.05 mM Km (MDH) = 0.02 mM Cascade reaction 134

(MDH) or adsorption

Citrate synthase
(CS)

K (CS) = 6 UM

Vmax (MDH) = 5.3 U/mg

Vinax (CS) = 2.7 U/mg

Kn (CS) =18 uM

Vimax (MDH) = 8.1 U/mg

Vinax (CS) = 73.6 U/mg
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Gold NPs Lipase

Electrostatic

Km=9.10 pM

Km = 23.91 uM

Nanoenvironment

135

interaction Vinae = 1.99 pM/sec Vinax = 1.97 pMJsec (presence of salt)
nickel- Diastase Physical n=8414 mM m=10,176mM Affinity to 136
impregnate adsorption Vinae = 4.92uM/min/mg Vinae = 2.71 uM/min/mg substrate
d silica NPs
CaHPO, a-amylase Allosteric Km> 0. mM Km = 0.028-0.073 mM Conformation 121
nano- modulation change
crystals
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Ngo et al.**’ further improved this technique through controlling the size of magnetic
silica NPs. The particles were dissociated for enzyme loading and reaction, while those
particles were re-clustered for easy magnetic separation. This magnetic technique can also
be applied to polymer-based nanocarriers. Excellent magnetic response was obtained by

coating the magnetic particles with polyaniline .

Reutilization is not only applied to nanocarrier-enzyme conjugates, but also to the
nanocarriers. Many research findings are focused the reuse potential of immobilized
enzyme. However, most of the supports are discarded after enzyme inactivation.
Nanocarrier recyclability can lead to a significant reduction of the bioprocessing cost. The
synthesis of Au-doped magnetic silica NPs for enzyme immobilization demonstrated
nanocarrier recyclability **. Cysteine-tagged cellulase, endo-glucanase, exo-glucanase,
and B-glucosidase were co-immobilized on the Au NP surface and easily removed by water
rinsing as the enzyme activities were decayed (Figure 2.5C). The NPs could be recycled
and reused over four times, signifying their robustness against harsh surroundings.
Although recycling biocatalysts and nanocarriers through magnetic NPs discussed above
can reduce the operation cost, the technique is still in the trial and challenges remain for
industrial scale operations. Meanwhile, microcarriers are easy to be separated through
sedimentation or centrifugation due to high density. Nevertheless, in contrast to
nanocarriers, surface modification such as fine pore adjustment remains as the key

challenge in microcarriers.

2.4.3 Processability of Nanobiocatalysts

Although an NBC can achieve a much higher enzyme loading capacity, enzyme activity
and stability, as well as mass transfer efficiency, processability of NBCs is limited by the
availability of the materials for enzyme carriers and costs for manufacturing nanocarriers.
Most of nanocarriers as enzyme immobilizers reported in the literature were produced in
the laboratory trials in small quantities. Further studies on economic analysis of overall
costs of NBCs for a large-scale production process are needed. Among all nanocarriers
discussed above, polymer-based NFs have the tremendous potential for scaling up and
meeting the requirement for industrial applications in terms of throughput, reproducibility,

and functionality ***. Another approach to reduce the enzyme purification-associated cost
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is to combine the immobilization and purification at the same step. Functional groups of
nanocarriers allow selectively binding to target enzymes for immobilization and removing

2l A high transesterification activity was obtained through simultaneous

impurities
enzyme purification and immobilization. The NPs were first coated with PEI since PEI was
rich in amino groups, which led to a greater binding selectivity and 2-fold purification of
the enzyme. As a consequence to the purification, this technique tremendously increased

the initial activity to be about 110 times than the unpurified free enzyme.

Weak mechanical strength of nanocarrier-enzyme bioconjugates is another
significant issue which limits NBC technologies for wide industrial bioprocesses. A
suitable material with strong mechanical strength is needed to support nanocarriers when
the bioconjugates are located inside a reactor. Cellulose acetate-based NFs are robust
materials with a comparatively high modulus and tensile strength, which are able to bear
harsh environments such as agitation and shear force **°. A protein digestion column has
been developed for trypsin-nanoporous silica but trials have not been successful due to a
short lifetime of the column ***. Operation at a low hydrodynamic shear is preferable, for
example, using packed bed reactor or monolith column **2. Four packed-bed reactors have
been developed to accommodate bioconjugates in biodiesel production, which provided a

longer residence time to enhance the bioconversion rate **.

Aggregation or clustering of nanocarriers in reaction medium can potentially reduce
the surface area of the nanocarriers, leading to low enzyme loading and mass transfer
efficiency. It can be a technical challenge to homogeneously distribute enzyme on the
nanocarriers during the enzyme immobilization process. Shear may be inserted in the
system to prevent aggregation, but this may also damage the fragile structure of enzyme-
nanocarrier bioconjugates. For example, poly(styrene-co-maleic anhydride) NFs are
hydrophobic and thus, are unlikely to be dispersed in aqueous solution. Nair et
al.***reported a immobilization procedure to use ethanol solution to wash the NFs before
immobilizing enzymes. After the enzyme loading, the enzyme-NF complexes were well
dispersed in the solution and a continuous flow biocatalysis reactor can be further

constructed.
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2.5 Applications of Nanobiocatalysts in Bioprocess

Immobilized enzymes have been used for large scale industrial processes, such as glucose
isomerase for production of fructose corn syrup (10’ tonsper annum), lipase for
transesterification of food oils (10° tons per annum), and penicillin G acylase for antibiotic
modification (10* tons per annum) **. However, the reported studies on the development
and application of nanocarrier-based NBCs for bioprocesses are still carried out in the
laboratory scale bioreactor or biodevice system. A successful case using NBCs in
industrial bioprocesses has not been found in the literature so far. Here, we report the areas
which have benefited from these advances, signifying the prospect of designing and

operating NBC-based systems in an industrial bioprocess.

2.5.1 Carbohydrate Hydrolysis

Cellulose, starch, empty fruit bunch and microalgae are the commonly used and abundant
carbohydrates, which can be potentially hydrolysable substrates for production of valuable
chemicals and marketable products. Hydrolysis of these carbohydrates into lower sugars is
an essential step. Conventional hydrolysis can be conducted by physical, chemical and/or
physio-chemical processes using strong acids or bases under a high temperature and/or a
high pressure. Enzymatic hydrolysis has been recognized as an ideal alternative to alter the
structure of lignocellulosic, cellulosic and starch materials. Cellulase mixture, which is
composed of endoglucanases, cellobiohydrolyases and B-glucosidase, has been explored to
breakdown lignocellulosics *** 3. Nanocarriers allow simultaneous multiple enzyme co-
immobilizations and enhance enzyme stability and activity.

Physical adsorption of cellulase onto superparamagnetic NPs generated a binding
efficiency of nearly 100%, and the adsorption capacity reached about 31 mg/g support .
Immobilization on the magnetic nanobeads has led to great pH tolerability of cellulase
particularly in an alkaline condition, as well as great stability for a long-term storage.
Nevertheless, the immobilized enzyme showed a lower biological activity than free

enzyme at all tested operating temperatures. Verma et al.**’

attached B-glucosidase onto
magnetic NPs via glutaraldehyde activation, yielding an immaobilization efficiency of about

93%. The cellobiose hydrolysis was significantly increased at 70 °C in comparison to the
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free enzyme. Immobilization of the cellulase mixture onto Au-doped magnetic silica NPs
was trialled for the degradation of cellulose **. The binding of Au NPs on the surface of
functionalized silica NPs created attachment sites for cysteine-tagged enzymes. Although
the optimal pH curves were quite similar between the immobilized enzyme and free
counterpart, greater pH stability of the immobilized enzyme was demonstrated. The most
noteworthy observation was the extension of the enzyme lifetime during thermal
inactivation measured at 80°C from 24 h to 36 h (Figure 2.6A). The immobilized enzyme

demonstrated enhanced stability and reusability up to seven cycles.

Starch hydrolysis is performed by two enzymes at different operating conditions.
Initially, a-amylase hydrolyses starch via a gelatinization and liquefaction process at 105
°C 8. The gelatinized starch is further saccharificated using glucoamylase at a lower
temperature (50 — 60 °C) to form reducing sugars mainly composed of glucose. The
conjugates of nanoparticles and a-amylase have been used for fast degradation of starch
% The product formation rate was increased 1.5 times and the enzyme activity was found
to be about 4.7-folds higher than the free enzyme, respectively. The presence of starch
during the AgNPs synthesis process was a probable reason for the fast reaction. The starch
initially converted silver nitrate into Ag NPs to embed Ag NPs in the helical core of starch
molecules. The enzyme degraded the starch helical structure and immobilized onto Ag NPs
while the catalyzing sites were kept open towards free starch molecules, which led to a
rapid degradation of 9.9 mg free starch within 5 min. High productivity and fast reaction
make this discovery economically viable for large-scale production of reducing sugars. In
addition, the resulting thiol linkages were able to prevent the particles from forming
aggregation. Amyloglucosidase, another starch-hydrolyzing enzyme, was conjugated onto
single-walled CNTs by Goh et al.'*. The production cost was defrayed through recycling
magnetic NPs-assisted NBC assembly. This study demonstrated that amyloglucosidase
retained 40% of its biomass hydrolysis activity within 10 cycle operations. Significant

stability was also observed after at least one month storage at 4 °C.
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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 stability of free lipase (0) and immobilized lipase () on polyacrylonitrile

nanofibrous membrane *

. (C) Recyclability of lipase-NPG biocomposite for catalytic
conversion of soybean oil to biodiesel #. (D) Synthesis of GOS from lactose conversion
by PB-galactosidase-nanospheres (“lactose, 4 total galacto-oligosaccharides, ®

monosaccharide) ***.

2.5.2 Biofuel Production

Environmental concerns and fossil fuel shortages have profoundly driven the development
of a green and sustainable bioprocessing strategy for biofuel generation through enzymatic
technologies. Biofuels derived from bioconversion, such as biodiesel, bioethanaol,
biohydrogen and biogas, are sustainable and renewable energy sources. Enzymes have
been used to replace conventional chemical catalysts. For example, biodiesel production by

lipase-based bioprocess is a less energy intensive and more environmentally friendly
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technology compared to its production by conventional alkaline catalyzed processes.
Another attractive example is the use of enzymes for the hydrolysis of cellulose to produce
fermentable sugars for bioethanol production. Nanocarriers have been explored to

immobilize enzymes for enhancing their activity and stability.

Biodiesel is normally synthesized in the presence of organic solvents at a high
operating temperature. Nanocarriers have been demonstrated to form chemical and
thermal-tolerance nanobiocatalysts with a high enzyme loading and enhanced catalytic
activity. Core-shell ferric silica nanocomposites (NCs) have been fabricated as a host for
Burkhoderia sp lipase °. Alkyl groups were grafted onto the NCs to create an affinity
linker. Binding efficiency was determined to be nearly 100%, demonstrating the affinity
can successfully facilitate the binding of lipase. The transesterification activity of biodiesel
production was sustained up to 10 cycles. The activity enhancement was also demonstrated
by confining Pseudomonas cepacia lipase onto polyacrylonitrile (PAN) NFs . Using the
physical adsorption method, the enzyme activity was 23-fold higher than that of soluble
enzyme. The lipase consistently remained 80% of its initial activity for up to 10 batch

reactions. Using the same support, Li et al.*®

managed a higher transesterification activity
through covalent binding. They initially activated the PAN nitrile groups using amidination
reactions prior to reacting with the amino-carrying enzyme. Surprisingly, the immobilized
lipase retained almost 100% of the transesterification activity over 10 repeated cycles.
Furthermore, the system successfully maintained the same productivity after 20 day
storage at 30 °C, demonstrating that the enzyme stability was significantly improved
(Figure 2.6B). To produce a solvent and temperature friendly nanosystem, Wang et al.*
fabricated nanoporous gold (NPG) biocomposites that showed exceptional enzymatic
durability against thermal and organic environment. Constructed at a pore size of 35 nm,
the enzyme-carried composites allowed encapsulating a large number of biomolecules at
various sizes either adsorbing within the pores or on the external surfaces. The NBC-driven
system demonstrated a high conversion rate of soybean oil into biodiesel at a longer
reaction time for up to 240 h and retained enzymatic activity up to 10 successive batch
reactions (Figure 2.6C). The tolerability test over various organic solvents and operating
temperatures demonstrated the confined lipase exceeded free enzyme outstandingly. The
enzyme was protected inside the small pores of the NPG composites, which provided a

sufficient space for substrate molecular mobility as well as retention of enzyme molecules
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with less leaching. These remarkable performances in lab-scale pave the way to
commercialization of this technology.

B-glucosidase is often used to relieve the product inhibition of cellobiose in the
cellulosic ethanol production by converting cellobiose into glucose. The enzyme was
coated on NFs to form enzyme aggregates that increased the productivity **2. The activity
of enzyme aggregates was approximately 36-times higher than that of covalent-linked
enzymes. The ethanol production from enzyme aggregates was 2.1 times higher. More
importantly, after 20 day incubation under a vigorous shaking condition, the activity of
enzyme aggregates turned out to increase drastically from 33% to 91%. The tremendous
improvement in stabilization may be attributed to the multi-point linkages which may
prevent denaturation. Although the development of NBCs is in the infant stage, their
contribution in biofuel production has become the major driving force in future research

and innovation for bioprocessing engineering.

2.5.3 Biotransformation

Biotransformation through enzymatic reactions has been explored for production of
valuable products including drug intermediates and functional food ingredients 2%, p-
Galactosidase is generally used to convert lactose-rich dairy wastes into galacto-
oligosaccharide (GOS), lactulose and lactosucrose. The bioprocessing performances of the
enzymes immobilized onto conventional supports are reported to be less promising.
Nanocarriers have been explored for improving the enzyme loading capacity and activity.

1.1 used covalent immobilization of the

To improve the GOS production rate, Liu et a
enzyme onto magnetic poly(GMA-EDGMA-HEMA) nanospheres. Epoxy groups on the
nanosphere surfaces were reacted with enzyme nucleophilic through a condensation
method. A total of 145.6 mg enzyme /g support was successfully adsorbed, indicating a
large surface area was available for enzyme attachment. Approximately 2,240 g of GOS
per gram adsorbed enzyme were produced. Instead of using the condensation technique,
they further grafted polyethyleneimine (PEI) onto the nanospheres as a platform for ionic
adsorption !, Despite relatively lower enzyme adsorption (86.7 mg/g), the ionic binding
however resulted in a higher GOS vyield of 4,500 g per gram adsorbed enzyme (Figure

2.6D). The latter retained about 84.6% of its initial activity up to 15 cycles of reactions,
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whereas the former only showed 81.5% within 10 operations. In a continuous lactulose
synthesis, glutaraldehyde was applied to attach p-galactosidase onto the nanotube
microchannel surface **. The system successfully mimicked the current industrial practice
at a high lactose conversion rate of 78.3%. Moreover, the system constantly maintained the
product concentration at about 1.29 g/L for 48 h, operating at a flow rate of 2.5 pL/min.
The continuous process is economically viable and very promising for large-scale

production of lactulose.

NBCs enable catalytic cascade processes in one site to reduce laborious and multi-
step reactions, and promote active reactions in non-aqueous media, mainly in the
production of chiral drugs and their precursors. Malate dehydrogenase (MDHase) and/or
citrate synthase (CSase) have been co-immobilized onto Au NPs with a diameter of 30 nm
for conversion of malate to citrate ***. The bioconjugates were prepared either by directly
adsorbing MDHase followed by CSase, or vice versa, or co-adsorbing two enzymes in the
same solution. Higher specific activities and favourable kinetic parameters were obtained
by bioconjugating CSase to the NPs before MDHase. In this condition, the individual
specific activity for MDHase and CSase were 5.3 U/mg and 2.7 U/mg, while the K, values
were 0.05 mM and 6 UM, respectively. The system promoted efficient sequential reactions
by one-step biotransformation, in which the products of MDHase served as substrates for
the subsequent CSase reaction. This co-enzyme immobilization leads to a low cost and

clean process due to intense reduction on the usage and release of organic solvents.

2.6 Understanding Biocatalyst Adsorption on Nanomaterial

The enzyme immobilization leads to enhancement of enzyme stability and activity
beneficial for biocatalytic processes. However, due to sensitivity of protein conformation
on solid interface, biocatalysts may encounter structural changes that often facilitate
reduction of enzyme activity. Hence, understanding the biocatalyst adsorption phenomena
on solid surface is immense research of interest. It can be worthy of investigation to

promote widespread applications of enzyme-assisted process.

49



Chapter 2

2.6.1 Factors Affecting Biocatalyst Adsorption

There are many factors controlling biocatalyst adsorption on solid surface including
properties of biocatalyst, textural features of surface and influence of external factors **°.
Proteins are complex biopolymers composed of 20 naturally occurring amino acids. The
sequence of amino acid in proteins determine their secondary structures such as helixes, -
sheet and turns. p-galactosidase, for instance, consists of four polypeptide chains, each of
them is made up of 1023 amino acids within 5 domains **°. Enzyme itself possesses amino
(-NHy), carboxylate (-COOH), thiol (-SH) and hydroxyl (-OH) groups located in lysine,
arginine, glutamic and aspartic acid residues which could interact with functional groups
from enzyme carriers >*. Enzyme’s domain also has a well-defined hydrophobic core,
creating hydrophobic properties to the enzyme that creates a hydrophobic interaction with

support surface **".

The relative size of enzyme and topography of nanomaterials strongly influences the
amount of adsorbed enzyme “°. Enzyme molecules are incapable to enter into the pore of
nanoporous when the pore is smaller than the molecular size of enzyme, resulting in a low
enzyme loading. In contrast, nanomaterials with pore sizes larger than the enzyme
molecular size may reduce the enzyme activity, which may be ascribed to the enzyme
leaching or reduction in the enzyme stability ***°. Anchoring of biomolecules onto
nanoparticles surface may result in a strong binding that may decrease the biological
activity of enzyme . The morphology, surface energy, charge and polarity are also among
the parameters influencing protein-surface adsorption **>. It has been reported that proteins
adsorb more strongly on non-polar than polar surface, high surface tension than low
surface tension, and charged than uncharged substrates *°. Anand et al.™®® demonstrated
more rigid adsorbed proteins on non-polar surfaces which were postulated due to
destabilization of proteins and conformational reorientations, leading to strong inter protein
and protein—surface interactions. Except for glycoporteins that adsorb extensively on
hydrophobic planar surfaces as the hydrophobic domains are buried inside a glycans shell
% ‘most proteins exhibits greater affinity towards hydrophobic than hydrophilic **.

External parameters such as temperature, pH, ionic strength and buffer composition
have a decisive influence on enzyme adsorption behaviour. Koutsoukos et al.*®* found an
increase protein adsorption at elevated temperature. It can be explained by the entropy gain

that become as a major driving force for protein adsorption '°2. The electrostatic state of
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proteins is determined by the pH of reaction media. At isoelectric point (pl), the numbers
of negative and positive charges of protein are equivalent. Proteins are negatively charged
at pH < pl, whereas proteins are positively charged at pH > pl *°. Their charge could
interact with the opposite charge of materials support via electrostatic attractions **. The
ionic strength, determined by the concentration of dissolved ions, is another parameter that
controls protein adsorption. Gessner et al.’® described the increasing surface charge

density showed an increase in protein adsorption on polymeric nanoparticles.

2.6.2 Protein Behaviour on Interfaces

The structure of proteins is typically asymmetric and composes of complex molecules of a
few nanometers in size. Bovine serume albumin (BSA) is known as a standard protein. Its
molecular weight is 79000 while molecular diameter is estimated to be 4.9 nm. Enzyme
possesses slightly bigger molecular weight than BSA. The molecular weight of B-
galactosidase enzyme, for instance, is 116349 with approximately ca. 7 nm of diameter *,
The common molecular structures of protein are elliptical, rod-like, or even more
sophisticated shapes such as heart-like (BSA), or Y shaped (IgG) **°. Free protein rotates
freely in solution while on a surface the protein will adapt a certain orientation, in which
certain part of the protein exposes to the bulk solution while the other part interact with the
surface. The active site must be in open-lid position to allow bioreaction with substrates.
Rabe et al."™ characterized the structurally-stable protein orientation on surface as ‘side-

on’ or ‘end-on’ orientation that attached to surface with its long or short axis, respectively.

The orientation changes are highly influenced by the hydrophobicity or
hydrophilicity of surface, or the nature of the surface polarity (positively or negatively

charged) > % As

illustrated in Figure 2.7, the possible causes of enzyme conformational
changes and inactivation are high charge density (top left) or a hydrophobic surface (top
right) . Reduction of unfolding or inactivation of support—enzyme interactions possibly
occurs on the enzyme co-immobilized (middle, left) or tethered (middle, right) with
hydrophilic polymers. Furthermore, incorrect orientation (below, left) and multilayer

formation (below, right) also may result in specific activity reduction.
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Figure 2.7 Schematic representation of orientation changes of adsorbed enzyme

immobilization on different interfaces .

It is recognized that the structure of enzyme affects its catalytic efficiency and
stability, which influence their potential in biotechnological applications. While enzyme
immobilization enables stabilization and continuous operation for significant cost saving,
the biocatalyst inevitably undergoes conformational changes upon adsorption to a solid
interface. When in contact with surface, the conformation of a protein does not correspond
to the free energy minimum of the protein **°. The surface—protein contact area induces a
gain in free energy which causes the protein to maximize their footprint through
orientation re-organization, after which conformational changes take place altering protein
native structure as have been shown in numerous experimental studies **"*%. Rabe et al.™
have comprehensively elaborated the factors involved in enzyme conformational changes
including the features of enzyme molecule, polar interactions, hydrophobic/hydrophilic
interactions, dynamics, material size and topography and enzyme loading. The
experimental techniques to elucidate the changes in the secondary structure are elaborated

in the section 2.8.3.

2.7 Advanced Characterization of Immobilized Biocatalyst

Integrated analysis studies can be employed to understand the adsorption kinetics of

biocatalyst on nanomaterial surface. A number of advanced characterization techniques
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are capable of not only providing important information of the surface characteristics of
enzyme carriers, but also elucidating enzyme-support interfacial reactions and secondary
structures, as reviewed by Bolivar et al.}”® who identified the advantages and limitations

of each method.

2.7.1 Direct Visualization of Biocatalyst Distribution on Surface

Direct visualization of biocatalyst distribution can be characterized through catalyst
imaging using Scanning electron microscope (SEM), Transmission electron microscope
(TEM), Raman spectroscopy and Fluorescence microscopy *’°. SEM is able to advance the
analysis of bound protein on nanofibers surface. Using SEM technology, Mahmoudifard et
al.'™ revealed the formation of a homogenous antibodies coating on polyethersolfone
electrospun nanofibrous membrane attributed to a hydrophobic interaction. A ruptured
coating or biomolecules shrinking into bundles were also demonstrated. SEM micrographs
also have been used to indicate the encapsulation of trypsin in electrospun poly (e-
caprolactone) nanofibers . Gupta et al.'”® postulated the adsorption of lipase in the
interfacial region between the polyacrylonitrile nanofibers which confirmed by no change

in the surface morphology.

Over the past decades, Fluorescence microscopy has been widely used as a tool in
life sciences. Fluorescence microscopy provides an efficient and unique approach to study
the fixed and living cells °>*"*. Selective detection on bound proteins can be achieved by
excluding the detection of free proteins that diffuse close to the surface. Fluorescence dyes,

172 “amine-reactive fluorescent dyes'’® and fluorescent

such as Fluorescein isothiocyanate
label Cy5 *"° are useful for protein labelling that emit specific colour under fluorescence
microscopy. Fluorescence background is accounted using enzyme-free surface prepared at
similar fluorescence condition. An enzyme-loaded surface without fluorescence excitation
can be used as negative control. A fluorescence-based strategy has been applied to

visualize mechanical forces in structural protein in live cells '’

and for a rapid detection of
cellular deoxiribonucleoside triphosphates *"®. Matsuura et al.'” discovered a uniform
dispersion of lipase and trypsin co-encapsulated in mesoporous silicas by a combination of

differential interference contrast and fluorescence microscopy.
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2.7.2 Assessment of Biocatalyst Immobilization

Assessing the location of enzyme upon immobilization is significant to determine whether
enzymes are mainly situated inside or adsorbed on the surface of nanocarriers.
Thermogravimetric (TGA) is indirect technique that demonstrates the location of enzymes,
mainly inside nanoparticle pores by measuring changes in physical and chemical properties
such as phase transition, dehydration and decomposition as a function of temperature *.
Increasing the temperature leads to protein degradation besides evaporating organic
materials. The load of enzymes corresponds to the loss of weight after the evaporation

process 5.

Ultraviolet-visible (UV) spectroscopy gives information about the modification of
adsorption spectra due to protein incorporation such as the content of bound lipase as
precipitable protein *%2. The device is suitable for non-opaque carriers. The assessment of
protein incorporation also can be carried out using Nitrogen (N,) absorption **°. The pore
occupation of porous materials is evaluated by measuring N, adsorption before and after

protein immobilization. In the study by Urabe et al.'®®

, it was observed that the surface area
and pore volume available to nitrogen gradually decreased as the haemoglobin
concentration increased, indicating an increase in protein loading. Both UV spectroscopy
and N, absorption techniques, however, face challenges when dealing with a low protein

loading.

Fourier transform infrared (FTIR) has been used to detect the formation of
interactions between protein and interface. It is a powerful tool to assess the changes in the
vibration of silanol groups due to bond formation when they interact with an adsorbing
enzyme . For instance, after the immobilization of a-amylase onto functionalized
graphene nanosheets, various chemical interactions and bonding were observed ***. Many
prominent peaks were generated including at 1671 cm™ that represents carbonyl amide |
bonds whereas bands at 1562 cm™ and 1045 cm™ indicate amide 1l bonds and C-O-C

glycosylated residues, respectively. Verma et al.'®

presented new peaks found after
incorporation of B-galactosidase onto silicon dioxide nanoparticles. The peak between
3000 and 3500 cm ™' was due to vibration modes of O-H and -NH groups. Peaks recorded
at 1642 cm™ depict amide 11 while peaks between 1212 and 1414 cm™ confirmed —CH

strecthing, additionally supporting the presence of immobilized B-galactosidase.
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2.7.3 Structural Elucidation of Immobilized Biocatalyst

Protein conformational studies are significant in the development of active and stable
enzyme in bioreactor system . The structural elucidation of immobilized enzyme can be
carried out using Infrared spectroscopy, Circular dichroism (CD) or Raman microscopy.
All these techniques provide information about biocatalyst secondary structure and can be
applied to diverse types of enzyme carrier ’°. Micro-attenuated total reflection FTIR
(micro-ATR FTIR) has been adopted to study the secondary structure of sol-gel
immobilized glucose oxidase **. Liu et al.*®" utilized the combination of sum frequency
vibration spectroscopy and attenuated total reflectance FTIR-spectroscopy to characterize
the interfacial orientation of immobilized B-galactosidase which was found to exhibit a
well-correlation with the tested activity.

Raman spectroscopy is a label-free and non-destructive technique to elucidate

18 Recent advancement offers the

protein secondary structure on solid surface
combination of two technologies: i) Raman microscopy, that allows magnification using
microscope and thereafter sends the information into spectrometer to analyze signal, ii)
Raman spectral imaging or also known as Raman mapping, a method that enables the
mapping of spatial resolution of protein molecules and generates chemical images based on
sample spectrum. This technique has been employed to analyze the loss of secondary

190 and

protein structure upon immobilization **°, determine enzyme on solid surface
elucidate enzyme attachment via covalent bond ***. Confocal Raman microscopy technique
has been used to measure conformation and distribution of protein adsorbed in wetted
chromatographic particles . Successful binding of tyrosinase on polymeric film of
poly(indole-5 carboxylic acid), by chemical coupling to the free carboxylic group of
electrochemically formed PInN5COOH, has been proven by in-situ surface enhanced

resonance Raman spectra %

. In other study, three-dimensional Raman spectroscopic
imaging of protein crystals deposited on a nanodroplet was demonstrated while two
dimensional Raman spectroscopic imaging was used to visualize low concentration region

around a growing protein crystal in the nanodroplet *.

FTIR also can monitor both secondary structure and tertiary fold of immobilized
enzyme besides elucidating overall protein conformation and orientation on surface,
however, only for non-porous supports ¥ 419 Circular dichroism (CD) serves as

common alternative or complement of FTIR and Raman spectroscopies. The device is non-
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invasive and a convenient applied technique for colloidal particles or transparent material

180, 196-197

surfaces , observing the alterations in protein secondary structure occurred due to

immobilization protocols %%,

In summary, combinations of the characterization approaches and techniques are able
to verify the successful incorporation of enzyme and elucidate protein conformational. It
might be beneficial to deepen the mechanistic understanding behind protein adsorption and
unravel the relationships between enzyme molecule and nanocarrrier. These may facilitate
to the development of optimal nanomaterial-immobilized enzyme system which

improvises biocatalyst efficiency and stability.

2.8 Nanobiocatalysts for Wastes Conversion into Valuable

Products

The demand of enzymes-assisted processes has been extended to diverse sectors including
in biocatalysis, pharmaceutical, bioenergy and food industry. One of the applications is to
harness a green and sustainable waste management in food industry. One-third of edible
foods that are disposed globally as wastes, which have potential as cheap substrates for
valuable and marketable products ?. Around 200 million tons per year of whey are
produced worldwidely with an increase rate of about 2 % per year 2°°. Whey is a by-
product from cheese and casein manufacturing comprises lactose as major constituents (60
- 80 %) ™ Their presence in dairy effluents has been regarded as pollutant due to high
organic loading and contributes to eutrophication and toxicity in eco-steams 2*2. Hence, a
cost-effective treatment has become major concern to the industry. The bioconversion of
low-value lactose into value-added products such as galacto-oligosaccharides (GOS)
endows a promising solution. GOS is currently being used as a functional ingredient for
intestinal regulation and low-caloric sugar alternative to enhance food physicochemical
andorganoleptic properties 2*?**. The bioconversion of lactose into GOS is commonly

catalysed by B-galactosidase enzyme 2.
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2.8.1 Dairy Industry Waste Management

Dairy industry wastes, which are produced with food production like yogurt, cheese,
butter, milk and ice cream, are considered as organic pollutant. There is a demand for
treatment these wastes due to their high environmental impact. With an index of
biodegradability typically in the range 0.4 - 0.8, their wastes are relatively characterized
with high biological oxygen demand (BOD) and chemical oxygen demand (COD) in the
range of 0.1-100 kgm™?%. The presence of milk carbohydrates and proteins such as lactose
and casein contributes to organic matter content. Fat and suspended solids are also partially
responsible to the contamination levels with values in the range of 0.1-10.6 kgm™, 0.1-22
kgm, respectively. Whey is identified dominating the water stream consists relatively 90
— 95 % of milk volume and containing lactose (60 — 80 %) as major constituents.

Worldwidely, more than 10 tons of cheese whey is produced annually %°”.

High lactose-contained whey has been treated using various techniques, including
biological and physicochemical processes, and land application. The approaches of whey
management including using various reactor configurations and operating conditions have
been extensively studied as reviewed by Prazeres et al.”®®. A biological treatment process
can be carried out under aerobic or anaerobic conditions. Aerobic process is relatively fast
for organic matter degradation at room temperature. However, the variability of effluents
properties and extremely high pollution load makes the process inappropriate °%.
Alternatively, anaerobic digestion, conducted at higher temperature (35 °C — 37 °C)
converts the pollutant into beneficial gaseous as alternative energy source. Nevertheless,
some proteins are resistant for degradation through these bioprocesses. Thus, there is a
need to seek for acclimated or specific microorganisms 2. The reduction of contaminant
load can be accomplished by coagulation-flocculation which is categorized into
physicochemical treatment. Protein is precipitated using thermal and isoelectric *®° or
coagulant like sodium polyphosphate,sodium hexametaphosphate, iron salts and
polyelectrolytes %% Membrane separation is another physical technique to separate
proteins and lactose from cheese whey. It advantageously reduces the wastewater
production with possible reuse and clean effluent 2. Meanwhile, the practice of cheese
whey disposal on land generates salts, organic matter and nutrients such as phosphorus,
nitrogen, calcium, sodium, potassium, magnesium, chloride, which possess essential

properties of fertilizer. However, the resultant soil salinity affects pant growth and fruit
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production due to reduce water availability ***. In addition, the soil structure is destroyed as

a consequence of increase conductivity.

2.8.2 Enzymatic Lactose Bioconversion

The recovery of high value-added products from dairy industry wastes provides a
green, sustainable and marketable solution. Food wastes are considered as a cheap source
of valuable components. Lactose-derived products from [-galactosidase-catalyzed
reactions have a large market value and widely used in food and pharmaceutical industries.
Products, such as lactulose, lactosucrose and GOS, are known as functional food
ingredients with demonstrable health benefits. GOS gains increasing interest as
commercial product due to its prebiotic properties and imparting substantial sweet taste to
food ™ 24217 |t stimulates the proliferation of bifidobacteria and lactobacilli in intestine
that confers benefits of wellbeing and health . GOS is generally recognised as safe
(GRAS) ?'® which comply the safety regulation accomplished by the Center for Food
Safety and Applied Nutrition’s Office of Food Additive Safety #°. In addition, GOS has
low cariogenicity, low caloric values and low sweetness and can be potentially used in

range of food products such as fermented milk, breads, jams, confectionery and beverages.

The enzymatic bioconversion of lactose into valuable products has sparked immense
biotechnological interest. As an enzyme, B-galactosidase is commonly employed to
catalyze bioconversion of lactose into GOS by forming a covalent galactosyl. The reaction
occurs through ‘shallow’ and ‘deep’ modes of substrate binding **°. The mechanism of
reaction is illustrated in Figure 2.8. B-Galactosidase cleaves lactose molecules forming
enzyme-galactosyl complexes before entering either hydrolysis or transgalactosylation
pathways. Hydrolysis takes place when water acts a galactosyl acceptor, yielding glucose
and galactose as end products, while GOS is generated through nucleophilic-galactosyl
reaction in transgalactosylation #2°??!, Sugars that present in the reaction medium can act
as the nucleophiles, reacting with enzyme-galactosyl complex, yielding various
corresponding products such as GOS, higher GOS, and possibly lactose or isomers. (Figure
2.8a). The reaction conditions generally can be controlled in order to maximize the of GOS
production yield. Research has been carried out at elevated temperature, high lactose

concentration or lower water activity to favor transgalactosylation ?** 222, Hydrolysis
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dominates at low initial lactose concentration while higher lactose concentrations lead
towards transgalatosylation preference. Local nanoenvironment of nanobiocatalysts also
has been reported favoring transgalactosylation. The hydrophobicity of enzyme carrier
promotes the acceptors such as lactose or smaller units of GOS are preferable at the
enzyme catalytic sites . The proposed reaction pathway of lactose bioconversion using
the PSNF-Gal due to localized nanoenvironment is presented in Figure 2.8b.

