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Abstract

Enzymatic processes are widely implemented throughout a broad range of chemical industries.
The employment of immobilised enzymes provides operational advantages including long-
term operational stability, recycling opportunity and efficient product separation. Alcohol
dehydrogenase (ADH) is an oxidoreductase which performs oxidation and reduction in the
presence of nicotinamide-based cofactors. In this thesis, ADH has been used as a model system
for enzyme immobilisation protocol and used to construct a biosensor and continuous flow

reactor.

Chapter 2 presents several fibre and fabric surface modification strategies and immobilisation
of ADH for the development of stable and supported ADH constructs. Fibrous surfaces such
as cotton fabric, nylon fabric and polyacrylonitrile fibre, were chemically modified and
explored as carrier supports for ADH immobilisation. ADH immobilised on these modified
supports was characterised for activity and stability with respect to pH, temperature, storage
time and recyclability. The modification of ADH with bifunctional groups, including nylon
monomers (C3 and C6 monomer), BMPS and allyl glycidyl ether (AGE), to facilitate enzyme

immobilisation was also investigated.

Chapter 3 focuses on the surface functionalisation of PVA fibre and knitted fabric supports.
Modified PVA supports were characterized using IR spectroscopy and subsequently modified
with ADH using various immobilisation protocols. Model reactions with 2,4-pentanediol were
also performed to explore the inter and intra molecular reactions of PVA. The PVA-ADH
construct with the highest activity was further characterised for pH, temperature, storage

stability and assessed for recyclability.
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Chapter 4 presents the surface modification of glass woven and non-woven fabric with
trialkoxysilane reagents to generate a variety of surface modified functionality for attachment
of ADH. Trialkoxysilane modified glass supports were investigated for immobilisation of ADH
and the glass fabric-ADH construct with the highest activity was assessed for stability (pH,
temperature and storage). The optimised glass non-woven fabric-ADH construct was then
developed into a biosensor for detection of ethanol. In addition, the glass non-woven fabric
ADH construct was used to design a flow reactor using flow injection analysis (FIA) for

amperometric ethanol detection.
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Chapter 1
1.1 Introduction

Virtually all bioprocesses that sustain life in organisms are catalyzed by enzymes. Enzymes
can be used in the chemical reaction to enhance reaction rate without changing their
composition or utilizing themselves.> 2 They can enhance the reaction rate between the
reactants and the products without changing the equilibrium. Enzymes are well known as
biocatalysts and they are usually highly efficient, chemo, regio and stereoselective such as
esterases, lipases and proteases.>’ This feature makes them attractive for biotechnological
use.® The environmental benefits of enzymatic processes over conventional processes in
various industries have been discussed in numerous books, articles and reports over the past

decade.® %10

Enzymes were known for the fermentation process since the start of twentieth century and later
their structural and chemical composition were critically studied to make their use as biological

catalysts in different industries like textile, pharma and chemical.** (Figure 1.1)
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® Pharmaceutical

u Biotech R&D

u Diagnostic

u Biocatalyst

® Food and Beverage

W Fabric and Household

H Biofuel

® Animal Feed

M Misc Industrial

Figure 1.1. Enzyme use in industry based on the sale of the enzyme. Data from Freedonia Group Inc.*?

Enzymatic processes have been implemented in a broad range of industries in recent decades
and usage continues to expand.* - ** The world market for industrial enzymes in 2016 was US
$4.61 billion with a growth projection increase of 6.3% for 2017-2022.14

Industrial application of enzymes can be hinder due to low operational stability, recovery
process, separation of product and recycling of the enzyme.?>” Immobilisation of the enzyme
on an insoluble, inert support is one way of overcoming some of these limitations.

Heterogeneous catalyst are insoluble form of enzymes which facilitate long term stability, reuse and

recovery.? 18 Table 1.1 summarises the advantages and disadvantages of enzyme immobilisation.

(the below table is reproduced from reference 24)
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Table 1.1 Advantages and disadvantages of enzyme immobilisation!®

Enzyme activity loss upon

Susceptible to continuous and batch process . S
immobilisation

Contrary alterations in Kkinetic

Reuse over multiple cycles .
properties

Favourable variations in pH and temperature optima Cost of the immobilisation process

Enhancement in stability compared to the soluble

form of the enzyme Cost of the carrier and fixing agents

Co-immobilisation with other enzymes possible Subject to fouling

In addition to the advantages described above, enzyme immobilisation may also enhance
enzyme activity and enzyme stabilization.?° Before 1970s only single immobilised enzymes were
used and in latter years more complex systems such as two-enzyme reactions with cofactor regeneration
were developed.?! The major applications of immobilised enzymes are the industrial production
of sugars, other amino acids and pharmaceutical intermediates are shown in Table 1.2
reproduced from literature. More recently, the technology of immobilised enzyme were used in
different fields of research majorly for applications in sectors of clinical, environmental and industrial

fields.?? The whole microbial cells are immobilisation which contain the desired enzymes are used as

biocatalysts in some industrial processes.?3
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Table 1.2 Large scale industrial processes utilising immobilised biocatalysts

. WC, IME, | High fruct f
Glucose isomerase cwe 'gh frtictose corn syrp from 107 24,25
CIE corn syrup
- — :
Nitrile hydratase CWC, CIE Acrylamide from acrylonitrile 10 26, 27
—— - :
Lipase IME Transesterification of food oils 10 28
Lactose hydrolysis, GOS 5
2
Lactase IME synthesis 10 9,30
H H H H 4
Lipase IME Biodiesel from triglycerides 10 36, 39
ihinti ifi H 4
Penicillin G acylase cwcC Antibiotic modification 10 31,32
Chiral resolution of alcohols 3
Lipase IME, CIE and amines 10 33,34
Aspartic acid from fumaric .
Aspartase CWC, IME acid 10 35, 36
i 4
Thermolysin IME Aspartame synthesis 10 37
CWC = cross-linked whole cell; IME = immobilised enzyme; CIE = covalently immobilised enzyme

In addition to facilitating chemical reactions, immobilised enzymes are also finding widespread
use in chromatography, bioreactors and biosensors.®® 3 Although there are number of different
immobilisation processes,*®*3 the design of new protocols that permit improvement of enzyme
activity after immobilisation is still an aspirational goal. The immobilisation process is ideal
when it is simple, robust and should not use toxic or unstable reagents. Further the process
should be suitable for continuous mode of operation and automated processes that will allow
the easy recovery. However, commercialisation of immobilised enzymes has been retarded by
their high cost, stability and storage drawbacks.** Therefore effort is being focused towards
reducing or overcoming limitations related to the immobilisation process in order to expand
their use. Table 1.3 summarises the main factors influencing the performance of immobilised

enzymes.
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Table 1.3 Factors influencing the performance of immobilised enzymes*

Hydrophobic partition Enhancement of reaction rate of hydrophobic

substrate
Multipoint attachment of the support Improvement of enzyme thermal stability
Various binding mode Activity and stability can be influenced
Spacer of different types of immobilised enzymes Hinder enzyme deactivation
Physical post-treatments Enhancement of enzyme performance

Stability enhancement and decrease in
enzyme activity
Activity retention can be dependent on pore
size
Higher activity retention is observed due to
Physical nature of the support large pore size support material reduction in
diffusion limit

Diffusion constraints

Physical structure of the support such as pore size

In enzyme immobilisation process selection of attachment protocol or method between the
reactive groups on the support surface and enzyme amino acid residue is very important to
preserve the catalytic activity of the enzyme.? % Indeed, immobilised enzymes may be even
less stable than the free enzyme if the immobilisation protocol is not well planned.*” There are
principal key points to be considered in the development of immobilised biocatalysts, such as
the method of immobilisation, selection of the support and conditions to be used for
immobilisation. In this thesis, the term solid-phase, solid support, support, or matrix are used

synonymously to describe what the enzyme is immobilised onto.

1.2 Methods for immobilisation

The method of immobilising an enzyme can influence the enzyme’s activity and stability.*
Immobilisation methods are divided into two types namely, physical and chemical methods.

Physical immobilisation method is mainly due to the hydrophobic interactions, hydrogen
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bonding, van der Waals forces or ionic binding between support and enzyme. This method is
always considered as weak interaction. Chemical methods involve the formation of strong
bonds between the enzyme and a support material, namely covalent bonds through varying
linkages such as ether, thioether, ester, amide or carbamate bonds between the enzyme and
support material.*® There are three main techniques for immobilisation of enzymes namely,

adsorption, entrapment and covalent bonding/cross-linking (Figure 1.2).”

nrun —

Covalent bonding
Adsorption \
Carrier binding
_@ Enzyme / ?\R

AN L s ?
g
b

Entrapment

Cross linking

Figure 1.2. Simplified schematic of enzyme immobilisation protocols or methods

1.2.1 Adsorption

Adsorption is the simplest method of immobilisation and is mainly based on the adsorption and
formation of weak bonds through hydrogen bonding, electrostatic forces and hydrophobic
effects.>® Physical adsorption can be obtained by immersing of the support into a solution of
enzyme. The affinity binding, is one of the physical methods for the immobilisation of enzymes
which can be achieved either by pre-coupling the support to an affinity ligand for the target
enzyme, or the enzyme can be conjugated to an entity that develops an affinity towards the

support.®® The adsorption binding results in a high retention of activity for the immobilised

7
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enzyme. In general, enzyme immobilisation through physical adsorption is simple and is
commercially attractive, as it is simple, available in low cost, and high enzyme activity.% >
However, a disadvantage of the technique is that physical bonding in most cases is too weak to
keep the enzyme attached to the support and hence the enzyme is prone to leaching.>* Enzyme
leaching is a major issue when the enzyme and support material complex is subjected to
industrial conditions such as high ionic strength, high reactant and product concentrations.**
Some of the supports used to immobilise enzymes by physical adsorption include: activated
carbon, bentonite, kaoline, collagen, alumina, Amicon-AP10, diatomaceous earth, silanised
alumina, silica gel, calcium carbonate, propyl agarose, nitrocellulose fibre, cheese cloth,
DEAE-cellulose, TEAE-cellulose, DEAE-Sephadex, CM-Sephadex, CM-cellulose, Amberlite
XE-9 polyamino polystyrene, DEAE-Sephadex A-50, Duloite S-761, and ion exchange resins

such as Amberlite CG-50, Dowex 2-anion-exchange and Dowex 50-cation exchange.>®

1.2.2 Entrapment

The enzymes can be retained on the porous solid support by the method of entrapment. It
improves mechanical stability, reduces enzyme leaching and it does not interact chemically

with polymer. %

In spite of this, the entrapment method is restricted to the practical use due to possibility of
leakage from support matrix, low loading of enzyme and scraping of support material during
its use.? Further entrapment suffers from transfer of mass restrictions of substrate or analyte to

the enzyme active site. >
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1.2.3 Covalent

The most popular method of immobilisation involves covalent attachment of an enzyme to its
support material. The functional group that take part in the binding of the enzyme generally
involve the side chains of the endogenous amino residues like cysteine, lysine and aspartic and
glutamic acids,® imidazole and phenolic groups which are not essential for the catalytic
activity of the enzyme. The activity of the covalently bonded enzyme depends on the method
and protocol used during coupling, size, shape and composition of the support material. The
amino acid residues that are important for the catalytic activity must not be involved in the
covalent binding to the support so as to reach the high levels of activity.>® Diverse reactions
have been developed depending on the functional groups available for reaction on the support
surface and the enzyme amino acid residues available.?® Spacers can be included between the
support and the enzyme to avoid unwanted spacer/support and spacer/enzyme interactions

(steric effects). Covalent based coupling methods are mainly divided into two main classes:

e Activation of the support material’s surface by addition of reactive functional groups,
and

e Maodification of the support material’s surface backbone to produce an activated group.
The electrophilic groups on the support material can be generated by the activation processes
which can further react with nucleophilic residues within the enzyme sequence in the coupling
step.>® Biocatalysts synthesized by covalent immobilisation can be used in aqueous, multiphase,
and viscous media.?® Silica gel,’* montmorillonite,%? polystyrene,®® chitosan,®* agarose,5:
gelatin,®” and pectin ®®are common supports used for covalent immobilisation. The another
irreversible method of enzyme immobilisation is cross-linking. It is performed by formation of
intermolecular cross-linkages between the enzyme and support via bi- or multi-functional

reagents such as glutaraldehyde (GA).®® GA is known to react with various nucleophilic



Chapter 1

functional groups of the enzyme, such as amine, thiol, phenol, and imidazole functional
groups.’ Cross-linking is pH dependent and involves both Schiff base formation and Michael-
type 1,4-addition to o,B-unsaturated aldehyde moieties.®® However, cross-linking, may result
in reduced diffusion of reactants and products and can also cause significant changes to the
active site; both of these can result in loss of enzyme activity.*®* Non-cross-linked covalent
immobilisation, however, does not usually interfere with reagent and product mass transfer but
allows an increase in enzyme stability (especially towards heat, pH, organic solvents, and
storage). These stability parameters, in addition to minimised leakage, are crucial in industrial

processes.’?

1.3 Enzymes and cofactors

1.3.1 ADH enzyme

The six enzyme classes are: oxidoreductases, transferases, hydrolases, lyases, isomerases, and
ligases’ are based on the type of reaction they catalyse which are used for catalysing the
transfer of functional groups, electrons or atoms Enzyme catalyzed oxidation reactions have
gained increasing interest in biocatalysis. Oxidoreductases constitute an important group of
biocatalysts as they facilitate not only the widely used stereoselective reduction of ketones but
also the less well-exploited oxidation of alcohols and amines.”® Oxidoreductases require a non-
protein cofactor to facilitate catalysis. These cofactors act as an electron source or electron sink.
Aldo- and keto-reductases and dehydrogenases, in particular, act on the substrate by the transfer
of electrons from or to a cofactor, mostly by using cofactors such as nicotinamide-based

nucleotides NAD(H) and NADP(H). There are a number of different naturally occurring

10
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cofactors including NADH, FAD (flavin adenine dinucleotide), and ATP (adenosine 5'-

triphosphate).

Alcohol dehydrogenase (ADH) from Baker's yeast has been widely used as a biocatalyst in
organic synthesis, primarily because it is inexpensive, readily available and can be used in
aqueous media.®® The majority of reported literature on the biotransformation capability of
yeast involve reductions of carbonyl groups and carbon-carbon double bonds. Reactions
involving carbon-carbon bond formation are of great interest in chemical synthesis. The ADH
enzyme are known for selective oxidations and reductions varying from kinetic resolution to
asymmetric reduction.”*" 7® For example, ADH can be used to generate asymmetric centres

to allow the synthesis of high-value chiral drugs such as thalidomide and verapamil.””: 78

In this thesis, ADH is chosen as the model enzyme as it catalyses the oxidation of alcohols and
the reduction of aldehydes and ketones, and therefore has many prospective applications in the
pharmaceutical, food and chemical industries.”® Additionally, ADH is available in quantity and
the reaction is well characterised.®’ The conversion of benzaldehyde and pyruvate to L-phenyl
acetyl carbinol (a precursor of ephedrine) was one of the first commercial processes to utilize

ADH, where yeast was used in a whole cell form instead of the isolated form of ADH

(Figure 1.3).81
(0] -
HN
@o . )J\H/OH ADH 0 CH3NH, o JoH
Z N H, Cat. NS
© HO H HO H
Benzaldehyde Pyruvate (R)-Phenyl acetyl carbinol (1R,2S)-Ephedrine

Figure 1.3. ADH enzyme used in a whole cell biotransformation

In the literature many examples can be found describing the use of soluble> 8 8 and

immobilised”™ #-°° ADH. Reactions involving immobilised ADH are affected by the

11
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hydrophobicity, the hydrophilicity and the physical structure of the support.8* Further, the
nature of substrate attachment can also result in altered enzyme activity after immobilisation.®®
Many literature examples of ADH immobilisation have been described and include physical
adsorption, covalent attachment and aggregation. The resultant activity is generally adequate,
however operational stabilisation of the immobilised enzyme under biotransformation

conditions is rarely achieved.*

Table 1.4 Summary of ADH immobilisation on various supports

Storage

Thermal stability Reusability
Source of ADH | Immobilisa- | stability of of of
enzyme tion method = immobilised | . o immobilised
ADH immobilised ADH
ADH
At 70 °C,
immobilised
ADH
Polyaniline retained L
. Yeast alcohol - 90% activity | 90% after
coated silver Covalent 78% activity 92
. dehydrogenase over 30 days 15 cycles
nanoparticles as compared
to 26% for
soluble
enzyme
At 60 °C,
immobilised
ADH retained
Gelatine beads Yeast alcohol Encapsulation 60% activity | 80% activity 60% after 93
dehydrogenase as compared | over 40 days 6 cycles
to 12% for
soluble
enzyme
Alcohol
dehydrogenase
PVA powder from Entrapment - - - 94
Lactobacillus
kefir
At 60 °C,
Porous glass Horse liver _ immobilised
tube Alcohol Adsorption ADH - - 95
Dehydrogenase retained
60% activity
At 70 °C,
Chltosan-cF)ated Yeast alcohol immobilised 3206 after
magnetic Covalent ADH -- 96
. dehydrogenase . 6 cycles
nanoparticles retained
54% activity

12
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Table 1.4 Continued...
At 60 °C,
Non-porous Yeast alcohol immobilised
P Adsorption ADH - - 97
glass beads dehydrogenase .
retained
60% activity
At 78 °C,
Horse liver immobilised
Glyoxyl-agarose Alcohol Covalent ADH - - 113
Dehydrogenase retained
65% activity
Thermal ;?;ﬁge Reusability
Source of ADH | Immobilisa- | stability of y of
Support . : - of : o
enzyme tion method = immobilised | . o immobilised
ADH immobilised ADH
ADH
Magnetic
nanoparticles Yeast Alcohol .
Adsorpt - - - 98
(Fes0:.@AuU Dehydrogenase sorption
NPs)
. Alcohol
Amino-epoxy
support (amino dehydrogenase
ppepoxy from Covalent - - - 99
L ill
Sepabeads) actobaf:l us
brevis
At 60 °C,
Horse liver immobilised
Glyoxyl-agarose Alcohol Covalent ADH - - 65
Dehydrogenase retained
54% activity
Graphene oxide | Yeast Alcohol Covalent i 35% over 20% after 100
nanoparticles Dehydrogenase 20 days 10 cycles
At 60 °C,
Attapulgite Yeast Alcohol immobilised 48% after
. Covalent ADH - 101
Nanofibers Dehydrogenase . 8 cycles
retained
44% activity

1.3.1.1 Structure and mechanism of ADH

Yeast ADH is a member of the zinc-containing alcohol dehydrogenase family. ADH from

Saccharomyces cerevisiae has three isoenzymes, YADH-1, YADH-2, and YADH-3. ADH is

13
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a tetramer composed of four similar subunits; each subunit is made of a single polypeptide
chain of 347 amino acids with 36 kDa molecular mass.®° The yeast ADH subunits are divided
into two domains; the catalytic domain and the coenzyme-binding domain. Each subunit has
one coenzyme-binding site and one tightly bound zinc ion. The zinc ion plays an important role
in the catalysis.’® The sequence and tertiary structure of liver (Equus Caballus) and yeast

enzyme are closely related and hence both ADH sources display comparable activity.'%3
Ligand to the active site of zinc

The catalytic domain is comprised of three residues, Cys-46, His-67 and Cys-174, coordinated
to the catalytic zinc ion. The second zinc ion is ligated by four sulfur atoms from the cysteine
residues 97, 100, 103 and 111 in a tetrahedral arrangement; further this zinc ion is important
for its structural role.2° The zinc ion is coordinated to the three amino acids via two thiolates
from Cys-46 and Cys-174 and the imidazole nitrogen of His-67 (Figure 1.4) in the lower side
of substrate binding pocket. The carboxylic group of Asp-49 and Glu-68 are also in close
proximity to the active-site zinc ion and the same are conserved in all known zinc-dependent
alcohol dehydrogenases. The polar groups present in the pocket close to the zinc ion are the
zinc ligands, nicotinamide moiety of the coenzyme and the side chain of Thr-48. The
nicotinamide ring interacts with Thr-178, Leu-203 and Met-294 while the other side faces to

the active centre (Figure 1.4).