The GOS properties, composition and yield are dependent on the origin of enzymes.

The most widely studied are those from Aspergillus oryzae®**?? Kluyveromyces lactis'®*

226 and Bacillus circulans®®® 27

. p-Galactosidase from Bacullus circulans has yielded GOS
about 41 % w/w from 400 g/I lactose solution or skim using 1.5 U enzyme %°. On the other
hand, a total of 26 % (w/w) GOS was yielded with 55 % conversion by [-galactosidase
from Aspergillus oryzae immobilized on magnetic polysiloxane-polyvinyl alcohol ™.
Using similar source of enzyme, Vera et al.”®® reported an approximate GOS yield (29 %,
w/w) derived from partially dissolved and supersaturated solution lactose. Table 2.4
tabulates the production of GOS which indicates the variability in GOS formation by
different source of enzyme and reaction conditions. Bioreactor configuration and operation
strategy also affect GOS productivity, yield and purity. Membrane reactor *?, stirred tank

' recirculation loop membrane reactor %** have been

reactor *°, packed bed reactor %
assessed for GOS synthesis. The competition of reaction from hydrolysis has become a
major challenge in optimization of GOS formation. The generated GOS also can be
potentially degraded through reverse chemical reaction. Therefore, a constant study to
develop an appropriate system with optimal operating conditions is highly pursued to apply

these technologies into large scale operations.
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Source Support Lactose GOS yield Conversion Recyclability Reference
Aspergillus Polysiloxane-polyvinyl 500 g/l 26 % (W/v) 55 % 10 cycles &
oryzae alcohol
- 500 g/l 29 % (w/w) 55-60 % - 228
Cotton cloth 500 g/l 27 (WIV) 50 % 2 weeks (continuous 218
operation)
Glyoxyl-agarose 550 g/l 8.5 kg/g enzyme 30 % 10 cycles 222
Kluyveromyces Silicon dioxide 100 g/l - 100 % 11 cycles 185

lactis nanoparticles
Nanosized epoxy 200 g/l 32 % (wW/iv) 90 % 10 cycles 153
Polymeric Membrane 100 mM 13 (W/v) 50 % 5-8 cycles 234
Surfaces 40 (Wiv) 10 %
Bacillus - 400 g/l 41 (W) 50 % - 220
circulans
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2.9 Conclusion Remarks

Nanobiocatalysts, in which enzymes are incorporated into nano-structured materials, have
emerged as a rapidly growing R&D field of nanobiotechnology, which employs and
integrates two advanced technologies: nanotechnology and biotechnology. The
perspectives of the NBC technology show bright future as well as exciting challenges.
These fascinating challenges require joint interdisciplinary collaboration of chemists,
engineers, and material scientists. Recent development in nanotechnology has provided a
wealth of diverse nano-scale scaffolds that could potentially be applied to the flourishing
of NBC-driven industrial bioprocesses. A specifically functionalized nanocarrier-enzyme
assembly promises exciting advantages for improving enzyme stability and activity by
creating unigue nanoenvironments surrounding the enzyme catalysts for maximal reaction
efficiencies. Furthermore, enzyme immobilization using nano-structure carriers can
significantly increase life cycles of the biocatalyst for its reuse, hence reducing the cost of
the biocatalytic process. The integration of enzymes with nanocarriers leads to a hybrid
assembly that combines the biocatalytic and specific properties of enzymes with the unique
functions within the nanostructure network. However, how to immobilize multi-enzymes
on the functionalized nanocarriers to form NBC assembly for a continuous process still
remains to be a challenge. Their small size might transform the downstream processing for
their recuperation after the reaction is highly complex. Nanostructured microparticles may
offer great advantages from both nano and micro worlds for future enzyme carrier trend.
Furthermore, there is a lack of fundamental understanding of the generic mechanisms and
interfacial reactions associated with the nanomaterial-immobilized enzyme system.
Relationships between the enzyme molecules and nanocarrrier properties have not been
studied systematically so far. Such fundamental information is significantly important in
the development of the multienzyme biocatalytic process. Especially for the cofactor-
dependent multireaction systems, how to achieve dynamic interactions among cofactor,
enzymes and substrates still awaits in-depth studies from a fundamental point of view. The
exploration of multistep enzyme-based bioconversion for large scale operations,
particularly involving cofactor-dependent enzymes, presents a profound research interest.
It seeks advanced knowledge and innovative technologies for (i) regenerating and reusing

the NBCs to minimize the operation costs, (ii) enhancing the stability and performance of
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the NBC assembly, and (iii) manipulating multi-enzyme-catalyzed reaction kinetics for

maximizing enzyme activity and product yield.

Enzymes in catalyzing a number of bioprocessing domains harness green operations
by reducing chemical dependency and releasing non-toxics to the environment. A range of
nanocarriers derived from polymers, silica, carbon and metal have been explored to
immobilize enzymes or multi-enzymes, making functional and active NBCs. The NBCs
demonstrated enhanced enzyme activity and stability, high enzyme loading capacity, and
recyclability for bioprocesses. Critical challenges still remain for commercialization.
Firstly, cost reduction is the major hurdle for large-scale trials. The major cost is associated
with enzyme preparation, immobilization, and nanocarrier synthesis. Recent advances in
protein engineering, fermentation and purification technology allow large-scale production
of enzymes, while most nanocarriers are still synthesized in the laboratory scale. Secondly,
long-term operation of NBCs is required to demonstrate the feasibility in a large-scale
operation process. Most NBCs developed in the laboratory trials only demonstrate
successfully as a proof-of-concept and very few of them are run up to 10-15 cycles.
Stability, activity, leakage and mechanical strength should be evaluated for long-term
operation. Thirdly, bioprocess engineers should play a significant role in translating these
bench-scale technologies into commercial practices. Most NBCs are developed by material
scientists and potential of such NBCs have been raised. However, the realization of the
potential relies on bioprocess engineers. Engineering issues should be considered in the
early stage of assembling of NBCs. With efforts from material scientists, bioprocessing
engineers and biochemists, advanced multifunctional NBCs can be effectively

commercialized in a very near future.
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Abstract

Functional nanomaterials have been pursued to assemble nanobiocatalysts since they can
provide unique hierarchical nanostructures and localized nanoenvironments for enhancing
enzyme specificity, stability and selectivity. Functionalized dendrimer-like hierarchically
porous silica nanoparticles (HPSNs) was fabricated for assembling [-galactosidase
nanobiocatalysts for bioconversion of lactose to galacto-oligosaccharides (GOS). The
nanocarrier was functionalized with amino (NH;) and carboxyl (COOH) groups to
facilitate enzyme binding, benchmarking with non-functionalized HPSNs. Successful
conjugation of the functional groups was confirmed by FTIR, TGA and zeta potential
analysis. HPSNs-NH, showed 1.8-fold and 1.1-fold higher p-galactosidase adsorption than
HPSNs-COOH and HPSNs carriers, respectively, with the highest enzyme adsorption
capacity of 328 mg/g nanocarrier at an initial enzyme concentration of 8 mg/ml. The
HPSNs-NH, and B-galactosidase assembly (HPSNs-NH,-Gal) demonstrated to maintain
the highest activity at all tested enzyme concentrations and exhibited activity up to 10
continuous cycles. Importantly, HPSNs-NH,-Galwas simply recycled through
centrifugation, overcoming the challenging problems of separating the nanocarrier from
the reaction medium. HPSNs-NH,-Gal had distinguished catalytic reaction profiles by
favoring transgalactosylation, enhancing GOS production of up to 122 g/l in comparison
with 56 g/ by free B-galactosidase. Furthermore, it generated up to 46 g/l GOS at a lower
initial lactose concentration while the free counterpart had negligible GOS production as
hydrolysis was overwhelmingly dominant in the reaction system. Our research findings
show the amino-functionalized HPSNs can selectively promote the enzyme activity of -

galactosidase for transgalactosylation, which is beneficial for GOS production.

Keywords: nanobiocatalysis, 3-galactosidase, dendrimer-like hierarchical pores silica
nanoparticles, galacto-oligosaccharides
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3.1 Introduction

The specificity and selectivity of enzyme open a new door for development of green and
sustainable enzyme-catalyzed bioprocesses. Enzymatic reactions are environmentally
friendly due to low chemical consumption without release of toxic by-products.
Nevertheless, the biocatalysts constitute the majority of the operational cost when they are
applied in large scale processes, and their low stability and reusabilityin reactor conditions
impede their industrial applications *. The immobilization of enzyme on support materials
is of immense scientific interest. Such technology is able to shelter and/or stabilize
enzymes when they are exposed to chemical and environmental harsh conditions. The
immobilization also allows the recovery and reuse of these biocatalysts, hence reducing the
cost of the biocatalytic process . Enzymes have been immobilized onto natural/synthetic
polymers or inorganic materials *. Despite the fact that optimal immobilization protocols
have been extensively studied, retaining the enzyme activity upon immobilization entails
persistent investigation. Enzyme activity reduction on support materials remains a
significant challenge due to the conformation change upon immobilization °. Hence, the
development of appropriate enzyme carriers, which can preserve or enhance the enzyme

catalytic function, presents a profound research interest.

Nanobiocatalysis, an emerging technology that assembles enzyme molecules onto
nanomaterial carriers, synergistically integrates advanced nanotechnology with
biotechnology °. The technology can increase the enzyme stability and enhance enzyme
activity. To date, the enzyme has been immobilized on diverse support materials such as

7 8 9 IlO

nanofibres ‘, nanotubes °, nanocomposites °, nanoge and nanoparticles . Silica

nanoparticles offer uniform nanopores and tuneable periodic nanostructures which

2 1t has been

harmonise the diffusion of guest biomolecules with different sizes
recognized that the pore size is vital for enzyme immobilization. Enzyme molecules are
incapable to enter into the pore of nanoparticles when the pore is smaller than the
molecular size of the enzyme, resulting in a low enzyme loading. In contrast, nanoparticles
with pore sizes larger than the enzyme molecular size may reduce the enzyme activity,
which may be ascribed to the enzyme leaching or reduction in the enzyme stability**™**.
Anchoring of biomolecules onto the nanoparticles surface may result in a strong binding
that may decrease the biological activity of the enzyme *°. In addition, chemical reagents in

the immobilization protocol such as crosslinking agents (i.e. glutaraldehyde and
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epichlorohydrin) lead to a certain level of enzyme activity reduction *°. Furthermore,
enzyme molecules embedded inside the traditional enzyme supports could not directly
contact substrates, thus the enzyme supports are unable to maximize the usage of the
enzyme, and therefore some of the expensive enzyme is wasted. It is, therefore, constant

efforts are being made into exploring robust and functional enzyme carriers.

Dendrimer-like silica nanoparticles with hierarchical pores (HPSNs) were recently
developed with unique properties *’. The carriers have been demonstrated as advanced
delivery nanocarriers for SiRNA and DNA molecules. The materials were constructed with
specific pore structures to increase the surface area for a high loading of biological
molecules. Each cavity in the nanostructure can act as a nanobioreactor for enzymatic
reaction after the cavity is immobilized with the enzyme. Importantly, the nanocarrier
possesses centre-radial open pores that are vital in coordinating diffusion of molecules with
different sizes such as substrates and products, and as a result, it enhances the biomolecule
interactions as well as reduces the associated mass transfer limitation. Another major issue
associated with nanobiocatalysis is to recover nanobiocatalysts from the aqueous solution
and reuse them due to their nano-meter size. Magnetic nanoparticles are often employed to
realize the recovery by placing them in a magnetic field . For instance, the

19 and

immobilization of lipase was realized on magnetic chitosan microspheres
Fe;O4/poly (styrene-methacrylic acid) magnetic microsphere % for enzymatic production
of biodiesel from soybean oil. Such an operation poses a significant challenge for scaling
up. HPSNs, however, offer easy separation and recovery through sedimentation or

centrifugation, which can simplify the recycle process for HPSNs-based nanobiocatalysts.

In the present work, HPSNs were synthesized as nanocarriers to host p-galactosidase.
The nanocarriers were functionalized with amino (NH;) and carboxyl group (COOH) to
promote covalent binding with the enzyme. Non-specific binding of the enzyme is
expected to occur on the surface of non-functionalized HPSNs. The schematic
representation of HPSNs functionalization and enzyme binding is illustrated in Scheme
3.1. The adsorption performance of three types of HPSNs was evaluated through bovine
serum albumin (BSA) and B-galactosidase at different protein concentrations. The -
galactosidase activity was compared for the three HPSNs. HPSNs-NH; was then chosen to
immobilize B-galactosidase for assessing its recyclability up to 10 continuous runs and its

performance in converting lactose into galacto-oligosaccharides (GOS).
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Loading of enzyme
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y —
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Scheme 3.1 Schematic description on the functionalization of dendrimer-like HPSNs for

the loading of B-galactosidase.

3.2 Materials and Methods

3.2.1 Chemicals

Cetyl trimethylammonium bromide (CTAB), ammonia, ethyl ether, ethanol,
tetraethoxysilane (TEOS), 3-aminopropyltriethoxysilane (APES), hydrochloric acid (HCI),
N,N-dimethylformamide (DMF), succinic anhydride, triethylamine (TEA), ammonium
hydroxide, sodium carbonate and phosphoric acid were of analytical grade without further
purification. Bovine serum albumin (BSA), Kluyveromyces lactis B-galactosidase, o-
nitrophenyl-p-D-glactopyranoside (ONPG) and coomassie brilliant blue G-250 were
obtained from Sigma-Aldrich. Potassium phosphate buffer (PBS) (pH 7.2) was procured

from Gibson.
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3.2.2 Preparation and Functionalization of Nanoparticles

The preparation and functionalization of HPSNs-NH; were conducted using the methods

developed by Du et al.*’

. A total of 0.5 g of CTAB was dissolved in an emulsion system
composed of 70 ml of H,O, 0.8 ml of aqueous ammonia, 15 ml of ethyl ether and 5 ml of
ethanol. The mixture was vigorously stirred at 1000 rpm for 0.5 h at room temperature.
The stirring was continued for 4 h after addition of a mixture of TEOS (2.5 ml) and APES
(0.1 ml). After 4 h, 1 ml of HCI (37 %) was added in order to stop the base-catalyzed
reaction. A white precipitate of amino-functionalized silica nanoparticles (HPSNs-NH,)
was obtained from 12 min centrifugation at 4200 rpm. The precipitate was washed with
ethanol and water. Treatment with ethanoic HCI (15 ml of concentrated HCI in 120 ml
ethanol) was conducted under stirring at 70 °C for 24 h to extract CTAB template. The
extracted particles, obtained from centrifugation at 4200 rpm for 12 min, were washed with
water for three times. HPSNs with the carboxyl group (HPSNs-COOH) was synthesized by
reacting HPSNs-NH; (50 mg in 20 ml DMF) with succinic anhydride (0.45 g in 5 ml
DMF) in the presence of TEA (0.45 ml) for 5 h. Non-functionalized HPSNs was obtained

by calcining HPSNs-NH, at 550 °C for 4 h.

3.2.3 Characterization of Nanoparticles

The characterization of HPSNs-NH, and HPSNs-COOH using scanning electron
microscopy (SEM) was performed under a Philips XL30 field emission scanning electron
microscope operated at 10 kV. Fourier transform infrared (FTIR) spectra of samples were
recorded on a Thermo Scientific NICOLET 6700 FTIR spectrometer at room temperature.
TriStar Il surface area and porosity analyzer from Micromeritics at -196 °C was used for
nitrogen adsorption-desorption measurements using the volumetric method.Brunauer-
Emmett-Teller (BET) specific surface areas were calculated by using adsorption data at a
relative pressure range of P/P, range of 0.05-0.25. The Barrett, Joyner, and Halenda (BJH)
method was used to estimate pore size distributions from adsorption branch of isotherm.
The amounts of N, adsorbed at the single point of P/P;=0.99 was used to determine pore
volumes. The particle sizes and zeta-potentials dispersed in PBS (pH = 7.5) were measured

using a Malvern Zetasizer Nano ZS (Malvern Inst. Ltd., U.K.) equipped with four-side
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clear cuvettes or the ZET 5104 cell at room temperature. S60/51920 TGA/DSC
(thermogravimetric/differential ~ scanning  calorimeter) analyzer from  Setaram
Instrumentation was used for thermogravimetric analysis (TGA) of samples using an
oxidant atmosphere (air, 30 ml/min) (heating ramp of 10 °C/min from room temperature to
800 °C).

3.2.4 Enzyme Immobilization on Nanoparticles

Silica nanoparticles (10 mg) were dispersed in 1 ml PBS buffer (pH 7.2) and sonicated for
30 min. The mixtures were mixed into BSA (0-10 mg/ml) or B-galactosidase (0-9 mg/ml)
and gently stirred overnight at 4 °C 2*. The particles were recovered through centrifugation
at 4200 rpm for 10 min and washed with water to remove free BSA or enzyme on the
surface of nanoparticles. The supernatant and washing solution were collected to measure

the concentration of non-adsorbed protein.

3.2.5 Production of Galacto-Oligosaccharides

Lactose (50 to 400 g/l) was prepared by dissolving into PBS (pH 7.2) at 60 °C. After the
solution temperature cooled down to room temperature, free or immobilized enzyme were
added and incubated at 37 °C in an orbital shaker at 200 rpm. Samples were drawn at pre-
set intervals for analysis (1-5 h) and immediately heated in boiling water for 5 min to
deactivate the enzyme activity %. The mixture was centrifuged to separate the supernatant
and nanoparticles. The resultant supernatant was filtered using 0.45 pm nylon filters,

diluted 40 times and analysed by high performance liquid chromatography (HPLC).

3.2.6 Chemical Analysis

The enzyme concentration was assayed using the method described by Bradford %. A total
of 100 mg Coomassie brilliant blue G-250 were dissolved in 50 ml of 95% ethanol, 100 ml

of 85% phosphoric acid and diluted with water to a final volume of 1 | with gentle mixing.
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A total of 100 pl samples was added into 5 ml of the Bradford solution, mixed
homogenously, and allowed to react for 5 min and measured at a 595 nm
spectrophotometer. Protein concentration was determined based on the calibration curve
using BSA as a protein standard. The adsorption yield and adsorption capacity of the
immobilized enzyme were calculated using Egs. (1) and (2), respectively, where P; is the
initial concentration of protein that is subjected for immobilization, P,, and P, is the amount

of protein in washing solution and supernatant, respectively 2.

Pi—(Pw+ Pg))

Adsorption yield (%) = [ x 100 1)

[Pi_(PW+ PS)] (2)

mass of nanoparticles

Adsorption capacity (mg/g) =

The enzyme activity was measured by mixing 100 samples with 1.7 ml of PBS buffer
(pH 7.2) and 0.2 ml of 20 mM ONPG prior to continuous agitation at 37 °C for 10 min. A
total of 2 ml of 1M sodium carbonate was added immediately to stop the reaction before
measuring the liberated product spectrophotometrically at 405 nm 2°. The enzyme activity
was determined from the plotted o-nitrophenol standard curve. One unit (1 U) of B-
galactosidase is defined as the amount of enzyme liberates 1 pmole of o-nitrophenol per
min under standard assay conditions. The activity retention of immobilized enzyme was
determined using the Eq (3), where «a; is the activity of immobilized enzyme activity,

while a; is the activity of free enzyme at the same concentration 2
Activity retention (%) = % x 100 (3)
f

Saccharides (lactose, glucose, galactose, GOS) were determined using high
performance liquid chromatography (HPLC) (Agilent) equipped with an aminex HPX-87H
column (300 x 7.8 mm) maintained at 60 °C and a refractive index detector. H,SO4 (8
mmol/l) was used as a mobile phase at a flow rate of 0.5 ml min™. An approximately 5 pl
samples were injected for saccharides analysis 2’. 2"?’[27][27][27][27][27](Zheng et al.,
2006)(Zheng et al., 2006)(Zheng et al., 2006)(Zheng et al., 2006) The lactose conversion
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was calculated using Eq (4). The yield (Y) of saccharides (glucose, galactose and GOS)
was determined using Eqgs (5-7).

initial lactose]—[final lactose]

Conversion (%) = [ [initial lactose] x 100 “)
Y gtucose (%) = % x 100 )
Y gatactose (%) = % x 100 ©6)
Y gos (%) =% Conversion — % Ygi,co5e — % Ygatactose (7

3.2.7 Recyclability

The activity of the immobilized enzyme on HPSNs-NH, was continuously monitored for
10 cycles. The enzyme activity was determined using the procedure described in section
2.6. After each assay, the nanoparticle-carrying enzyme was separated from the reaction
medium through centrifugation at 4200 rpm for 10 min, and then washed with PBS
solution (pH 7.2), dewatered before supplementing with fresh substrate to initiate a new
cycle of reaction. The enzyme activity at the first run was considered as control (100%) for

the calculation of remaining activity after repeated uses .

3.2.8 Statistical Analysis

Experimental studies were carried out in triplicate. The data were analysed using the
statistical tool in MS Excel 2010 and presented as a mean value with an average standard

deviation of < 5%.
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3.3 Results and Discussion

3.3.1 Preparation and Characterization of HPSNs

Three types of dendrimer-like nanoparticles: HPSNs-NH,, HPSNs-COOH and HPSNs
were prepared according to the Scheme 3.1. The surface of HPSNs was functionalized
with amino (NH,) and carboxyl (COOH) groups to facilitate f-galactosidase binding. The
enzyme, which possesses amino ( -NHy), carboxyl ( -COOH), thiol ( -SH) and hydroxyl ( -
OH) groups located in lysine, arginine, glutamic and aspartic acid residues, could interact
with the functional groups on the HPSNs surface °. Meanwhile, for HPSNs without
functional group, enzyme might perform non-specific binding and randomly attach on the

material surface.

Successful conjugation of amino and carboxyl functional groups on the surface of
HPSNSs is confirmed from the Fourier transforms infrared (FTIR) spectra of HPSNs-NH
and HPSNs-COOH (Figure 3.1). The presence of the amino groups is evidenced by weak
peaks at 1463 and 1520 cm™ due to N-H bending. Grafting of the carboxylic acid groups is
signified by three peaks at 1415, 1554 and 1710 cm™ for carbonyl stretching. Other
characterization experiments have also been conducted to demonstrate different groups on
the surface of HPSNs. The zeta potentials change from +4.5 (HPSNs-NH,) to —6.7
(HPSNs-COOH) in PBS solution (Table 3.1). The amount of functional groups attached on
HPSNs surface was evaluated through thermogravimetric analysis (TGA) analysis. The
surface functional group coverage of the NH; group (0.79 mmol NH; groups /g product) is
found to be greater than the COOH group (0.57 mmol COOH groups /g product). Similar
discrepancy for the two functional groups on the HPSN surface is also confirmed by
nitrogen sorption, with 0.70 and 0.27 groups/nm? based on the specific surface areas for
NH, and COOH group, respectively. The Brunauer-Emmett-Teller (BET) surface area of
HPSNs-NH, (747 m? g') is also higher than HPSNs-COOH (585 m? g™).

91



Chapter 3

as-HPSNs-
2 TAB

HPSNs-NH,

HPSNs-COOH

Transmittance

T T T T T T T T T
4000 3500 3000 1500 1000
wavenumber (cm” 1 )

Figure 3.1 FTIR spectra of HPSNs-NH, with CTAB template, HPSNs-NH;
andHPSNs-COOH.

The morphology and pore size of the nanoparticles were also characterized through
SEM. Since three types of nanoparticles share very similar images, and only HPSNs-NH
are presented in Figure 3.2. It can be seen from Figure 3.2 that uniform sized nanoparticles
are prepared with a particle size of 160-250 nm. The nanoparticles have hierachical pores
and the center-radial pores were determined to be in the range of 9-117 nm. The average
size of uniform mesopores confirmed by the TEM image was ca. 4.5 nm. HPSNs-NH,
have been demonstrated to be a promising nanocarrier for loading and delivery of
therapeutic macromolecules, such as short-interference RNA or plasmid DNA . We will
explore the unique structure of this nanocarrier for enzyme immobilization. This multiple-
pore structure favors a high enzyme loading and harmonizes diffusion of substrates
towards the enzyme on the pore surface, which can promote the interfacial reactions

between the substrate and the enzyme.
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Table 3.1 Physicochemical properties of HPSNs-NH; andHPSNs-COOH.

Properties HPSNs-NH, HPSNs-COOH
pH 7.59 7.54
Particle size (nm) 756 460

Zeta potential (mV) +4.5 -6.7

BET surface area (m?® g*) 747 585

Pore size (nm) 4.5 4.3

Total pore volume (cm® g™) 1.26 1.19
TGA analysis (mmol groups/g 0.79 0.57
product)

N, sorption (groups/nm?) 0.70 0.65

Figure 3.2 SEM images of HPSNs-NH; at 5 pm on the left side and 500 nm at the
right side.
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3.3.2 Immobilization of BSA and B-Galactosidase

High adsorption capacity is one of the major criteria in selecting enzyme carriers. Two
parameters have often been used to describe the adsorption performance: adsorption
capacity and adsorption yield. The adsorption yield is defined as the percentage of
enzymes in the bulk solution transferred to the solid surface. We have used two different
proteins to examine the adsorption of the nanocarriers. BSA that often used for evaluation
of adsorption was employed for benchmarking the nanocarriers. Comparing with BSA,
another enzyme, B-galactosidase, is much larger in size and less negative in zeta potential
(Table 3.2). As Figure 3.3(a-b) indicates, HPSNs-NH, demonstrates the highest adsorption
yield for both BSA (90 %) and B-galactosidase (82 %) at 1 mg/ml concentration. As the
enzyme concentration increases, HPSNs-NH; are able to retain almost all BSA molecules
inside the nanoparticle pores, while nearly 40 % of B-galactosidase molecules are adsorbed
at a protein concentration above 4 mg /ml. Meanwhile, the highest yield for HPSNs-COOH
Is observed below 80 % for both biomolecules at all tested concentrations. When the BSA
concentration increases, the adsorption yield starts to slightly reduce. Besides, the
adsorption yield also decreases as the enzyme concentration increases, a similar profile as
HPSNs-NH,. The least amount of the bound protein is observed on the non-functionalized
HPSNs. Nevertheless, the absorption yield for the enzyme nearly doubles in comparison
with BSA. Interestingly, the absorption yield for B-galactosidase on three types of

nanocarriers shares a similar trend as the concentration increases.

Table 3.2 Characteristics of -galactosidase and bovine serum albumin (BSA).

[-galactosidase BSA
Molecular weight 116,349 69,000
Isoelectric point 46-5.1 4.7-4.9
Zeta potential (mV) -2.3 -8.53
Diameter (nm) 7 4.9
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Protein adsorption onto the nanocarriers depends on two factors: the available
surface for protein molecules and the interaction force between the protein molecules and
the functional groups on the nanocarrier surface. The internal surface in the mesopores
may be available if the molecular size is smaller than or equivalent to the mesopore size. -
Galactosidase has a high molecule weight of 116349, and the molecular diameter is
estimated to be ca. 7 nm, while BSA has a molecular diameter of 4.9 nm (Table 3.2). The
mesoporous size is averaged to be around 4.5 nm, which allows BSA molecules to occupy
the pore surface, but may block B-galactosidase molecules into the mesopores. There are
three possible interaction forces governing protein adsorption on the nanoparticle surface:
covalent bonds, electrostatic interactions and non-specific weak binding. BSA and f-
galactosidase are able to attach on the HPSNs surface by forming covalent linkages
between the grafted NH, and COOH groups on the HPSN surface and the COOH and NH,
group of the protein molecules. Such functional groups on the enzyme have been reported
to interact with aldehyde, cyanogen, epoxy and carbodiimide-activated nanoparticles to

facilitate xylitol dehydrogenase binding .

For the same biomolecules, HPSNs-NH, seem to perform better adsoprtion than
HPSNs-COOH, which could be explained by a higher BET surface area and a greater
functional group coverage of HPSNs-NH, than HPSNs-COOH thus provide more active
sites for biomolecules binding.In addition, an electrostatic force may also promote protein
binding. The negative charge of BSA and B-galactosidase (Table 3.2) could interact with
the opposite charge of amino-functionalized HPSNs (Table 3.1). This force could be used
to explain the difference between the adsorption of BSA and B-galactosidase onto HPSNs-
NH,. The electrostatic interaction force of HPSNs-NH,-BSA is higher than that HPSNs-
NH,-B-galactosidase. The reason is probably due to a stronger negative charge of BSA
than [-galactosidase, which can facilitate the BSA adsorption onto the mesopores. Protein
molecules could also be adsorbed onto the HPSNs surface without any functional groups
through non-specific weak binding such as hydrophobic interactions or van der Waals

forces ¥

. This force becomes more dominant for p-galactosidase as the enzyme
concentration increases above 4 mg/ml. Covalent force and electrostatic interactions play a
major role at the low enzyme concentration as the functional groups on the nanoparticles
are not consumed by the enzyme molecules. As the enzyme concentration increases, extra

enzyme molecules are attached to the non-functionalized surface due to the non-specific
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binding, and this may also explain why the adsorption yield is similar for three types of

nanoparticles at a high enzyme concentration.
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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). e
HPSNs-NH,,¢ HPSNs-COOH, A HPSNs

In a reactor system, enzyme immobilized through weak binding may easily leak into
the reaction medium due to mechanical stress derived from agitation or liquid flow™ 2.
Therefore, the functional groups on the HPSN surface can create specific and strong

covalent binding for biomolecules. However, more importantly, the functional groups must
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be able to preserve the enzyme catalytic activity through maintaining the enzyme

conformation structure.

Another parameter, adsorption capacity defined as the amount of adsorbed enzyme
(mg) per gram of enzyme supports, is depicted in Figure 3.3(c-d). The binding capacity is
often plotted against the equilibrium enzyme concentration in the liquid solution to
determine the adsorption equilibrium relationship. In the case of BSA, HPSNs-NH, and
HPSNs show a linear relationship between the adsorption capacity and the equilibrium
enzyme concentration in the solution at the tested enzyme concentration (0-10 mg/ml).
HPSNs-NH, have a more sharp slope in the isothermal adsorption profile, which means
that HSPNs-NH; are able to accommodate a much higher amount of BSA than HPSNSs.
HPSNs-COOH exhibit a Langmuir isothermal adsorption profile and the maximum

adsorption capacity is estimated to be 300 mg BSA/g nanocarrier.

Meanwhile, for p-galactosidase, the Freundlich isotherm (Cas =KCa ") is the best to
correlate the experimental data for three HPSNs. The power indices, n, are 0.3694, 0.8363
and 0.4625 for HPSNs-NH2, HPSNs-COOH and HPSNs, respectively. Since they are
below 1.0, the three types of nanoparticles are favorable for enzyme adsorption. At an
initial enzyme concentration of 8 mg/ml, all HPSNs carriers exhibit a comparable
adsorption yield of 295-328 mg/g, which exceeds other reported carriers summarized in
Table 3.3. Cellulase on magnetic chitosan nanoparticles carrier was found to have a lower
adsorption capacity (112.3 mg/g) **. Laccase loading on metal-mediated mesoporous silica
and mesoporous carbon was 98.1 mg/ g * particle and 233.3 mg/g *°, respectively. Our
enzyme adsorption finding is also in agreement with the previous report *” in which HPSNs
nanocarriers demonstrated to have a high gene loading capacity and high transfection

efficiency in the gene delivery application.

3.3.3 Operational Stability of Nanobiocatalysts

The major challenge in the development of the nanobiocatalyst technology is to retain the
catalytic activity of the enzyme upon immobilization onto nanocarriers. The enzyme
activity was measured using ONPG as the substrate for the enzymes on three carriers,
benchmarking with the free enzyme. The initial enzyme concentration was referred to one
used for immobilization on three nanocarriers and the formed nanocarrier/enzyme
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assemblies were centrifuged and resuspended for enzyme activity measurement. The
activity retention was determined by dividing the activity of the immobilized p-
galactosidase to the activity of free B-galactosidase. As shown in Figure 3.4, HPSNs-NH,-
Gal exhibits distinguished enzyme stability with 100% activity retention at all tested
concentrations, indicating the enzyme catalytic activity was unaffected by the
immobilization process. Both HPSNs-COOH and HPSNs provide a lower activity
retention at a low enzyme concentration (0.5 mg/ml), approximately 80 % and 60 %,
respectively. This low activity retention may be due to a low adsorption yield (Figure
3.3b), which results in less enzyme molecules to react with ONPG. However, as the initial
enzyme concentration increases, three nanocarriers have full activity retention. It has been
reported that enzyme conformational change upon immobilization reduces the enzyme
reactivity %°. From Figure 3.4, we can conclude that there is no enzyme conformation

change when immobilized on three nanocarriers.

120

100

Residual activity (%)
B (o)) Qo
o o o

N
(=)

0.5 1 1.5 2
Initial enzyme concentration (mg/ml)

Figure 3.4 Activity retention profiles of free B-galactosidase and immobilized p-
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,, ii HPSNs-COOH and O
HPSNs.
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Chapter 3

Support Enzyme Adsorption Activity Reference
capacity retention
(mg/g) (%)
HPSNs-NH, B-galactosidase 320 100 This work
100 100
HPSNs-COOH B-galactosidase 280 100
74 90
HPSNs [-galactosidase 280 100
44 70
Polydopamine-coated iron oxide Formate dehydrogenase - 90 3
nanoparticles
Chitosan Glucose oxidase - 77.9 38
PGMA-b-PDMAEMA-grafted magnetic Lipase 500 43.1 %9

nanoparticles
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34

Magnetic mesoporous silica nanoparticles Laccase 72.6 81.5

Cu?*-chelated- magnetic mesoporous silica Laccase 98.1 92.5 3
nanoparticles

Chitosan Laccase 20 52 40
Magnetic polymer microspheres Laccase 941 65 “
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Because of its high adsorption yield and activity retention, HPSNs-NH, was chosen
for further study. Recyclability is a great advantage for immobilized enzyme over free
enzyme. Simple recovery of immobilized enzyme and retention of enzyme activity for
many runs allow the enzyme to be used in large-scale process, defraying the operation
cost. The HPSNs carriers were separated from reaction medium by centrifugation at a mild
operation condition (4200 rpm in the lab centrifuge, corresponding to 2397 g), which is
applicable in large operation. Separations of nanobiocatalysts are quite challenging, and
often magnetic nanoparticle-based nanobiocatalysts are prepared to facilitate separation in
a magnetic field. However this operation requires a long separation time and a strong

magnetic field, and it also leads to nanobiocatalyst loss after each run 2.