14
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Figure 1.4. A: Crystal structure of the ADH homodimer and energy minimised model.
B: Model of the active site of yeast alcohol dehydrogenase'®

ADH catalyses the oxidation of alcohols by reducing NAD* to NADH. During oxidation
process, the alcohol oxygen from substrate molecule is electrostatically stabilised to increase
the acidity of the hydroxyl proton by utilising zinc ion from ADH. In the mechanistic route,
His-51 is activated by base catalysis such that the histidine can then accept a proton from the
NAD", which further take a proton from Thr-48, again representing general base catalysis
(Figure 1.5). Simultaneously, there is a hydride transfer to the NAD™ in its hydride accepting
region. Thus, the whole mechanism sequence is essentially comprised of transfer of a hydride
to the NAD™ and the oxidation of an alcohol to an aldehyde (Figure 1.5). The orientation of the
amino acid proton acceptors and donors is of critical importance, that are besides the position
of the zinc ion in relation to the substrate such that it stabilizes a negative charge on the

substrate thereby taking part in the stabilization of the transition state.
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Figure 1.5. Oxidation of ethanol to acetaldehyde with ADH and NAD* cofactor®

1.3.2 Enzyme cofactors

Unlike enzymes, cofactors act as stoichiometric agents in biotransformation reactions and
undergo chemical reactions along with the substrates.® These cofactors differ from each other
in their redox potentials, binding constants and mode of regeneration.’® NADH is the most
common cofactor and is required by over 300 different dehydrogenases for catalysis. It exists
in two forms, NADH and NADPH, with enzymes normally having a preference for only one
form. The structure of NAD(H) is shown in Figure 1.6 with the 2-phosphate on the adenosine
of NAD(H) being the only difference between NADP(H) and NAD(H).!! The adenosine and
pyrophosphate moieties are involved in binding the cofactor to the active site of the enzyme

while the nicotinamide moiety is involved in electron transfer.”

16
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Figure 1.6. Structure of NAD*, NADP*, NADH and NADPH’

1.4 Choice of supports

In the literature, numerous immobilisation methods with different supports such as inorganic,
organic, hybrid and composite materials have been used to achieve stability and efficiency.%®
This section provides an review of the characteristics and properties of well established
(Section 4.1) and new (Section 4.2) support materials used for enzyme immobilisation. Highly
desired properties of support materials for operative enzyme immobilisation are shown in
Figure 1.7. The support should protect the enzyme structure against harsh reaction conditions
and facilitate high catalytic activity.'® Often bespoke and extensive optimisation of the
attachment technique and support material needs to be performed to deliver a robust

biocatalytic process.
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Insoluble
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conditions
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Figure 1.7. Desirable properties in support materials used for enzyme immobilisation*®®

1.4.1 Classical support materials for immobilisation

Different inorganic and organic materials were used as supports for immobilisation (Figure 1.8)

' Synthetic

Metal oxide
polymers

Classic

Inorganic materials Organic

Biopolymer

Figure 1.8. Examples of inorganic and organic supports used for enzyme immobilisation.1%
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Inorganic oxides (e.g silica and various forms of silica such sol-gel, fumed, colloidal
nanoparticles), minerals (bentonite, halloysite and kaolinite) and activated carbons are known
for porous structure and the high surface area which is essential for effective enzyme
immobilisation. Furthermore they possess good thermal, chemical stability along with

mechanical resistance. % 1

Synthetic polymers (e.g. polyvinyl alcohol, nylon, polyaniline) and biopolymers (e.g. collagen,
cellulose, keratins, carrageenan, chitin, chitosan and alginate) comprises of various functional
groups that can participate in covalent linkage of enzymes without cross-linking agents.®
Examples of immobilised enzymes are summarised in Table 1.5 reproduced from literature

together with information about immobilisation type, cross-linking agents and binding group(s).

Table 1.5 Summary and examples of inorganic and organic materials used for enzyme immobilisation'®®

Inorganic Materials

Lipase from
Sol-gel silica -OH - Adsorption Aspergillus 112
niger

Silica gel ~OH, C=0 | Glutaraldehyde Covalent Lipase 61

Cysteine
ALO: —OH - Adsorption proteinases 113
from Solanum

a-Amylase
—-OH - Adsorption from Bacillus 114
subtilis

ZrO,

Glucoamylase
3--Am|n0p.ropyl Covalent binding from 62
triethoxysilane Aspergillus
niger

Montmorillonite —OH

Aspergillus

Hydroxyapatite -OH - Adsorption niger 15

19
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Table 1.5 continued.....

Tetramethyl oxiC(;anusfaofsrf)m
Bentonite —OH, NH; ammonium Covalent binding . 116
. Aspergillus
hydroxide .
niger
Cellulose from
Commercial —OH, C=0 - Adsorption Aspergillus 117
activated carbon niger
Activated charcoal —-OH, C=0, - Adsorption Papain 118
COOH
Activated charcoal | —-OH, C=0, - Adsorption Amino glucose | 119
COOH
Organic Materials
Polyaniline —NH, C=0 Glutaraldehyde Covalent binding a-Amylase 108
= Poly(glycidyl . i
Polystyrene C=0, epoxy oly(glycidy Covalent binding Lipase 63
groups methacrylate)
Laccase from
. Covalent
Poly(vinyl alcohol) | —OH,C=0 | Glutaraldehyde ovaten Trametes 120
binding versicolor
Polvoroovlene OH Plasma Covalent GIL_JCOSE 121
ypropy activated binding oxidase
Lipase from
Cellulose . 122
| H - A .
nanocrystals o) dsorption Candida rugosa
Lipase from
Luffa cylindrica —OH, C=0, ) Adsorption Aspe_rglllus 122
sponges COOH niger
_ Lipase from
Chitosan OH, - Entrapment Candida rugosa 123
—NH>
Agarose -OH - Entrapment a-Amylase 124
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1.4.2 New materials for enzyme immobilisation

Classical support materials have relatively low efficiencies for catalytic conversions and
continuous interest in immobilised enzymes has driven demand for new support materials.%®
Newer supports consist of organic (e.g. electrospun nanomaterials and polymeric membranes)
and inorganic (e.g. magnetic nanoparticles, mesoporous silica, nano-gold and graphene)
materials (Figure 1.9). Mostly, these materials possesses good mechanical properties along
with excellent thermal and chemical stability, and can be produced in various morphological
shapes.1? Furthermore, these materials also possess high functional group loading to facilitate

enzyme binding.?> 12

" Inorganic

Inorgamc
Magnetic
materials

Electro
spinning
Mesoporous Inorganic Organic
materials
Polymerlc

membrane

Nanopartlcles

Figure 1.9. New inorganic, organic and hybrid supports used for enzyme immobilisation®®

The new materials allow separation of the biocatalyst from the reaction mixture (e.g. iron
magnetic nanoparticles and an external magnetic field).*2” Other supports, such as graphene or
graphene oxide, improve the transfer of electrons between the immobilised enzyme and the
substrate which can result in increased catalytic activity of the enzyme.?® Furthermore,
bespoke mesoporous materials with hierarchic pore structure facilitate uniform distribution of
biomolecules in the support pores and provide high catalytic activity. An additional advantage

of organic based support materials is that they can be prepared in different geometrical shapes
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including fibres and membranes. Along with nano, microfibre and other porous based
membrane, they tend to reduce diffusion leading to the improvement of efficiency of
biocatalytic process.'?® Hence there is a increasing interest in hybrid materials due to the ability
to adapat the structure-activity relationship towards higher functioning biocatalysts.!?® Hybrid
or composite materials can be obtained with the conjugation of (i) organic-organic, (ii)
inorganic-inorganic, or (iii) organic-inorganic precursors (Figure 1.9). Table 1.6 describes key
types of new materials together with the enzymes that have been immobilised on these supports
are reproduced from literature.’® Inclusive information presented about binding groups,

immobilisation type and cross-linking agents.

Table 1.6 Summary and examples of newer inorganic, organic and hybrid materials used for enzyme
immobilisation*®®

Inorganic Materials
Magnetic Epoxy | 3-Glycidoxypropyl Covalent Lipase from
nanoparticles groups trimethoxysilane binding Candida 149
Silica SBA-15 -OH - Adsorption Alkaline protease 150
Mesoporous silica -OH - Encapsulation Catalase 151
. Epoxy | 3-Glycidoxypropy Covalent Lipase from
Silica mesoporous : ) .~ .
nanoparticles groups trimethoxysilane binding Rhlzpmu_cor 152
miehei
T'OZ. —-OH - Adsorption Carbonic anhydrase 153
nanoparticles
Cordierite ~NH; N-(2-Aminoethyl) Covalent Horseradish 154
-3-aminopropyl- R peroxidase
. . binding
trimethoxysilane
Multi-walled 3-Aminopropyl
carbon nanotubes ~NH: triethoxysilane %?r\llgilﬁgt a-Glucosidase 155
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Table 1.6 continued....
Reduced C=0 Glutaraldehyde %?r\]/gilﬁnt Hg:zs(:?jilsseh 156
graphene oxide g P
Organic Materials
Electrospinning
fibres of C=0 - Adsorption Catalase 157
Polycaprolactone
Electrospinning Lipase from
nanofibres of —OH i Encapsulation Burkholderia 158
Polyvinyl alcohol cepacia
Poly ether- .
. Phosphotriesterase
sulnpigtr)nr:e i i Adsorption lactonase from 159
membrane Sulfolobus
Hybrid/Composite Materials
Polyaniline Glucose oxidase 161
Polyacrylonitrile -NH - Encapsulation
PolcaecI;IrUIlqcs;eac' q —OH, i Covalent Horser_?jdish 162
yacylicacld 1 coon binding peroxidase
fibres
Chitosan-alginate —NH_, i Amyloglucosidase 163
beads _OH Entrapment
Graphene oxide- —OH, . . Covalent Glucoamylase 164
Fe:Os c=0 Cyanuric chloride binding
_OH Glucose oxidase
Silica-lignin ~ Adsorption form 165
C=0 - . .
Aspergillus niger
Polyar%rlill[[ci)nltrlle NH,
i C=0, N-Hydroxy Covalent Catalase 166
walled carbon |~y | succinimide binding
nanotubes
Silica-graphene —OH, N-Hydroxy .
oxide particles c=0 succinimide C(_)va_lent Cholesterol oxidase 167
binding
i Horseradish
Zn0-SiO; . . 168
nanowires -OH Adsorption peroxidase
Horseradish
CaCOs-gold —OH, i . . 169
nanoparticles c=0 Adsorption peroxidase
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Material supports (matrix) in fibre and fabric/textile that are durable, lightweight, easy to
handle have been the point of attraction in many industrial fields. Porous fibres and textile
carriers possess high surface area, which facilitates high enzyme loading, and also offer greater
environmental resilience.’*® The advantages of fibres and fabrics as immobilisation supports

are detailed further in Section 1.7.

1.5 Immobilisation chemistry

Functionalised supports enhance the binding efficacy and stability of enzyme immobilisation
through multipoint attachment.”® 13! Solid supports bearing reactive functionality (e.g. amine-
NH, alcoholic-OH, carboxyl-COOH, epoxy) can be further modified to enhance enzyme
attachment via spacer groups (e.g. organic and inorganic halides, glutaraldehyde (GA),

carbodiimides, various bi-functional agents).”

The immobilisation is usually accomplished via a reaction of enzyme side chains with the solid
support.’32 The enzyme can be attached to the solid support using different methods of
immobilisation (e.g. adsorption, covalent binding, and entrapment).? 133 13 There are twenty
major amino acids involved in enzyme/protein composition however, only one-third of them
possess functionality suitable for immobilisation.*3 The use of primary amines groups for
enzyme bioconjugation is widely used. There are two main types of amine groups : the a-amino
group (situated in N-terminus proteins chains) and the e-amino groups (of lysine residues). In
the most of cases, these amino acids are protonated at physiological pH and hence present
predominantly outside surfaces of the protein’s/enzyme tertiary structure. Therefore, they are
easily available to conjugation reagents and easily protonated into the aqueous medium.
However protonation decrease their activity and hence even though they possess higher

nucleophilicity cannot be used in conjugation at physiological pH
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The majority of the amines are protonated and have no remarkable nucleophilicity compared
to other side chains present in the enzyme/ protein at acidic pH. The functional groups from
the support which can react with enzyme based amines include isocyanates,*® activated
carboxyl groups**® epoxy and aldehydes.*® ¢ Under mild and moderate conditions aliphatic
and aromatic amines can reacts with aldehyde groups of support to form imines (Figure 1.10).

This imine intermediate further can be reduced by sodium cyanoborohydride, to give a stable

amine!3?

E
©.
¥

eOOH +

-Z

QO C

Support Enzyme

Figure 1.10. Enzyme (amine based) immobilisation on aldehydes, expoxides, acid and alcohols

functionalised solid supports via covalent bonds
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The hydroxyl groups of serine (Ser, S) and threonine (Thr, T) amino acid (pKa values > 13),
are less reactive (poor nucleophiles) at physiological pH. There are no examples of hydroxyl
groups of serine and threonine involvement in conjugation at physiological pH. However,
N-hydroxysuccinimide (NHS) esters modification on hydroxyl side chain of serine have been

documented. 137 138

Cysteine (Cys, C) possess high nucleophilicity due to its thiolate (RS™) form. These amino
residue are mainly found at the active site of the enzyme and present relatively low amount in
the remainder of the enzyme (1-2%).13® Next low abundance amino acid is Tryptophan

(Trp, W). Almost major proteins, contains one Trp residue in their peptide sequence.132 140
The pKa for Histidine (His, H) is in the physiological range and hence present in active sites
of enzymes where abstraction or donation of a proton is required (e.g. ADH as shown in

Figure 1.5).14

The amino acid mainly found in its protonated form in acidic, neutral, and even in alkaline
environments is Arginine (Arg, pKa value 12.5). The delocalisation of a positive charge
between nitrogen lone pairs and the double bond makes it easy to form the hydrogen bonds 142
which makes the guanidinium side chain of arginine the least acidic cationic group among the

rest of natural amino acids.'*?

Aspartic and glutamic acids (Asp and Glu) contains carboxylic acid groups. These carboxylate
groups present on the side chain of Asp and Glu possess low reactivity in water. These

carboxylate can be converted into reactive moieties by generating reactive ester.*#?
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1.6 Immobilised enzyme activity

The three key criteria for immobilised enzymes are activity, stability and reusability. The
activity of ADH and immobilised ADH can be assayed similar to the assay used for all NAD*
dependent oxidoreductases where reduction of NAD* to NADH is observed. This reduction of
NAD" is followed by a change in absorption of the NAD* molecule which can be followed
spectrophotometrically at 340 nm in real time (Figure 1.11).1** Lambert-Beer law, states the
extinction of NAD" is proportional to its concentration [A =& x ¢ x 1, where A is the absorbance,
g is the extinction coefficient (6220 M cm™), ¢ is the concentration (mM) and 1 is the path
length (cm)].2* The change in concentration of NAD* can be used to calculate the activity of
alcohol dehydrogenase in the solution in real time. Therefore, one unit of alcohol

dehydrogenase can also convert 1.0 pmole of NAD™ to NADH per minute.

CH3;CH,-OH @/ CH3CHO + H
Tris buffer pH 8.8

&

NAD* NADH

Figure 1.11. Ethanol oxidation with ADH in presence of NAD*

1.7 Gaps and opportunity

In recent studies, various agarose-activated supports like MANAE-agarose, PEI-agarose and

glyoxyl agarose have been used for immobilisation.®® Glyoxyl agarose plays an important role
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because it offers the most effective multipoint covalent attachment and can direct

immobilisation to areas that are richest in the reactive groups.®® 145147
Furthermore, glyoxyl functionalised agarose possesses desirable properties such as:

e Very high reactivity of the glyoxyl groups with amino groups

e Very low steric hindrance in the reaction between enzyme/protein amine groups and
glyoxyl groups of the support

e (Good geometric consistency between the support surface and protein/enzyme

e High stability of the glyoxyl groups, which accommodates long reaction times and long

storage times.

OH &/\OH O-CHp-CHOH-CH,0H  Nal0, 0~CH,-CHO
OH ————— > O-CH,-CHOH-CH,0H ———— = [~0-CH,-CHO
OH NaOH, O-CH,-CHOH-CH,O0H O-CH,-CHO
0.1 N NaBH,
agarose gel glyceryl-agarose glyoxyl agarose

Figure 1.12. Activation of agarose to glyoxyl support*’

However, although glyoxyl agarose has good properties, its industrial implementation is

marred by several factors:

e The immobilisation of glyoxyl agarose involves the use of sodium borohydride and
sodium periodate and where the first compound is considered a contaminant (as it is
difficult to remove from the reaction) and combustible, while the second reagent is
explosive (Figure 1.12).17:5¢

e The need for alkaline pH during immobilisation; pH parameters must be closely
controlled to avoid enzyme inactivation and ensure high immobilisation.

e The fragility of the agarose resulting in slow decantation times.8°
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The main large-scale application areas of immobilised enzymes are in the food and
pharmaceutical industries. Enzymes used in the pharmaceutical industry are amino acylase (for
resolving racemic mixtures of amino acids), penicillin amidase (used for selective hydrolysis
in the preparation of antibiotics), pepsin (for the breakdown of dietary proteins into their
constituent amino acid residues), amylase (for glucose extractions from starch) and
glucoamylase ( for hydrolysis of a-D-1,4-glucosidic linkages and a-D-1,6-glucosidic branch in

starch) in batch processes.®
However, batch processing has some intrinsic disadvantages. These include:

e High operating costs of batch reactors due to reactor charging
e Difficult separation of reactant, product, enzyme and cofactors after the reaction

e Batch-to-batch variation and transfer to large scale

On the other hand, continuous flow reactors offer an alternative strategy to conventional batch-
based regimes.’® 148 149 Continuous flow processes are commonly found in chemical and
biotechnological industrial production environments.'>® There are several main differences
between batch and flow processes with respect to production, time and yield. Continuous flow
reactors can provide greater productivity from a fixed amount of enzyme and constant reaction
conditions can be achieved resulting in purer and more reproducible products.?® In continuous
flow reactors the catalyst can be introduced in two ways either by the addition of a
homogeneous catalyst directly into the reaction mixture or via immobilisation of the catalyst
on a solid support. The drawbacks to homogeneous catalysts are the cost of the catalyst and the
need for its removal from the products. The combination of immobilised catalysts and flow
chemistry is a promising way to avoid these problems.'®! Packed-bed reactors have been used

with immobilised catalytic systems since decades in industrial applications. Sparingly cross-
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linked organic and inorganic supports are not suitable in microreactors because they can block

the device, create high back-pressures and cause irreproducibility.t2-154

To address this issue fibres and fabrics made of different polymers can be used as inert solid
supports for enzyme immobilisation in flow based systems. Fibres and fabrics have large
specific surface areas and possess excellent adjustable flow-through properties which facilitate
their use in a continuous flow through process.’®>*° Furthermore, with high enzyme load a
high relative activity can be achieved with these supports.t>® Support with control porosity is
crucial to avoid clogging of the reactor which ultimately resolves the back pressure issue in
most flow reactor systems.™> Fabric supports allow controlled porosity to be achieved via the
fabrication process (i.e. method to convert fibre into the fabric such as knitting and weaving).
Additionally, fibre and fabric supports exhibit good drapability and can be moulded to reactor

geometry and easily removed without leaving any residue.'>" 15

1.7.1 Methods of fabrication

1.7.1.1 Weaving

Weaving forms a textile by interlacing two sets of yarns at right angles by means of a
loom.® Simple woven fabric consists of one set of warp yarns (the length-wise yarn) and
one set of weft yarns (the cross-wise yarn) and all equally contribute to the strength and
appearance of the fabric. The closeness of the fibres is expressed as a number of ends per
centimetre and determines the fabric porosity, i.e. porosity can be controlled by the

changing the number of ends per centimetre (Figure 1.13).
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Figure 1.13. Weave pattern?t®