Figure 3.5 presents retention of the B-galactosidase activity on HPSNs-NH after ten
cycles. It can be seen that HPSNs-NH,-Gal can be recycled up to ten times with 20% of its
initial activity remaining. It is noted that after five cycles, HPSNs-NH,-Gal is able to retain
80 % of its initial activity. The decrease of activity is consistent with literature reports. It
was reported that the reusability was up to seven cycles ** or six cycles* with the

remaining activity was 20% and 35%, respectively.

-
N
o

-
o
o

Residual enzyme activity (%)
(=21
o

1 2 3 4 5 6 7 8 9 10
Number of reuse

Figure 3.5 Recyclability of immobilized B-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).
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3.3.4 Production of Galacto-Oligosaccharides

After evaluating the biocatalytic stability, the engineering performance of HPSNs-NH,-Gal
was evaluated for galacto-oligosaccharide (GOS) synthesis, a commercially important
functional food. Figure 3.6a-b illustrates the reaction products of lactose bioconversion by
free B-galactosidase and HPSNs-NH,-Gal. The reaction mixtures comprised of glucose,
galactose, GOS and remaining lactose. In (-galactosidase-catalyzed reaction, lactose is
bioconverted through competitive reactions between hydrolysis and transgalactosylation.
Initially, the lactose glycosidic linkages are attacked to form enzyme-galactosyl complexes
. Hydrolysis takes place when water acts a galactosyl acceptor, yielding glucose and
galactose as end products, while GOS is generated through nucleophilic-galactosyl

reaction in transgalactosylation “*'.

It can be seen in both free and immobilized enzyme that two reactions apparently
occur during the first hour reaction time. The remaining lactose is approximately 100 g/I
for free B-galactosidase, lower than the unconverted lactose found in HPSNs-NH,-Gal
(160 g/l), indicating the free enzyme demonstrates to have faster lactose reduction. The
conversion rate is determined to be 300 g/l/h for the free enzyme and 240 g/I/h for the
immobilized enzyme. Despite to that fact, it is found that the free p-galactosidase generates
a higher glucose yield which becomes the major product (average 185 g/l). It implies the
preferance of the free enzyme towards the hydrolysis reaction. In contrast, the HPSNs-
NH,-Gal yields glucose about 1.7-times lower than the free counterpart, signifying
transgalactosylation dominates the lactose bioconversion. Consequently, the GOS yield by
HPSNs-NH,-Gal is 2.6-times higher than the free enzyme.

By extending the reaction time to 5 h, lactose concentration in the free enzyme
reaction system experiences a steady and slow decrease. Glucose maintains at the same
level as the first hour. A slight increase in GOS and galactose concentration can be found
in Figure 3.6a. In the HPSNs-NH,-Gal catalysed system, lactose concentration has the
similar decrease trend as the free enzyme after one hour. However, a steady increase of
glucose and galactose concentration can be seen from Figure 3.6b. GOS concentration
keeps at between 100 and 122 g/l. In comparison to reported previous studies, the GOS
formation by HPSNs-NH,-Gal is observed to have comparable or even better performance.

Employement of B-galactosidase on alginate was described to generate GOS about 87 g/l
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240 g/l by membrane-bound B-galactosidase “® and 104 g/l on magnetic polysiloxane-

polyvinyl alcohol *°.
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Figure 3.6 The composition of reaction mixture (remaining lactose, glucose, galactose,
GOS) by (a) free p-galactosidase and (b) HPSNs-NH2-Gal and (c) the effect of initial
lactose concentrations on lactose conversion and (d) GOS vyield. (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)).o Remaining glucose, A
GOS, e glucose, ¢ galactose, ms HPSNs-NH2-Gal and [ free B-galactosidase.

Figure 3.6¢-d presents comparison of the effect of the initial lactose concentration on
GOS formation by free p-galactosidase and HPSNs-NH,-Gal. The conversion trends for
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both enzymes decrease with the increasing lactose concentration. Free enzyme is found
superior in lactose conversion, up to 100 % below the initial lactose concentration of 100
o/l. Lactose conversion by the free enzyme consistently exceeds HPSNs-NH,-Gal at all
tested concentrations (Figure 3.6¢). In contrast, HPSNs-NH,-Gal performs much better in
GOS synthesis than the free counterpart. Figure 3.6d indicates that the free enzyme is
unfavourable for GOS formation particularly at a lower lactose concentration. In a diluted
solution, water molecules surround the free enzyme reaction sites, therefore, hydrolysis
becomes the preferential reaction. When the initial lactose concentration is above 300 g/l,
more sugar molecules compete with water molecules and transgalactosylation starts to play
a role, which can be seen that GOS production increases sharply. It can be seen that
HPSNs-NH,-Gal shows preference towards transgalactosylation regardless of the initial
lactose concentration. While free enzyme does not generate any GOS at a lower lactose
concentration up to 200 g/l, HPSNs-NH,-Gal produces GOS up to 50 g/l. Although GOS
yield from HPSNs-NH,-Gal is still better than that from the free enzyme, the gap is
significantly reduced at the initial lactose concentration of 400 g/l. HPSNs
microenvironment might have beneficially reduced the diffusion path between the
biomolecules and creating a local nanoenvironment with a higher sugar concentration
around the enzymatic catalytic sites, promoting more galactosyl-nucleophilic reactions
than galactosyl-water activities, therefore, yielding higher GOS than glucose and galactose.
This nanoenvironment seems very pronounced at a lower lactose concentrations. As the
intital lactose concentration increases, more sugar molecules surrounding the enzymes
supress the water activities, and the HPSNs-NH,-Gal nanobiocatalyst assembly starts to
behave like the free enzyme. The nanoenvironment has also been reported to provide a
localised optimal reaction condition for immobilized enzyme, such as pH, ionic strength,
and temperature °. It is evidenced by the increased reaction rates of nanoparticles-bound
lipase from 3 to 180 times higher than controls because of a local pH of 7.7 in the
nanobiocatalyst assembly °.

3.4 Conclusion

Functionalized dendrimer-like silica nanoparticles with hierarchical pores were employed
as enzyme nanocarriers to form an enzyme-nanocarrier assembly. The functionalization
with amino group favoured enzyme binding than carboxylate functional group. The
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nanoparticles functionalized with NH, group have performed better in adsorption of BSA
than COOH group or non-functionalized nanoparticles, and this is also applied to the -
galactosidase adsorption at low enzyme concentration. However, they all had a very
similar adsorption yield at higher initial enzyme concentration. The Freundlich isothermal
adsorption was found to best fit the experimental data of enzyme adsorption for all three
types of nanoparticles. The nanoparticles were found favorable for the enzyme adsorption.
The enzyme activity was fully preserved upon immobilization onto three types of
nanoparticles. The enzyme assembly with HPSNs-NH; was further demonstrated to run up
to 10 cycles with 20% of the enzyme activity remaining. Importantly, we have found that
the enzyme assembly was able to generate GOS at a much higher yield than free
counterpart when the initial lactose concentration is lower than 400 g/l, which means that
the enzyme assembly had a preference towards transgalactosylation, while hydrolysis was
dominate in the free enzyme solution. At a high initial lactose concentration, the enzyme
assembly and free enzyme shared a comparable GOS vyield. Our research findings
demonstrated the HPSNs can be used to form enzyme-nanocarrier assemblies which have
enhanced selectivity towards the required reaction pathways. The findings of the
nanocarrier structure-function relationship in enzyme immobilization in this study will
provide a useful insight for future development of the hybrid nanobiocatalyst assembly, by
correlating and integrating the unique functions of nanocarriers and enzymes. To translate
the bench-scale technology into commercial practices, the development of advanced
nanoparticle-based enzyme carriers is a critical challenge. Cost reduction as the major
hurdle for large-scale trials, long-term stability of the biocatalyst-nanocarrier assembly and

operations in a large scale reactor will be addressed in future research.
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Chapter 4

Abstract

The nanoenvironment of nanobiocatalysts, such as local hydrophobicity, pH and charge
density, plays a significant role in optimizing the enzymatic selectivity and specificity. In
this study, Kluyveromyces lactis p-galactosidase (Gal) was assembled onto polystyrene
nanofibers (PSNFs) to form PSNF-Gal nanobiocatalysts. We proposed that local
hydrophobicity on the nanofiber surface could expel water molecules so that the
transgalactosylation would be preferable over hydrolysis during the bioconversion of
lactose, thus improve the galacto-oligosaccharides (GOS) yield. PSNFs were fabricated by
electro-spinning and the operational parameters were optimized to obtain the nanofibers
with uniform size and ordered alignment. The resulting nanofibers were functionalized for
enzyme immobilization through a chemical oxidation method. The functionalized PSNF
improved the enzyme adsorption capacity up to 3100 mg/g nanofiber as well as enhanced
the enzyme stability with 80 % of its original activity. Importantly, the functionalized
PSNF-Gal significantly improved the GOS vyield and the production rate was up to 110
g/l/h in comparison with 37 g/I/h by free p-galactosidase. Our research findings
demonstrate that the localized nanoenvironment of the PSNF-Gal nanobiocatalysts favour

transgalactosylation over hydrolysis in lactose bioconversion.

Keywords: nanobiocatalyst, galacto-oligosaccharide, p-galactosidase, polymer nanofibers,

bioconversion
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4.1 Introduction

Advances in biotechnology have led to rapid development of enzyme-catalyzed
bioprocesses which are green and sustainable in comparison with chemical processes.
Enzymes, a type of biocatalysts able to provide specific and selective activity, have been
found in broad applications including biocatalysis, biosensors and medicines. Nevertheless,
biocatalysts are no longer economically viable when they are used in large scale processes
due to their low stability and reusabilityunder reactor conditions *. Therefore, enzyme
immobilization on support materials is gaining immense interest from both industry and
academia. The immobilization facilitates recovery and recyclability of biocatalysts that
enables a cost-effective operation process %. A further benefit of immobilization is to
enhance enzymatic stability, under either storage or operational conditions, by sheltering
and/or stabilizing enzymes against harsh chemical and environmental conditions including

extreme pH and temperature **,

Various support materials have been employed for enzyme immobilization including
natural polymers e.g.cellulose, starch, agarose and chitosan >*®, synthetic polymers e.g. ion

| ”® or inorganic materials e.g. silica °, zeolite *° and

exchange resin and polyvinyl alcoho
mesoporous silica . In recent years, assembly of enzymes on nanostructured materials to
form nanobiocatalysts has been recognized as a promising approach to enhance enzyme
performance. To date, functional nanomaterials such as nanofibers, nanoparticles,
nanotubes, and nanocomposites 2> have been used as enzyme carriers. The approaches of
immobilization can be accomplished via covalent and non-covalent binding, cross-linking,
entrapment or encapsulation °. Despite constant efforts into optimizing immobilization
strategies, reduction of the enzyme activity upon immobilization remains one of key
challenges. The activity reduction may be associated with alteration of the unique and
native structures of the enzyme '’. As a consequence, it may significantly affect the
performance of the immobilized enzymes in a reactor system. The methodologies for
recovering nanobiocatalysts arealso poorly developed. It is, therefore, a focal point to
explore recyclable enzyme nanocarriers that can preserve or enhance the enzyme catalytic

function, and are suitable for industrial processes.

Cheese whey is a main by-product in casein and cheese manufacturing processes. It

has been regarded as organic pollutants in wastewater due to its high organic loading,
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which has contributed to significant eutrophication and toxicity in eco-steams *°.

Worldwide, more than 10° tons of cheese whey are produced annually, thus a cost-
effective treatment technology prior to safe disposal into the environment is highly pursued
9 Lactose is the major content (60-80 %) of dairy effluents. Bioconversion of the lactose-
rich wastes into valuable products endows a promising solution. Lactose can be
transgalactosylated into galacto-oligosaccharides (GOS), which offer a range of important
health functions in living systems such as prebiotics, low caloric sugar alternatives, and

low cariogenicity %°.

B-Galactosidase is the catalyst for bioconversion of lactose into GOS #. The enzyme
cleaves the lactose molecules forming enzyme-galactosyl complexes before entering either
hydrolysis or transgalactosylation pathways. The hydrolysis reaction takes place when
water acts a galactosyl acceptor yielding glucose and galactose, while GOS is generated in
the transgalactosylation reaction when acceptor molecules, which derived from sugar
molecules in reaction medium, surpress the water activity *2. To enhance GOS production,
a localized nanoenvironment can be optimized to promote the transgalactosylation.
Meanwhile, due to high cost of p-galactosidase, development of technologies for
immobilizing -galactosidase and enhancing its enzymatic activity and stability has gained

momentum in research and development for industrial GOS production.

In this work, we propose to manipulate the local nanoenvironment of -galactosidase
by increasing the local hydrophobicity to reduce the water activity around the enzyme
catalytic sites, thus transgalactosylation becomes more preferable than hydrolysis, which
leads to a high GOS yield. Polystyrene nanofibers (PSNF) were selected as enzyme
nanocarriers because the nanostructured fibers offer intrinsic advantages including high
surface area for enzyme loading, and high porosity and interconnectivity to promote low
hindrance for mass transfer . The nanofiber surface presents a hydrophobic surface and
the solid nanofiber-based nanobiocatalysts can also be recycled. The nanofibers were
synthesized using an electrospinning device, and the fabrication process was optimized to
generate uniform sized fibers. The PSNF surface was then functionalized through the
surface oxidation method to facilitate P-galactosidase binding. The immobilization
efficiency was assessed using bovine serum albumin (BSA) and [-galactosidase. Finally,
the bioengineering performance of the PSNF-Gal was evaluated in bioconversion of

lactose into GOS by benchmarking with the free enzyme.
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4.2 Materials and Methods

421 Chemicals

Polystyrene (molecular weight: 350,000), N,N-dimethylformamide (DMF) and nitric acid
(HNO3) were of analytical grade without further purification. Bovine serum albumin
(BSA), Kluyveromyces lactis [-galactosidase, O-nitrophenyl-B-d-glactopyranoside
(ONPG), Coomassie Brilliant Blue G-250 and calcium carbonate (CaCOs3) were obtained
from Sigma-Aldrich. Phosphate buffer saline (PBS), pH 7.2 (10x) were procured from Life

Technologies.

4.2.2 Synthesis of Nanofibrous Polystyrene by Electrospinning

The precursor for electrospinning was prepared by dissolving polystyrene (10-30 %, w/v)
in DMF with gentle stirring for overnight to form a homogenous solution. The resulting
solution was placed inside a 5 ml syringe bearing a needle tip with 1 mm inner diameter,
which was connected to a high voltage power supply. The electrospun nanofibers were cast
onto a metal-surface collector with a distance of about 10-25 cm from the needle tip. The
flow rate was fixed at 2.5 ml/h while the electrospinning was performed within a voltage
range of 20-30 kV. The fibers were detached from the collector surface and stored at room

temperature for further use.

4.2.3 Enzyme Immobilization on Nanofibers

The surface of polystyrene nanofibers (PS) was modified through surface oxidation to
introduce oxygen-containing reactive groups of carboxyl (COOH) and hydroxyl (OH) for
enzyme binding *. An approximately 1 cm x 2.5 cm piece of nanofibers was immersed in
HNOj3 (69 %) for 2 h at room temperature . The acid-modified support was rinsed with
water and PBS (pH 7.2) three times to remove excess acid. BSA and -

117



Chapter 4

galactosidaseimmobilization were carried out by submerging the nanofibers into BSA (0-
10 mg/ml) or B-galactosidase (0-9 mg/ml) PBS solution and gently mixed overnight at 4
°C. Finally, the nanofibers were rinsed thoroughly with water to remove free BSA and B-
galactosidase. The supernatant and washing solution were collected to measure the

concentration of non-adsorbed proteins.

4.2.4 Enzymatic Activity Assays

The activity assays of free and PSNF- B-galactosidase (PSNF-Gal) were measured
according to the procedure described by Ansari and Husain ?°. The reaction mixture
containing 0.1 ml of enzyme solution, 1.7 ml of PBS buffer (pH 7.2) and 0.2 ml of 20 mM
ONPG were incubated with continuous agitation at 37 °C for 10 min. The reaction was
stopped by adding 2 ml of 1 M sodium carbonate before measuring the liberated product
spectrophotometrically at 405 nm. The concentration of product was calculated from the
O-nitrophenol standard curve. One unit (1 U) of B-galactosidase is defined as the amount
of enzyme which liberates 1 umole of O-nitrophenol per min under the standard assay

condition.

4.2.5 Production of Galacto-Oligosaccharides

Lactose (400 g/l) solution was prepared by dissolving lactose into PBS (pH 7.2) at 60 °C.
Free or immobilized enzymes were added after the solution cooled down to 37 °C. The
mixtures were incubated at 37 °C in an orbital shaker at 200 rpm. Samples were drawn at
designed intervals for analysis during the 5 h reaction period and then immediately heated
in boiling water for 5 min to deactivate the enzyme before analysis 2°’. Samples were
filtered using 0.45 pum nylon filters and diluted 40 times prior to high performance liquid
chromatography (HPLC) analysis.
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4.2.6 Chemical Analysis

The enzyme concentration was analysed using the Bradford method ?%. A total of 100 pl
samples were added into 5 ml of the Bradford reagent, mixed homogenously and allowed
to react for 5 min. The sample was then measured using a UV spectrophotometer
(Shimadzu, Japan) at 595 nm. Protein concentration was determined from a calibration
curve using BSA as a standard. The adsorption yield (%) and adsorption capacity (mg/g) of
the immobilized enzyme were calculated using Egs. (1) and (2), where P; is the initial
protein content of the enzyme solution before immobilization, B, and P, are the amount of

protein in washed solution and supernatant, respectively 2,

Pi—(Pw+ Ps)]

Adsorption yield (%) = . x 100 Q)

1

[P;—(Pw+ Ps)] (2)

nanofiber mass

Adsorption capacity (mg/g) =

The saccharides (lactose, glucose, galactose, GOS) were determined by HPLC
(Agilent, Germany) using an Aminex HPX-87H column (300 x 7.8 mm). The flow rate of
a pre-degassed 8 mmol/L-H,SO, mobile phase was set at 0.5 ml min™. A total of 5 pl
samples were injected and the saccharides were detected with a refractive index detector.
The column and the detector cell were maintained at 60 °C and 40 °C, respectively %, The

conversion (%) was calculated using Eq. (3).

initial lactose]—[final lactose]

Conversion (%) = [ x 100 3)

[initial lactose]

Yield () of glucose, galactose and GOS which represents the fraction with respect to total
concentration of initial lactose, was calculated using Egs. (4-6).

Ylucose (%) = [WL”] X 100 % (4)

Initial Lactose]
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_ lgalactose]
Y galactose (%0) = Unitial Lactose] X100 % (5)
YgOS (%) =% Conversion — % Yglucose - % Ygalactose (6)

4.2.7 Statistical Analysis

Sample collection and analysis were conducted in triplicates. Results were analysed using
the statistical tool in MS Excel 2010. Each value corresponds to the mean of independent

experiments.

4.3 Results and Discussion

4.3.1 Fabrication and Functionalization of Polystyrene Nanofibers

Structures and the local nanoenvironment of nanocarriers can significantly influence
enzyme activity and stability upon immobilization and its bioconversion performance in
industrial applications. Large surface areas and minimal defects are two essential criteria
for the nanofibers used for B-galactosidase immobilization. Nanofibers with a large surface
area are vital to host a high load of enzymes. The presence of defects on the nanomaterial
surface could possibly reduce its adsorption capacity. High quality nanofibers are required
to be fabricated from an electrospinning process. During the electrospinning process, an
electric field charges the polymer solution to create a repulsive force which overcomes the
surface tension and leads to a polymer jet eruption from the spinneret tip, thus fiber mats
are produced at the collector *°. A range of operating variables, which could affect the
quality and localized physiochemical properties of PS nanofiber, was optimized to obtain
high quality nanofibers. The variables comprise of polymer concentration (10-30%, wi/v),
electric voltage (20-30 kV) and the distance between needle tips and collector (10-25 cm).

A total of 36 trials were carried out based on different combinations of the synthesis

conditions as summarized in Table S4.1. The electrospun homogeneity, fiber alignment
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and lack of macroscopic defects are normally employed to describe the quality of final
products. Good quality nanofibers were obtained from the trials using 20 % (w/v) polymer
concentration, basing on homogeneous and droplet-free fiber mats spread on the collector
surface by visual inspection. The uniform size and ordered alignment of fibrous mats are
further confirmed from microscopic images (Figure 4.1a). It was found that polymer
concentration strongly influenced the nanofiber quality. Desirable PSNFs can be obtained
using 20% (w/v) PS regardless of the applied voltage or distance. These findings were in
agreement with the data reported by An et al.?*. At the lowest polymer concentration (10%,
w/v), liquid droplets were produced instead of fibers, probably due to a high surface
tension which is associated with a low viscosity of the liquid *!. In this case, the process is
called electrospraying which is used in many industries to obtain aerosols with narrow
distributions. In contrast, condensed fibers with major defects were produced using the PS
solution at a high concentration (30%, w/v). The defect formation is due to a high viscosity
of the PS solution. The resultant PS fibers fused together into a network rather than
individual fibers and generated rough and thick mats. This fiber morphology at a high
polymer concentration was also demonstrated by Deitzel et al.** due to its low surface
tension. It showed formation of beads on their surface which was observed as black dots
under microscopic image (Figure 4.1b), heterogeneous fibers diameters (Figure 4.1c) and

disordered alignments (Figure 4.1d), and all these represent a certain level of defects.

The fabricated electrospun mats with high quality were then modified by soaking in
HNO3 solution. Oxidation using HNOj3 has shown a favourable surface modification for
protein adsorption . In a previous study, different ratios of HNO3/H,SO, for modifying
polystyrene nanofiber surface were reported 2* and an acid mixing ratio of 4:1
(HNO3/H,S0,4) was found to significantly improve the enzyme loading. However, the
acidic solution containing sulphuric acid resulted in fibre aggregation. Therefore, surface
modification with HNOj3 solution was selected for nanofiber surface treatment. Figure 4.1e
and 4.1f show the SEM images of unmodified and HNOs-treated nanofibers. The acidic
oxidation of the fiber surface changes the morphology of the PS fibers. The electrsopun
mats becomes shorter fibers as a consequence of the HNOj3 treatment. Such modifications
have been proven to create oxygen-containing reactive groups, such as carboxyl (COOH)
and hydroxyl (OH), which are able to establish stable binding with biomolecules . As

2
l.

demonstrated by An et al.”*, the presence of COOH group on the PS nanofibers facilitated

to assemble dehydrogenase on the nanofiber surface as a functional biocatalyst. The
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wettability and hydrophobicity have been improved for the modified nanofibers in
comparison to the as-spun fibers. Our previous results % show that the as-spun fibers are
hydrophobic and they float on the water surface. After acidic treatment, the nanofibers are

well-dispersed in water.

| @

120 um

Figure 4.1(a-d) Microscopic images at 40x objective magnification of polystyrene
nanofibers (PSNF): (a) nanofibers with uniform diameters (fabrication conditions: 20
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% wi/v polymer concentration, 25 kV electric voltage, 15 cm distance), (b) nanofibers
with beads (black dots) (fabrication conditions: 30 % w/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
% wi/v polymer concentration, 30 KV electric voltage, 25 cm distance). (e-f) SEM

images of PSNF: (e) unmodified nanofibers and (f) HNOs-modified nanofibers.

4.3.2 Immobilization of BSA and B-Galactosidase

Two proteins, BSA and B-galactosidaseat a concentration range of 0 to 10 mg/ml, were
used in order to evaluate the protein immobilization performance on the nanofibers before
and after HNO; treatment (Figure 4.2). BSA and B-galactosidase generally exhibited
similar adsorption performance on the nanofibers at all tested concentrations. The
maximum adsorption was achieved at protein concentrations around 2 mg/ml and 4 mg/ml
for the enzyme and BSA, respectively. Figure 4.2a and 4.2b show that a smaller amount of
the bound protein was observed in the case of using unmodified nanofibers. For the PS
fibers without surface modification, the proteins may adsorb onto the fibre surface through
weak binding such as hydrophobic interactions or van der Waals forces *. Thus the
hydrophobic nature of the nanofibers drives enzyme deposition. In addition, the enzyme
itself contains approximately 28-33% of hydrophobic amino acids which are favourable for
hydrophobic binding 3*. Such protein adsorption through hydrophobic interactions has
been reported for lipases by Palomo et al.** and Chen et al.*®.

It is notable that the surface modification leads to a substantial increase in the
adsorption yield. Approximately 80% of BSA and B-galactosidase were adsorbed on the
modified carrier, which was approximately four times that of the unmodified counterpart
(20%). It has been recognized that surface oxidation of carbon nanofibers can create more
active sites with a large number of carboxylic acid groups, epoxy and hydroxyl groups,
which act as anchoring sites for binding protein molecules *’. A redox enzyme has been
successfully employed on electrospun nonwoven poly(acrylonitrile-co-acrylic acid)

38

nanofiber meshes, carrying carboxylic functional groups *°. In the present work, the

binding forces for interfacial reactions might come from hydrogen bonding, electrostatic
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force and some hydrophobic interactions *. As such, functional groups introduced through

the HNO; treatment favour and stabilize enzyme adsorption .
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Figure 4.2Adsorption yield and adsorption capacity for (a,c) BSA and (b,d) PSNF-

Gal on acid-modified and unmodified nanofiber surface.

High adsorption capacity is one of important criteria for enzyme nanocarriers.

Adsorption capacity is defined as the amount of adsorbed enzyme (mg) per gram of

enzyme support. The experimental data presented in Figure 4.2c and 4.2d show the effect

of acidic treatment of the PS nanofiber surface on the adsorption capacity of BSA and B-

galactosidase. It is noted that the nanofibers after treatment by HNOshave the similar

adsorption capacity for both BSA and B-galactosidase. The maximum adsorption capacity

was found to be around 4000 mg/g and 3100 mg/g for BSA and [B-galactosidase,

respectively. The protein adsorption capacity on the treated surface is about 2-fold for BSA
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and 3-fold for B-galactosidase in comparison with the untreated surface. The enhancement
of adsorption could be ascribed to the protein binding through hydrogen bonding and

electrostatic force.

The success in the development of the nanobiocatalysts towards bioprocess
applications relies on their excellent performance, especially on enhancing or preserving
their catalytic activity and stability upon immobilization. Figure 4.3 presents the specific
enzymatic activity of free and immobilized B-galactosidase at different concentrations. The
activity of the enzyme immobilized on the nanofiber surface after acidic treatment was
found to be comparable with the original activity of the free enzyme. Meanwhile, the
decrease in enzyme activity for the unmodified carrier might be associated with the less
availability of enzyme as evidenced by a lower adsorption yield as illustrated in Figure
4.2b. In our previous study (Misson et al., 2015a), the PSNF-Gal has shown a promising
recyclability. The nanobiocatalyst was demonstrated to retain 30 % of its initial activity
after nine operation cycles.
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Figure 4.3 Specific enzymatic activity for free p-galactosidase and PSNF-Gal on acid-

modified and unmodified nanofiber surface.
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4.3.3 Production of Galacto-Oligosaccharides

The performance of PSNF-Gal was further evaluated for bioconversion of lactose into
GOS. The reaction product stream from biocatalysis by PSNF-Gal includes glucose,
galactose, GOS and the remaining lactose. The saccharides were analysed using HPLC
with an Aminex HPX-87H column. GOS are eluted first in the chromatogram, followed by
lactose, glucose and galactose #. Lactose, glucose and galactose are quantified using
chemical standards. The amount of GOS is calculated based on the mass difference
between the initial mass of lactose prior to the reaction and summation of the mass of

glucose, galactose, and lactose after the reaction.

Figure 4.4a and 4b show the production profiles of lactose bioconversion using free
B-galactosidase and PSNF-Gal. Free enzyme demonstrated a rapid lactose conversion
during the first hour reaction (Figure 4.4a). The major product was glucose (177 g/l),
followed by galactose (80 g/l) and GOS at around 37 g/l. After extending the reaction time
from 1 to 5 h, glucose leveled off while lactose decreased at a relatively small order. It is
interesting to note that biocoversion using PSNF-Gal has a different reaction profile
(Figure 4.4b). The concentrations of glucose and galactose are remarkably lower than those
produced by the free B-galactosidase. There is a sharp reduction in lactose concentration
and a rapid increase in GOS production during the first hour, resulting in the highest
conversion rate of 165 g/l/h, and the production rate of 110 g/l/h, respectively. GOS
concentration reduces slightly beyond 2 h, while lactose concentation gradually increases.
Lactose and isomers can be possibly re-synthesized through revesible reaction between the
galactosyl-enzyme complex and the glucose molecules “°. Interestingly, the GOS
concentration is much higher than that of glucose or galactose using PSNF-Gal up to a
reaction time of 5 h. The amount of GOS produced was about 3-fold and 8-fold higher than
glucose and galactose, respectively. The PSNF-Gal has the highest GOS production rate of
110 g/l/h in contrast with 37 g/I/h for the free counterpart.
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Figure 4.4 Component concentration changes in the product stream at different

reaction time for (a) free B-galactosidase and (b) PSNF-Gal. (Operation conditions:

incubated at 37 °C using 400 g/l of initial lactose concentration).

The lactose conversion and the GOS yield are presented in Figure 4.5 for both free p-
galactosidase and the PSNF-Gal. Free B-galactosidase offers the advantage for lactose
conversion (Figure 4.5a). The amount of converted lactose by free B-galactosidase (86%) is
higher than that by PSNF-Gal (41%). The PSNF-Gal, however, appears to have better
catalytic capability for synthesizing GOS (Figure 4.5b). A GOS vyield of 28% is obtained in
the first hour for the PNSF-Gal preparationin comparison with less than 9% for the free
enzyme at the same reaction time. The GOS vyield can also be calculated based on the
consumed lactose, and this yield is estimated to be 67 %. The difference in the GOS yield
between the immobilized enzyme and its free counterpart is distinctive, increasing from 12
% to 67 %.The functionalized polystyrene nanofibers-based B-galactosidase has shown
comparable bioconversion performance to some of reported immobilized enzyme on
various supports for GOS production (Table 4.1) %2 “# Thijs present study used a
similar source of enzyme (Kluyveromyces lactis) as employed by Klein et al.*® but a
different type of enzyme immobilization matrix was selected: polystyrene nanofibers in
this work while chitosan macroparticles in Klein et al.*®. The matrix difference can be
ascribed to morphology, size, functional groups on the matrix, hydrophobicity, surface
charge and others. The local hydrophilic nanoenvironment of chitosan macroparticles
could be the key factor for the low GOS yield as water molecules are preferable in the
enzyme’s active sites. In addition, a packed bed reactor was used by Klein et al. and a low

yield of GOS from a continuous operation can be expected.Lactose conversion catalyzed
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by B-galactosidase has two different reaction pathways: hydrolysis to glucose and
galactose and transgalactosylation to GOS “*® which are sketched in Figure 4.6a.
According to the proposed pathways, enzyme-galactose complex is formed before entering
either hydrolysis or transgalactosylation. Hydrolysis takes place when water acts a
galactosyl acceptor, while transgalactosylation occurs when saccharides molecules succeed
competing with the water activity > **. In the free enzyme reaction system, both water and
nucleophilic molecules have the equivalent opportunity to enter the enzyme's active site
and react with the galactosyl-enzyme complex. Therefore, in the first hour, concentrations
for both products from hydrolysis and transgalactosylation increase. After the first hour,
the product glucose concentration keeps a constant value, while GOS fluctuates because
GOS may be synthesized or hydrolyzed in the system. The increase or decrease of the GOS

concentration depends on which reaction becomes preferable in the system.

100 40

(a) (b)
® PSNF-Gal
‘;.; 80 30 | OFree-Gal
: —
8 o ® PSNF-Gal = +
g OFree-Gal o]
é E; 20
=)
=]
40 a +
(&) 8 (b
10
20 t
0 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Reaction time (h) Reaction time (h)

Figure 4.5(a) Lactose conversion and (b) GOS yield using free p-galactosidase (free-
Gal) and PSNF-Gal. (Operation conditions: incubated at 37 °C within 5 h reaction
time using 400 g/l of initial lactose concentration).
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Table 4.1 Comparison of various types of immobilized B-galactosidases for lactose conversion and GOS production yield.

Enzyme Source

Support material

Initial Lactose (g/L)

Conversion (%)

GOS (g/L) Reference

Kluyveromyces lactis Polystyrene nanofibers 400 41 110 This work

Bacillus circulans ~ Magnetic polysiloxane-polyvinyl 400 73 198 4
alcohol

Aspergillus polyvinyl alcohol 400 75 120 22

oryzae

Aspergillus Magnetic polysiloxane-polyvinyl 400 50 104 “

oryzae alcohol

Aspergillus candidus  Alginate 400 - 87 2

Bacilus circulans Membrane surface 200 - 40 42

Kluyveromyces lactis Chitosan macroparticles 400 58 26 43
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Figure 4.6(a) Thereaction 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.

In order to promote transgalactosylation catalyzed by [B-galactosidase, the local
nanoenvironment of the nanofibers is tuned with the hydrophobicity so that acceptors such
as lactose or smaller units of GOS are preferable at the enzyme catalytic sites. This
hydrophobic property of the nanofiber surface also reduces the water-driven hydrolysis
activity. Therefore, the hydrophobic nature of PS nanofibers could be a key factor for GOS
formation as presented in Figs. 4 and 5, particularly during the first hour of reaction.
Another contributing factor in GOS synthesis may be associated with the reduced diffusion
path for biomolecules. Galactose forms a galactosyl —enzyme complex at the enzyme’s
active sites, and this complex reacts with the acceptors which are produced from the
enzymatic reactions and do not immediately diffuse out of the nanofiber surfaces, leading

to a preference towards transgalatcosylation reaction. This factor could be used to explain
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the reduced gap in GOS formation between PSNF-Gal and its free counterpart after 3-5 h
reaction as presented in Figure 4.5. After the nanofibers are exposed to aqueous solution
for a few hours, water molecules start to penetrate into the enzymatic catalytic sites as the
galactosyl acceptor, and hydrolysis competes with transgalactosylation. When the dynamic
balance between both reactions is reached, enzyme on the nanofibers shares the similar

performance as free enzyme.