1.7.1.2 Knitting

Knitted structures are produced from a series of interlocked loops.t®! They are therefore elastic
compared to woven structures. There are two types of knitting structures: weft and warp knits.
In weft knitted fabrics (Figure 1.14B), the fibres run horizontally across the fabric (weft
direction) and the rows or courses of the knitted textile are built up sequentially one above the
other.1%2 Fabrics manufactured by the warp knitting process, on the other hand, are constructed
of fibres running in a vertical axis (warp direction) of the fabric (Figure 1.14A). The porosity

of a knitted structure is altered by changing the loop length.**°

Wrap knitting Weft knitting
A B

Figure 1.14. Different weft and wrap knitting patterns:®?
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Knitting has advantages over weaving such as low preparation time and the use of a single yarn
to produce a structure (weft knit). Knitting can also be used to produce three dimensional

structures,1°8 163

1.7.2 Enzyme immobilisation on fabrics

Fabrics are drawing attention as support matrix for enzyme immobilisation and can be used to
create support materials with bespoke properties (e.g. anti-microbial activity and control of
packaging volatiles) (Table 1.6).1** For example, non-woven polyester fabrics was
immobilised with horseradish peroxidase (HRP) using glutaraldehyde and showed 85%
retention of its activity after 4 weeks of storage at 4 °C against 90% activity loss of the soluble
HRP under the same conditions.'®® Beside from various inorganic carrier materials fabrics have
been used for catalase immobilisation. Catalase was photochemically immobilised on polyester
(PET) and polyamide 6.6 and the immobilised catalase possessed high stability with 3.5 times
higher activity after 20 cycles when compared with the free enzyme.'%® Further more catalase
immobilisation on the cotton fabric was performed with sodium periodate followed by covalent

attachment of the enzyme. %’

Table 1.7 Previous strategies of enzyme immobilisation on fabrics'6®

Polyester (PET) Glutaraldehyde

Peroxidase (HRP
Polyethylene Plasma eroxidase (HRP)

1) Photochemical

Polyester (PET) 2) Diallylphthalate or Catalase
Polyamide 6,6 cyclohexane-1,4-dimethanol
divinyl ether
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Table 1.7 Continued...

Oxidation by sodium

Cotton . Catalase
periodate
Silk fibroin - Tyrosinase
Polyamide 6,6 Glutaraldehyde -
Polyamide 6,6 1) Enzymatic hydrolysis Laccase

2) Glutaraldehyde and spacer

Silk fibroin, Viscose rayon,
PET, Polyamide 6,

Various activation strategies

Glucose oxidase

Polypropylene
Silk fibroin Low-temperature plasma Alkaline phosphatase
1) Esterification with glycine
Cotton 2) Carbonyldiimidazole
/glutaraldehyde Lysozyme
Wool Glutaraldehyde
1) Esterification with glycine
Cotton 2) Carbonyldiimidazole/
glutaraldehyde Organophosphate
PET 1) Ethylenediamine hydrolase
2) Glutaraldehyde
Polyester (Dacron) Ethylenediamine Thrombin
Wool 1) Polyethyleneimine Lipase

2) Glutaraldehyde
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Tyrosinase has been immobilised on fibroin'®and nylon 6,617% Y"1glutaraldehyde crosslinking
agent. and immobilised by entrapment method in alginate, polyacrylamide and gelatin.’
Laccase has been immobilised onto inorganic carrier materials such as alumina pellets for
various applications.!”® Glucose oxidase is extensively used in many applications including
bleaching of textiles.!”* Fabric supports such as viscose rayon, polyethylene terephthalate,

nylon-6, polypropylene and non-woven fabrics of silk fibroin were immobilised with glucose
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oxidase.!”® Urease enzyme was immobilised on cellulose fibre by biotinylation and used in

electrodialysis cell to remove urea.!’®

1.8 Project Objectives

Alcohol dehydrogenase

(A= 340 nm)
...... NADH
Reactant ‘
(EtOH)
NAD*
Y= NH,, COOH, OH, Epoxy v

X= OH, Si-OH, COOH :I—Spacer

Fibrous solid support

Figure 1.15. Schematic representation of ADH immobilised on a fibrous carrier/support to perform

ethanol oxidation with the addition of NAD* cofactor

This project aimed to:

e Fabricate novel flexible fibre based polymer supports which can be functionalised to

allow covalent attachment of enzymes;

e Investigate the feasibility of using fibrous substrates comprised of cotton, nylon,

polyacrylonitrile (PAN), polyvinyl alcohol (PVA) and glass fabric;

e Investigate novel methods to immobilise ADH (model enzyme) on a chemically

modified fibre surface. The reaction to be studied involved the oxidation of ethanol to

acetaldehyde using ADH along with its cofactor NAD*, which undergoes reduction to

NADH;
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e Develop a biosensor or flow reactor system for the catalysis of ethanol to acetaldehyde
in a proof on concept format which incorporates a porous fabric support with
immobilised ADH.

e Structurally characterise and assess the activity and stability of immobilised enzyme

constructs using spectroscopy, mechanical analysis, microscopy and activity assays.

Covalent

Covalent linkage linkage with
bifunctional group X - m Y enzyme X O Y
| v - T Loy |
X = OH, Si-OH, Y= N=C=0, CHO, Cl, Epoxy

COOH, NH,, CN

Figure 1.16. General representation of covalent linkage of an enzyme to a functionalised support

A schematic diagram for support modification and enzyme immobilisation is depicted in
Figure 1.16. Highly active enzyme constructs on fibre/fabric were examined for bioreactor and
biosensor applications. The functionalisation of supports and immobilisation study has been
divided into several sections: The first section describes surface modification of fibre based
supports (e.g. cotton, nylon, polyacrylonitrile (PAN), polyvinyl alcohol (PVA), glass fibre and
glass fabric). A bifunctional spacer was appended to the support to facilitate the covalent
linkage to ADH (i.e. via Y in Figure 1.16). The second section covers the covalent

immobilisation of the enzyme to a range of supports.
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1.9 Summary

The above written introduction chapter serves to review the field of enzyme immobilisation on
solid supports and discussed various supports used in past literature. Gaps and opportunity
section introduces the topic of this research thesis, the immobilisation and characterisation of
ADH on chemically modified fibrous supports. Futher immobilised enzyme constructs
characterisation for stability under varying pH, temperature, time conditions, and ability to
recycling experiments is useful for industrial application. There are main factors to be
considered in the development of immobilised biocatalysts, such as the method of
immobilisation and selection of the support matrix. To achieve high enzyme load and
ultimately a high relative activity can be obtained with fibre and fabric support materials. Fibre
and fabric support with control porosity can be used to avoid clogging of the reactor which
ultimately resolves the back pressure issue in most flow reactor systems There are several
choices available for fibre based supports. Fibrous supports such as cellulose fibre (-OH), glass
fibre (-Si-OH), polyvinyl alcohol (-OH), and polyacrylonitrile (-CN) possess functionalities
which can be used for immobilisation after surface modification or spacer inclusion. In Chapter
2, cotton fabric, nylon fabric and polyacrylonitrile fibre explored as carrier supports for ADH
immobilisation. Chapter 3 describes the surface functionalisation of polyvinyl alcohol (PVA)
fibre and knitted fabric supports. In Chapter 4, surface modification of woven and non-woven
glass fabric studied with various silane reagents. Finally, Chapter 5 describes future work for

this project.
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Chapter 2

This chapter presents i) surface modification of fibrous supports to facilitate
immobilisation of the ADH enzyme, and ii) structural modification of the ADH enzyme

to facilitate the same goal.

2.1 Introduction

In this chapter, the focus is centred on the surface modification of cotton and two synthetic
polymer fibres, nylon and polyacrylonitrile (PAN), to facilitate immobilisation of the ADH
enzyme. The chemistry used for the surface modification of these polymers was adapted from
solution chemistry and solid liquid chemistry. Although each of these supports have been used
to immobilise enzymes, to our knowledge they have not been used to immobilise the ADH

enzyme.
Two different approaches to achieve ADH immobilisation were investigated:

1) Surface modification of the cotton, nylon and PAN fabric fibrous supports (fibre and/or
fabric) followed by immobilisation of ADH via covalent ligation. The functionalisation
of the fibrous supports was assessed by infrared spectroscopy.

2) ADH was modified using bifunctional reagents, e.g. nylon 3-maleimidopropionic acid,
NHS ester (BMPS) and allyl glycidyl ether (AGE). The fibrous supports were then

reacted with the modified enzyme.

After ADH immobilisation onto the modified surfaces, the activity of the enzyme was
measured. Fibre and fabric supports without any surface modification were also exposed to
ADH under similar conditions and used as controls. The fibre and fabric ADH constructs with
the highest activity were then assessed for stability under varying temperature, pH, and storage

time parameters.
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2.2 Soluble ADH concentration and stability
study

ADH concentration and pH stability studies were performed prior to the ADH immobilisation
reactions to determine optimal concentration and ADH stability across a wide pH range. The
ADH concentration study was performed using 0.1 mg/mL to 1.0 mg/mL ADH in 0.05 M PBS
and coupled with an activity assay using NAD" and ethanol in tris buffer (Chapter 1,
Figure 1.11). The detailed experimental and activity data for this study is described in Section
2.6.7 and the results are reported as an average of triplicate runs in Figure 2.1. The rate of an
enzyme-catalysed reaction depends on the enzyme and substrate concentration.® As the
concentration of either is increased the rate of reaction increases and eventually plateaus with
no further increase in concentration. A calibration curve was performed to determine the
maximum usable concentration for conversion of NAD* to NADH. An ADH concentration
above 0.5 mg/mL did not provide an increase in enzyme activity. Hence, further studies were

performed using ADH at a concentration of 0.5 mg/mL.

120 -

100 -

o)
o
1

% Activity
3

20 -

O T T T T T T T T 1 1 1 1

0 010203040506070809 1 1.1
ADH conc. mg/mL

Figure 2.1. ADH concentration study 0.1 to 1.0 mg/mL in PBS buffer (pH 7.5) at RT. The ADH assay was
performed on triplicate samples for each conc. and error bars represent standard deviations. To display
the data, the highest activity was taken as 100% and subsequent activities were normalised accordingly
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Enzyme structure can be affected by changes in pH and hence result in changes in activity. The
optimal pH is the most favourable pH value where the enzyme possesses high activity. Change
in pH such as very high or low pH values can result in complete loss of activity for most
enzymes.? The effect of pH on ADH activity is shown in Figure 2.2. The ADH enzyme was
incubated across a pH range, pH 6.5 to 10.55, at 40 °C in buffered solutions. The pH ranges
and buffer solutions used were: pH 6.5 to 8.0 used Na;HPO4/NaH.PO4 PBS (0.05 M) and
pH 8.5-10.55 used NaxCO3NaHCOs (0.1 M). All solutions were made according to standard
protocol and the final pH was adjusted as required.® The ADH assay conditions were analogous

to those described in Chapter 1 (Section 1.6).

100 H

% Activity
H [<2] o]
o o o

N
o
1

o

Figure 2.2. ADH activity at different pHs. The ADH assay was performed on triplicate samples for each
pH value and error bars represent standard deviations. To display the data, the highest activity was taken
as 100% and subsequent activities were normalised accordingly

At pH 5 and 6, the activity of ADH was > 80% however, optimal pH activity was observed at
pH 7.0. At values above pH 9, ADH activity was negligible. ADH is a multimeric structured
enzyme which under strongly acidic conditions dissociates into its subunits, while under
alkaline conditions the gross tertiary structure distorts resulting in loss of activity.* Analogous
behaviour was reported by Goto and Fink who investigated the effect of ADH salt-induced

inactivation in acidic and alkaline media.> 12
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2.3 Surface modification and immobilisation

2.3.1 Cotton

Cotton is an abundant natural and biodegradable polymer. It is composed of cellulose
consisting of glucose units linked together via glycoside linkages between the C-1 of one
pyranose ring and the C-4 of the next ring.® The reactivity of the hydroxyl groups at positions
2, 3 and 6 of the glucosyl units offers a variety of possibilities for making useful derivatives

(Figure 2.3)."8

Figure 2.3. Cellulose chain showing the glucose units and the position of the hydroxyl groups

Below table (Table 2.1) summarised methods used for immobilizing enzymes onto cellulose

matrixes/supports.

Table 2.1 Cellulose supports for enzyme immobilisation

Cellulose microfiber Laccase, urease Adsorption Biocatalyst 9
. . Covalent .
Tissue Lipase binding Biocatalyst 10
Cellulose membrane GIL_Jcose Entrapment Biosensor 11
oxidase
Electrospun cellulose nanofiber C. rugose lipase C(_)va_lent Biocatalyst 12
membrane binding
: Covalent .
Cellulose hydrogel Peroxidase binding Biocatalyst 13
Cellulose macro porous Galgctose C(_)va_lent Biocatalyst 14
beads oxidase binding
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Table 2.1 Continued...
Cotton yarn Trypsin Covalent Biomedicine 15
y P binding
Non-woven cotton fabric Lysozyme C(_)va_lent Biomedicine 15
binding
. Covalent . .
Cotton gauze bandage Trypsin binding Biomedicine 16
Make-up remover pads C. rugose lipase qua]ent Biocatalyst 15
binding
Covalent . -
Cotton nanocrystal Lysozyme binding Biomedicine 17
Nano fibrillated cellulose Alkaline Cc_>va_|ent Biocatalyst 18
binding
Cellulose acetate beads Catalase Cc_>va_|ent Biosensor 19
binding
Cellulose acetate films Lipase Adsorption Biocatalyst 20
Carboxy methyl cellulose Polyphenol Covalent
! L - 21
beads oxidase binding
Carboxy methyl
Carboxy methyl cellulose film cellulose film Adsorption - 22
Avidin
Cellulose—chitosan beads Penicillin G, Cc_>va_|ent Biocatalyst 23
acylase binding
Carboxy methyl cellulose
silver nanoparticles—silica Amylase Adsorption Biocatalyst 24
hybrid
Cellulose acetate-TiO; gel GIL_Jcose Entrapment - 25
oxidase
Cellulose acetate-TiO- gel fiber Urease, lipase Entrapment Biocatalyst 26
Cellulose acetate—ZrO gel B-Galactosidase Entrapment Biocatalyst 27
Cellulose—coateq magnetite a-Amylase C(_)va_lent Biocatalyst 97
nanoparticles binding
Cellulose Urease Entrapment Biomedicine 28

50

Functionalisation of cotton proceeds mainly through esterification and etherification reactions
involving the primary hydroxyl groups and then can be used for covalent attachment of an
enzyme.?® The covalent attachment involves binding the enzyme amino acid residues

(~NH2, —-COOH, —SH) to the support matrices. The cotton/cellulosic fabric support use in
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covalent immobilisation is of interest in general, however it is the loss of enzyme activity over
time that needs to be decreased.” 3

Herein cotton fabric was used in knitted form (knitting was done on yarn (15 tex) with a
30 inch diameter 22 gauge Bentley 9RJ/36 double jersey knitting machine) and cut into discs
(13 mm disc) (13 mm disc) prior to the modification. The cotton fabric discs were modified
with citric acid and (3-aminopropyl)triethoxysilane amino propyl silane using a modified
procedure described by Edward et al.3* and reacted with ADH. Immobilisation of ADH via

dopamine pre-treatment of the support was also investigated.

2.3.1.1 Citric acid (CA) modification

Citric acid is a tricarboxylic acid which can be used to esterify cotton (cellulose, CEL). Sodium
hypophosphite (NaPO2H> is used as a catalyst for this process. Teramoto et al. report that the
reaction of cellulose with citric acid is very pH-dependant (optimal pH 2) with curing
temperatures between 120-160 °C.%? After surface modification with CA, the cotton fabric
turned yellow.® This colour was postulated to arise from the formation of o,p-unsaturated

carboxylic acid moieties.?
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Scheme 2.1. Citric acid pre-treatment of cotton followed by ADH immobilisation

A comparison of IR spectra for untreated cotton and citric acid modified cotton are shown in
Figure 2.4. The appearance of a new absorbance peak at 1721 cm™ is consistent with ester
formation.3! This stretching frequency peak was accompanied by a broad absorption at 3330-

3332 cm* arising from the hydroxyl groups of the cellulose and linker structure.
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Figure 2.4. FTIR spectra of cotton and cotton-citric fabric

The pendant carboxylic acid groups of the citric acid treated cotton were activated in situ with
EDC/NHS in PBS and the resultant activated ester was then exposed to ADH to form the
immobilised ADH-cotton complex. The ADH activity recorded for the control fabric discs
(i.e. cotton discs exposed to ADH without citric acid modification) was 0.521 + 0.010
mmol/min/g fabric. The activity recorded for ADH immobilised on the citric acid-cotton was
0.881 + 0.08 mmol/min/g fabric. Since there was only a 1.6 fold increase in activity compared
to the control cotton fabric the observed activity is largely due to nonspecific binding via
physical adsorption (i.e. electrostatic/nydrogen bonding) between the charged enzyme and

unmodified cotton surface

53



Chapter 2

2.3.1.2 Silane modification

A silane derivative, (3-aminopropyl)trimethoxysilane (APTMS), was also used to modify the
cotton fabric. This approach used mild reaction conditions and offered a facile way to introduce
an aminosilane functionality onto the cotton fabric surface. The methoxyl groups on APTMS

are easily hydrolyzed to form silanol which can readily react with the cellulose hydroxyl

groups.*
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Scheme 2.2. Cotton activation with APTMS reaction to form ADH-cotton constructs

IR analysis of cotton fabric and cotton silane amine fabric is shown in Figure 2.5. The spectrum
of the silyl amine-modified cotton fabric showed a peak at 1559 cm™ which corresponds to
N-H bending (1640-1560 cm™) consistent with a primary amine functionality. The N-H and

O-H stretching bands are overlapped and observed at 3500-3300 cm™.
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Figure 2.5. FTIR spectra of cotton fabric and cotton-silane amine fabric

Following cotton functionalisation, the ADH enzyme can be activated with EDC/NHS to form
an activated ester and subsequently reacted with aminosilane functionalised cotton fabric
(Scheme 2.2). The activity of the ADH immobilised on the control cotton fabric was measured
to be 0.737 + 0.018 mmol/min/g fabric while the activity on the silane amine modified cotton
fabric was measured at 1.985 + 0.0210 mmol/min/g fabric, an approximate three fold increase
in activity compared to the control. ADH immobilised on silane amine cotton support was
studied for pH stability across a pH range of 5 to 10.5 and residual activity was measured

(Figure 2.6).
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Figure 2.6. Effect of pH on the activity of free and immobilised ADH. The reactions for each pH
measurement were performed in triplicate and error bars represent standard deviations. The highest

activity was taken as 100% and subsequent % activity was normalised against this value

Figure 2.6 shows the effect of pH on the activities of soluble ADH and immobilised ADH on
silane cotton support; the detailed experimental procedure and activity data are described in the
Experimental Section 2.6.3.1.2 (Table 2.6). The optimal pH for both the soluble and the
immobilised ADH was 7.0. In this case, the optimal pH and activity profile across the pH range
did not significantly change after immobilisation. However, the immobilised ADH enzyme
showed decreased activity in the pH range 5 to 6 (55% and 66% respectively) compared to
soluble ADH at the same pH (77% and 86%). No shift of the enzymatic optimum pH value
was observed which suggests that the microenvironment of the support did not change and an
improved method for enzyme immobilisation was required. While this was encouraging we
hoped to see high activity over a broader pH ranges. Hence further different modification and

ADH immobilisation studies were continued.
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2.3.1.3 Polydopamine modification

Polydopamine (PDA) is a biocompatible component of melanin (eumelanin). Under weak
alkaline conditions (approximately pH 8-8.5), the catechol functional groups present on
dopamine are oxidized to quinone, which can then react with other catechols and/or quinones
to form polymerized dopamine (PDA).*® The most widely investigated reactions involving
PDA involve cross-linking with amine and/or thiol containing enzyme or ligands via Michael
addition and/or Schiff base reactions (Scheme 2.3).3”-3 Due to the simplicity and versatility of
the method, this approach has been widely exploited for substrate functionalisation since its
discovery in 2007.3" For example, trypsin has been immobilised on cellulose paper,®
bivalirudin peptide on stainless steel,* and polylysine on neuronal interface materials
(e.g. gold, glass, platinum, indium tin oxide and liquid crystal polymer).*® While dopamine
polymerised fibrous surfaces have not been used for ADH immobilisation, it was hypothesized

that cotton-PDA fibrous supports could be used to form stable ADH enzyme constructs.