Since PSNF-Gal is able to produce a high GOS yield during the first hour, residence
time in the system can be reduced to meet the requiremets of continuous operations in
large scale processes. Optimization of the catalytic process in a bioreactor system for
continuous operation will be carried out to maximize the GOS yield, which will be

expected to be much higher than the initial reported value (110 g/l).

4.4 Conclusion

Polystyrene nanofibers (PSNF) with excellent quality as enzyme carriers were successfully
fabricated using electrospinning process. The PSNF surface was modified through
chemical oxidation to improve enzyme loading and maintain a high enzyme activity. The
lactose conversion by PSNF-Gal catalysis results in a high GOS vyield as well as a high
production rate. PSNF-Gal may beneficially promote transgalactosylation due to the
hydrophobic nature of the polysterene surface. Another contributing factor could be the
reduced diffusion path of nuclephilic molecules to facilitate transgalactosylation because
these molecules could easily bind to the galactosyl-enzyme complex in such a
nanoenvironment. This simple but effective nanobiocatalyst-assisted process may be

economically viable for large scale GOS production.
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Supporting Material

Manipulation of Nanofiber-Based p-Galactosidase Nanoenvironment for

Enhancement of Galacto-oligosaccharide Production

Mailin Misson, Sheng Dai, Bo Jin, Bing H Chen, Hu Zhang"

*Corresponding author: Email: hu.zhang@adelaide.edu.au, Tel: +61 88313 3810

Table S4.1

Optimization of operating conditions for polystyrene nanofiber synthesis.

No. Independent variables Dependent variables
of Concentration Voltage Distance Fiber Quality Fiber diameter

Run (wiv %) (kV) (cm) (um)
1 30 30 10 Poor n.a
2 30 30 15 Poor 2.60
3 30 30 20 Poor 2.30
4 30 30 25 Poor 2.41
5 30 25 10 Poor n.a
6 30 25 15 Poor 2.39
7 30 25 20 Poor 2.43
8 30 25 25 Poor n.a
9 30 20 10 Poor n.a
10 30 20 15 Poor n.a
11 30 20 20 Poor n.a
12 30 20 25 Poor n.a
13 20 30 10 Good 1.71
14 20 30 15 Good 1.83
15 20 30 20 Good 1.67
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16 20 30 25 Good 1.69
17 20 25 10 Good 1.66
18 20 25 15 Good 1.80
19 20 25 20 Good 1.72
20 20 25 25 Good 1.68
21 20 20 10 Poor n.a
22 20 20 15 Poor n.a
23 20 20 20 Poor n.a
24 20 20 25 Poor n.a
25 10 30 10 n.a n.a
26 10 30 15 n.a n.a
27 10 30 20 n.a n.a
28 10 30 25 n.a n.a
29 10 25 10 n.a n.a
30 10 25 15 n.a n.a
31 10 25 20 n.a n.a
32 10 25 25 n.a n.a
33 10 20 10 n.a n.a
34 10 20 15 n.a n.a
35 10 20 20 n.a n.a
36 10 20 25 n.a n.a

136



CHAPTER 5

Enhancing Enzyme Stability and Metabolic Functional
Ability of p-Galactosidase through Functionalized

Polymer Nanofiber Immobilization

137



Chapter 5: Enhancing Enzyme Stability and
Metabolic Functional Ability of B-Galactosidase
through Functionalized Polymer Nanofiber

Immobilization

Mailin Misson™?, Bo Jin', Binghui Chen®, Hu Zhang"

!School of Chemical Engineering, the University of Adelaide, Adelaide, SA 5000,
Australia
“Biotechnology Research Institute, Universiti Malaysia Sabah, Jalan UMS, 88400, Kota
Kinabalu, Sabah, Malaysia
$Department of Chemical and Biochemical Engineering, College of Chemistry and
Chemical Engineering, Xianmen University, Xiamen, 361005, China

*Corresponding author:
Email: hu.zhang@adelaide.edu.au
Tel: +61 8 831 33810

Published in:
Bioprocess and Biosystems Engineering 2015; 38:1915-1923
DOI 10.1007/s00449-015-1432-5

138


mailto:hu.zhang@adelaide.edu.au

Statement of Authorship

Enhancing Enzyme Stability and Metabolic Functional Ability of f-galactosidase

) through Functionalized Polymer MNanofiber Immaobilization
Title of Paper

Publication Status W Fublshed
[™ Accepted for Publication

™ Submitted for Publication

Linpublished and Unsubmitted work written in
manuscript style

Mailin Missan, Bo Jin, Binghul Chen, Hu Zhang

Publication Details
Bioprocess and Biosystern Engineering 2015; 38:1915-1923

DOI 10.1007/s00449-015-1432-5

Principal Author

Mame of Principal Author | Mailin Misson

(Candidate) N

Contribution to the Faper Designed and performed experiments, interpreted data and wrote the manuscript.

Overal percentage (%) 70 %

Certification: This paper reports on original research | conducted during the peried of my Higher
Degree by Research candidature and iz not subject to any cbligations or confractual
agreamants with a third party that would constrain its inclusion in this thesis. | am the
primary author of this paper.

Signature Date

06.02.2016

Co-Author Contributions

By signing the Statement of Authorship, each author cerifies that:
I, the candidate's stated contribution to the publication Is accurate (as detalled abowve);
il permission is granted for the candidate in include the publication in the thesis; and

iii. the sum of all co-author contributions is equal to 100% less the candidate's stated contribution.

Mame of Co-Author Bo Jin
Contribution to the Paper Supenised development of work and manuscript evaluation.
Signature Date

! {/3'1/:2,-‘:‘ f /

139



MName of Co-Author

Bing H Chen

Contribution to the Paper

Manuscript evaluation

Signalture

Date
2016-02-09

MName of Co-Authar Hu Zhang

Contribution to the Paper Supervised development of work, data interpretation, manuscript evaluation and
acted as corresponding author,

Signature Date

/ 3’/92/_}.; .f’é

Please cul and pasle additional co-author panels here as required.

140




Chapter 5

Abstract

A functionalized polystyrene nanofiber (PSNF) immobilized B-galactosidase assembly
(PSNF-Gal) was synthesised as a nanobiocatalyst aiming to enhance the biocatalyst
stability and functional ability. The PSNF fabricated by electrospinning was functionalized
through a chemical oxidation method for enzyme binding. The bioengineering
performance of the enzyme carriers was further evaluated for bioconversion of lactose to
galacto-oligosaccharides (GOS). The modified PSNF-Gal demonstrated distinguished
performances to preserve the same activity as the free p-galactosidase at the optimum pH
of 7.0, and to enhance the enzyme stability of PSNF-Gal in an alkaline condition up to pH
10. The PSNF assembly demonstrated improved thermal stability from 37 °C to 60 °C. The
nanobiocatalyst was able to retain 30 % of its initial activity after ninth operation cycles
comparing to four cycles with the unmodified counterpart. In contrast with free [-
galactosidase, the modified PSNF-Gal enhanced the GOS vyield from 14% to 28%. These
findings show the chemically modified PSNF-based nanobiocatalyst may be pertinent for

various enzyme-catalysed bioprocessing applications.

Keywords:  nanobiocatalysts, galacto-oligosaccharides, [-galactosidase, polymer

nanofibers, bioconversion
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5.1 Introduction

The employment of enzyme on support matrix promises biocatalyst recovery and
recyclability. Immobilization allows a continuous operation which is beneficial in reducing
the operating cost, making them economically viable for large scale processes. The enzyme
immobilization technology has been recognised to shield enzymes against denaturing
microenvironments *. However, enzymes often encounter activity reduction upon
immobilization associated with enzyme conformation changes . There is a great demand
to explore new technology for fabricating enzyme carriers. The establishment of the most

suitable immobilization protocol is also highly pursued *.

Nanobiocatalyst, prepared by assembling enzyme on nanomaterial carriers, is an
emerging innovation which provides large surface area for high enzyme loading. Their
surface is also modifiable to promise advantages in improving enzyme stability, capability,
and engineering performances. There have been many reported studies on enhancing
enzyme activity and stability associated with nanobiocatalysts. Misson et al.* described
the enzyme enhancement occurs through the stabilization of active conformation that
facilitates substrate-enzyme interfacial reactions, while free enzyme has a freedom in the
conformation change. It is evidenced by the stabilization of reactive sites of lipase leading
to an activity enhancement as reported by Chen et al.> and Palomo et al.%. Asuri et al.’
reported that single-walled nanotubes could shelter enzymes and promote higher stability
in comparison to flat graphite. The thermal stability of immobilized cellulases on
nanoparticles was obtained by stabilizing the binding forces in the presence of the

carbodiimide crosslinker &,

Nanostructured fibers as enzyme immobilizers provide exciting opportunities for the
development of enzyme-driven bioreactor systems for bioengineering processes. The
nanostructuredfibersare attributed to their specific surface characteristics, discrete
nanostructures and self-assembling behaviors *. Nanofibers also offer intrinsic advantages
including high porosity and interconnectivity which promote low hindrance for mass
transfer. The modification of nanofiber surface with strong oxidizing agents is favourable
for protein adsorption °. The pre-treatment with HNO3 have been proven to create oxygen-
containing reactive groups of carboxyl (COOH) and hydroxyl (OH), which are essential

for biomolecule binding *°. Such modification has successfully assembled dehydrogenase
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as a functional biocatalyst **. Despite the optimal immobilization has been extensively
studied *, preservation and stabilization of immobilized enzymes in a bioreactor system
remains a key challenge. It therefore impedes the translation of these bench-scale

technologies into commercial practices.

In this present study, we demonstrated the enhancement of enzyme stability by
immobilizing 3-galactosidase on acid-modified PSNF. The PSNF was modified through a
specially determined chemical oxidation to facilitate enzyme binding. The performance of
PSNF-Gal assembly was evaluated in regards to the adsorption capability, enzyme stability
and recyclability and benchmarked with the non-modified PSNF. Lastly, their engineering
performance was investigated in lactose bioconversion, which abundantly presents in dairy

waste industries, into valuable products particularly galacto-oligosaccharides (GOS).

5.2 Materials and Methods

5.2.1 Chemicals

Polystyrene (molecular weight: 350,000), N,N-dimethylformamide (DMF), nitric acid
(HNOg3), and sulphuric acid (H,SO.) were analytical grades without further purification.
Bovine serum albumin (BSA), Kluyveromyces lactis -galactosidase, O-nitrophenyl-p-d-
glactopyranoside (ONPG), Coomassie Brilliant Blue G-250 and calcium carbonate
(Ca,COg3) were obtained from Sigma-Aldrich. Potassium phosphate buffer (PBS, pH 7.2)
were procured from Life Technologies.

5.2.2 Preparation of Nanofibrous Polystyrene by Electrospinning

The precursor for electrospinning was prepared by dissolving polystyrene (20 w/v) in DMF
with gentle stirring for overnight to form a homogenous solution. The resultant solution
was placed inside a 5-mL syringe bearing a 1-mm inner diameter needle tip which was
connected to a high voltage power supply. The electrospun nanofibers were cast onto a
metal-surface collector with a distance of about 10 cm from the needle tip. The flow rate
was fixed at 2.5 ml/h while the electrospinning was performed at a voltage range of 25 kV.
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The polystyrene nanofibers (PSNF) were detached from the collector surface and stored at

room temperature for further use.

5.2.3 Enzyme Immobilization on Nanofibers

The surface of PSNF was modified through surface oxidation to introduce functional
groups *°. Approximately 1 cm x 2.5 cm piece of nanofibers sheet were immersed in HNO;
(69%) for 2 h at room temperature **. The modified support was rinsed with water and PBS
(pH 7.2) for three times to remove excess acids. B-galactosidase immobilization were
carried out by submerging the PSNF into (-galactosidase(2 mg/ml) solution in PBS and
gently mixed overnight at 4 °C by agitation. The enzyme-bound nanofibers were separated
from the reaction medium using forceps. Finally, the nanofibers were rinsed thoroughly
with water to remove free B-galactosidase. The supernatant and washing solution were
collected to measure the concentration of non-adsorbed proteins.

5.2.4 Synthesis of Galacto-Oligosaccharides

Lactose (100- 400 g/lI) solution was prepared by dissolving lactose into PBS (pH 7.2) at 60
°C. Free or immobilized enzymes were added after the solution cooled down to 37 °C. The
mixtures were incubated at 37 °C in an orbital shaker at 200 rpm. Samples were drawn
after 2 h reaction and then immediately heated in boiling water for 5 min to inactivate
enzymes 1213 Samples were filtered using 0.45 um nylon filters and diluted 40 times prior

to high performance liquid chromatography (HPLC) analysis.

5.2.5 Chemical Analysis

The enzyme concentration was assayed by the Bradford reagent, prepared by mixing 100
mg Coomassie Brilliant Blue G-250 in 50 ml of 95% ethanol, 100 ml of 85% phosphoric
acid and diluting the solution with water to a final volume of 1 litre with gentle mixing .
A total of 100 pl sample was added into 5 ml of Bradford reagent, mixed homogenously
and allowed to react within 2 min - 1 hr. Afterwards, the sample was measured using a UV

spectrophotometer (Shimadzu, Japan) at 595 nm. Protein concentration was determined
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from a calibration curve using BSA as a standard. The adsorption yield (%) of the
immobilized enzyme was calculated using Egs. (1), where P; is the initial protein content
of enzyme solution before immobilization, B, and P, are the amount of protein in washed

solution and supernatant *°.

P;—(Pw+ Psl

Adsorption yield = [ x 100 (D)

4

Saccharides (lactose, glucose, galactose, GOS) were determined by HPLC (Agilent,
Germany) using an Aminex HPX-87H column (300 x 7.8 mm). The flow rate of a pre-
degassed 8 mmol/L-H,SO4 mobile phase was set at 0.5 ml min™. A total of 5 pul samples
were injected and the saccharides were detected with a refractive index detector. The
column and the detector cell were maintained at 60 °C and 40 °C, respectively ‘®. The
concentration of total GOS was calculated by the mass balance difference between the
initial lactosefeed and the total concentration of remaining lactose, glucose and galactose
measured at the end of the reaction *’. The lactose conversion (%) and GOS vyield (%) were
calculated using Eq. (2).

[initial lactose]—-[final lactose

Lactose conversion = I'x 100 (@)

[initial lactose]

5.2.6 Enzymatic Activity Assays

The activity assays of free and immobilized B-galactosidase using 2 mg/ml concentration
were measured according to the procedure described by Ansari and Husain 2. The reaction
mixture containing 0.1 ml of enzyme solution, 1.7 ml of phosphate buffer (pH 7.2) and 0.2
ml of 20 mM ONPG were incubated with continuous agitation at 37 °C for 10 min. The
reaction was stopped by adding 2 ml of 1M sodium carbonate. The liberated product was
measured spectrophotometrically at 405 nm and the concentration was calculated from the
O-nitrophenol standard curve. One unit (1 U) of B-galactosidase is defined as the amount
of enzyme which liberates 1 pmole of O-nitrophenol per min under standard assay

condition.
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5.2.7 Effect of pH and Temperature of Immobilized Enzyme

The enzyme activity of free and immobilized B-galactosidase on the modified and
unmodified PSNF (2 mg/ml) was assayed in PBS buffers at different pHs from 4 to 11.
Samples were withdrawn and the residual enzyme activity assay was determined, by
defining the activity at pH 7 as a control (100%) for the calculation of other assay
conditions. The temperature during agitation was varied from 4 °C to 70 °C to study the
thermal stability of the enzyme. The activity of enzyme activity incubated at 37 °C was set

as 100% relative activity for each of their respective reactions.

5.2.8 Reusability

Reusability of the immobilized -galactosidase on modified and unmodified PSNF was
assessed in hydrolysing the ONPG substrate using PBS buffer (opH 7) at 37 °C. After each
cycle, immobilized enzyme was separated from supernatant and washed with water for
three times. In the next cycle, fresh ONPG was introduced to the immobilized enzyme
under same assay conditions. The activity determined at the first cycle was considered as
control and attributed to a relative activity of 100% for the determination of remaining
activity after repeated uses. Each cycle is defined here as the complete hydrolysis of

substrate present in a reaction mixture.

5.2.9 Statistical Analysis

Data was collected in triplicates and analysed using the statistical tool in MS Excel 2010.
Each value corresponds to the mean of experimental data with an average standard

deviation was <5%.

5.3 Results and Discussion

5.3.1 Immobilization of B-Galactosidase
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Nanofibers were fabricated from an electrospinning system which can generate various
sized fibrous mats, from nanometers to a few micrometres ****. The synthesis was carried
out in the presence of electric field charges to create a repulsive force to the polymer, in
which, fibers were generated when the force overcomes the surface tension . Surface
modification with strong oxidizing agents was favourable for protein adsorption ***. Figure
5.1 shows the profiles of adsorption capacity of the surface-modified PSNF-Gal. Non-
modified PSNF-Gal also was employed under similar operating conditions as a
comparative study. It can be seen that the maximum isothermal adsorption was reached
within 2 hr immobilization time in both cases. The least adsorption capacity was observed
for the case of unmodified PSNF, yielding maximum adsorption merely about 50 mg/g

which represents approximately 20 % of adsorption yield.
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Figure 5.1Adsorption 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 solution).

The characterization of the modified and unmodified PSNF has been carried out in
our previous report by scanning electron microscope (SEM) for surface morphology, and

the functional groups have been identified using fourier transform infrared spectroscopy
147



Chapter 5

(FTIR) and raman spectroscopy (RS) *. The acid-modified nanofibers have been found to
contain oxygen-containing reactive groups of carboxyl (COOH) and hydroxyl (OH) for
enzyme binding *°. The enzyme itself possesses amino (-NH,), carboxylate (-COOH), thiol
(-SH) and hydroxyl (-OH) groups which can react with the generated functional groups
from nanofibers *. As a such, the force for binding interaction, as a consequence of the
acid modification, could be hydrogen bonding, electrostatic force and some hydrophobic
interaction 3. It is noted that the modified PSNF-Gal exhibited adsorption profiles of
nearly 100 mg/g capacity, signifying about 60 % of immobilization yield. The results
denote that the surface modification promotes stronger forces of protein binding and leads
to a remarkable increase in the adsorption yield. In contrast, the binding of protein on the
surface without modification occurs usually through weak binding such as hydrophobic

interactions or van der Waals forces 2*.

5.3.2 Effect of pH

Figure 5.2 demonstrates the effect of pH on the activity of free 3-galactosidase and PSNF-
Gal. The maximal enzyme activity was found to be at a neutral pH in all cases study. The
origin of enzymes generally influences the optimum pH condition of B-galactosidase. This
finding was in agreement with the result reported by Giile¢ *®> who also used enzyme from

Kluyveromyces lactis. Ansari et al.?®

reported that the highest activity for Aspergillus
oryzae B-galactosidase occurred at pH 4.5. At a highly acidic (below pH of 5) or basic pH
(above pH of 11), pB-galactosidase suffered complete loss of enzymatic activity probably
due to alteration or distortion of its conformation structure %’. The unmodified PSNF-Gal
demonstrated 50% as its highest activity at the determined optimum condition. It might be
associated with the above mentioned lower adsorption yield and weaker enzyme binding. It
IS interesting to note that the modified PSNF-Gal showed 100 % activity at the similar
operating condition. In addition, it exhibited a comparable performance with the soluble
enzyme up to a neutral pH (pH 7). Beyond that pH level, the PSNF-Gal had a superior
performance by extending the enzyme stability up to pH of 10. The B-galactosidase on the
unmodified PSNF also exhibited a noticeable activity enhancement in an alkaline condition
comparing with the free counterpart. It signified the enzyme supports have sheltered or

stabilized enzyme in the extreme pH environment.
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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 (100%b).

5.3.3 Effect of Temperature

Figure 5.3 illustrates the enzyme activity profiles of free and immobilized -galactosidase
at various reaction temperatures. The temperature at 37 °C was found as the optimal
condition in all trials. Interestingly, the modified PSNF-Gal broadened the enzyme stability
up to 60 °C. The modified PSNF-Gal continued to retain about 60 % of its residual activity,
while the free -galactosidase has nearly lost its activity. Meanwhile, the unmodified PSNF
exhibited 40 % activity at such a level of heat. At higher temperatures, the enzyme
polypeptide chains may rupture, which leads to loss of enzyme activities. The interactions
between the polypeptide chains and poymer matrix can maintain the polypeptide chain
structure, therefore, the thermal stability is enhanced. Ansari et al.® found that the ruptures
led to enzyme molecules denaturation and consequently loss of its activity. Immobilization
of Aspergillus oryzae B-galactosidase on zinc oxide nanoparticles also demonstrated the

broadening optimal temperatures from 50 °C to 60 °C %
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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 (100%b).

5.3.4 Reusability

High cost and instability of enzymes in the reactor are the limitations in translating a lab
scale enzyme-catalyzed bioreactor system into a large scale bioprocess. The overall
process appears economically viable if the catalytic reaction is in high efficiency and
reusability. We conducted a number of bench scale trials to assess the reusability of PSNF-
Gal assembly for conversion of lactose to GOS. The reusable potential of the immobilized
enzyme provides promising advantages over free enzyme. The recyclability of modified
and unmodified PSNF-Gal is shown in Figure 5.4. The first cycle of reaction was
considered as a control to measure the remaining activity of enzyme in subsequent cycles.
The process of introducing fresh substrate to the immobilized enzyme was repeated until
their activity decays. The modified PSNF-Gal retained the remaining 30% of its initial
activity after nine cycles comparing with only four cycles when using the non-modified
PSNF-Gal. The strong binding of [-galactosidase which is driven by electrostatic and
hydrogen bonding might be the probable cause for better recyclability. In general, the
enzyme activity of the modified PSNF-Gal was observed to decrease gradually after
several repeated uses. Such decreasing pattern of activity was consistent with reported
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studies. Previous reports showed nanobiocatalysts recyclability lasted for about seven %°
and six cycles® with the remaining activity was 20% and 35%, while employment of
enzymes on the Au-doped magnetic silica nanoparticles demonstrated reuse for four times
31 Hence, these findings in our experiments imply the potential application of the modified

PSNF-Gal for continuous operation in a large reactor system.

® Modified PSNF-Gal
O Unmodified PSNF-Gal

Residual enzyme activity (%)
E [=1]
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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
considered as a control (100%). (Operation conditions: at 37 °C with 2 mg/ml enzyme

concentration in pH 7).

5.3.5 Production of Galacto-Oligosaccharides

The performance of the PSNF-Gal in converting lactose into GOS was further investigated.
Hydrolysis and transgalactosylation reactions are two catalytic pathways of B-galactosidase
in lactose bioconversion. Initially, B-galactosidase-galactose complexes are formed after
the biocatalyst attacks lactose molecules before entering hydrolysis or transgalactosylation
pathways. Hydrolysis takes place when water acts a galactosyl acceptor, yielding glucose
and galactose as products, while galacto-oligosaccharide is formed through
transgalactosylation process when nucleophilic molecules succeed in competing the water
activity 323%, Therefore, the products in the reaction medium of lactose bioconversion

possibly contain glucose, galactose, GOS and the remaining lactose.
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Figure 5.5 displays the profiles of product distributions in lactose bioconversion by

free and immobilized (-galactosidase. Glucose was found to be the major product in free

enzyme reaction. The soluble B-galactosidase consistently yielded nearly 50 % of glucose

at all tested lactose concentration (Figure 5.5a).The galactose yield however decreased

rapidly from 50 % to 10 % when the lactose concentration increased. It was found that

both of the immobilized enzymes produced much lower glucose than the free enzyme. In

general, the yield of glucose was below 20 % (Figure 5.5b and 5.5¢). The GOS vyield, on

the other hand, increased correspondingly to the lactose concentration in all cases.
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Lactose can be converted into glucose and galactose via hydrolysis reaction by the
enzyme, while lactose can also react with galactose to form GOS via transgalactosylation
using the same enzyme. The immobilized enzyme is more favourable for
transgalatosylation than hydrolysis in comparison with free enzyme.This also further
explains why the glucose yield by the free enzyme was two times higher than PSNF-Gal in
Figure 5.5. Transgalactosylation preferable in PSNF-Gal is also supported by the lower

concentration of galactose than glucose.

Figure 5.6 shows the effect of lactose concentration on the conversion and GOS yield
by free B-galactosidase and PSNF-Gal. The free p-galactosidase demonstrated complete
biconversion at a lower lactose concentration (50 - 100 g/l) while approximately 73 % to
86 % of bioconversion at a higher concentration (200 — 400 ¢/l) (Figure 5.6a). The
bioconversion of the modified and unmodified PSNF-Gal was determined to be roughly 30
% - 40 % at all tested concentrations, about 2-fold lower than the free counterpart.
Nevertheless, despite lower bioconversion, the PSNF-Gal assembly exhibited greater GOS
synthesis profiles. While there was almost unnoticeable GOS at a lower lactose
concentration by the free B-galactosidase, the modified PSNF-Gal demonstrated a total of
16 % GOS and nearly doubled the yield at the highest lactose concentration (28 %) (Figure
5.6b). A gradual increase in GOS production from 4 % to 16 % was also observed by the
unmodified PSNF-Gal.
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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,
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[ unmodified PSNF-Gal, #; free-Gal. (Operation conditions: at 37 oC with 2 mg/ml
enzyme concentration in pH 7).

For the free enzyme, lactose hydrolysis is the prevailing reaction, especially in the
lower concentrations (0~200 g/L), which yields glucose as the major product. It explains a
higher conversion rate of lactose but a lower concentration of GOS. At 400 g/L lactose
concentration, GOS are produced due to more interactions between galactose and lactose.
The transgalactosylation is also supported by the sharp decrease in galactose concentration
in Figure 5.5a.At 400 g/L initial lactose concentration, PSNF-Gal has enhanced the GOS
yield up to 28% comparing with the highest yield by free B-galactosidase (19 %). The
hydrophobic nature of PSNF might potentially repel water from the enzyme active sites,
thus reducing the water-driven activity of hydrolysis and ultimately facilitates the reaction
to GOS synthesis.

It is also noted that lactose can also be re-produced from glucose and galactose via
transgalactosylation in PSNF-Gal and free enzyme. However, lactose from galactose and
glucose via transgalactosylation in free enzyme is less than that in immobilized enzyme.
Therefore the conversion rate of lactose in free enzyme is around 2 times higher than
immobilized enzyme, while the GOS vyield in immobilized enzyme is only around 10%

higher than that in free enzyme.

In summary, a higher lactose concentration results in a greater yield of GOS. The
PSNF-Gal is superior to the free counterpart in the GOS synthesis. The employment of 3-
galactosidase on modified PSNF was preferable than the unmodified PSNF owing to its
greater productivity in addition to its recyclability (Figure 5.4). By benchmarking the
findings with previously reported studies as tabulated in Table 5.1, it indicates the
modified nanobiocatalyst shows comparable or even greater bioconversion and

productivity.
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Table 5.1 Comparison on lactose bioconversion, GOS vyield, and recyclability of nanobiocatalysts from various types of support

materials and sources of enzymes.

Source Support Lactose GOS yield Conversion Recyclability Reference
Aspergillus Polysiloxane-polyvinyl 500 g/l 26% (w/v) 55 % 10 cycles 34
oryzae alcohol

- 500 g/l 29 % (w/w) 55-60 % - 3

Cotton cloth 500 g/l 27 (WIV) 50 % 2 weeks (continuous 36

operation)

Glyoxyl-agarose 550 g/l 8.5kg/g enzyme 30 % 10 cycles 3
Kluyveromyce  Nanosized epoxy 200 g/l 32% (W/v) 90 % 10 cycles 38
s lactis

Polymeric Membrane 100 mM 13 (w/v) 50 % 5-8 cycles 2

Surfaces

40 (w/iv) 10 %
Modified polystyrene 400 g/l 28% (wiv) 40% 9 cycles This study

nanofibers
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Unmodified polystyrene 400 g/l 16% (w/v) 27% 4 cycles This study

nanofibers

Bacillus - 400 g/l 41 (wiv) 50 % - 32

circulans
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5.4 Conclusion

A successful immobilization of P-galactosidase on the acid-modified PSNF was
demonstrated. The PSNF-Gal nanobiocatalyst assembly exhibited considerable
enhancement in enzymatic and metabolic activities at a basic condition and the thermal
stability up to 60 °C, signifying distinguished enzyme stabilizations in the denaturing
environments. The surface modification of the nanostructured polymer fibres might have
facilitated stable enzyme binding resulted in greater biocatalyst recyclability. Our findings
demonstrated the PSNF-Gal doubled the GOS yield comparing using free enzyme, which
is of importance for bioengineering process. The highest GOS (28 %) was obtained at 400
g/l lactose. With considerable activity enhancement, recyclability and productivity, the
PSNF-Gal was proven as economical and robust biocatalyst for continuous bioprocessing

applications.
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Abstract

Advances in the knowledge of biocatalyst adsorption on an interface can help minimizing
enzyme denaturation, which ultimately maintains or improves enzyme functionality. In this
study, the nanobiocatalyst prepared by assembling -galactosidase on chemically modified
polystyrene nanofibers (PSNF) was extensively characterized. PSNF were fabricated
through electrospinning and modified using a chemical oxidation method to facilitate
enzyme binding. Characterizations on the nanobiocatalyst properties were performed
before and after biocatalyst immobilization. The findings show surface oxidation has
enhanced the nanofiber wettability. A thin layer and homogenous biocatalyst was found to
cover the PSNF surface under a scanning electron microscopy (SEM), which was also
confirmed from fluorescence images by labelling P-galactosidase with fluorescein
isothiocyanat (FITC). Peaks featuring B-galactosidase were identified on the PSNF surface
after immobilizing the enzyme based on FTIR spectra, indicating the formation of the
nanobiocatalyst due to [-galactosidase adsorption. The biocatalyst distributions and
conformations were confirmed from Raman spectral and microscopic analysis. The
effectiveness factor for lactose conversion into galacto-oligosaccharides (GOS) in a disc-
stacked column reactor demonstrated distinguished biocatalyst performance in comparison
to the free counterpart. The characterizations and bioreaction studies indicate successful
formation of B-galactosidase-based nanobiocatalyst on the polymer nanofibers while the

enzyme conformation structures were retained.

Keywords: [-galactosidase, polymer nanofiber, immobilization, interfacial reaction,

conformational change.
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6.1 Introduction

Enzyme immobilization onto nanocarriers to form the nanobiocatalyst can enhance enzyme
stability and activity, and simplify recycling and downstream processing. However,
biocatalysts may encounter structural changes upon immobilization due to protein
conformation changes on the interface, which often results in reduction of catalytic
activity. Hence, understanding the biocatalyst adsorption phenomena on a solid surface is
of a profound research interest. Conformational analysis is a fundamental step to prepare
optimal biocatalyst-nanomaterial hybrids and it also provides great insights into improving
the biocatalyst efficiency. This analysis can help fabricating biocompatible enzyme
carriers, because from an industrial standpoint, specific supports may be requested due to
economic processes or easy handling procedures. It has been recognized that investigation
of protein adsorption on a solid surface is a fascinating endeavor but a great complexity *.
In comparison to free enzyme, the presence of enzyme supports or carriers can complicate

both experimental data collections and their theoretical interpretations 2.

There are many factors involved in enzyme conformational changes including the
features of enzyme molecules and the support material (e.g., size, topography), external
factors (e.g., pH and temperature) as well as interaction forces (e.g., polar or
hydrophobic/hydrophilic) *. The sequence of amino acids in proteins determines their
secondary structures such as helixes, 3-sheet and turns. Alteration of these structures might
affect the catalytic reactions due to the change in enzyme orientation and conformational
mobility °. Exposing hydrophobic amino acids into a hydrophilic environment is also
unfavourable to retain the enzyme’s native conformation. Small nanopores for bigger
biomolecules °, a high surface charge density ’, and strong biomolecule binding  are
among the possible causes of enzyme distortion or deactivation. Furthermore, incorrect
orientation of enzyme upon binding onto the surface or multilayer formation as a result of

high enzyme loading may lead to reduction in the enzyme activity .

A number of techniques for advanced characterizations are capable of providing key
information of not only the characteristics of enzyme supports, but also of the enzyme
distribution on the surface and the interfacial reactions between the enzyme and its support.
A review on advanced characterizations of enzymes on immobilized supports has been

extensively described by Bolivar et al. °, embracing the immobilization assessment,
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catalyst distribution imaging and structural elucidation. The presence of trypsin entrapped
in electrospun poly (caprolactone) nanofibers has been demonstrated using SEM, TEM and
fluorescence microscopy *°. In a recent study, micro-attenuated total reflection fourier
transform infrared (micro-ATR FTIR) was adopted to study the secondary structure of sol-
gel immobilized glucose oxidase ™. Xiao et al. ? applied a confocal Raman microscopy to
measure conformation and distribution of protein adsorbed in wetted chromatographic
particles. By combining the frequency vibration spectroscopy and attenuated total
reflectance FTIR-spectroscopy, Liu et al. ** found the interfacial orientation of the

immobilized -galactosidase exhibited a well-correlation with the tested activity.

However, unravelling the enzyme behaviour on a confined solid surface still presents
a longstanding core challenge. Attempts in understanding enzyme adsorption are restrained
by diverse immobilization protocols, which each may require specific approaches to
deepen the mechanistic understanding. There are very few studies reporting the
fundamental mechanisms and interfacial reactions associated with the nanomaterial-
immobilized nanobiocatalyst. The guidelines for selecting appropriate nanocarriers for the

immobilized enzyme molecules have yet to be established.