OH O OH
(0] HO -
HO\(E pH 8.5 § Enzyme -SH SR
- Michael addition

OH (6] OH NH-R

HO (o) HO NH-R (©)
pH 8.5 Enzyme-NH,
EEEE—— EEEm——
or

A v

Michael addition Schiff base
reaction

Scheme 2.3. Pathway for the reaction of dopamine with thiol and amine containing nucleophiles3®
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The fabrication process of PDA-coated cellulose fabric is schematically illustrated in Figure 2.7. The
cotton fabric discs were immersed in an aqueous solution of dopamine. After 24 h, the aqueous

solution became black-brown, indicative of self-polymerization of dopamine.**

Cotton fabric Q

Polydopamine

NH,
 —
O
O
(|) | | ? | | | O
Cellulose Cellulose Cellulose Cellulosé

Cotton  (Cotton-PDA

Figure 2.7. Schematic illustration of the PDA-coated cellulose fabric

The cotton-PDA fabric discs were then treated with ADH and the activity was measured. The
immobilised ADH showed an activity of 2.271 £ 0.28 mmol/min/g fabric on dopamine
modified cotton support where control cotton fabric activity (i.e. non-modified cotton) was
0.871 + 0.19 mmol/min/g fabric. The observed activity represents only a 2.5 fold increase
which again is indicative of a sub-optimal immobilisation process. Additionally, the observed
decreased ADH activity could potentially arise from an undesirable reaction of active site
amino acid residues (e.g. cysteine and lysine) with dopamine which are involved in the

catalysis mechanism.
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2.3.2 Nylon

Nylon was one of the first commercialised synthetic fibres.*? Nylon possess good chemical
resistance, low toxicity and are available in a number of forms such as film and fibre. Several
processes have been reported for the functionalisation of nylon surfaces using chemical and
physical methods.*? In the literature, nylon has been used as a carrier for enzyme
immobilisation in various forms such as membranes,* film** and non-woven fabric.*® The

existing techniques used for immobilizing enzymes onto nylon matrices are summarised in

Table 2.2.
Table 2.2 Nylon supports for enzyme immobilisation
Nylon film

Laccase Covalent Biocatalyst 46

Nylon membrane
Nylon membrane Invertase Covalent Biocatalyst 47
Nylon 6,6 non-woven Laccase Covalent Biocatalyst 48
Nylon-6 microbeads Invertase Covalent Biocatalyst 49
Nylon membrane Urease Covalent Biosensor 50
Nylon powder Beta-xylosidase Covalent Bioreactor 51
Nylon-6 Pectin lyase Covalent Bioreactor 52
Nylon mesh Acetylcholinesterase Crosslinking Biosensor 53
Nylon-6 beads Trypsin Covalent Biocatalyst 54
Nylon-6 non-woven Glucose oxidase Covalent Biosensor 55
Nylon-6 non-woven Thermolysin Covalent Biocatalyst 56
Nylon tubes Invertase Covalent Biocatalyst 57

In the subsequent section, nylon 6 fabric in knitted form was used for surface modification.
The surface modification involved activation via partial acid hydrolysis (using HCI) of the
amide bond to liberate reactive amino and carboxyl groups. The amino groups can then be
reacted with glutaraldehyde (GA) to immobilise ADH.*®
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Nylon knitted fabric was stamped out in discs (13 mm diameter) and hydrolyzed with HCI. The
hydrolysis process was optimized by changing the HCI concentration (2 N to 8 N) and reaction
temperature (RT to 70°C). The treated fabric was characterised with infrared spectroscopy.
Exposure of the fabric to the high concentration of HCI (e.g. 8 N HCI) resulted in fabric
disintegration. Exposure to 4 N HCI, however, provided sufficient hydrolysis without
decomposition of the fabric. The hydrolyzed discs were then activated with 2.5% GA (w/w)
and i) reacted directly with ADH (Scheme 2.4, Process A), or ii) pre-treated with ethylene
diamine to install a linker prior to reaction with ADH (Scheme 2.4, Process B). The modified

nylon discs from processes A and B were then assessed in activity assays.
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Scheme 2.4. Nylon polymer backbone modification (Processes A and B) and ADH immobilisation. Sodium

borohydride reduction of imine (Process C)

The activity observed from direct ADH immobilisation on the GA functionalised nylon
(Process A) was 1.64 + 0.16 mmol/min/g fabric; Process B, utilising an EDA spacer, gave
lower activity, 1.143 + 0.25 mmol/min/g fabric. ADH immobilised on control nylon fabric
showed an activity of 1.037+ 0.25 mmol/min/g fabric. There was little overall difference in
activity recorded between processes A, B and the control fabric which is indicative that
considerable activity is arising from the non-covalent attachment of the ADH to the nylon

(Scheme 2.4). One of the reasons for the low activity could be due to the hydrolytically unstable

imine functional group.
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As a result of the low activity difference, an additional approach was investigated involving
the reduction of the imine with 0.1 M sodium borohydride (in PBS pH 8.1) as shown in
Scheme 2.4 (Process C). Unfortunately, after borohydride reduction a significant loss of
activity (0.015 + 0.05 mmol/min/g fabric) was observed. A possible reason for this could be
due to the denaturation of the enzyme from the modification of key amino residues (lysine and
arginine) in the ADH enzyme. A similar observation was reported by Macro et al. when ADH
from horse liver was reduced with borohydride.®® The amino acid sequence and tertiary
structure of horse liver and yeast ADH are highly similar.%% * Due to the disappointing
activities shown by the nylon-enzyme constructs further exploration with nylon fabric was

discontinued.

2.3.3 Polyacrylonitrile (PAN)

Polyacrylonitrile (PAN) has attracted great attention due to its thermal stability, tolerance to
most solvents and high strength.%? For effective enzyme immobilisation, reactive functional
groups have to be introduced into the PAN backbone in order to surmount the chemical
inertness and the hydrophobicity of the polyacrylonitrile chain.®® PAN possesses nitrile groups
which can be modified to enable enzyme immobilisation by plasma and photo-induced graft

copolymerisation,® enzymatic® and chemical modification (Table 2.3).56 67

Table 2.3 PAN supports for enzyme immobilisation

PAN nanofibre Cellulase Covalent Bioreactor 68
Polyacrylonitrile Acetylcholinestera Adsorption Biocatalyst 69
membranes se
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Table 2.3. Continued...

Support im'\r:gtbr}ﬂga(;ifon Application Ref.
Polyacrylonitrile nanofibres Laccase Covalent Bioremediation 70
Polyacrylonitrile nanofibres | Glucose oxidase Covalent Biocatalyst 71
Polyacrylonitrile nanofibres Cellulase Covalent Biocatalyst 68

Polyacrylonitrile fibres Penicillin acylase Covalent Biocatalyst 72
Polyacrylonitrile nanofibers Catalases Covalent Biocatalyst 73
Polyacrylonitrile powder Urease Covalent Bioreactor 74
Polyacrylonitrile Amyloglucosidase Covalent Biocatalyst 75
membranes

In this section, PAN in fibre (yarn) form was surface modified to generate amino functionality
to facilitate ADH enzyme immobilisation. A number of different modification reactions were
investigated using ethylenediamine, diethylenetriamine and polyamine to generate aminated
PAN fibre surfaces prior to ADH immobilisation. Reaction conditions are summarised below

in Table 2.4

Table 2.4 Attempted PAN fibre surface modifications

Reaction

HZ’N\/\N/\/Nl-|2 kj
n
NH
1 N 95°C,18 h N
NH

63



Chapter 2

Table 2.4. Continued...

2 N HN"N\_NH;, n
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Table 2.4 summarises several unsuccessful attempts to generate aminated PAN fibres.
Unfortunately, each attempt was unsuccessful (as revealed by infrared spectroscopy). This may
have been due to deleterious inter and intra molecular reactions of the PAN homopolymer.*
Further attempts to achieve ADH immobilisation on this fibrous support were not made. The
lack of success in achieving stable and high activity fabric-ADH constructs on cotton, nylon

and PAN fibrous supports therefore forced us to consider other ways to achieve this end.
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2.4 ADH modification

An alternative approach to surface functionalisation of the fibre support is via the modification
of the enzyme.®:"® The chemical modification of an enzyme can be made site-directed by using
chemistries directed to specific groups introduced into a protein/enzyme structure (e.g. Diels-
Alder cycloaddition).”” Chemical activation of an enzyme with glutaraldehyde can be used to
achieve immobilisation onto polyethylenimine (PEI) or chitosan support.”® The chemical
modification of enzyme suffers from distinct drawbacks such as various range of chemical
groups can be introduced into the enzyme structure,’® does not require detailed enzyme
structure knowledge and it is such rapid (contrast with genetic modification) that it can’t be

controlled.”

In this section, ADH enzyme was chemically modified with small bifunctional reagents to
achieve stable ADH-fabric/fibre constructs. This was undertaken by either modifying key
functional groups or cross-linking the enzyme with bifunctional reagents such as nylon
monomers (C3 and C6), allyl glycidyl ether (AGA) and BMPS. The subsequent functionalised
ADH could then be immobilised on a suitable modified fibrous support through SH, OH or
NH: functional groups.

The disadvantage of this approach includes the risk of covalent enzyme aggregation (using
bifunctional reagents) and changes in the enzyme surface properties. The length of the cross
linking reagent should be shorter or equal to the distance between the reactive groups that are

in the enzyme.
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2.4.1 Modification with Nylon monomers

a,B-Unsaturated esters are known to undergo rapid addition of alkyl and aryl thiols. Hence a
novel approach to ADH immobilisation was explored using unsaturated variants of C4 nylon
monomer (methyl 4-ammonium but-2-enoate triflate) and C7 nylon monomers (methyl 6-
ammonium hex-2-enoate triflate) (Scheme 2.5). We hypothesised that surface active cysteine
residues could be used to achieve covalent ligation of the enzyme to the monomer unit,® and

later upon success, translate the chemistry into an unsaturated nylon polymer.