In this work, the assembly of f-galactosidase on a chemically-modified polystyrene
nanofiber (PSNF) surface was investigated. Nanofibers have been known as a great
enzyme carrier due to its intrinsic advantages including a high surface area for enzyme
loading, a high porosity and excellent interconnectivity **. B-Galactosidase was chosen to
catalyze the bioconversion of lactose in dairy industry wastes into galactooligosaccharides
(GOS). GOS is a high value functional food ingredient, offering a range of important
health functions in living systems including prebiotic benefits and low caloric sugar
alternatives *°. The PSNF surface was treated with oxidizing agents to create oxygen-
containing reactive groups such as carboxyl (COOH) and hydroxyl (OH) to facilitate -
galactosidase binding ***’. To maximize the enzyme catalytic activity towards synthesis of
GOS, the p-galactosidase/PSNF nanobiocatalyst has been physically and chemically
characterized to understand the enzyme/support interactions. The nanobiocatalyst was
further evaluated in a column reactor for its performance in synthesizing GOS. The
correlation between the enzyme conformation structure and its engineering performance

was built, which may provide great insights for fabricating other nanobiocatalysts.
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6.2 Materials and Methods

Polystyrene polymer (molecular weight: 350,000), N,N-dimethylformamide (DMF) and
nitric acid (HNO3) were of analytical grade without further purification. Fluorescein
isothiocyanate (FITC), bovine serum albumin (BSA) and Kluyveromyces lactis p-
galactosidase were purchased from Sigma-Aldrich, lactose monohydrate by Chem Supply
and potassium phosphate buffer (PBS, pH 7.2) by Life Technologies.

6.2.1 Synthesis of Polymer Nanofibers

Approximately 10 ml of polystyrene (20 %, w/v) was dissolved in DMF solvent in a flask
at 100 rpm for overnight at room temperature. The resultant homogenous solution was
placed inside a 5-mL syringe in an electrospinning device. The syringe attached to a 1-mm
inner diameter needle tip which was connected to a Glassman high voltage power supply
(25 kV). The flow rate of the polymer solution was controlled at 2.5 ml/h by an Adelab
Scientific syringe pump. The electrospun polystyrene nanofibers (PSNF) were cast onto a
metal-surface collector. The distance between the needle tip and the collector was fixed
about 10 cm. The PSNF was detached from the collector surface and stored at room

temperature until further use.

6.2.2 B-Galactosidase Immobilization Procedure

The PSNF surface was modified by immersing nanofiber mats (1.5 cm radius),
approximately 20-30 mg, into 5 ml HNO3 (69%) for 2 h at room temperature *’. The acid-
modified support was rinsed with water for three times to remove excess acid and further
equilibrated with PBS solution (pH 7.2) overnight prior to enzyme immobilization. (-
galactosidase immobilization was carried out by submerging the modified PSNF into -
galactosidasesolution in PBS (2 mg/ml). The mixtures were gently mixed overnight at 4
°C. The B-galactosidase—loading PSNF were rinsed thoroughly with water to remove

unbound enzyme.
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6.2.3 Characterization of Polymer Nanofibers

The textural properties of untreated PSNF, treated PSNF, and [B-galactosidase-loaded
treated PSNF were characterized using scanning electron microscopy (SEM) under a
Philips XL30 field emission scanning electron microscope operated at 10 kV. A small
piece of each sample was placed on a metal support and coated with a layer of platinum (5

um) by ion sputtering before SEM analysis.

An Attension Theta Optical Tensiometer was used to measure the contact angle of
the treated and untreated PSNFs. A thin layer of the PSNF samplewith a homogenous
surface was located on a glass microscope slide before a water droplet was introduced onto
the surface. The One Attension software was used to analyse the wettability properties of

the samples.

A Zeiss Axio Fluorescence microscope was used to image the presence and
distribution of FITC-labelled B-galactosidase on the polymer nanofiber surface. The
labelled samples were prepared by mixing a proportion of 100 mg of B-galactosidase with
10 pg of FITC in 1 ml ethanol (70 %) solution with gentle mixing before addition of
PSNF. The B-galactosidase-PSNF assembly was allowed to react for 2 h at 4 °C in a dark
condition. A thin layer of the PSNF loading FITC-labelled p-galactosidase was placed onto
a glass microscope slide, observed under the fluorescence microscope and analysed using
the Zen2 software. A PSNF-Gal without fluorescence excitation was used as a negative

control.

Fourier transform infrared (FTIR) spectra of the free B-galactosidase,f3-galactosidase-
loaded PSNF and [-galactosidase-free PSNF were recorded on a Thermo Scientific
NICOLET 6700 FTIR spectrometer at room temperature. Background spectra were first
acquired prior to each sample measurement. The analysis was controlled using the OMNIC

software.

The Confocal Raman spectroscopy was carried out using a Horriba XploRA™PLUS
confocal Raman microscopy equipped with a charge coupled device (CCD) detector.
Samples were placed onto a glass microscope slide and focused at a 50x objective-lens
magnification. Laser at 532 nm was used to excite the sample. Spectra were collected at
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600 gr/mm diffraction grafting with an acquisition time (s) of 0.5 and analyzed using the
LabSpec 6 software.

6.2.4 Lactose Bioconversion into Galacto-Oligosaccharides

Lactose conversion was carried out in an in-housecolumn reactor consisting of six holders,
each containing a disc-like layer of B-galactosidase-loading PSNF (1.5 cm radius). The
holders were stacked on top of each other to form a 12-cm height column with a total
working volume of 6 ml. The substrate from a reservoir tank was fed into the column from
the top inlet through the Eur-Pharm silicone tubing. A Masterflex 7021-24 (USA) pump
was used to control the feed flow rate. The resulting products were collected at the bottom
outlet of the column,channelled back into the reservoir tank and recirculated into the
reactor system. Lactose in the feed reservoir was prepared by dissolving it into PBS (pH
7.2) at 60 °C and then cooling down to 37 °C prior to reactions. Samples were drawn after
24 h for carbohydrate analysis. They are immediately heated in boiling water for 5 min to
deactivate enzymes **°. Samples were filtered using 0.45 pum nylon filters and diluted
prior to carbohydrate analysis using high performance liquid chromatography (HPLC). The
yield of conversion and products were determined using Eq. (1-4) while the effectiveness
factor of immobilization was calculated using Eq. (5), where brackets represent the mass

concentration.

Initial lactose]—[Final lactose]

Conversion (%) = [ [mitial lactose] %X 100% (1)
Glucose (%) = % x 100% 2
Galactose (%) = % X 100% 3)
GOS (%) =% conversion — % glucose — % galactose (4)
Effectiveness factor = (225 immobilized enzyme (5)

[Gos]free enzyme
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6.2.5 Chemical Analysis

Remaining substrate and products were analysed in Agilent 1100 Series HPLC using an
Aminex HPX-87H column (300 x 7.8 mm) with a refractive index detector, pump and an
autosampler. The flow rate of a pre-degassed mobile phase (8mmol/L-H,SO,4) was set at
0.5 ml min?. The column and the detector cell were maintained at 60 °C and 40 °C,

respectively 2. Chromatograms were integrated using the ChemStation software.

6.3 Results and Discussion

6.3.1 Textural Properties of Polymer Nanofibers

The properties of polymer nanofibers play an important role in binding [3-galactosidase and
enzyme-catalyzed reactions. To modify the surface property for enzyme immobilization
and biocatalysis, the surface was chemically modified using a strong oxidizing agent for 2
h, 10 h and 24 h to create oxygen-containing reactive groups such as carboxyl (COOH) and
hydroxyl (OH) which may facilitate B-galactosidase binding *’. The effect of surface
modifications on mechanical stability and wettability of the nanofibers was examined.
Figure 6.1 indicates that the nanofiber surface pretreatment led to changes in the surface
properties. In comparison with the non-modified PSNF that exhibited a smooth surface and
a homogenous structure (Figure 6.1a) with a diameter of 1.06 um for a single nanofiber,
surface damages were observed on the pre-treated PSNF witnessing minimal defects at 2-h
pretreated PSNF but the dimension was nearly the same as the non-modified PSNF (Figure
6.1b), while longer pretreatment (for 10 h or 24 h) (Figure 6.1c-d) resulted in more
destruction, making the surface rougher and more heterogeneous with some observable
small pieces ripped off from the original nanofibers, and shrinking the size of the diameter
for single nanofibers. The 2-h pretreated PSNF was therefore selected for further

characterization and compared with the untreated PSNF.
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Figure 6.1 SEM images of (a) untreated, (b) 2 h acid treated, (c) 10 h acid-treated,
and (d) 24 h acid-treated nanofibers.

Surface treatment not only resulted in morphological changes for the nanofibers, but
also the wettability of the surface. Wettability, governed by the chemical composition and
the surface geometrical microstructure, has been recognized as one of the most important
properties for nanofibrous materials #. Poor wettability of polystyrene nanofibers has
hampered their applications due to adhesion with other materials and heterogeneous
dispersion in an aqueous solution %. The wettability of the 2-h treated and untreated PSNF
was characterized by contact angles (Table 6.1) and the angle 0 is generally known as the
wetting angle 2. A small contact angle represents greater hydrophilicity or wettability. It
can be seen that the treated PSNF exhibited a smaller contact angle (84°) than the untreated
PSNF (106°). It indicates the surface modification has increased the PSNF wettability. A
possible explanation for this might be due to the introduction of OH or COOH groups that

have brought a hydrophilic feature on the interface. The presence of these active groups on
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the surface-oxidized polymer surface has been confirmed in detailed characterizations
reported in previous work *’. The wettability behaviour was also found correlated with the
surface roughness. A higher wettability (6 <90°) occurred on a rougher surface (Figure
6.1b) in comparison with the wettability (6 >90°) of the native PSNF (Figure 6.1a).
Therefore, surface modifications by the oxidative method not only have changed the
surface morphology of nanofibers but also improved the fiber wettability.

Table 6.1 Contact angle measurement of nanofibers.

Nanofibers Contact Angle [°]
Untreated PSNF 106
2 h acid-treated PSNF 84

6.3.2 Physical Characterization of Polymer Nanofibers/ B-Galactosidase

Nanobiocatalysts

After the nanofibers were treated, they were employed for preparation of nanobiocatalysts.
One of the key issues for the nanobiocatalyst is the distribution of bound proteins on the
support nanocarriers. The most common method is to visualize the morphological changes
of the nanofibers after enzyme immobilization under a SEM, alternatively, the distribution
can be analyzed from the fluorescence-assisted images under a fluorescence microscope
after the enzyme is tagged with fluorescence molecules °. Although minor cracking is
noticed on some nanofibers, all enzyme-loading nanofibers have nearly identical thickness,
which means that a thin layer and uniform coating of enzyme covers the PSNF surface,
which can be observed by comparing the SEM images of B-galactosidase-free PSNF
(Figure 6.2a-b) and PB-galactosidase-loaded PSNF (Figure 6.2c-d). These findings are
consistent with a recent study that presented a homogenous antibody coating on the

polyethersolfone electrospun nanofibrous membrane due to hydrophobic interactions %*.
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Figure 6.2 SEM images of (a-b) p-galactosidase-free PSNF and (c-d) p-galactosidase-
loaded PSNF at 10 pm and 50 pm.

The fluorescence microscope that provides an efficient and unique approach to study
fixed and living cells ? was also used to demonstrate the successful immobilization of f-
galactosidase on the nanofiber surface. A fluorescence-based strategy has been applied to

visualize structural proteins in live cells %

and to rapidly detect cellular
deoxiribonucleoside triphosphates %’. In this study, the enzyme was initially labelled with
FITC, immobilized onto PSNF surface afterwards and imaged directly by a fluorescence
microscope (Figure 6.3). The observation was compared with the negative control of
PSNF-B-gal without fluorescence excitation as shown in Figure 6.3c. PSNF without
enzyme under the same fluorescence conditions was used to account for the fluorescence

background (Figure 6.3a). As Figure 6.3b indicates, the nanobiocatalyst consisting of
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electrospun PSNF fibers and FITC-labeled p-galactosidase emitted green fluorescence,
indicating the presence of homogenously distributed enzyme on the fiber surface.

(b) (c)

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.

6.3.3 Chemical Characterization of Polymer Nanofibers/ B-Galactosidase

Nanobiocatalysts

The attachment of B-galactosidase on nanofibers surface was further clarified using
FTIR analysis. FTIR is a powerful tool to assess the formation of protein-surface
interactions by detecting the bond formation generated by the wavelength and intensity of
IR radiation ?. Figure 6.4 shows the FTIR spectra of B-galactosidase-free PSNF, free -
galactosidase and B-galactosidase-loaded PSNF.

The characteristic signals of the B-galactosidase-free PSNF are represented by the
peaks at 3100, 1493, 1451, 1150, 905, 754, and 700 cm™ (Figure 6.4a). Meanwhile, the p-
galactosidase spectra show the peaks at 3290, 1640, 1405, 1310, 1230, 1100 and 1050 cm’
Y(Figure 6.4b). After assembling B-galactosidase on PSNF, three new peaks were detected
at 3290, 1641 and 1230 cm™ (Figure 6.4c) in comparison with PSNF alone (Figure 6.4a).
These characteristic peaks correspond to the spectra generated by p-galactosidase.

According to Verma et al. %

, the vibrations of O-H and N-H groups of enzyme occur
between 3000 and 3500 cm™ while there is no peak at this range for PSNF. Therefore, the
peak recorded at 3290 cm™ is due to the presence of the immobilized B-galactosidase.
Similarly, the peak at 1641 cm™ corresponds to C=0 stretch vibrations of peptide linkages

produced by amide | protein 2® whereas the signal at 1230 cm™ ascribes to C-N stretching
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and N-H bending. The FTIR analysis indicates successful incorporation of 3-galactosidase

on the polymer nanofibers.
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Figure 6.4 FTIR spectra of (a) p-galactosidase-free PSNF, (b) free p-galactosidase and
(c) B-galactosidase-loaded PSNF.

Raman spectroscopy is a label-free and non-destructive technique to analyze the

% Recent advancement of this technology offers the

protein secondary structure
combination of (i) Raman microscopy, a method that allows visualization of the localized
zone of a sample under a microscope and collection of generated Raman signals for that

zone using a spectrometer, and (ii) Raman spectral imaging, also known as Raman
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mapping, a method that enables the mapping of the spatial resolution of protein molecules
and generates chemical images based on Raman spectrum of sample.

Both techniques were employed in this study as illustrated in Figure 6.5 to analyze
the B-galactosidase-free PSNF and the B-galactosidase-loaded PSNF. Similar to the FTIR
analysis, the difference of the spectra between the [-galactosidase-free and f-
galactosidase-loaded PSNF represents the protein adsorbed on the polymer nanofibers.
According to the Raman microscopy analysis (Figure 6.5a-b), new bands were detected at
1096, 1339, 1450, 1536, 1667 cm™ in the B-galactosidase-loaded PSNF. The frequency
observed at 1667 cm™ is a characteristic peak for B-sheet conformation produced by amide
| due to C=0 stretching vibration with minor contributions of C-N stretching and N-H
bending 3!. The finding is also in agreement with ** that reported the detection of the
amide | structure to confirm the protein adsorption on chromatographic particles. However,
the limitation of this standard optical microscopy is lack of accuracy in localizing
biocatalyst on the nanomaterial supports. The microscopic analysis was carried out at a
randomly chosen location on the sample surface. It may generate a low intensity/no Raman
signal for the protein secondary structure at a location with minimal or no presence of [3-

galactosidase.

Raman mapping studies, which can generate false colour images based on the
material composition and structure, were therefore executed. The generated image
describes the distribution of biomolecules on the support surface. As Figure 6.5¢ depicts,
two different images were generated representing the biocatalyst and the support surface.
PSNF was denoted by the red spectrum proven by its location beneath the green spectrum
of B-galactosidase. The accumulated spectra of the image at a location of x = -5 um and y
= -1 um show two images are overlapping, indicating binding of the enzyme on the
nanofiber surface (Figure 6.5d). For every pixel of the imaging a complete spectrum can be
acquired for further analysis. The spectra at the selected location can be identified and
translated into Raman signals based on their molecular structures, as illustrated in Figure
6.5e and 6.5f for the red and green spectrum, respectively. Although the Raman
microscope and Raman mapping show considerable consistence in identifying and
elucidating the conformation structure of a protein, in comparison to Figure 6.5b (Raman
spectrum), more new bands (930, 1100, 1245, 1340, 1400, and 1450 cm™) with a stronger
intensity were generated in Figure 6.5f (Raman mapping). The band at 1245 cm™
represents amide 111 vibrations attributed to the C-N stretching vibrations and N-H bending
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with small contributions from C-C and C-O vibrations *. Amide 111 band can be correlated
with the amide | due to the complementary protein structure, comprising three assignment
categories: 1) a-helix ((1270-1300 cm™), ii) random coil (1243-1253 cm™) and iii) B-sheet
(1229-1235 cm™)*®, The band at 1245 cm™ is therefore identified to exhibit a random coil
assignment. Moreover, a tryptophan amino acid was found at 1340 and 1360 cm™ bands **,

additionally supporting the presence of immobilized B-galactosidase.

The SEM and fluorescence microscopy images altogether with FTIR and Raman
analysis manifest the distribution and attachment of B-galactosidase onto the PSNF surface.
No apparent band shifting in FTIR analysis for the immobilized [3-galactosidase comparing
with the free enzyme suggests no changes in the secondary structures of the biocatalysts.

6.3.4 Production of GOS by the Nanobiocatalyst in a Column Reactor

After examining the the nanobiocatalyst structure, the performance of the
immobilized B-galactosidase in lactose conversion in a column reactor was evaluated as
displayed in Figure 6.6. Lactose conversion is generally performed in two different
pathways: (1) hydrolysis when water acts as the galactosyl acceptor, yielding glucose and
galactose as the main products, or (2) transgalactosylation when nucleophilic molecules
replace water to generate galacto-oligosaccharide (GOS). GOS is highly pursued due to
their health functionalities *°. Therefore, the transgalactosylation pathway is prefered in
such a reactor. Meanwhile, lactose concentration in the dairy wastes needs to be reduced to
minimize the environment impact, therefore, lactose conversion is also considered in the

catalytic process.

The conversion improved with an increase in feeding rate, reaching a peak of 83 % at
a feeding rate of 150 g/h before displaying a declining profile (Figure 6.6a). The formation
of GOS, glucose and galactose at different feed rates shared a similar trend with
conversion (Figure 6.6b). The highest yielded GOS was 36 % while glucose and galactose
were 32 % and 16 %, respectively. It was observed that up to the optimum condition (150
g/h feeding rate), the GOS formation exceeded the yield of glucose and galactose which
implies the transgalactosylation was preferred at a slower supply of lactose into the reactor.
An increase in the feed rate resulted in a comparable transgalactosylationand hydrolysis

rate, however, further increase in the feed rate led to hydrolysis dominated in the reactor.
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At a faster feeding rate, the contact time for the interfacial reaction between lactose

nucleophiles and the enzyme-galactosyl complex reduced, and more water molecules

constantly penetrated into the enzyme-galactosyl complex site and occupied the site,

therefore, water activity is dominant in the catalytic site. Thus, small yield of GOS was

found at a higher feed rate.
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Figure 6.5 Raman spectrum analysis of (a) p-galactosidase-free PSNF and (b) -

galactosidase-loaded PSNF, (c¢) Raman mapping false colour image of p-

galactosidase-loaded PSNF, scale bar 2um, (¢) accumulated signals for the red and
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green spectrum, (d) Raman signals for the red spectra, (¢) Raman signals for the
green spectra.
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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.

The catalytic effectiveness factor is one of the important parameters for evaluating
immobilized enzymes in industrial applications *'. It is determined by dividing the activity

of the immobilized enzyme by that of the corresponding free enzyme at the same amount.
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The parameter is used to benchmark the activity of the immobilized [-galactosidase as
depicted in Figure 6.6¢c. Apparently, the effectiveness factor is dependent on the substrate
concentration. It declined significantly when the lactose concentration increased. The
findings are consistent with the report by Liese et al. 3 that the substrate concentration
influences the effectiveness factor. At a high lactose concentration of 600 g/l, it was
observed the activity of the free B-galactosidase exceeded the immobilized enzyme. It has
been recognized that lactose has a low solubility and forms a crystal-like substance at a
high concentration *. Comparing with the immobilized biocatalyst, enzyme in free
solution had a greater diffusion rate to facilitate a higher bioconversion of lactose prior to
occurrence of crystallization. The effectiveness factor, however, was favourable at a
substrate concentration below 600 g/l. At 300 g/l lactose, the effectiveness factor was
approximately 8 times higher than that at 600 g/l. It may conclude that the immobilized
biocatalyst was superior to the free counterpart at a lower initial lactose concentration in
the column reactor. The performance of the immobilized pB-galctosidase on the polymer
nanofibers was also comparable or greater than that in other reported studies (Table 6.2),
indicating remarkable stability and activity of the biocatalyst under the operational

conditions.
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Table 6.2 Comparison on lactose bioconversion and GOS yield by immobilized enzymes in various types of support materials.

Source of f- Reactor Support material Lactose Conversion GOS Reference
galactosidase
g/l % %
Kluyveromyces Batch spiral reactor Polystyrene 400 82 36 This work
lactis nanofibers
Kluyveromyces  Batch process Modified 400 40 28 39
lactis polystyrene
nanofibers

Kluyveromyces  Continuous ultrafiltration ~ Membrane 300 76 80 40
lactis membrane reactor
Bacillus Repetitive batch-wise Eupergit C250L 550 - 64 e
circulans
Bacillus Repeated batch Glyoxyl agarose 500 60 39 4
circulans
Bacillus Batch process - 400 50 41 43
circulans
Aspergillus Batch process Polysiloxane- 500 55 26 i
oryzae polyvinyl alcohol
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6.4 Conclusion

A comprehensive analysis study has been carried out to advance the understanding of -
galactosidase/nanofiber nanobiocatalyst structure. The homogenous biocatalyst distribution
on the support surface was demonstrated by SEM and fluorescence microscopy images.
The FTIR showed a few feature peaks of enzymes on the surface of the enzyme-loaded
PSNF, indicate successful biocatalyst attachment on the PSNF surface. In comparison with
the free enzyme signals, no shifting of bands was observed, suggesting the native
structures of biocatalyst were retained. The biocatalyst amide | and other structures were
identified by Raman microscopic examinations. Raman mapping further supports the
distribution of p-galactosidase on the PSNF surface. These observations were well
correlated with the biocatalyst bio-engineering performance comparing with the free
enzyme in a bioreactor, signifying the native conformation of biocatalysts has been well
preserved, thus leading to remarkable biocatalyst stability and activity under the
operational conditions. The findings of this study provide useful insights into
understanding of the structure and interfacial reactions of nanomaterial-enzyme

assemblies.
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Abstract

Design of an economically and industrially viable reactor system in which functions and
bioengineering performance of biocatalysts are greatly enhanced has been pursued. This
study presents development of a recirculating spiral reactor for the [-galactosidase/
polymer nanofiber assembly (PSNF-Gal), aiming for continuous galacto-oligosaccharides
(GOS) production. The spiral reactor was fabricated in-house and assessed by comparing
the conversion of lactose to GOS by the PSNF-Gal with free p-galactosidase.The variable
parameters of the system were optimized including reaction time (6-30 h), feed flow rate
(2-18 ml/min) and initial substrate concentration (300-700 g/I).It was found that the GOS
selectivity of the PSNF-Gal exceeded the free counterpart about 1.5 to 3.7-fold. The
maximum conversion rate was 42 g lactose/l/h and the GOS productivity rate was 23 g/l/h
observed at 6 h reaction time. An increase in the flow rate resulted in enhanced lactose
bioconversion and GOS formation, however, further increase beyond 15 ml/min led to a
significant decrease in GOS synthesis and enzyme leaching. Although lactose conversion
was decreased about 1.6 times, an increase in the initial lactose concentration from 300 to
700 g/l has enhanced the GOS vyield around 1.7 times. The best yield for GOS synthesis
was determined to be 159 g/l with 86% lactose conversion at 24 h reaction time, 15
ml/min flow rate and 400 g/l initial lactose concentration. The initial results demonstrate

the potential of the recirculating spiral bioreactor for industrial scale production of GOS.

Keywords: nanobiocatalyst, galacto-oligosaccharide, f-galactosidase, polymer nanofibers,

bioconversion, recirculating spiral bioreactor
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7.1 Introduction

The role of enzymes as biocatalysts has driven rapid biotechnology advancements in the
area of harnessing green and sustainable processes. The demand of biocatalysts has
extended to diverse sectors including in biocatalysis, pharmaceutics, bioenergy and food
industries. In recent years, there has been a growing interest to promote an integrated waste
management using enzyme-assisted technologies. Enzymes provide specific and selective
activity. Hence, promising opportunities arise in generating marketable and valuable
products from waste sources. Whey is a by-product from cheese and casein manufacturing
in which lactose is the major constituent (60-80% on a dry matter basis) in whey. Dairy
effluents have been regarded as pollutants due to a high organic loading that contributes to
eutrophication and toxicity in eco-streams *.Worldwide, more than 10° tons of cheese whey
are produced annually and the quantities increase corresponding to the growing demand of
cheese 2. Thus, cost-effective treatment of dairy effluents has become a major concern to
the dairy industry.

Enzymatic bioconversion of lactose in the dairy effluents into value-added products,
such as galacto-oligosaccharides (GOS) by B-galactosidase endows a promising solution.
GOS are used as a functional ingredient for intestinal regulation and a low-caloric sugar
alternative to enhance food physicochemical and organoleptic properties *“. There are two
simultaneous reaction pathways during -galactosidase biocatalysis of lactose, hydrolysis
or transgalactosylation. After cleaving the lactose molecules, [-galactosidase-galactosyl
complexes are formed. Glucose and galactose are generated via hydrolysis when water acts
a galactosyl acceptor, while transgalactosylation is dominant to produce GOS when
nucleophile molecules surpress the water activity °. Therefore, bioreactor conditions and
the enzyme local nanoenvironment should be controlled to favor the transgalactosylation

pathway for GOS production °.

B-Galactosidase has been immobilized on nanofibers to enhance enzyme
recyclability, stability and functionality, and to allow continuous operation " due to the
specific characteristics of nanofibers, such as their high surface area, discrete
nanostructures and self-assembling behaviors as well as high porosity and interconnectivity
% A number of bioreactor configurations and operation modes have been evaluated for

nanostructure-supported nanobiocatalysts, including continuous packed-bed reactors,

192



Chapter 7

recirculated reactors in a batch mode, and membrane reactors in a fed-batch mode 1°**.

However, there are very few reports on bioreactors for nanofiber-based nanobiocatalysts.
Such a bioreactor should be able to preserve the immobilized enzyme activity under the
bioreactor operational conditions. It has been recognized that maintaining long-term
enzyme stability in a bioreactor system remains a key challenge. Hence, it is a focal point
of interest to design a reactor system that can provide an optimal macro-environment for
facilitating biocatalytic reactions, preserving enzyme functionalities, as well as sheltering

enzymes against harsh external environmental conditions, such as mechanical shear stress.

In the present study, a scalable recirculating spiral reactor system was fabricated for
the immobilized B-galactosidase polymer nanofiber assembly (PSNF-Gal), aiming for
enhancing the GOS production. The PSNF-Gal was spread on the surface of a spiral mesh
support to achieve homogenous distribution of biocatalysts inside the reactor, which is
beneficial for maximizing the interfacial reaction between substrates and enzyme reactive
sites and consequently promoting a high lactose bioconversion into GOS. This approach
also allows a simple biocatalyst recovery procedure, and prevents aggregation or clustering
behaviours of nanofiber mats in the aqueous solution so that the enzyme carriers are well
dispersed to prevent diffusion limitation. The feed was recirculated through the system at a
designed flow rate, which determined the number of feed recirculation cycle in the reactor,
for a better opportunity of reactant-enzyme activities. The operating conditions were
optimized by varying the reaction time, feed flow rate and substrate concentration and
benchmarked with free B-galactosidase. This study provides new insights into translation
of the bench-scale enzyme-assisted technology to a manufacture scale.

7.2 Materials and Methods

7.2.1 Materials

Polystyrene (molecular weight: 350,000), N,N-dimethylformamide (DMF), nitric acid
(HNOg), and sulphuric acid (H,SO,4) were of analytical grade without further purification.

Bovine serum albumin (BSA) and Kluyveromyces lactis p-galactosidase were supplied by
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Sigma-Aldrich, lactose monohydrate by Chem Supply and potassium phosphate buffer
(PBS, pH 7.2) by Life Technologies.

7.2.2 Synthesis and Functionalization of Nanofibrous Polystyrene

20 % (w/v) polystyrene were dissolved in 10 ml DMF with gentle stirring for overnight to
form a homogenous solution. The resultant solution as the precursor for electrospinning
was placed inside a 5-ml syringe bearing a 1-mm inner diameter needle tip which was
connected to a 25 kV voltage power supply. The flow rate of the polymer solution was
fixed at 2.5 ml/h. The electrospun polystyrene nanofibers (PSNF) were cast onto a metal-
surface collector with a distance of about 10 cm from the tip. The PSNF was detached
from the collector surface and stored at room temperature for further use.

The surface of PSNF was modified through surface oxidation to introduce functional
groups. Approximately 250 mg of PSNF sheet was placed on the surface of 12 x 8 cm
polypropylene mesh. The mesh support was rolled to form spiral PSNF mats and immersed
in HNO3 (69%) for 2 h at room temperature *2. The spiral PSNF was rinsed with water
thoroughly for three times to ensure that the surface was entirely acid-free and the PSNF
was further equilibrated with PBS solution (pH 7.2) for overnight prior to enzyme

immobilization.

7.2.3 Immobilization Procedure

The spiral PSNF was submerged into B-galactosidase solution (2 mg/ml in PBS) (pH 7.2)
for overnight at 4 °C. The spiral PSNF-Gal was then separated from the supernatant using
forceps and washed with water for three times to remove unbound proteins. The
supernatant and washing solutions were collected to measure the concentration of non-

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

The enzymatic lactose conversion was carried out in a recirculating spiral PSNF-Gal
reactor. The reactor system comprises a reservoir tank maintained at 37 °C, a Masterflex
7021-24 (USA) pump to control the feed flow rate and a 25-ml cylindrical reactor
containing enzyme-carrying nanofiber sheets fitted on spiral-formed mesh supports. The
schematic diagram of the reactor system is illustrated in Figure 7.1. The reservoir tank and
the reactor were connected by Eur-Pharm silicone tubing. Lactose in the feed reservoir was
prepared by dissolving lactose into PBS (pH 7.2) at 60 °C and cooled down into 37 °C
before reaction. A peristaltic pump was used to feed lactose from the bottom inlet of the
reactor, passed through the spiral PSNF-Gal, and channeled back into the feed reservoir
through the top outlet. Variable parameters including reaction time (6-30 h), flow rate (2-
18 ml/min) and substrate concentration (300-700 g/l) were tested to optimize the GOS
synthesis. Flow rate, controlled by the pump, determines the total cycle of feed
recirculation and retention time inside the reactor, calculated using Eq. 1 and 2,
respectively. Enzyme leakage was evaluated by measuring the protein content in the
feeding solution. Samples were also drawn at pre-set intervals for carbohydrate analysis
and immediately heated in boiling water for 5 min to deactivate enzymes =%, Samples
were filtered using 0.45 pum nylon filters and diluted prior to carbohydrate analysis using
high performance liquid chromatography (HPLC).

Flow rate (ml/min)

Total cycle (h™) =

X 60 (1)

Feed working volume (ml)

Reactor volume (ml) 1

Retention time (h) = X = 2

Flow rate (ml/min)

7.2.5 Analytical Methods

The enzyme leakage in reaction mediumwas measured according to the procedure
described by Bradford *°. Approximately 100 mg Coomassie Brilliant Blue G-250 was
mixed with 50 ml of 95% ethanol, 100 ml of 85% phosphoric acid. The solution was
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diluted with water to a final volume of 1 litre with gentle mixing. A total of 100 ul sample
was added into 5 ml of Bradford reagent, mixed homogenously and allowed to react within
5 min. The sample was measured using a UV spectrophotometer (Shimadzu, Japan) at 595

nm. The concentration was determined from a calibration curve using BSA as a standard.

The remaining substrates and products were analyzed in Agilent 1100 Series HPLC
equipment with a refractive index detector, a pump and an autosampler and an Aminex
HPX-87H column (300 x 7.8 mm). The flow rate of a pre-degassed 8 mmol/L-H,SO,4
mobile phase was set at 0.5 ml min™. The column and the detector cell were maintained at
60 °C and 40 °C, respectively'®. Chromatograms were integrated using the ChemStation

software.

8
7
7
B , 3
[AAR
45 Z|=|!
8 / 1 \

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.

7.2.6 Conversion and Productivity

The performance of PSNF-Gal in spiral reactor system was appraised in terms of lactose
conversion (X), conversion rate, product yield (), volumetric productivity rate (Q,) and
GOS selectivity.
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Corresponding yield of substrate conversion (X), which represents the percentage of

initial lactose that has reacted during the reaction, was determined using Eq 3.

Initial lactose]—[Final lactose]

Xactose (%) = | x 100 % 3)

[Initial lactose]

Where brackets represent the mass concentration.

Corresponding products yield (Y), which represents the fraction of products
(glucose, galactose, GOS) with respect to total concentration of initial lactose, was
calculated using Eqgs 4-5.

[Product]
0nwWy= —— ——-
Yproduct (/0) [Initial Lactose] X 100 % (4)
Ycos (%) =100 % — % Ylactose - % Yglucose - % Ygalactose (5)

GOS selectivity, which is defined as the ratio of the amount of GOS to the amounts

of all products formed in reaction medium, was determined using Eq 6.

GOS selectivity = - Y6os (6)

Gost Yglucose + Ygalactose

the ratio of the amount of GOS to the amounts of all products formed in reaction medium.

Corresponding conversion rate and volumetric productivity rate (Q,), which
represents the average conversion or productivity over the running time of reaction, was

determined using Eqgs 7-8.

[Initial lactose]—[Final lactose] (7)
t

Conversion rate =

_ [Product]

Q= (8)

t

Where t is the running time of reaction and expressed as g product per liter per hour (g/I/h).
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7.2.7 Statistical Analysis

Sample collection and analysis were conducted in triplicate. Results were analysed using
the statistical tool in MS Excel 2010. Each value corresponds to the mean of independent

experiments conducted in triplicates.

7.1 Results and Discussion

7.3.1 Development and Assessment of Recirculating Spiral Reactor

In order to evaluate the bioengineering performance of PSNF-Gal in a scalable reactor for
GOS synthesis, a recirculating spiral reactor was designed and fabricated in-house. As the
flow rate increases, the total cycle number of recirculation increases while the retention
time reduces correspondingly as tabulated in Table 7.1.The results show that the
conversion increased with the increasing recirculation cycle. The results are in good
agreement with the findings by Kim et al.'” that showed an enhance treatment rate with

increased batch cycles.

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.
Flow rate (ml/min)  Total recirculation Retention time (h) Conversion

cycle (h™) (%)
2 2 12,5 61
5 5 5.0 68
9 9 2.8 72
12 12 2.1 80
15 15 1.7 86
18 18 1.3 88
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In B-galactosidase-catalyzed reaction, lactose conversion has two different reaction
pathways: (1) hydrolysis to glucose and galactose and (2) transgalactosylation to GOS **
19 Transgalactosylation occurs when nucleophilic moleculesacts a galactosyl acceptor,
while hydrolysis takes place when water acts as the acceptor > ?°. Therefore, the products
from B-galactosidase-catalysed reaction include glucose, galactose, GOS and the remaining
lactose.

The bioconversion and the GOS selectivity of PSNF-Gal were benchmarked with
free B-galactosidase as shown in Figure 7.2 (a,b). The GOS selectivity represents the
preference of lactose conversion into GOS, which is determined by dividing the amount of
GOS products to that of all products in the reaction medium (GOS, glucose and galactose)
2! The free enzyme was able tocompletely convert lactose at all tested concentrations. In
contrast, the PSNF-Gal PSNF-Gal demonstrated a gradual decrease in the conversion
(Figure 7.2a). These observations are likely to be correlated to obstacle-free diffusion of
substrates into and products out of the enzyme sites, yielding greater conversion than
PSNF-Gal. In terms of GOS selectivity, however, the PSNF-Gal was found to be superior
to the free counterpart. The selectivity was consistently above 0.4, about 1.5-3.7 times of
that of free counterpart. The findings imply the transgalactosylation reaction dominated in
the immobilized enzyme while the free counterpart favored hydrolysis reaction.

Initial lactose concentration is one of the important parameters that affect GOS
production. As can be seen in Figure 7.2, apparently the conversion and production profiles
are largely dependent on the initial lactose concentration. The highest lactose conversion
(87 %) by PSNF-Gal was achieved using 300 g/l and 400 g/l initial lactose concentration
(Figure 7.2a). The PSNF-Gal experienced about 86 % to 54 % decrease in conversion
when the lactose concentration was further increased to 700 g/l. A longer enzymatic
reaction time may be required to catalyse the conversion of more lactose molecules at the
same reactant volume and reaction time.Furthermore, the reduction of conversion might be
related to the low solubility of lactose, which formscrystal-like substances at a high
concentration. It has been reported that the solubility of lactose in water is 250 g/l at 40 °C
22 \Vera et al.?® performed the reactions at an elevated temperature at 55 °C, yielding about
29 g GOS/100 g lactose. The present work was conducted at a similar initial lactose
concentration, and a total of 46 g GOS/100 g lactose was generated (Figure 7.2c).
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Figure 7.2(a, b) Comparison of free enzyme and immobilized enzyme on lactose
conversion and GOS selectivity at various lactose concentrations. (¢) The effect of
initial lactose concentration on product yield by PSNF-Gal. Reactions were conducted
on 300-700 g/l lactose at 15 ml/min feed flow rate, using 2 mg/ enzyme concentration
at 37 °C in pH 7 for 24 h reaction time.

A maximum GOS vyield (165 g/l) was obtained at 400 g/l lactose, 1.7 times of that
GOS concentration at 300 g/l lactose (Figure 7.2c) (Figure 7.2c). Further increasing the
concentration, however, would not result in an improvement of GOS yield. While
galactose formation remained constant around 50 g/l, glucose synthesis increased with
increasing the initial lactose concentration prior to reaching the plateau around 140 g/l at

500 g/l lactose. It is also noted that GOS and glucose was comparable at the lowest initial
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lactose concentration, indicating both hydrolysis and transgalactosylation reaction occurred
simultaneously. It has been recognized that lactose hydrolysis is predominant at a lower
lactose concentration (below 30%, w/w), therefore a low concentration of GOS would be
produced 2. By increasing the lactose concentration, the GOS yield was higher than
glucose approximately 10 to 15%, implying a preference towards transgalactosylation.
These findings are in accordance with the recent studies indicating a transgalactosylation

preference at high lactose concentrations 2% 2%

. Since lactose nucleophiles act as
acceptorsfor galactosyl-enzyme complex and compete with water to form GOS, lactose

concentration has a significant influence on GOS synthesis.

7.3.2 Time-Course of Conversion Rate and Productivity in Recirculating

Spiral Reactor

The temporal profiles for lactose bioconversion using PSNF-Gal in the recirculating spiral
reactor are presented in Figure 7.3. A rapid reduction in lactose concentration was
observed during the first 6 hour reaction, and the lactose concentration was gradually
reduced thereafterand reached a steady state after 24 h with the remaining unconverted
lactose at 56 g/l. GOS synthesis reached the plateau after 6 h reaction time.While glucose
was about 2-fold higher than galactose, both products however demonstrated an increase
yield with the increasing reaction time. The findings indicate transgalactosylation was
dominated in the reaction during the first 6 hour reaction when lactose was rapidly bio-
converted. The results could be attributed to the abundant lactose nucleophiles at the
beginning of reaction, which compete with water molecules to react with the galactosyl-
enzyme complex. However, as the concentration of lactose reduced when the reaction
continued, the yield of hydrolysis products gradually increased until glucose concentration
was comparable with GOS at 30 h reaction time. At such condition, both water and
nucleophilic molecules might have the equivalent opportunity to enter the enzyme sites and

react with galactosyl-enzyme complex.

The conversion rate and productivity rate of PSNF-Gal are presented in Figure 7.3,
which are defined as the average conversion or productivity over the running time of
reaction.Figure 7.3b shows a steep decrease in the conversion rate from 42 g/l/h to 12 g/l/h

when the reaction time was prolonged from 6 h to 30 h.Similarly, the product formation
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rates also exhibited a decline trend as illustrated in Figure 7.3c. The productivity rate of
GOS and glucose reduced about 81% and 66%, respectively, while galactose showed slight
reduction.As a high throughput and productivity are greatly pursuedin bioprocesses, a
longer reaction time is less favourable. Our study has shown that a longer reaction time is
less economical for GOS production.The maximum GOS vyield (139 g/l, Figure 7.3a) could

be harvested as early as 6 h, presenting a corresponding conversion and productivity rate of
42 g/l/h and 23 g/l/h.
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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 ¢/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.
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7.3.3 Effect of Flow Rate on Galacto-Oligosaccharide Synthesis

Feed flow rate may have an impact on the residence time, the enzyme-substrate reaction
and the enzyme leakage out of the nanobiocatalyst assembly. The effect of flow rate on
lactose reduction, production yield, GOS selectivity and enzyme leakage was presented in
Figure 7.4. Feed flow generally creates a convective motion to facilitate mass transfer of
reactants towards and products away from PSNF-Gal 2!, As the flow rate increased from 2
to 18 ml/min, the concentration of remaining lactose reduced significantly from 162 g/l
into 47 g/l (Figure 7.4a). It corresponds to a greater conversion at a higher flow rate as
described in Table 7.1.

As Figure 7.4b indicates, an increase in the flow rate, however, had a less
significant effect on glucose and galactose formation. The synthesis for both products
nearly remained constant at the flow rate between 0-15 ml/min. The yield of galactose was
60 g/l, approximately half the glucose concentration (120 g/l). At a flow rate below 5
ml/min, the glucose yield was found 1.5 times higher than GOS. On the other hand, at 5
ml/min flow rate, an equivalent amount of glucose and GOS was observed that indicates a
comparable activity of water and nucleophilic molecules, that competed each other to act
as galactosyl acceptor °, which yielded a fairly equal reaction between hydrolysis and
transgalactosylation. Beyond 5 ml/min flow rate, the GOS yield surpassed glucose
remarkably reaching a peak at 15 ml/min flow rate suggesting transgalactosylation may be
dominated at a higher flow rate.The trend of findings imply the bioreactor conditions can
be controlled to favor transgalactosylation pathway, which is in agreement to our previous
study that has demonstrated the local environment of enzyme plays significant roles in
GOS production °.

An increase in the flow rate to 18 ml/min, however, led to a significant GOS
decrease from 174 g/l into 145 g/l. By further extending the rate, hydrolysis seems to
exceed transgalactosylation as the yield of hydrolysis products increased while GOS
synthesis experienced a decline. A possible explanation for this might be due to ashorter
contact time between lactose nucleophiles and enzyme-galactosyl complexat a faster
feeding rate, which is evident by a low residence time (1.3 h) in Table 7.1. Therefore, it

minimized the GOS synthesis and diverted the reaction into the hydrolysis pathway.
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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 p-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.

The effect of flow rate on GOS selectivity was evaluated at two different reaction
times: 6 h and 24 h as shown in Figure 7.4c. Both cases demonstrated an improved GOS
selectivity as the flow rate increased. The selectivity, however, dropped at a flow rate
beyond 15 ml/min, probably due to preference of hydrolysis inB-galactosidase-catalyzed
lactose conversion at a higher flow rate. Besides, a substantial correlation was also

observed between the reaction time and the flow rate towards GOS selectivity.At a flow
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rate below 9 ml/min, the GOS selectivity obtained at 24 h was higher than 6 h while a
contradictoryfinding was observed at a higher flow rate.The data obtained indicatethat
GOS selectivity was favoured at a slower flow rate with a longer reaction time (24 h) or a

higher flow rate with a shorter reaction time (6 h).

The main weakness in enzyme-catalyzed processes is leaching of the immobilized
enzyme into its reaction medium. Hence, a minimal enzyme leakage is often the
biotechnological interest. It technically determines the binding stability of enzyme on
support materials against mechanical shear stress in a reactor.Figure 7.4d reveals that there
has been an accelerationof enzyme loss with an increase in flow rate. The leaching has
surpassed 10 % at the highest flow rate (18 ml/min).The finding is broadly consistent with
the results reported by Rahim et al.?®. A minimal enzyme leakage (2.9 %) was observed at
the lowest flow rate,which might be due to weak nature of the enzyme binding forces #’. At
5-15 ml/min, the enzyme leakage was about 7 % indicating lower level of loss in
comparison with a recent study that described approximately 40% glucose oxidase was
released from a calcium alginate carrier 2. The evidence from the experimental data
suggests that the designed reactor system may possibly prevent biocatalysts loss at a flow

rate of 5-15 ml/min.

Overall, the performance of the recirculating spiral PSNF-Gal reactor showed
comparable or greater performance in comparison with other reported studies using
different reactor configuration systems or operating modes as summarized in Table 7.2 ©
2931 More importantly, comparing to the static feed as reported in our previous study &, the
process in the recirculating spiral reactor enhanced the bioconversion from 40 to 86% and
the GOS vyield from 110 to 169 g/l. Summing up the experimental results, it can be
concluded that the newly developed PSNF-Gal recirculating spiral reactor provides
suitable microenvironments that maximize the biocatalytic performance and demonstrates

a its potential for large-scale operations.
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7.4 Conclusion

A scalable recirculating spiral reactor system for the B-galactosidasepolymer nanofiber
assembly (PSNF-Gal) was successfully developed and assessed for galacto-
oligosaccharides (GOS) synthesis.PSNF-Gal exceeded free counterpart for the GOS
selectivity of regardless of the initial lactose concentration. Prolonged reaction time
benefited for a greater bioconversion but became unfavourable for GOS productivity. The
maximum GOS yield could be harvested as early as 6 h, yielding a conversion rate and a
productivity rate of 42 g/l/h and 23 g/l/h. An increase in flow rate resulted in enhanced
bioconversion and GOS formation, as a consequence of higher feed recirculation cycles
that promoted greater enzyme-substrate interfacial reaction. A high GOS selectivity was
obtained at a slower flow rate with a longer reaction time or a shorter reaction time with a
higher flow rate. A low level (7%) of enzyme loss could be achieved when applying a flow
rate below 15 ml/min. Transgalactosylation was found to become dominant over
hydrolysis at a higher initial lactose concentration. At the optimum operating conditions,
the maximum lactose conversion was 86 % with a GOS vyield about 159 g¢/l. By
benchmarking with previous reported systems for lactose bioconversion, the developed
recirculating spiral reactor shows distinguished bioengineering perfomances which may
hold great potential for various large-scale enzyme-assisted bioprocessess.
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Table 7.2 Comparison on lactose bioconversion and GOS yield by immobilized enzymes in various types of support materials.

Source of f3- Reactor Support material Lactose Conversion GOS Reference
galactosidase /) (%) (a/h
Kluyveromyces Batch spiral reactor Polystyrene 400 86 159 This work
lactis nanofibers
500 71 169
600 52 172
Kluyveromyces Batch process Modified 400 40 110 8
lactis polystyrene
nanofibers
Talaromyces Batch packed bed Eupergit C 200 80 80 29
thermophilus
Continuous packed bed Eupergit C 200 50 50
Aspergillus Batch reactor - 400 - 115 10
oryzae
Fed-batch reactor 580 - 218
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Aspergillus Batch reactor - 400 70 100 3
oryzae

Bacillus Repeated batch Glyoxyl agarose 500 60 3
circulans
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Chapter 8: Conclusions and Future Directions

8.1 Conclusions

This research study focuses on the fabrication of nanoparticle- and nanofiber-based B-
galactosidase nanobiocatalysts for conversion of dairy industry wastes into galacto-
oligosaccharide (GOS) through an improved and feasible process with the potential for
industrial scale manufacturing. The nanocarriers were synthesized and functionalized to
facilitate enzyme binding and their performance in enzyme adsorption capability and
stability were extensively evaluated. The structure-function relationship for the
nanocarriers, the enzyme-nanocarrier nanoenvironment at the catalytic sites and the
nanobiocatalyst structure were studied, aiming to enhance the bioengineering performance
of the nanobiocatalysts. The main conclusions derived from the findings presented in

Chapters 3 to 7 are summarized below:

In Chapter 3, the fabrication of dendrimer-like silica nanoparticles (HPSNs) with
hierarchical pores and functionalization with amino (NH;) and carboxyl group (COOH)
were performed and benchmarked with non-functionalized HPSNs. Experimental results
show both bovine serum albumin (BSA) and B-galactosidase exhibit preferential affinity
towards the amino-functionalized HPSNs. The enzyme activity was fully preserved upon
immobilization onto three types of nanoparticles. The enzyme assembly with HPSNs-NH,
was further demonstrated to run up to 10 cycles with 20% of the enzyme activity
remaining. Importantly, we have found that the enzyme assembly was able to generate
GOS at a much higher yield than free counterpart when the initial lactose concentration is
lower than 400 g/l, which means that the enzyme assembly had a preference towards
transgalactosylation, while hydrolysis was dominant in the free enzyme solution. At a high
initial lactose concentration, the enzyme assembly and free enzyme shared a comparable
GOS vyield. Our research findings demonstrated the HPSNs can be used to form enzyme-
nanocarrier assemblies which have enhanced selectivity towards the required reaction
pathways. The findings of the nanocarrier structure-function relationship in enzyme

immobilization will provide a useful insight for future development of the hybrid
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nanobiocatalyst assembly, by correlating and integrating the unique functions of

nanocarriers and enzymes.

In Chapter 4, polystyrene nanofibers (PSNFs) with excellent quality were
successfully fabricated using an electrospinning device by optimizing the operational
parameters including polymer concentration, electric voltage and distance between
discharge needle tips and the collector. Under these optimum conditions, uniform size and
ordered alignment for fibrous mats can be obtained. Surface modification through
chemical oxidation has improved enzyme loading and activity. The lactose conversion by
PSNF-Gal catalysis results in a high GOS yield as well as a high production rate. The
PSNF-Gal may beneficially promote transgalactosylation due to the hydrophobic nature of
the polysterene surface. Another contributing factor could be the reduced diffusion path of
the nuclephilic molecules and these molecules could easily bind to the galactosyl-enzyme
complex in such a nanoenvironment. This simple but effective nanobiocatalyst-assisted

process may be economically viable for large scale GOS production.

In Chapter 5, the stability and catalytic ability of p-galactosidase through
functionalized PSNF immobilization have been evaluated. A successful immobilization of
B-galactosidase on the acid-modified PSNF was demonstrated. The PSNF-Gal
nanobiocatalyst assembly exhibited considerable enhancement in enzymatic and catalytic
activities at a basic condition and the thermal stability up to 60 °C, signifying distinguished
enzyme stabilizations in the denaturing environments. The surface modification of the
nanostructured polymer fibres might have facilitated stable enzyme binding resulted in
greater biocatalyst recyclability. Our findings demonstrated the PSNF-Gal doubled the
GOS vyield comparing with free enzyme, which is of importance for a bioengineering
process. The highest GOS (28 %) was obtained at 400 g/l lactose. With considerable
activity enhancement, recyclability and productivity, the PSNF-Gal was proven as

economical and robust biocatalyst for continuous bioprocessing applications.

In Chapter 6, a comprehensive analysis study has been carried out to advance the
understanding of B-galactosidase/nanofiber nanobiocatalyst structure. The homogenous
biocatalyst distribution on the support surface was demonstrated by SEM and fluorescence
microscopy images. The FTIR showed a few new peaks on the surface of the enzyme-
loaded PSNF, indicating successful biocatalyst attachment on the PSNF surface. In

comparison with the free enzyme FTIR signals, no shifting of bands was observed,
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suggesting the native structures of the biocatalyst were retained. The biocatalyst amide |
and other structures were identified by Raman microscopic examinations. These
observations were well correlated with the biocatalyst engineering performance in a
column bioreactor, signifying the native conformation of the nanobiocatalyst has been well
preserved, thus leading to remarkable biocatalyst stability and activity under the
operational conditions. The findings of this study provide useful insights into

understanding of the structure and interfacial reactions of nanobiocatalyst assemblies.

In Chapter 7, an in-house recirculating spiral reactor for the PSNF-p-galactosidase
assembly has been successfully developed and assessed for galacto-oligosaccharides
(GOS) synthesis. The results show the PSNF-B-galactosidase exceeds its free counterpart
in the GOS selectivity regardless of the initial lactose concentration. A prolonged reaction
time benefits a greater bioconversion but becomesunfavorable for GOS productivity. A
high GOS selectivity is obtained at a slower flow rate with a longer reaction time or a
shorter reaction time with a higher flow rate. An acceptable level of enzyme loss can be
achieved when applying a flow rate below 15 ml/min. Transgalactosylation is found to
become dominant over hydrolysis at a higher initial lactose concentration. Under the
optimum operating conditions, the maximum lactose conversion is 86 % with a GOS yield
about 159 g/l. By benchmarking with previous reported systems for lactose bioconversion,
the developed recirculating spiral reactor shows distinguished bioengineering perfomance

which may hold great potential for large-scale enzyme-assisted bioprocessess.

As a conclusion, this study has successfully developed nanoparticles and nanofibers-
based nanobiocatalysis technology for conversion of lactose-rich dairy industry wastes into
GOS. In comparison to the free counterpart, the immobilized B-galactosidase remarkably
enhances the enzymatic activities and the nanoenvironment of the nanobiocatalyst favors
transgalactosylation over hydrolysis. Moreover, this is one of few studies to understand the
enzyme adsorption phenomena on a nano-sized solid surface throughcomprehensive
analysis. The nanobiocatalyst in the recirculating reactor demonstrates a promising

engineering solution for a continuous and large scale operation for GOS production.

215



Chapter 8

8.2 Future Directions

The incorporation of B-galactosidase onto polymer nanofibers forming nanobiocatalysts
integrates the advances in both nanotechnology and biotechnology. The perspectives of the
nanobiocatalyst technology show significant potential as well as bright future. Translating
this bench-scale technology into commercial practices still remains a critical challenge.
Several key issues need to be addressed for future development to promote the feasibility
of the nanobiocatalyst into real practices. To realize this laboratory-scale technology into
industrial applications, cost reduction as the major hurdle for large-scale trials, long-term
stability of the PB-galactosidase/nanofiber-nanobiocatalystassembly and operations in a

large scale reactor should be taken into consideration.

Reduction in the operation cost that is generally associated with enzyme preparation,
immobilization and nanocarrier synthesis should be considered. Large-scale production of
B-galactosidase can be made possible through the advances in protein engineering,

fermentation and purification technology.

Long-term nanobiocatalyst operation is required to demonstrate its feasibility in a
large-scale operation process. At present, the nanobiocatalyst developed in the laboratory
trials in this study only demonstrates successfully as a proof-of-concept and it can run up
to 9 cycles with 20% of activity remaining. Further research on appropriate strategies to
assemble B-galactosidase on the nanocarriers will be required to ensure that the proposed
immobilization approaches should be able to hold the enzymes strongly on the nanocarrier

surface, but also at the same time to retain their functionality and stability.

Besides, the B-galactosidase/nanofiber-nanobiocatalyst needs also to be tested by
treating real dairy wastewater. The process feasibility should be investigated to develop an
economically and industrially viable system for generating GOS from the wastewater.

Finally, further study on how to separate and purify the GOS product from the
reaction medium is also needed. If these technical issues could be addressed successfully,
the B-galactosidase/nanofiber nanobiocatalystwith long-term operation stability will render

an economical process for commercialization in a very near future.
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Functional nanomaterials have been pursued to assemble nanobiocatalysts since they can provide unique
hierarchical nanostructures and localized nanoenvironments for enhancing enzyme specificity, stabil-
ity and selectivity. Functionalized dendrimer-like hierarchically porous silica nanoparticles (HPSNs)
was fabricated for assembling [3-galactosidase nanobiocatalysts for bioconversion of lactose to galacto-
oligosaccharides (GOS). The nanocarrier was functionalized with amino (NH;) and carboxyl (COOH)
groups to facilitate enzyme binding, benchmarking with non-functionalized HPSNs. Successful conju-
gation of the functional groups was confirmed by FTIR, TGA and zeta potential analysis. HPSNs-NH,
showed 1.8-fold and 1.1-fold higher 3-galactosidase adsorption than HPSNs-COOH and HPSNs carriers,
respectively, with the highest enzyme adsorption capacity of 328 mg/g nanocarrier at an initial enzyme
concentrationof 8 mg/ml. The HPSNs-NH; and (3-galactosidase assembly (HPSNs-NH;-Gal) demonstrated
to maintain the highest activity at all tested enzyme concentrations and exhibited activity up to 10
continuous cycles. Importantly, HPSNs-NH; -Gal was simply recycled through centrifugation, overcom-
ing the challenging problems of separating the nanocarrier from the reaction medium. HPSNs-NH;-Gal
had distinguished catalytic reaction profiles by favoring transgalactosylation, enhancing GOS produc-
tion of up to 122 g/l in comparison with 56 g/l by free B-galactosidase. Furthermore, it generated up
to 46g/l GOS at a lower initial lactose concentration while the free counterpart had negligible GOS
production as hydrolysis was overwhelmingly dominant in the reaction system. Our research findings
show the amino-functionalized HPSNs can selectively promote the enzyme activity of 3-galactosidase
for transgalactosylation, which is beneficial for GOS production.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

immobilization also allows the recovery and reuse of these bio-
catalysts, hence reducing the cost of the biocatalytic process [2,3].

The specificity and selectivity of enzyme open a new door for
development of green and sustainable enzyme-catalyzed biopro-
cesses. Enzymatic reactions are environmentally friendly due to
low chemical consumption without release of toxic by-products.
Nevertheless, the biocatalysts constitute the majority of the oper-
ational cost when they are applied in large scale processes, and
their low stability and reusability in reactor conditions impede
their industrial applications [1]. The immobilization of enzyme
on support materials is of immense scientific interest. Such tech-
nology is able to shelter and/or stabilize enzymes when they are
exposed to chemical and environmental harsh conditions. The

* Corresponding author.
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Enzymes have been immobilized onto natural/synthetic polymers
or inorganic materials [4]. Despite the fact that optimal immo-
bilization protocols have been extensively studied, retaining the
enzyme activity upon immobilization entails persistent investiga-
tion. Enzyme activity reduction on support materials remains a
significant challenge due to the conformation change upon immo-
bilization [5]. Hence, the development of appropriate enzyme
carriers, which can preserve or enhance the enzyme catalytic func-
tion, presents a profound research interest.

Nanobiocatalysis, an emerging technology that assembles
enzyme molecules onto nanomaterial carriers, synergistically
integrates advanced nanotechnology with biotechnology [7].
The technology can increase the enzyme stability and enhance
enzyme activity. To date, the enzyme has been immobilized
on diverse support materials such as nanofibres [8], nanotubes
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[9], nanocomposites [10], nanogel [11] and nanoparticles [12].
Silica nanoparticles offer uniform nanopores and tuneable peri-
odic nanostructures which harmonise the diffusion of guest
biomolecules with different sizes [13]. It has been recognized that
the pore size is vital for enzyme immobilization, Enzyme molecules
are incapable to enter into the pore of nanoparticles when the
pore is smaller than the molecular size of the enzyme, resulting in
a low enzyme loading. In contrast, nanoparticles with pore sizes
larger than the enzyme molecular size may reduce the enzyme
activity, which may be ascribed to the enzyme leaching or reduc-
tion in the enzyme stability [14,15]. Anchoring of biomolecules
onto the nanoparticles surface nay result in a strong binding
that may decrease the biological activity of the enzyme [16]. In
addition, chemical reagents in the immobilization protocol such
as crosslinking agents (i.e., glutaraldehyde and epichlorohydrin)
lead to a certain level of enzyme activity reduction [6]. Further-
more, enzyme molecules embedded inside the traditional enzyme
supports could not directly contact substrates, thus the enzyme
supports are unable to maximize the usage of the enzyme, and
therefore some of the expensive enzyme is wasted. It is, there-
fore, constant efforts are being made into exploring robust and
functional enzyme carriers.

Dendrimer-like silica nanoparticles with hierarchical pores
(HPSNs) were recently developed with unique properties [17]. The
carriers have been demonstrated as advanced delivery nanocarri-
ers for siRNA and DNA molecules. The materials were constructed
with specific pore structures to increase the surface area for a high
loading of biological molecules. Each cavity in the nanostructure
can act as a nanobioreactor for enzymatic reaction after the cav-
ity is immobilized with the enzyme. Importantly, the nanocarrier
possesses centre-radial open pores that are vital in coordinating
diffusion of molecules with different sizes such as substrates and
products, and as a result, it enhances the biomolecule interactions
as well as reduces the associated mass transfer limitation. Another
major issue associated with nanobiocatalysis is to recover nanobio-
catalysts from the aqueous solution and reuse them due to their
nano-meter size. Magnetic nanoparticles are often employed to
realize the recovery by placing them in a magnetic field [18]. For
instance, the immobilization of lipase was realized on magnetic chi-
tosan microspheres [ 19] and Fe304/poly(styrene-methacrylic acid)
magnetic microsphere [20] for enzymatic production of biodiesel
from soybean oil. Such an operation poses a significant challenge
for scaling up. HPSNs, however, offer easy separation and recovery
through sedimentation or centrifugation, which can simplify the
recycle process for HPSNs-based nanobiocatalysts.

In the present work, HPSNs were synthesized as nanocarri-
ers to host B-galactosidase. The nanocarriers were functionalized
with amino (NH3 ) and carboxyl group (COOH) to promote covalent
binding with the enzyme. Non-specific binding of the enzyme is
expected to occur on the surface of non-functionalized HPSNs. The
schematic representation of HPSNs functionalization and enzyme
binding is illustrated in Scheme 1.The adsorption performance of
three types of HPSNs was evaluated through bovine serum albumin
(BSA) and [3-galactosidase at different protein concentrations. The
B-galactosidase activity was compared for the three HPSNs. HPSNs-
NH, was then chosen to immobilize 3-galactosidase for assessing
its recyclability up to 10 continuous runs and its performance in
converting lactose into galacto-oligosaccharides (GOS).

2. Materials and methods
2.1. Chemicals

Cetyl trimethylammonium bromide {CTAB), ammonia, ethyl ether, ethanol,
tetraethoxysilane {TEOS), 3-aminopropyltriethoxysilane {APES), hydrochloric acid

(HQ), NN-dimethylformamide {DMF), succinic anhydride, triethylamine (TEA),
ammonium hydroxide, sodium carbonate and phosphoric acid were of analytical

grade without further purification. Bovine serum albumin (BSA}), Kluyveromyces
lactis B-galactosidase, o-nitrophenyl-f3-p-glactopyranoside {ONPG) and coomassie
brilliant blue G-250 were obtained from Sigma-Aldrich. Potassium phosphate buffer
(PBS){pH 7.2) was procured from Gibson.

2.2. Preparation and functionalization of nanoparticles

The preparation and functionalization of HPSNs-NH; were conducted using the
methodsdeveloped by Duet al.[17]. A total of 0.5 g of CTAB was dissolved inanemul-
sion system composed of 70 ml of H; 0, 0.8 ml of agueous ammonia, 15 ml of ethyl
ether and 5 ml of ethanol. The mixture was vigorously stirred at 1000 rpm for 0.5h
at room temperature. The stirring was continued for 4 h after addition of a mixture
of TEOS(2.5ml)and APES (0.1 ml). After 4h, 1 mlof HCI (37%) was added in order to
stop the base-catalyzed reaction. A white predpitate of amino-functionalized silica
nanoparticles (HPSNs-NH; ) was obtained from 12 min centrifugation at 4200 rpm.
The precipitate was washed with ethanol and water. Treatment with ethanoic HCl
(15 ml of concentrated HCl in 120 ml ethanol) was conducted under stirring at 70°C
for 24 h to extract CTAB template. The extracted particles, obtained from centrifu-
gation at 4200 rpm for 12 min, were washed with water for three times. HPSNs with
the carboxyl group {(HPSNs-COOH ) was synthesized by reacting HPSNs-NH; (50 mg
in 20 ml DMF)} with succinic anhydride {0.45g in 5 ml DMF) in the presence of TEA
(0.45 ml) for 5 h. Non-functionalized HPSNs was obtained by calcining HPSNs-NH»
at 550°C for 4h.

2.3. Characterization of nanoparticles

The characterization of HPSNs-NH; and HPSNs-COOH using scanning electron
microscopy (SEM) was performed under a Philips XL30 field emission scanning
electron microscope operated at 10kV. Fourier transform infrared {FTIR) spectra
of samples were recorded on a Thermo Scientific NICOLET 6700 FTIR spectrometer
at room temperature. TriStar Il surface area and porosity analyzer from Micromerit-
ics at —196-C was used for nitrogen adsorption-desorption measurements using
the volumetric method. Brunauer-Emmett-Teller {BET) specific surface areas were
calculated by using adsorption data at a relative pressure range of P(Py range of
0.05-0.25.The Barrett, Joyner, and Halenda (BJH) method was used to estimate pore
size distributions from adsorption branch of isotherm. The amounts of Nz adsorbed
at the single point of P/Py =0.99 was used to determine pore volumes. The particle
sizes and zeta-potentials dispersed in PBS (pH 7.5) were measured using a Malvern
Zetasizer Nano ZS {Malvern Inst. Ltd., U.K.) equipped with four-side clear cuvettes
or the ZET 5104 cell at room temperature. 560/51920 TGA(DSC (thermogravimet-
ric/differential scanning calorimeter) analyzer from Setaram Instrumentation was
used for thermogravimetric analysis (TGA) of samples using an oxidant atmosphere
(air, 30 ml/min) (heating ramp of 10°C/min from room temperature to 800°C).

2.4. Enzyme immobilization on nanoparticles

Silica nanoparticles (10 mg }were dispersed in 1 ml PBS buffer (pH 7.2} and soni-
cated for 30 min. The mixtures were mixed into BSA(0-10mg/ml }or -galactosidase
(0-9mg/ml}and gently stirred overnight at 4°C [21]. The particles were recovered
through centrifugation at 4200 rpm for 10 min and washed with water to remove
free BSA or enzyme on the surface of nanoparticles. The supernatant and washing
solution were collected to measure the concentration of non-adsorbed protein.

2.5. Production of galacto-oligesaccharides

Lactose (50-400 g{1) was prepared by dissolving into PBS (pH 7.2) at 60°C. After
the solution temperature cooled down to room temperature, free or immobilized
enzyme were added and incubated at 37 °C in an orbital shaker at 200 rpm. Sam-
ples were drawn at pre-set intervals for analysis (1-5h) and immediately heated in
boiling water for 5 min to deactivate the enzyme activity [22]. The mixture was
centrifuged to separate the supematant and nanoparticles. The resultant super-
natant was filtered using 0.45 pm nylon filters, diluted 40 times and analyzed by
high performance liquid chromatography (HPLC).

2.6. Chemical analysis

The enzyme concentration was assayed using the method described by Brad-
ford [23]. A total of 100 mg Coomassie brilliant blue G-250 were dissolved in 50ml
0f 95% ethanol, 100 ml of 85% phosphoric acid and diluted with water to a final vol-
ume of 11 with gentle mixing. A total of 100 pl sample was added into 5ml of the
Bradford solution, mixed homogenously, and allowed to react for 5min and mea-
sured at a 595 nm spectrophotometer. Protein concentration was determined based
on the calibration curve using BSA as a protein standard. The adsorption yield and
adsorption capacity of the immobilized enzyme were calculated using Eqs. (1)and
(2}, respectively, where P; is the initial concentration of protein that is subjected
for immaobilization, P,, and P. are the amount of protein in washing solution and
supernatant, respectively [24].

{Pi‘“;:”)‘]] « 100 )

Adsorption yield (%) =
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Scheme 1. Schematic description on the functionalization of dendrimer-like HPSNs for the loading of 3-galactosidase.

[P = (Pw + Ps)]
mass of nanoparticles

Adsorption capacity(mg/g) = 2)
The enzyme activity was measured by mixing 100 samples with 1.7 ml of PBS
buffer (pH 7.2) and 0.2 ml of 20 mM ONPG prior to continuous agitation at 37°C for
10min. A total of 2 ml of 1 M sodium carbonate was added immediately to stop the
reaction before measuring the liberated product spectrophotometrically at 405 nm
|25]. The enzyme activity was determined from the plotted o-nitrophenol standard
curve.One unit (1 U)of B-galactosidase is defined as the amount of enzyme liberates
1 pmole of o-nitrophenol per minute under standard assay conditions. The activity
retention of immobilized enzyme was determined using Eq. (3), where ¢; is the
activity of immobilized enzyme activity, while o is the activity of free enzyme at
the same concentration |26].
Activity retention(%) = %, % 100 3)
Saccharides (lactose, glucose, galactose, GOS) were determined using high
performance liquid chromatography (HPLC) (Agilent) equipped with an aminex
HPX-87H column (300 x 7.8 mm) maintained at 60°C and a refractive index detec-
tor. H,SO4 (8 mmol /l) was used as a mobile phase at a flow rate of 0.5mlmin~'. An
approximately 5 pl samples were injected for saccharides analysis [27]. The lactose
conversion was calculated using Eq. (4) [27,26,22-24]. The yield (Y) of saccharides
(glucose, galactose and GOS) was determined using Eqgs. (5)-(7).

[initial lactose| — [final lactose]
X

[initial lactose]| . @

Conversion (%) =

|glucose]
¥ )= ——————— 5
lucase (%) [initial lactose| )
alactose
Yitacrse = (%) AS2aC0%] ®

[initial galactose] *

Yeos (%) = %Conversion — %Ygjycase — % Yaalactase 7
2.7. Recyclability

The activity of the immobilized enzyme on HPSNs-NH, was continuously mon-
itored for 10 cycles. The enzyme activity was determined using the procedure
described in Section 2.6. After each assay, the nanoparticle-carrying enzyme was
separated from the reaction medium through centrifugation at 4200 rpm for 10 min,
and then washed with PBS solution (pH 7.2), dewatered before supplementing with
fresh substrate to initiate a new cycle of reaction. The enzyme activity at the first
run was considered as control (100%) for the calculation of remaining activity after
repeated uses [28].

2.8. Statistical analysis
Experimental studies were carried outintriplicate. The data were analyzed using

the statistical tool in MS Excel 2010 and presented as a mean value with an average
standard deviation of <5%.

3. Results and discussion
3.1. Preparation and characterization of HPSNs

Three types of dendrimer-like nanoparticles: HPSNs-NHj,
HPSNs-COOH and HPSNs were prepared according to Scheme 1.
The surface of HPSNs was functionalized with amino (NH;) and
carboxyl (COOH) groups to facilitate B-galactosidase binding. The
enzyme, which possesses amino (—~NH3 ), carboxyl (—COOH), thiol
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Fig. 1. FTIR spectra of HPSNs-NH, with CTAB template, HPSNs-NH, and HPSNs-

COOH.

Table 1

Physicochemical properties of HPSNs-NH> and HPSNs-COOH.

HPSNs-NH; HPSNs-COOH

pH 7.59 7.54
Particle size (nm) 756 460
Zeta potential (mV) +4.5 —B6.7
BET surface area(m’ g~') 747 585
Pore size (nm) 45 4.3
Total pore volume (cm?® g ') 126 1.19
TGA analysis {mmol groups/g product) 0.79 0.57
N3 sorption (groups{nm?) 0.70 0.65

(—SH) and hydroxyl (—OH) groups located in lysine, arginine, glu-
tamic and aspartic acid residues, could interact with the functional
groups on the HPSNs surface [7]. Meanwhile, for HPSNs without
functional group, enzyme might perform non-specific binding and
randomly attach on the material surface.

Successful conjugation of amino and carboxyl functional groups
on the surface of HPSNs is confirmed from the Fourier transforms
infrared (FTIR) spectra of HPSNs-NH; and HPSNs-COOH (Fig. 1).
The presence of the amino groups is evidenced by weak peaks
at 1463 and 1520cm~! due to N—H bending. Grafting of the car-
boxylic acid groups is signified by three peaks at 1415, 1554 and
1710cm™! for carbonyl stretching. Other characterization experi-
ments have also been conducted to demonstrate different groups
on the surface of HPSNs. The zeta potentials change from +4.5
[HPSNs-NH3) to —6.7 (HPSNs-COOH) in PBS solution (Table 1).
The amount of functional groups attached on HPSNs surface was
evaluated through thermogravimetric analysis (TGA) analysis. The
surface functional group coverage of the NH, group (0.79 mmol
NH, groups/g product) is found to be greater than the COOH
group (0.57 mmol COOH groups/g product). Similar discrepancy for
the two functional groups on the HPSN surface is also confirmed
by nitrogen sorption, with 0.70 and 0.27 groups/nm? based on
the specific surface areas for NH, and COOH group, respectively.
The Brunauer-Emmett-Teller (BET) surface area of HPSNs-NH,
(747 m? g~!)is also higher than HPSNs-COOH (585 m?g~").

The morphology and pore size of the nanoparticles were also
characterized through SEM. Since three types of nanoparticles
share very similar images, and only HPSNs-NH; are presented in
Fig. 2. It can be seen from Fig. 2 that uniform sized nanoparticles
are prepared with a particle size of 160-250 nm. The nanopar-
ticles have hierachical pores and the center-radial pores were
determined to be in the range of 9-117nm. The average size of
uniform mesopores confirmed by the TEM image was ca. 4.5nm.
HPSNs-NH; have been demonstrated to be a promising nanocar-

Table 2
Characteristics of (-galactosidase and bovine serum albumin (BSA).

(B-Galactosidase BSA

Molecular weight 116,349 69,000
Isoelectric point 4.6-5.1 4.7-49
Zeta potential {mV) -23 —8.53

Diameter {nm}) 7 4.9

rier for loading and delivery of therapeutic macromolecules, such
as short-interference RNA or plasmid DNA [17]. We will explore
the unique structure of this nanocarrier for enzyme immobiliza-
tion. This multiple-pore structure favors a high enzyme loading and
harmonizes diffusion of substrates towards the enzyme on the pore
surface, which can promote the interfacial reactions between the
substrate and the enzyme.

3.2. Immobilization of BSA and B-galactosidase

High adsorption capacity is one of the major criteriainselecting
enzyme carriers. Two parameters have often been used to describe
the adsorption performance: adsorption capacity and adsorption
yield. The adsorption yield is defined as the percentage of enzymes
in the bulk solution transferred to the solid surface. We have used
two different proteins to examine the adsorption of the nanocarri-
ers. BSA that often used for evaluation of adsorption was employed
for benchmarking the nanocarriers. Comparing with BSA, another
enzyme, (3-galactosidase, is much larger in size and less negative
in zeta potential (Table 2). As Fig. 3(a, b) indicates, HPSNs-NH;
demonstrates the highest adsorption yield for both BSA (90%) and
B-galactosidase (82%) at 1 mg/ml concentration. As the enzyme
concentration increases, HPSNs-NH; are able to retain almost all
BSA molecules inside the nanoparticle pores, while nearly 40% of
B-galactosidase molecules are adsorbed at a protein concentration
above 4 mg/ml. Meanwhile, the highest yield for HPSNs-COOH is
observed below 80% for both biomolecules at all tested concentra-
tions. When the BSA concentration increases, the adsorption yield
starts to slightly reduce. Besides, the adsorption yield also decreases
as the enzyme concentration increases, a similar profile as HPSNs-
NH;. The least amount of the bound protein is observed on the
non-functionalized HPSNs. Nevertheless, the absorption yield for
the enzyme nearly doubles in comparison with BSA. Interestingly,
the absorption yield for 3-galactosidase on three types of nanocar-
riers shares a similar trend as the concentration increases.

Protein adsorption onto the nanocarriers depends on two fac-
tors: the available surface for protein molecules and the interaction
force between the protein molecules and the functional groups
on the nanocarrier surface. The internal surface in the mesopores
may be available if the molecular size is smaller than or equiv-
alent to the mesopore size. [3-Galactosidase has a high molecule
weight of 116,349, and the molecular diameter is estimated to be
ca. 7nm, while BSA has a molecular diameter of 4.9 nm (Table 2).
The mesoporous size is averaged to be around 4.5nm, which
allows BSA molecules to occupy the pore surface, but may block
B-galactosidase molecules into the mesopores. There are three
possible interaction forces governing protein adsorption on the
nanoparticle surface: covalentbonds, electrostatic interactions and
non-specific weak binding. BSA and 3-galactosidase are able to
attach on the HPSNs surface by forming covalent linkages between
the grafted NHz and COOH groups on the HPSN surface and the
COOH and NH, group of the protein molecules. Such functional
groups on the enzyme have been reported to interact with alde-
hyde, cyanogen, epoxy and carbodiimide-activated nanoparticles
to facilitate xylitol dehydrogenase binding [29]. For the same
biomolecules, HPSNs-NH; seem to perform better adsoprtion than
HPSNs-COOH, which could be explained by a higher BET surface
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Fig. 2. SEM images of HPSNs-NH; at 5 pm on the left side and 500 nm at the right side.
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Fig. 3. Adsorption yield and adsorption capacity of BSA (a, ¢) and 3-galactosidase (b, d) on HPSNs, HPSNs-NH, and HPSNs-COOH. (BSA/enzyme concentration: 2-10mg/ml,
incubated at 37°Cin pH 7 phosphate buffer solution for overnight at 4°C). ® HPSNs-NH,, ¢ HPSNs-COOH, a HPSNs.

area and a greater functional group coverage of HPSNs-NH; than
HPSNs-COOH thus provide more active sites for biomolecules bind-
ing. In addition, an electrostatic force may also promote protein
binding. The negative charge of BSA and 3-galactosidase (Table 2)
could interact with the opposite charge of amino-functionalized
HPSNs (Table 1). This force could be used to explain the differ-

ence between the adsorption of BSA and [(-galactosidase onto
HPSNs-NH,. The electrostatic interaction force of HPSNs-NH;-BSA
is higher than that HPSNs-NH,--galactosidase. The reason is prob-
ably due to a stronger negative charge of BSA than 3-galactosidase,
which can facilitate the BSA adsorption onto the mesopores. Pro-
tein molecules could also be adsorbed onto the HPSNs surface
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without any functional groups through non-specific weak bind-
ing such as hydrophobic interactions or van der Waals forces
[30]. This force becomes more dominant for [3-galactosidase as
the enzyme concentration increases above 4 mg/ml. Covalent force
and electrostatic interactions play a major role at the low enzyme
concentration as the functional groups on the nanoparticles are
not consumed by the enzyme molecules. As the enzyme con-
centration increases, extra enzyme molecules are attached to the
non-functionalized surface due to the non-specific binding, and this
may also explain why the adsorption yield is similar for three types
of nanoparticles at a high enzyme concentration.

In areactor system, enzyme immobilized through weak binding
may easily leak into the reaction medium due to mechanical stress
derived from agitation or liquid flow [31,32]. Therefore, the func-
tional groups on the HPSN surface can create specific and strong
covalent binding for biomolecules. However, more importantly, the
functional groups must be able to preserve the enzyme catalytic
activity through maintaining the enzyme conformation structure.

Another parameter, adsorption capacity defined as the amount
of adsorbed enzyme (mg) per gram of enzyme supports, is depicted
in Fig. 3(c, d). The binding capacity is often plotted against the
equilibrium enzyme concentration in the liquid solution to deter-
mine the adsorption equilibrium relationship. In the case of BSA,
HPSNs-NH; and HPSNs show a linear relationship between the
adsorption capacity and the equilibrium enzyme concentration
in the solution at the tested enzyme concentration (0-10 mg/ml).
HPSNs-NH, have a more sharp slope in the isothermal adsorption
profile, which means that HSPNs-NH; are able to accommodate a
much higher amount of BSA than HPSNs. HPSNs-COOH exhibit a
Langmuir isothermal adsorption profile and the maximum adsorp-
tion capacity is estimated to be 300 mg BSA/g nanocarrier.

Meanwhile, for [(-galactosidase, the Freundlich isotherm
(Cas =KCa'™) is the best to correlate the experimental data for
three HPSNs. The power indices, n, are 0.3694, 0.8363 and 0.4625
for HPSNs-NH2, HPSNs-COOH and HPSNs, respectively. Since they
are below 1.0, the three types of nanoparticles are favorable
for enzyme adsorption. At an initial enzyme concentration of
8mg/ml, all HPSNs carriers exhibit a comparable adsorption yield of
295-328 mg/g, which exceeds other reported carriers summarized
in Table 3. Cellulase on magnetic chitosan nanoparticles carrier
was found to have a lower adsorption capacity (112.3 mg/g) [33].
Laccase loading on metal-mediated mesoporous silica and meso-
porous carbon was 98.1 mg/ g [34] particle and 233.3 mg/g [35],
respectively. Our enzyme adsorption finding is also in agreement
with the previous report |17] in which HPSNs nanocarriers demon-
strated to have a high gene loading capacity and high transfection
efficiency in the gene delivery application.

3.3. Operational stability of nanobiocatalysts

The major challenge in the development of the nanobiocata-
lyst technology is to retain the catalytic activity of the enzyme
upon immobilization onto nanocarriers. The enzyme activity was
measured using ONPG as the substrate for the enzymes on three
carriers, benchmarking with the free enzyme. The initial enzyme
concentration was referred to one used forimmobilization on three
nanocarriers and the formed nanocarrier/enzyme assemblies were
centrifuged and resuspended for enzyme activity measurement.
Theactivity retention was determinedby dividing the activity of the
immobilized B-galactosidase to the activity of free 3-galactosidase.
As shown in Fig. 4, HPSNs-NH;-Gal exhibits distinguished enzyme
stability with 100% activity retention at all tested concentrations,
indicating the enzyme catalytic activity was unaffected by the
immobilization process. Both HPSNs-COOH and HPSNs provide a
loweractivity retention ata low enzyme concentration (0.5 mg/ml),
approximately 80% and 60%, respectively. This low activity reten-

120
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80 |

60 r
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0.5 1 1.5 2
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Fig. 4. Activity retention profiles of free [-galactosidase and immobilized
B-galactosidase on HPSNs-NH;, HPSNs-COOH and HPSNs at various enzyme con-
centration {0.5-2 mg/ml}. The activity of free enzyme at similar concentration at

37°Cwasselected as acontrol {100% ). @ HPSNs-NH, HPSNs-COOH and [1HPSNs.

tion may be due to a low adsorption yield (Fig. 3(b)), which results
in less enzyme molecules to react with ONPG. However, as the ini-
tial enzyme concentration increases, three nanocarriers have full
activity retention. It has been reported that enzyme conformational
change upon immobilization reduces the enzyme reactivity [36].
From Fig. 4, we can conclude that there is no enzyme conformation
change when immobilized on three nanocarriers.

Because of its high adsorption yield and activity retention,
HPSNs-NH; was chosen for further study. Recyclability is a great
advantage for immobilized enzyme over free enzyme. Simple
recovery of immobilized enzyme and retention of enzyme activity
for many runs allow the enzyme to be used in large-scale process,
defraying the operation cost. The HPSNs carriers were separated
from reaction medium by centrifugation at a mild operation con-
dition (4200 rpm in the lab centrifuge, corresponding to 2397g),
which is applicable in large operation. Separations of nanobiocata-
lysts are quite challenging, and often magnetic nanoparticle-based
nanobiocatalysts are prepared to facilitate separation in a magnetic
field. However this operation requires a long separation time and a
strong magnetic field, and it also leads to nanobiocatalyst loss after
each run[37].

Fig. 5 presents retention of the [B-galactosidase activity on
HPSNs-NH; after ten cycles. It can be seen that HPSNs-NH;-Gal can
be recycled up to ten times with 20% of its initial activity remain-
ing. Itis noted that after five cycles, HPSNs-NH;-Gal is able to retain
80% of its initial activity. The decrease of activity is consistent with
literature reports. It was reported that the reusability was up to
seven cycles [38] or six cycles [39] with the remaining activity was
20% and 35%, respectively.

3.4. Production of galacto-oligosaccharides

After evaluating the biocatalytic stability, the engineering
performance of HPSNs-NH;-Gal was evaluated for galacto-
oligosaccharide (GOS) synthesis, a commercially important func-
tional food. Fig. 6(a, b) illustrates the reaction products of lactose
bioconversion by free B-galactosidase and HPSNs-NH,-Gal. The
reaction mixtures comprised of glucose, galactose, GOS and
remaining lactose. In (3-galactosidase-catalyzed reaction, lactose
is bioconverted through competitive reactions between hydroly-
sisand transgalactosylation. Initially, thelactose glycosidic linkages
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Table 3
Adsorption capacity and activity recovery of enzymes on various supports.
Support Enzyme Adsorption capacity {mgfg) Activity retention (%) References
HPSNs-NH2 B-Galactosidase 320 100 This
100 100 work
HPSNs-COOH B-Galactosidase 280 100
74 90
HPSNs B-Galactosidase 280 100
44 70
Polydopamine-coated iron oxide nanoparticles Formate dehydrogenase - 90 [46]
Chitosan Glucose oxidase N 779 147]
PGMA-b-PDMAEMA-grafted magnetic nanoparticles Lipase 500 43.1 [48]
Magnetic mesoporous silica nanoparticles Laccase 726 815 [34]
Cu?*-chelated- magnetic mesoporous silica nanoparticles Laccase 081 925 [34]
Chitosan Laccase 20 52 149]
Magnetic polymer microspheres Laccase 94.1 65 [50]
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Fig. 6. The composition of reaction mixture (remaining lactose, glucose, galactose, GOS) by {a ) free B-galactosidase and (b) HPSNs-NHz-Gal and {c) the effect of initial lactose
concentrations on lactose conversion and {d} GOS yield. {Operation conditions: 2 mg/ml enzyme concentrationin pH 7 incubated at 37 °C for 1 h reaction time using 400 g/1
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Fig. 5. Recyclability of immobilized [-galactosidase on HPSNs-NH; after 10
repeated cycles. The activity determined at the first cycle {0.45U/mg) was con-
sidered as a control (100%). {Operation conditions: at 37 -C with 2mg/ml enzyme
concentration in pH 7).

are attacked to form enzyme-galactosylcomplexes [40]. Hydrolysis
takes place when water acts a galactosyl acceptor, yielding glu-
cose and galactose as end products, while GOS is generated through
nucleophilic-galactosyl reaction in transgalactosylation [41,42].

It can be seen in both free and immobilized enzyme that two
reactions apparently occur during the first hour reaction time. The
remaining lactose is approximately 100 g/l for free 3-galactosidase,
lower than the unconverted lactose found in HPSNs-NH;-Gal
(160 g/1), indicating the free enzyme demonstrates to have faster
lactose reduction. The conversion rate is determined to be 300 g/l/h
for the free enzyme and 240g/l/h for the immobilized enzyme.
Despite to that fact, it is found that the free B-galactosidase gen-
erates a higher glucose yield which becomes the major product
(average 185g/1). It implies the preferance of the free enzyme
toward the hydrolysis reaction. In contrast, the HPSNs-NH;-Gal
yields glucose about 1.7-times lower than the free counterpart, sig-
nifying transgalactosylation dominates the lactose bioconversion.
Consequently, the GOS yield by HPSNs-NH,-Gal is 2.6-times higher
than the free enzyme.

By extending the reaction time to 5h, lactose concentration in
the free enzyme reaction system experiences a steady and slow
decrease. Glucose maintains at the same level as the first hour. A
slight increase in GOS and galactose concentration can be found
in Fig. 6(a). In the HPSNs-NH-Gal catalyzed system, lactose con-
centration has the similar decrease trend as the free enzyme after
one hour. However, a steady increase of glucose and galactose con-
centration can be seen from Fig. 6(b). GOS concentration keeps
at between 100 and 122g/l. In comparison to reported previ-
ous studies, the GOS formation by HPSNs-NH;-Gal is observed to
have comparable or even better performance. Employement of 3-
galactosidase on alginate was described to generate GOS about
87g/l [27], 40g[l by membrane-bound [3-galactosidase [43] and
104 g/l on magnetic polysiloxane-polyvinyl alcohol [44].

Fig. 6(c, d) presents comparison of the effect of the initial lac-
tose concentration on GOS formation by free [3-galactosidase and
HPSNs-NHjy-Gal. The conversion trends for both enzymes decrease
with the increasing lactose concentration. Free enzyme is found
superior in lactose conversion, up to 100% below the initial lactose

concentration of 100 g/l. Lactose conversion by the free enzyme
consistently exceeds HPSNs-NH;-Gal at all tested concentrations
(Fig. 6(c)). In contrast, HPSNs-NH,-Gal performs much better in
GOS synthesis than the free counterpart. Fig. 6(d) indicates that the
free enzyme is unfavourable for GOS formation particularly at a
lower lactose concentration. In a diluted solution, water molecules
surround the free enzyme reaction sites, therefore, hydrolysis
becomes the preferential reaction. When the initial lactose con-
centration is above 300 g/l, more sugar molecules compete with
water molecules and transgalactosylation starts to play a role,
which can be seen that GOS production increases sharply. It can
be seen that HPSNs-NH3-Gal shows preference toward transgalac-
tosylation regardless of the initial lactose concentration. While free
enzyme does not generate any GOS ata lower lactose concentration
up to 200g/(l, HPSNs-NH3-Gal produces GOS up to 50 g/l. Although
GOS yield from HPSNs-NH3-Gal is still better than that from the
free enzyme, the gap is significantly reduced at the initial lac-
tose concentration of 400 gfl. HPSNs microenvironment might have
beneficially reduced the diffusion path between the biomolecules
and creating a local nanoenvironment with a higher sugar con-
centration around the enzymatic catalytic sites, promoting more
galactosyl-nucleophilic reactions than galactosyl-water activities,
therefore, yielding higher GOS than glucose and galactose. This
nanoenvironment seems very pronounced at a lower lactose con-
centrations. As the intital lactose concentration increases, more
sugar molecules surrounding the enzymes supress the water activ-
ities, and the HPSNs-NH,-Gal nanobiocatalyst assembly starts to
behave like the free enzyme. The nanoenvironment has also been
reported to provide a localized optimal reaction condition for
immobilized enzyme, such as pH, ionic strength, and temperature
[7].1t is evidenced by the increased reaction rates of nanoparticles-
bound lipase from 3 to 180 times higher than controls because ofa
local pH of 7.7 in the nanobiocatalyst assembly [45].

4. Conclusion

Functionalized dendrimer-like silica nanoparticles with hierar-
chical pores were employed as enzyme nanocarriers to form an
enzyme-nanocarrier assembly. The functionalization with amino
group favored enzyme binding than carboxylate functional group.
The nanoparticles functionalized with NH, group have performed
better in adsorption of BSA than COOH group or non-functionalized
nanoparticles, and this is also applied to the [B-galactosidase
adsorption at low enzyme concentration. However, they all had
a very similar adsorption yield at higher initial enzyme concen-
tration. The Freundlich isothermal adsorption was found to best
fit the experimental data of enzyme adsorption for all three types
of nanoparticles. The nanoparticles were found favorable for the
enzyme adsorption. The enzyme activity was fully preserved upon
immobilization onto three types of nanoparticles. The enzyme
assembly with HPSNs-NH2 was further demonstrated to run up to
10 cycles with 20% of the enzyme activity remaining. Importantly,
we have found that the enzyme assembly was able to gener-
ate GOS at a much higher yield than free counterpart when the
initial lactose concentration is lower than 400g/l, which means
that the enzyme assembly had a preference toward transgalac-
tosylation, while hydrolysis was dominate in the free enzyme
solution. At a high initial lactose concentration, the enzyme assem-
bly and free enzyme shared a comparable GOS yield. Our research
findings demonstrated the HPSNs can be used to form enzyme-
nanocarrier assemblies which have enhanced selectivity toward
the required reaction pathways. The findings of the nanocarrier
structure-function relationship in enzyme immobilization in this
study will provide a useful insight for future development of the
hybrid nanobiocatalyst assembly, by correlating and integrating
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the unique functions of nanocarriers and enzymes. To translate
the bench-scale technology into commercial practices, the develop-
ment of advanced nanoparticle-based enzyme carriers is a critical
challenge. Cost reduction as the major hurdle for large-scale tri-
als, long-term stability of the biocatalyst-nanocarrier assembly and
operations in a large scale reactor will be addressed in future
research.
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The nancenvircament of nancblocatalysts, such as local hydrophobicity, pH and charge density, plays a
gnificant roke in optimizing the enzymatic selectivity and specificity. In this study, Kluyveromyces lactis
Prgalactosidase (Gal} was assembled onto polystyrene nanofibers [PSNFs) o foem PSNF-Gal nanobio-
catalysts, We proposed that local hydrophobicity on the nanofiber surface could expel water molecules
o that the tansgalactosylation would be preferable aver hydrolysis duning the bicconversian of lac-
tose, thus inprave the galacto-oligosaccharides (GOS) yield. PSNFs were Libricated by electio-spinning

:m:-;mlyn and the aperatianal parameters were aptimized to oblain the nanofibers with uniform size and ordensd
Galacto-alignsaccharide alignment. The resulting nanafibers were functionalized for enzyme immaobilzation through a chemical
B-zatacwosidase mxidation methad. The functionalized PSNF improved the enzyme adsorption capacity up ta 3100 mg g
Polymer nanafibers nanafiber as weell as enhanced the enzyme stability with 80% ofits ariginal activity, Impartantly, the func-
Blocorverssan tinmalized PSNF-Gal significantly impraved the COS yield and the production rate was up ta 1 10g/1/h in

comparisan with 37 g/l/h by free B-galactasid ase. Our research findings demonstrate that the lacalized
nanaenvironment of the PSNF-Gal nanabiacatalysts favour transgalactasylation aver hydralysisin lactose

bioconversion.

© 2016 Elsevier B.V. All nghts reserved.

1. Introduction

Advances in biotechnology have led to rapid development of
enzyme-catalyzed bioprocesses which are green and sustainable
in comparison with chemical processes. Enzymes, a type ol bio-
catalysts able to provide specific and selective activity, have been
found in broad applications including biocatalysis, biosensors anc
medicines. Nevertheless, biocatalysts are no longer economically
viable when they are used in large scale processes due to their
low stability and reusability under reactor conditions ([llanes et al.,
2012). Therefare, enzyme immabilization on support materials is
gdining immense interest from both industry and academia. The
immobilization facilitates recovery and recyclability of biocatalysts
that enables a cost-eftective operation process ( Tran and Balkus,
2011). A further benefit of immobilization is to enhance enzy-
maric stability, under hoth storage or operational condirions, by
sheltering andjor stabilizing enzymes against harsh chemical and

* Comesponding author.
E-mail oddress huchangPad claide eduau (H. Zhaog).

Bt Jax doiorng/ 1010164 jbiotec 2016.02.014
0168-1656/% 2016 Elsevier BV AL rights reserved

environmental conditions including extreme pH and temperature
{(Misson et al,, 2015a; Sheldon and van Pelt, 2013).

Various support materials have been employed for enzyme
immobilization including natural polvimers eg. cellulose, starch,
agarose and chitosan (Bryjak et al,, 2007; Matto and Husain, 2009),
synthetic polymers eg. ion exchange resin and polyvinyl alcohol
(Bergamascoetal, 2013; Guidini et al, 201 1),0r inorganic materials
ey silica (Kim etal., 2009), zeolite (Chang and Chu, 2007} and meso-
porous silica (Nabavi Zadeh et al, 2015). In recent years, assembly
of enzymes on nanostructured materials to form nanobiocatalysts
has been recognized as a promising approach to enhance enzyme
performance. To date, functional nanomaterials such as nanofibers,
nanoparticles, nanotubes, and nanocomposites {Cho et al, 2012;
Crespilho et al., 2009; El-Aassar, 2013; Fengand Ji, 201 1) have been
used as enzyme carriers. The approaches of immobilization can be
accomplished via covalent and non-covalent binding, cross-linking,
entrapment or encapsulation {Misson et al.. 2015b). Despite con-
stant efforts into optimizing immobilization strategies, reduction
of the enzyme activity upon immabilization remains one of key
challenges. The activity reduction may he associared with alter-
ation of the unique and native structures of the enzyme (Talbert
and Goddard, 2012). As a consequence, it may significantly affect
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the performance of the immobilized enzymes i g reactor sys-
tem. The methodologies for recovering nanobiocatalysts are also
peorly developed, It is, therefore, a focal point to explore recyclable
enzyme nanocarriers that can preserve or enhance the enzyme cat-
alytic function, and are suitable for industrial processes.

Cheese whey is a main by-product in casein and cheese man-
ufacturing processes. It has been regarded as organic pollutants
in wastewater due to its high organic loading, which has con-
tributed Lo significant eutrophication and Loxicity in eco-steams
(Watanabe et al., 2014). Worldwide, more than 108 tons of cheese
whey are produced annually, thus a cost-eftective treatment tech-
nology prior to safe disposal into the environment is highly pursued
(Grba el al, 2002), Lactose is Lhe major content (60-80%) of dairy
effluents. Bioconversion of the lactose-rich wastes into valuable
products endows a promising solution. Lactose can be transgalac-
tosylated into galacto-oligosaccharides {GOS), which offer a range
of important health functions in living systems such as prebiotics,
low caloric sugar alternatives, and low cariogenicity (Canzle, 2012).

P-Galactosidase is the catalyst for bioconversion of lactose
into GOS {Zheng er al., 2006). The enzyme cleaves the lactose
molecules forming enzyme-galactosyl complexes hefore entering
either hydrolysis or transgalactosylation pathways. The hydrolysis
reaction takes place when water acts a galactosyl acceptor yielding
rlucose and galactose, while GOS is generated in the transgalac-
tnsylation reaction when acceptor molecules, which derived from
sugar molecules in reaction medium, surpress the warter activiry
(Jovanovic-Malinovska et al., 2012). To enhance GOS production, a
localized nanoenvironment can be optimized to promote the trans-
galactosylarion, Meanwhile, due tn high cost of fi-galactosidase,
development of technologies for immaobilizing B-galactosidase and
enhancing its enzymatic activity and stability has gained momen -
tum in research and development for industrial GOS production.

In this work, we propose to manipulate the local nanoenviron-
ment of -galactosidase by increasing the local hydraphobicity
to reduce the water activity around the enzyme catalytic sites,
thus transgalactosylation becomes more preferable than hydrol-
ysis, which leads to a high GOS yield. Polystyrene nanofihers
(PSNF) were selected as enzyme nanacarriers because the nanos-
tructured fibers offer intrinsic advantages including high surface
area for enzyme loading, and high porosity and interconnectiv-
ity o promote low hindrance for mass tansfer (Misson et al,
2015b) The nanofiber surface presents a hydrophobic surface and
the solid nanofiber-based nanobiocatalysts can also be recycled.
The nanofibers were synthesized using an electrospinning device,
and the fabrication process was optimized to generate uniform
sized fibers, The PSNF surface was then functionalized through
the surface oxidation method to facilitate B-galactosidase bind-
ing. The immobilization efficiency was assessed using bovine serum
albumin (BSA) and B-galactosidase. Finally, the bivengineering per-
tormance of the PSNF-Gal was evaluated inbioconversion of lactose
into GOS by benchmarking with the free enzyme.

2. Materials and methods
2.1. Chemicals

Polystyrene (molecular weight: 350,000), N.N-
dimethylformamide (DMF) and nitric acid (HNO;) were of
analytical grade without further purification. Bovine serum
albumin (BSA), Kiuyveromyces lactis  [B-galactosidase, 0O-
nitrophenyl-g-p-glactopyranoside (ONPG), Coomassie Brilliant
Blue G-250 and calcium carbonate (CaCO;) were obtained from
Sigma-Aldrich. Phosphate buffer saline (PBS), pH 7.2 (10x) were
procured from Life Technologies.

2.2 Synthesis of nanofibrous polystyrene by electrospinning

The precursor for electrospinning was prepared by dissolving
polystyrene (10 30%, wv)in DMF with gentle stirring for overnight
to form a homogenous solution. The resulting solution was placed
inside a 5 ml syringe bearing a needle tip with 1 mm inner diameter,
which was connected o a high voltage power supply. The electro-
spun nanofibers were cast onto a metal-surface collector with a
distance of about 10-25 ¢ from the needle Lip, The flow rate was
fixed at 2.5ml/h while the electrospinning was performed within
a voltage range of 20-30kV. The fibers were detached from the
collector surface and stored at room temperature for further use.

2.3. Enzyme immobilization on nanefibers

The surface of polystyrene nanofibers ('S ) was madified through
surface oxidation (o introduce oxygen-conlaining reaclive groups
ol carbuxyl (COOH) and hydroxyl (OH) for enzyme binding (Rus
et al, 2002). An approximately 1cm = 2.5 cm piece of nanofibers
was immersed in HNO ; {69%) for 2h at room temperature(Anecal,
2015). The acid-maodified suppart was rinsed with water and PBS
(pH 7.2) three times to remove excess acid. BSA and B-galactosidase
immobilization were carried out by submerging the nanofibers into
BSA{0-10 mg/ml)or B-galactosidase {0-9mg/ml) PBS solution and
gently mixed overnight at 4 °C. Finally, the nannfibers were rinsed
thoroughly withwaterto remove free BSA and -galactosidase, The
supernatant and washing solution were collected to measure the
concentration of non-adsorbed proteins.

2.4, Enzymatic octivity assays

The activity assaysof free and PSNF- B-galactosidase {PSNF-Gal)
were measured accarding to the procedure described by Ansari and
Husain [2012), The reaction mixrure containing (.1 ml of enzyme
solution, 1.7ml of PBS buffer {pH 7.2) and 0.2 ml of 20 mM ONPG
were incubated with continuous agitation at 37 °C for 10min The
reaction was stopped by adding 2ml of 1 M sodium carhonate
before measuring the liberated product spectrophotomerrically ar
405 nm. The concentration of product was calculated from the O-
nitrophenol standard curve, One unit (1 U) of B-galactosidase is
defined as the amount of enzyme which liberates 1 pmol of 0-
nitrophenal per min under the standard assay condition.

2.5 Production of galucto-oligosacchurides

Lactose (400g/1) solution was prepared by dissolving lacrose
into PBS (pH 7.2)at 60 °C, Free or immaobilized enzymes were added
after the solution covled down o 37°C The mixtures were incu-
bated at 37 Cin an orbital shaker at 200 rpm. Samples were drawn
at designed intervals for analysis during the 5h reaction period
and then immediately heated in boiling water for 5 min to deacti-
vate the enzyme before analysis { Lu et al., 2012; Rodnguez-Colinas
et al, 2014), Samples were liltered using 0.45 pum nylon filters and
diluted 40 times prior to high performance liquid chromatography
(HPLC) analysis.

2.6, Chermical analysis

The enzyme concentration was analysed using the Bradford
method (Bradford, 1976 A rotal of 100l sample was added into
5 ml of the Bradford reagent, mixed homogenously and allowed to
react for 5 min. The sample was then measured using a UV spec-
trophotometer {Shimadzu, Japan)at 595 nm. Protein concentration
was determined from a calibration curve using BSA as a standard.
The adsorption yield (%) and adsorption capacity (mg/g) of rthe
immobilized enzyme were calculated using Eqs. (1) and (2), where
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ranofibers with coil -like geometry (fabrication conditions: 30% wiv polymer concentration, 30 kV slectric voltage, 25 cm distance). { e, f) SEM images of PSNF: { e) unmodi fied

ranofibers and () HNO; modifiad nanofibers,

P;is theinitial protein content of the enzyme solution before immo-

bilization, Py and Py are the amount of protein in washed solution

and supernatant, respectively {Verma et al,, 2012).

|P; = (Pw + Ps)| 1
P, &

i

Adsorption yield (%) = 00 {1}

[P — (P + P)|

Adsorption capacityimg/g) = S35 Bher inass

The sacchandes (lactose, glucose, galactose, GOS) were deter-
mined by HPLC (Agilent, Germany) using an Aminex HPX-87H
column {300 « 7.8 mm The flow rate of a pre-degassed 8 mmol|L-
H, 50, mobile phase was set ar 0.5 mImin- !, A total of 5 pl samples
was injected and the saccharides were detected with a refractive
index detector. The column and the detector cell were maintained

at 60 °C and 40°C, respectively (Zheng et al., 2006). The conversion
(%) was calculated using Eqy. (3 )

|initial lactose] — [final lactose | <1

Comversion(¥) = [initial lactose|

00 (3)

Yield (Y) of glucose, galactose and GOS which represents the
fraction with respect to total concentration of initial lactose, was
calculared using Eqs. (4-6)L

_ lglucose]
Yotucose( %) = finitial actose] » 100% (4)
_ [galactose]
Yiatactase(%) = [Initial Tactose] AR ®)
Yyes (%) = BConcersion - 8Ygucow — WWgalaose (6)

253



Appendix 3

M. Misson et al. [ journal of Biotechnology 222 (2015 56 64 59

2.7, Statisticul unalysis

sample collection and analysis were conducted in triplicates.
Results were analysed using the statistical tool in MS Excel 2010.
Each value corresponds o the mean of independent experiments.

3. Results and discussion
3.1. Fabrication and functionalization of polystyrene nanofibers

Structures and the local nanoenvironment of nanocarriers
can significantly mfluence enzyime activity and stability upon
immobilization and its bivconversion performance in industrial
applications. Large surface areas and minimal defects are two
essential criteria for the nanofibers used for -galactosidase immo-
bilization, Nanofibers with a large surface area are vital o host
a high load of enzymes. The presence of defects on the nanoma-
terial surface could possibly reduce its adsorption capacity. High
quality nanofibers are required to be fabricated from an electro-
spinning pracess. During the electrospinning process, an electric
field charges the polymer solution to create a repulsive force which
overcomes the surface tension and leads o a polymer jet erup-
tion from the spinneret tip, thus fiber mats are produced at the
collector (Feng et al., 2(113). Arange of nperaring variables, which
could affect the quality and localized physiochemical properties of
PS nanofiber, was optimized to obtain high quality nanofibers. The
variables comprise of polymer concentration {10-30%, w/v), elec-
tric voltage (20-30kV) and the distance between needle tips and
collector {10-25cm).

A total of 36 trials were carned out based on different com-
binations of the synthesis conditions as summarized in Table S1.
The electrospun homageneity, fiber alignment and lack of macro-
scopic defects are normally employed ra describe the quality of
final products, Good quality nanofibers were obtained from the tri-
dls using 20% (w/v) polymer concentration, basing on homogeneous
and droplet-free fiher mats spread on the collector surface hy visual
inspection. The uniform size and ordered alignment of fibrous
mats are further confirmed from microscopic images (g 1a).
It was found that polymer concentration strongly influenced the
nanofiber quality. Desirable PSNFs can be obtained using 20% (w)v)
PS regardless of the applied voltage or distance, These findings
were in agreement with the data reported by An et al. (2015}, At
the lowest polymer concentration (10%, w/v L liquid droplets were
procluced instead of fibers, prubably due to a high surface ten-
sion which is associated with a low viscosity of the hquid [Deirzel
etal., 2001 ) In this case, the process is called electrospraying which
is used in many industries to obtain aerosols with narrow dis-
tributions. In contrast, condensed fibers with major defects were
produced using the PS solution at a high concentration {30%, w/v).
The defect formation is due to a high viscosity of the PS solution.
The resultant PS fibers fused wgether into a network rather than
individual libers and generated rough and thick mats. This fiber
morphology at a high polymer concentration was also demon-
strated by Deitzel et al. [2001) due to its low surface tension. It
showed furmation of beads on their surfave which was observed as
black dots under micruscopic image (Fig. 1b), heterogeneous libers
diameters{Fig. Ic)and disordered alignments( Fig. 1d), and all these
represent a certain level of defects.

The fabricared electrospun mats with high quality were then
modified by soaking in HNO; solution. Oxidation using HNOj
has shown a favourable surface modification for protein adsorp-
tion (Kaur and Sur, 2007}, In a previous study, different ratios
of HNOs/H; S04 for modifying polystyrene nanofiber surface were
reported {An er al, 2015) and an acid mixing ratio of 4:1
(HNO3;{H;S04) was found to significantly improve the enzyme

luading. However, the acidic solution cuontaining sulphuric acid
resulted in fiber aggregation. Theretore, surface modification with
HNO; solution was selected for nanofiber surface treatment, g, Je
and f shows the SEM images of unmodified and HNO;-treated
nanofibers. The acidic oxidation of the fiber surlace changes the
morphology of the PS fibers. The electrsopun mats becomes shorter
fibers as a consequence of the HNOy treatment. Such modifications
have been proven to create oxygen-containing reactive groups,
such as carboxyl (COOH) and hydroxyl (OH), which are able (o
establish stable binding with biomolecules (Ros et al, 2002). As
demonstrated by An et al. (2015), the presence of COOH group on
the PS nanofibers facilitated to assemble dehydrogenase on the
nanufiber surface as a functional biocatalyst The wettability and
hydrophobicity have been improved for the modified nanofibers in
comparison to the as-spun fibers. Our previous results [An et al,
2015) show that the as-spun fibers are hydrophobic and they float
on the water surface, After acidic treatment. the nanofibers are
well-dispersed in water.

3.2 Immabitization of BSA and f-galacrosidase

Two proteins, BSA and B-galactosidase at a concentration range
of 0-10mg/ml, were used in order to evaluate the protein immo-
bilization performance on the nanofibers before and after HNO
treatment (Fig. 2). BSA and B-galactosidase generally exhibited
similar adsorption performance on the nanofibers at all rested con-
centrations. The maximum adsorption was achieved at protein
concentrations around 2 mg/ml and 4 mg/ml for the enzyme and
BSA, respectively. Fig. 2a and b shows rhat a smaller amount of
the bound protein was observed in the case of using unmadified
nanofibers. For the PS fibers without surface modification. the pro-
teins may adsorb onto the fiber surface through weak binding such
as hydrophohic interactions or van der Waals forces (Fernandez
er al, 20141 Thus the hydrophobic nature of the nanofibers drives
enzyme deposition. In addition, the enzyme itself contains approx-
imately 28-33% of hydrophobic amino acids which are favourable
for hydrophaobic binding (Tudarache et al, 2012). Such protein
adsorprion through hydrophobic interactions has been reported for
lipases by Palomo et al. {2002) and Chen et al. (2008),

It is notable that the surface modification leads w a substan-
tial increase in the adsorption yield. Approximately 80% of BSA and
B-galactosidase were adsorhed on the madified carrier, which was
approximately four times thatof the unmodified counterpart (20%),
1t has been recognized that surface oxidation of carbon nanofibers
can create more active sites with a large number of carboxylic acid
groups, epaxy and hydroxyl groups, which acras anchaning sites for
binding protein molecules (Stavyiannoudaki et al., 2009), A redox
enzyme has been successfully employed on electrospun nonwo-
ven polyf acrylonitrile-co-acrylic acid) nanofiber meshes, carrying
carboxylic functional groups {Wang et al., 2009). In the present
work, the binding forces for interfacial reactions might come from
hydrogen bonding, electrostatic foree and some hydrophobic inter-
actions (Secundo, 2013). As such, functional groups introduced
through the HNO; treatment favour and stabilize enzyme adsorp-
tion ( Stavyiannoudaki et al., 2009).

Highadsorption capacity is one of important criteria lor enzyme
nanucarriers. Adsorption capacity is defined as the amount of
adsorbed enzyme (mg) per gram of enzyme support. The experi-
mental data presented in Fig. 2c and d shows the effect of acidic
treatment of the PS nanofiber surface on the adsorprion capacity of
BSA and [3-galactosidase. [Lis nuted that the nanolibers alter treat-
ment by HNO; have the similar adsorption capacity for both BSA
and p-galactosidase. The maximum adsorption capacity was found
tabe around 4000 mg/g and 3100 mg/g for BSA and B-galactosidase,
respectively, The protein adsorption capacity on the treated surface
1s about 2-fold for BSA and 3-fold for B-galactosidase in comparison
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wirth rhe untreared surface. The enhancement of adsorption could
be ascribed to the protein binding through hydrogen bonding and
electrostatic force.

The successin the development of the nanobincatalysts rowards
bioprocess applicanionsrelies on their excellent performance, espe-
cially on enhancing or preserving their catalytic activity and
stability upon immobilization. Fig 3 presents the specific enzy-
matic activity of free and immuobilized [3-galactosidase at different
concentrations. The acrivity of the enzyme immobilized on the
nanofiber surface after acidic treatment was found to be compa-
rable with the onginal activity of the free enzyme, Meanwhile, the
decrease in enzyme activity for the unmedified carrier might be
associated with the less availability of enzyme as evidenced by a
lower adsorption vield as illustrated in ig. 2b, Inour previous study
{Misson et al, 20154), the PSNF-Gal has shown a promising recy-
clability. The nanobiocatalyst was demonstrated to retain 30% ol its
initial activity after nine operation cycles.

3.3. Production of gulicto-oligosecchurides

The performance of PSNF-Gal was further evaluated for bio-
conversion of lactose into GOS. The reaction product stream from
biocatalysis by PSNF-Cal includes glucuse, galactose, GOS and the
remaining lactose. The saccharides were analysed using HPLC
with an Aminex HPX-87H column. GOS are eluted first in the
chromatogram, followed by lactose, glucose and galactose (Zheng
el al, 2006), Lactose, glucose and galactose are quantified using

chemical standards The amount of GOS is calculared based on the
mass difference between the initial mass of lactose prior to the reac-
tion and summation of the mass of glucose, galactose, and lactose
after the reaction.

Fig. 4a and b shows the production profiles of lactose bio-
conversion using free B-galactosidase and PSNF-Cal, Free enzyme
demonstrated a rapid lactose conversion during the first hour reac-
rion (Fig. 4a). The major product was glucose (177 g/1), followed by
galacrose (80 g/1)and GOS ataround 37 g/, Afterextending the reac-
tion time from 1 to 5h, glucose leveled off while lactose decreased
ala relatively smallorder. ILis interesting to note that biocoversion
using PSNF-Gal has a dilferent reaction profile (Fig. 4b) The concen-
rrations of glucose and galactose are remarkably lower than rhose
produced by the free B-galactosidase, There is a sharp reduction
in lactose concentration and a rapid increase in GOS production
during the first hour, resulting in the highest conversion rate of
165g/1/h, and the production rate of 110g/l/h, respectively. GOS
concentration reduces slightly beyond 2h, while lactose concen-
tation gradually increases, Lactose and isomers can be possibly
re-synthesized through revesible reaction between the galactosyl-
enzyme complex and the glucose molecules {Kim et al., 2004).
Interestingly, the GOS concentration is much higher than that of
glucose or galactose using PSNF-Gal up Lo a reaction tme of 5 I, The
amuount of GOS produced was about 3-fold and 8-fold higher than
glucose and galactose, respectively. The PSNF-Gal has the highest
GOS production rate of 110g/1/h in contrast with 37 g/I/h for the
free counterpart.
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Table ¥

Comparisan of varkus types of immoblli aed B-galacasidases for lactose canversion and GIS producton yield

Enzyme soufce Support matenal

Kuywromyes lactiz Potystyrene nanofibers 400
B iNus cveulons Magnetic polysilaxans-palyvinyt alcabol 40
Aspergilius aryzoe polyvinyglalcohol a0
Aspergiliusoryzae Magnetic polysilaxans-polyviny akcakal A0
Aspergiliess condides Alginate 400
Bocikes virculons Membrane surface 200
Kiuyveromyees lacns Chitosan macroparticles 400

Inirial lactose (g'L)

Conversion (%) GOS{gML) Reference

4 1o Thiswork

k] 1494 Recngaez-Calinas et al, (2012)
5 120 Jovaravic-Malsnavska et al (XN 2
L0 104 Neqn et al, { 200

- 87 Thong ¢t al 51

- 30 Palai and Bhattacharyd (201 3)

58 26 Kleinet al (23

The lactose conversion and the GOS vield are presenred in
Fig 5 for both free B-galactosidase and the PSNF-Gal, Free B
galactosidase offers the advantage for lactose conversion (Fig. 5a).
The amount of converted lactose by free [3-galacrosidase (86%)
is higher than rhat by PSNF-Cal (41%). The PSNF-Gal, however,
appears to have better catalytic capability for synthesizing GOS

(Fig. 5h). A GOS yield of 28% is nbrained in the first hour for the
PNSF-Gal preparation in comparison with less than 9% for the free
enzyme at the same reaction time. The GOS yield can also be cal-
culated hased on the consumed lactose, and this yield is estimated
o be 674 The difference in the GOS yield between the immaobi-
lized enzyme and its free counterpartis distinctive, increasing from
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12% to 67%. The tunctonalized polystyrene nanofibers-based p- Rodriguez-Colinas et al., 2012; Zheng et al.,, 2006). This present
galactosidase has shown comparable bioconversion performance study used a similar source of enzyme (K. lactis) as employed by
to some of reported immobilized enzyme on various supports Kletn et al, (2013) but a different type of enzyime immobilization
for GOS production {Table 1) {Jovanovic-Malinovska et al, 2012; matrix was selected: polystyrene nanofibers in this work while chi-
Klein et al,, 2013; Neri et al., 2009; Palai and Bhattacharya, 2013; tosan macroparticlesin Klein et al. (2013 ). The matrix ditference can
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be ascribed w morphology, size, functional groups un the matnx.
hydrophobicity, surlace charge and others. The local hydrophilic
nancenvironment of chitosan macroparticles could be the key fac-
tor for the low GOS yield as water molecules are preferable in the
enzyme's actve sites, Inaddition, a packed bed reactor was used by
Klein et al. and a low yield of GOS from a continuous operation can
be expected. Lactose conversion catalyzed by P-galactosidase has
two different reaction pathways: hydrolysis to glucose and galac-
Lose amkl transgalactusylation o GOS {Gaur el al, 2006; Shen ¢l al.
2012), which are sketched in Fig. Ga. According to the proposed
pathways, enzyme-galactose complex is formed before entering
either hydrolysis or transgalactosylation. Hydrolysis takes place
when water acts a galactosyl acceptor, while ransgalactosyla-
tion occurs when sacchanides molecules succeed competing with
the water activity (Jovanovic-Malinovska et al., 2012; Rodriguez-
Colinas er al, 2012). In the free enzyme reaction system, both
water and nucleoplulic molecules lave the equivalent opportunity
to enter the enzyme's active site and react with the galactosyl-
enzyme complex. Therefore, in the first hour, concentrations for
both products from hydrolysis and transgalactosylation increase.
After the first hour, the praduct glucose concentration keeps a con-
stant value, while GOS fluctuates because GOS may be synthesized
or hydrolyzed in the system. The increase or decrease of the GOS
concentration depends on which reaction becomes preferable in
the system,

In order to promate transgalactosylation catalyzed by B-
galactosidase, the local nanoenvironment of the nanofibersis tuned
with the hydrophobicity so that acceptors such as lactose or
smaller units of GOS are preferable at rthe enzyme catalytic sites.
This hydrophobic property of the nannfiber surface also reduces
the water-driven hydrolysis activity, Therefore, the hydrophobic
nature of PS nanofibers could be a key factor for GOS formation
as presented in Figs 4 and 5, particularly during the first hour of
reaction. Another contributing factor in GOS synthesis may he asso-
ciated with the reduced diffusion path for biomolecules, Galactose
forms a galactosyl —enzyme complex at the enzyme's active sites,
and this complex reacts with the acceptors which are produced
from the enzymaric reactions and do not immediately diffuse outof
the nanofiber surfaces, leading to a preference towards transgalat-
cosylation reaction, This factor could be used to explain the reduced
rap in GOS formation between PSNF-Gal and its free counterpart
after 3-5h reaction as presented in Fig. 5, After the nanofihers
are exposed to agueous solution for a few hours, water molecules
start 1o penetrate into the enzymatic catalytic sites as the galacto-
syl acceptor, and hydrolysis competes with transgalactosylation.
When the dynamic balance berween both reactions is reached,
enzyme on the nanofibers shares the similar performance as free
enzyine,

Since PSNF-Gal is able to produce a high GOS yield during the
first hour, residence time in the system can be reduced to meet
the requiremets of continuous operations in large scale processes.
Optimization of the catalytic process in a bioreactor system for con-
tinuous operation will be carried out Lo maximize the GOS yield,
which will be expected to be much higher than the initial reported
value (110g/1).

4. Conclusion

Polystyrene nannfibers {PSNF) with excellent quality as enzyme
carriers were successfully fabricated using electrospinning pro-
cess. The PSNF surface was modified through chemical oxidation
to improve enzyme loading and maintain a high enzyme activ-
ity. The lactose conversion hy PSNF-Gal catalysis results in a high
GOS yield as well as a high production rate, PSNF-Cal may benefi-
cially promote transgalactosylation due to the hydrophobic nature

of the polysterene surface. Anuother contributing factor could be
the reduced diflusion path of nuclephilic molecules to facilitate
rransgalactosylation because these molecules could easily bind to
the galactosyl-enzyme complex in such a nancenvironment, This
simple but ellective nanvbiocatalyst-assisted process may be eco-
nomically viable for large scale GOS production.
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Abstract. In this study, two B-galactosidase nanocarmiers made from nanofibers and nanoparticles were
fabricated for bioconversion of lactose to galacto-oligosaccharides (GOS). Polystyrene nanofibers (PSNF)
were synthesized using electrospinning and functionalized through chemical oxidation. Amino-carrying
dendrimer-like silica nanoparticles with hierarchical pores (HPSNs) were fabricated through a one-pot sol-gel
approach. PSNF-B-galactosidase (PSNF-Gal) and HPSNs-B-galactosidase (HPSNs-Gal} nanobiocatalyst
assembly premises excellent biocatalyst activity, stability and functionality. The findings demonstrated PSNF
and HPSNs possess great potential as enzy me nanocarriers. It is evident by 80 % adsorption yield in both
cases. PSNF-Gal was found 8-fold greater adsorption capacity than HPSNs-Gal. In comparison to fiee -
galactosidase, PSNF-Gal also exhibited exceptional catalytic ability by favouring trans galactosylation over
hydrolysis. As aresult, the GOS formation increased from 19 % to 28 % and reduced undesirable products in
lactose bioconvesion. HPSNs, on the other hand, yielded 25 % GOS with a significant amount of hydrolysis
by-products at similar operating conditions.

Keywords: Nanoparticles, nanofibers, nanobicocatalyst, enzyme immobilization.

1. Introduction

The nanobiocatalyst has become prominent research interests in assembling enzyme onto nanomaterial
carriers. It is an emerging innovation that combines nanotechnology and biotechnology advances, aiming to
improve enzyme stability, capability, and engineering performances [1]. Nanomaterial supports provide a
large surface area and a modifiable surface to tailor the biotechnological requirements. To date, functional
nanomaterials, such as nanofiber scaffolds, nanotubes, nanoparticles, nanocomposites and nanosheets, have
been used as enzyme carricrs. Despite the constant efforts in optimizing the immobilization protocol, enzyme
poor stability such as leakage and deactivation in a reactor system remain as the major challenges in
nanobiocatalyst development. Therefore, it leads to the need of exploring new technology for
nanobiocatalysts.

Among the nanostructured materials examined for the nanobiocatalyst assembly, nanostructured fiber
promises high enzyme loading and homogenous dispersion in a liquid phase. Their low hindrance in mass
transfer due to high porosity and intercomectivity suits for bioprocesses using bioreactor systems [2]. On the
other hand, porous materials like nanoparticles offer a number of outstanding characteristics, including
excellent mechanical strength and uniform nanopores. In addition, nanoparticles possess tuncable periodic
nanostructures which favourable for hosting large and small biomolecules [3]. The success of
nanobiocatalyst technology is determined by catalytic stability, recyclability, high throughput, and
productivity for a large-scale process.

In this work, we fabricated two enzyme camiers, polystyrene nanofibers (PSNF) and dendrimer-like
silica nanoparticles with hierarchical pores (HPSNs). The PSNF was fabricated using electrospinning and
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functionalized through chemical oxidation. The dendrimer-like silica nanoparticles with hierarchical pores
(HPSNs) was synthesized using sol-gel method and functionalized with amino groups. The functional groups
are important as anchoring sites for enzyme binding. The potential of the nanocarriers in immobilizing
enzyme were evaluated and compared. Next, their bioengineering performance in lactose bioconversion was
assessed and benchmarked with free enzyme as comparative study. Lactose is abundantly present in dairy
wastewater which has been regarded as high organic loading wastewater, causing significant eutrophication
and toxicity in water streams [4]. Their bioconversion into valuable products such as galacto-oligosaccharide
(GOS) endows a promising solution. GOS possess demonstrable health benefits such as prebiotic function,
low caloric sugar alternatives, and low cariogenicity [5]. Therefore, this study is not only beneficial for
sustainable green waste mamgement, but also for the production of value-added products. The nanofiber and
nanopartic le-based nanobiocatalysts also may be potentially viable for a range of enzyme-catalysed
processes.

2. Materials and Methods

2.1. Preparation and functionalization of nanomaterials

Polystyrene (20 w/v) was dissolved in N, N-dimethylformamide (DMF) with gentle stirring for overnight
to form a homogenous solution. The resultant solution was placed inside a 1-mm inner diameter needle tip of
5-mL syringe which was connected to a 25 kV voltage power supply. The flow rate was fixed at 2.5 ml/h
while the electrospun polystyrene nanofibers (PSNF) were cast onto a metal-surface collector with a distance
of about 10 cm from the needle tip. Approximately 1 cm x 2.5 cm piece of polystyrenc nancfibers (PSNF)
were immersed in nitric acid (HNO3) (69%) for 2 h at room temperaturc [7]. The treated support was rinsed
with water and PBS (pH 7.2) for three times to remove excess acids.

The preparation and functionalization of HPSNs were conducted using the methods developed by Du et
al. [6]. The emulsion system comprised of 0.5 g of Cety!l trimethylammonium bromide (CTAB), 70 mL of
H,0, 0.8 mL of aqueous ammonia, 15 mL of ethyl ether and 5 mL of ethanol. The solution mixtures were
vigorously stirred at 1000 rpm for 0.5 h at room temperature and stirred continuously for 4 h after addition of
tetracthoxysilane (TEOS) (2.5 mL) and 3-aminopropyltricthoxysilane (APES) (0.1 mL). The reaction was
stopped by adding a total of 1 mL of hydrochloric acid (HCL) (37%) and centrifuged for 12 min at 4200 rpm.
The resultant white precipitate of HPSNs was washed with ethanol and water. The CTAB removal was
conducted with ethanolic HC1 (15 ml of concentrated HClin 120 ml ethanol) at 70°C for 24h.

2.2, Immobilization of p-galactosidase

Approximately 10 mg pre-treated PSNF were submerged into B-galactosidase {0-8 mg/ml) containing the
PBS solution overnight at 4 °C. Tt was thoroughly rinsed with water to remove free B-galactosidase. The
supernatant and washing solution were collected to measure the concentration of non-adsorbed proteins.
HPSNs (10 mg) were dispersed in 1 ml potassmam phosphate buffer (pH 7.2) and sonicated for 30 min. The
mixtures were submerged into 3-galactosidase (0-8 mg/ml) and gently mixed overnight at 4 °C. The particles
were collected through centrifugation and washed with water to remove free BSA or enzyme.

2.3. Bioconversion of lactose into galacto-oligosaccharide

Lactose (400 g/l) solution was prepared by dissolving lactose into PBS solution (pH 7.2) at 60 °C. Free
or immobilized enzymes were added after the solution cooled down to 37 °C. The mixtures were incubated at
37 °C in an orbital shaker at 200 rpm. Samples were drawn after 2 h reaction and then immediately heated in
boiling water for 5 min to deactivate enzyme activity [9].

2.4. Chemical analysis

The protein content was assayed by Bradford reagent methed, by mixing 100 pl sample with 5 ml of
Bradford reagent which was composed of 100 mg Coomassie Brilliant Blue G-250 in 50 ml of 95% ethanol,
100 ml of 85% phosphoric acid and then diluting to a final volume of 1 litre [8]. The sample was measured
using a UV spectrophotometer (Shimadzu, Japan) at 595 nm. The protein concentration was determined from
a calibration curve using BSA as a standard.
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The enzyme activity were assayed in a reaction mixture containing (0.1 ml of enzyme solution, 1.7 ml of
phosphate buffer saline (PBS) (pH 7.2) and 0.2 ml of 20 mM O-nitrophenyl-f-d-glactopyranoside (ONPG) at
37 °C for 10 mim. The reaction was stopped by adding 2 ml of 1M sodium carbonate. The liberated product
was measured spectrophotometrically at 405 nm and the concentration was calculated from the O-
nitrophenol standard curve.

Saccharides (lactose, glucose, galactose, GOS) were determined by high performance liquid
chromatography (HPLC) (Agilent, Germany) using an Aminex HPX-87H column (300 x 7.8 mm). The flow
rate of a pre-degassed 8 mmol/L-H,SO, mobile phase was set at 0.5 ml min™. A total of 5 pl samples were
injected and the saccharides were detected with a refractive index detector. The column and the detector cell
were maintained at 60 °C and 40 °C, respectively.

2.5. Statistical analysis
Experimental works were carried out in triplicates and data were presented as a mean value with an
average standard deviation of <5%.

3. Results and Discussion

3.1. Immobilization of B-galactosidase

Intcgration of a biological entity on a nanomaterial carricr is becoming of biotechnological interest.
Owing to their exquisite properties as enzyme carriers, two potential materials, nanofibers and nanoparticles,
were fabricated and evaluated in this study. The polystyrene nanofibers (PSNF) were fabricated using
electrospinning system. Their surface was oxidised using HNO; which has been proven to create oxygen-
containing reactive groups, such as carboxyl (COOH) and hydroxyl (OH), for protein adsorption [10].
Meanwhile, the dendrimer-like silica nanoparticles with hierarchical pores (HPSNs) were synthesized
through a one-pot sol gel approach using CTAB as a template. The nanocarrier was functionalized with
amino group to facilitate enzyme binding. Their performance in immobilizing enzyme is presented in Figure
1. Adsorption yicld was determined by dividing the amount of adsorbed protein on the nanocarriers with the
total protein for immobilization. The highest adsorption yield was determined to be 80 % at 2 mg/ml enzyme
concentration for both nanocarriers. Increasing the enzyme concentration caused a slight decrease to PSNF-
Gal while a sharp reduction trend shown by HPSNs-Gal. It indicates the PSNF provides a larger surface arca
to accommodate higher concentrations of enzyme.
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Fig. 1: The effect of enzyme concentration on the adsorption yield of HPSNs -Gal and PSNF-Gal.

Development of enzyme carriers with a high adsorption capacity is highly pursued. Adsorption capacity
is defined as the amount of adsorbed enzyme (mg) per gram of enzyme support. Figure 2 compares the
adsorption capacity between HPSNs-Gal and PSNF-Gal at different enzyme concentrations. It can be seen
that the maximum adsorption capacity was 2500 mg/g and 320 mg/g for the PSNF-Gal and HPSNs-Gal,
respectively. It indicates the PSNF carrier dcmonstragcd ncarly 8-fold higher capacity than the HPSNs. The
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porosity of PSNF might have beneficially enhanced the penetration of biomolecules into all available
surfaces. In addition, the surface modification through a specially determined chemical oxidation also
probably has favoured the enzyme adsorption [7]. Nevertheless, it is also noticeable that HPSNs were
promising to carry lower concentration of enzyme as indicated by the 80 % yield at 2 mg/ml (Figure 1). In
previous study, the HPSNs have been proven as a remarkable carrier for small molecules like anticancer
drugs and nucleic acids [6]. Their small patticle size with open pores and uniform mesopores act as
nanccontainers which may only suit for loading of small amount but potent biomolecules.

3000
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Fig. 2: The comparison of adsorption capacity between HPSNs-Gal and PSNF-Gal at different enzyme concentrations.

3.2. Production of galacto-oligosaccharide

After evaluating the immobilization capability, the performance of both PSNF and HPSNs
nancbiocatalysts in lactose bioconversion into GOS was investigated. The findings were benchmarked with
free f-galactosidase as a comparative study (Fig. 3). Free B-galactosidase was found to yield the highest
bioconversion determined at 74 %. It was followed by the HPSNs-Gal and PSNF-Gal with respective yield
of 59 % and 41 %. While free B-galactosidase could freely diffuse inside reaction medium to have greater
interactions with substrates, both nanobiocatalysts might encounter mass transfer resistance thus resulted in
lower bioconversion as shown in Fig. 3. Wu er al. [11] also has reported such unfavourable ditfusion
resistance created by enzyme carriers that were made from nanofibrous polyvinyl alcohol.

100

80 4

60 -

40

Conversion (%)

20 4

HPSNs-Gal PSNF-Gal  Free-Gal
Fig. 3: The lactose bioconversion by HPSNs-Gal, PSNF-Gal and free-Gal at 400 g/l initial lactose concentration.

(Enzyme concentration: 2 mg/ml in pH 7 phosphate buffer solution, incubated at 37 °C).

The profiles of product distribution in lactose bicconversion using f-galactosidase are illustrated in Fig,
4. The products comprise a mixture of glucose, galactose, galacto-oligosaccharide (GOS) and the remaining
4
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lactose. Hydrolysis and transgalactosylation are the two possible pathways in f-galactosidase reactions [12].
Glucose and galactose are yielded in hydrolysis when water acts as a galactosyl acceptor, while
transgalactosylation occurs for synthesis of GOS when nucleophilic molecules succeed to compete with the
water activity [13]. Transgalactosylation is preferable because the GOS product is a beneficial functional
food ingredient. It is noticeable that the highest hydrolysis products, glucose (44 %) and galactose (10%),
was produced by the free -galactosidase. It indicates the free enzyme favoured the hydrolysis pathway. This
also further explains why the GOS yield by the free B-galactosidase was lower than the immobilized enzyme.

Meanwhile, the HPSNs-Gal exhibited an equal production of GOS and glucose determined about 25 %.
Interestingly, the lactose biocoversion using PSNF-Gal showed very prominent reaction profiles (Fig 4).
Firstly, the concentration of glucose and galactose were remarkably lower than 10 %. Secondly, the GOS
yield was significantly higher than glucose (3-fold) and galactose (8-fold), signifying a preferance towards
transgalactosylation over hydrolysis. The PSNF surface possesses hydrophobic properties [14] that could
potentially repel water from the PSNF-Gal surface. As a result, it might reduce the water-driven hydrolysis
activity and ultimately lead to the catalytic pathway of transgalactosylation. Thirdly, the highest GOS was
obtained when using PSNF-Gal (28%) comparing with the HPSNs-Gal (25 %) and the free enzyme (19 %).
In fact, the production of GOS was higher than employing 3-galactosidase on other reported carriers such as
polymeric membrane surfaces (13 %) and polysiloxane-polyvinyl alcohol (26 %) [15, 16].

50
Glucose
o Galactose
40 A uGOS
30 A

Product yield (%)

) I d
0 TI Z

HPSNs-Gal PSNF-Gal  Free-Gal
Fig. 4: The profile of product distributions by HPSNs-Gal, PSNF-Gal and free-Gal at 400 g/linitial lactose
concentration. (Enzyme concentration: 2 mg/ml in pH 7 phosphate buffer solution, incubated at 37 °C).

3.3. Assessment of nanocarriers for bioprocessing application

Selection of nanomaterials to assemble enzyme forming nanobiocatalyst largely depends on many
factors including adsorption capability, enzyme stability and productivity. Moreover, nanobiocatalyst with
significant recyclability is a biotechnological interest. Besides of the recyclability of the enzyme-carricr
assembly, developing recyclable support materials has gained increasing attention. HPSNs can be easily
separated through sedimentation or centrifugation due to their high density. Nevertheless, their small size
might cause the downstream process for biocatalyst recovery highly complex [17]. The particles tend to
aggregate and may create a significant pressure drop in packed bed reactor system. It has become a major
concern for industries besides the uneconomical cost for bulk materials synthesis. Meanwhile, a continuous
fabrication of PSNF can be easily carried out using electrospinning device. The abundance of polymer
resources in nature making the synthesis is considerably cheap. Importantly, enzyme-carrying PSNF can be
readily located in a scalable reactor and promote easy separation. Hence, it endows potential translation of
these bench-scale technologies into commercial practices. With regard to its bioengineering performance and
its potential for scaling-up and reutilization, we propose the nanofiber-based nanobiocatalyst may beneficial
for large scale enzyme-catalysed applications.
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4, Conclusion

Surface-oxidized polystyrene nanofibers (PSNF) and amino-carrying dendrimer-like silica nanopartic les
with hierarchical pores (HPSNs) exhibited great potential as enzyme nanocarriers. The employment of [3-
galactosidase on PSNF and HPSNs carriers as nanobiocatalysts assembly was beneficial not only for
sustainable green waste management, but also for production of valuable products. PSNF was found to be
relatively superior to HPSNs in hosting high enzyme loads. PSNF-Gal also exhibited distinguished reaction
profiles by favouring transgalactosylation over hydrolysis, thus enhancing the GOS yicld and reducing
undesirable by-products in lactose bioconversion. The HPSNs-Gal, however, had an equal preference
between the two reactions. Our research findings from experimental data exemplified a great potential of a
nanofiber-based enzyme carrier for bioprocessing applications.
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