0] S O
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OTf ,H3N\F¢\)LOM6 OTf .HsN\MOMe
1. ADH (1ug /ml) / PBS 40 min

Nylon monomer C4 -

2. ADH (1ug /ml) / PBS 4 h

o
.
“OTf H3N /\/\MOMe

S O
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“OTf HaN /\/\P“"J\/U\owle

Scheme 2.5. Proposed ADH modification using unsaturated nylon monomers

ADH was reacted with unsaturated nylon monomers and assessed by LCMS and an ADH
activity assay. Despite the LCMS showing only the molecular ion of the starting enzyme
(m/z 8911.11), the activity of the enzyme was significantly affected. ADH exposed to C4
unsaturated nylon monomer has an activity of 0.921 mmol/min/g activity whereas C7
unsaturated nylon modified ADH showed an activity of 0.972 mmol/min/g activity. Soluble
ADH on the other hand, showed a significantly higher activity at 2220.16 mmol/min/g.
Apparent ADH inactivation may have resulted from a catalytic thiol being involved in the

conjugate addition reaction instead of a surface thiol. The employment of a regioselective
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reaction could be employed to avoid destruction of the catalytic domain but this was not

investigated in this project.

2.4.2 Modification with BMPS

3-Maleimidopropionic acid N-hydroxysuccinimide ester (BMPS) is well known cross-linker
which consists of succinimidyl ester (SE) which is an amine-reactive functional group and a
sulfhydryl-reactive maleimide group. Primary amines at pH 7 to 9 can react with NHS esters
to form stable amide bonds and at pH 6.5 to 7.5 maleimides react with sulfhydryl groups to
form stable thioester bonds. Bui and co-workers have employed BMPS to conjugate
Clenbuterol, a small molecule, to BSA and Keyhole Limpet Hemocyanin (KLH) proteins and
this construct was successfully used to raise antibodies.®! Hence, BMPS was allowed to react
with ADH to form an ADH-NHS intermediate according to the literature procedure. On this
basis, it was postulated that the NHS ester of the ADH-NHS intermediate could be utilised to

achieve immobilisation on a thio-silane modified fibrous support (Scheme 2.6).

OH

o) ° yNH o}
o N N PBS pH7.4 ot
NH + N~ I — HS sil_ |
2 & l(\/ ) 40 min o Nﬁ + S Ne|
o) & :

ADH BMPS ADH-NHS intermediate

Fibrous support

Scheme 2.6. Proposed schematic for ADH immobilisation using BMPS
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Upon reaction with BMS, the ADH-NHS intermediate was purified with Sephadex (G-25
desalting column) to remove excess low molecular weight BMS reagent. The activity of the
ADH-NHS adduct was measured after column purification and compared with soluble ADH

(both at RT and after 40 min of incubation) and the results are represented in Table 2.5.

Table 2.5 Activity data measured before and after Sephadex purification

ADH at RT 2200.01 £ 0.23
ADH 40 min incubation at RT and Sephadex 2100.31 + 0.07
ADH + BMPS after reaction at RT 8.034 £ 0.06

ADH-NHS intermediate and Sephadex

+
(i.e. ADH + BMPS 40 min incubation) 5.601£0.02

Reacting BMPS with ADH had a detrimental effect on ADH activity, with activity reducing
from 2200.01 to 8.034 mmol/min/g. The unexplainable activity loss was recorded upon
incubation with BMPS and column purification (5.601 £0.25 mmol/min/g). The soluble ADH
after incubation and Sephadex purification showed an insignificant loss in activity
(2100.312 = 0.75 mmol/min/g) compared to ADH at RT. The ADH activity data herein
described revealed that soluble ADH is stable at RT and exposure to the Sephadex solid phase.
This result was disappointing and necessitated the exploration of other immobilisation

strategies.
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2.4.3 Modification with AGE

Finally a strategy for the immobilisation of ADH enzyme was investigated using bifunctional
AGE. The AGE reagent provides a reactive epoxide group which is able to react spontaneously
at room temperature with an amino functionality within an enzyme, and the pendant allyl
groups can be used to effect photochemical fixation to the fibrous support material
(Scheme 2.7). Opwis et al. successfully immobilised allyl-derivatised catalase to a fibre support
via photochemical immobilisation.®? Similarly, we proposed that the ADH enzyme could be

functionalised with AGE and fixed to a fibrous support via photochemical grafting.

/\/O\/L\O

A) 45 min / RT

NH2 B — e
B) 4 min/RT OH

Irz

Scheme 2.7. Proposed ADH modification with allyl glycidyl ether

AGE modification of ADH was carried out for 45 min (A) and 4 min (B) to observe the effect
of reaction time on ADH activity. For both time trials, the ADH concentration (1mg/mL) was
kept constant and AGE concentration was varied. Detailed experimental data can be found in
Section 2.6.4.3 and Table 2.8. Soluble ADH was treated analogously and subsequently assessed
for activity and used as a control for these reactions. Figure 2.8 represents the effect of varying

AGE concentration on ADH activity over 45 min.
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Figure 2.8. Effect of AGE concentration on ADH activity. The ADH assay was performed on triplicate
samples for each conc. and error bars represent standard deviations. To display the data, the highest

activity was taken as 100% and subsequent activities were normalised accordingly

ADH activity was found to decrease as AGE concentration increased and may arise from non-
site specific alkylation at key active site residues (Figure 2.8). Enzyme activity arising from
shorter time trails, regardless of ACE concentration, remained high. The details of reaction
conditions used and measured activity data are described in Experimental Section 2.6.4.3
(Table 2.8 and Table 2.9). Here we hypothesised that the higher activity may be due to free

ADH oxidation at low reaction time and not due to the AGE modified ADH.

2.5 Conclusion

In conclusion, all attempts at ADH modification, with nylon monomer, BMPS and AGE,
resulted in the loss of enzyme activity suggesting that site-specific modification of the enzyme
is required for a high activity construct.2® Such protein engineering, however, was outside the
scope of this project. Effective surface modification of fibrous nylon and PAN was also
unsuccessful. Subsequently, in Chapter 3, it was decided to investigate surface modification of
polyvinyl alcohol (PVA). The PVA fibres were also knitted into fabric structures and employed

in surface modification experiments.
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2.6 Experimental Section

2.6.1 Instrumentation

Infrared spectroscopy (IR) was carried out using a Nicolet 6700 ATR-FTIR (Thermo
Scientific) in absorbance mode. IR absorptions are reported in wavenumbers (cm™) with the
relative intensities expressed as s (strong), m (medium), w (weak) or prefixed b (broad).

Enzyme assays were carried out using a Cary 300 Bio-UV visible spectrophotometer at 340nm.
The textiles or fabrics were knitted either on a circular 3.5 inch FAK fibre analysis knitting
machine using a 35 gauge (35 needles per inch) needle bed or flatbed Shima Seiki WG 24

gauge bed machine.

2.6.2 Solvents and reagents

Acetone, hydrochloric acid (concentrated HCI), dichloromethane (DCM), ethanol (EtOH),
methanol (MeOH), tetrahydrofuran (THF), triethylamine (TEA), acetic acid (glacial 100%,
AR) were purchased from Merck and used without further purification.

3-Aminopropyl trimethoxysilane (APTMS), tris buffer, B-nicotinamide adenine dinucleotide
(NAD"), sodium bicarbonate (NaHCO3), sodium carbonate (Na2COs), sodium hydroxide
(NaOH), citric acid, glutaraldenyde (25% solution in water), 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide  (EDC), 2-(N-morpholino)ethane  sulfonic  acid,
ethylenediamine (EDA), 2,2'-diaminodiethylamine, allyl glycidyl ether (AGE), sodium
borohydride (NaBH4), 2-(3,4-dihydroxyphenyl)ethylamine hydrochloride and alcohol
dehydrogenase (ADH) from yeast (300 units/mg) was purchased from the Aldrich, Australia.
B-Nicotinamide adenine dinucleotide, reduced disodium salt hydrate (NADH) was purchased

from Alfa Aesar, Australia.
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Methyl 4-ammonium but-2-enoate triflate and Methyl 6-ammonium hex-2-enoate triflate were
gifts from Monash University, Australia.

The bleached cotton yarn (15 tex) was purchased from Leading Textiles Pty Ltd, Tullamarine,
Australia.

The nylon multifilament (34 filaments) yarn (48 Denier) was a gift from Leading Textiles Pty
Ltd., Tullamarine, Australia.

Polyacrylonitrile multifilament (count 2/18K, 64Tex) yarn (Acrilan™) was a gift from

Bradmill Pty Ltd., Bendigo, Australia.

ADH Activity

Surface modification reactions were performed on fabric discs in bulk total mass (1-2 g) and
enzyme immobilisation activity was measured on a single disc of known mass (8-10 mg) in
triplicate according to the procedure described in Experimental Section 2.6.6. The activity was

calculated from absorbance (Abs) using the following formula:
A=gXxcXxl,
c=Alexl

where A is the absorbance, ¢ is the extinction coefficient (6220 M cm™), ¢ is the concentration

(M) and l 1s the path length (cm).
Conc.mmol = Conc (mM) / Assay volume
Total activity = Conc. mmol / Time (i.e. assay time in min)

Activity (Specific activity) of immobilised ADH = Conc. mmol/Time (min) / Weight of fabric

disc (g)

Activity (Specific activity) of soluble ADH = Conc. mmol/Time (min) / Weight of ADH (g)
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2.6.3 Experimental Procedures

2.6.3.1 Cotton

Cotton fabric was knitted from yarn (15 tex) with a 30 inch diameter 22 gauge Bentley 9RJ/36
double jersey knitting machine set to interlock. The fabric was cut into 13 mm discs and washed

with deionised water prior to chemical surface modification

2.6.3.1.1 Citric acid (CA) modification

OsOH
o) o
OH
OH
HO OH OH
ol
HO HO™ >
g HO NaPO,H, 160°C ~  CEL CEL
n

OH
B(1-4)
CEL

The cotton fabric citric acid modification was performed according to a procedure described
by Edwards.3! Cotton discs (13 mm diameter, 0.50 g) were immersed in aqueous solution of
7% citric acid and 4.8% sodium hypophosphite monohydrate (10 mL) for 1 h. The cotton discs
were dried at 85 °C for 25 min and cured at 160 °C for 10 min, then washed with water
(20 ml; 3 x 10 min) and dried at 60 °C for 1 h. IR: 3330-3332bs, 2899bs, 2162w,1721bs,1427w,

1315w, 1103m, 1030m, 662m, 612m cm™.

1) ADH immobilisation

The above citric acid-cotton fabrics were placed in the EDC/NHS mixture (10 mmol/20 mmol,
in 0.2 M PBS, pH 5.5). The samples were allowed to shake for 1 h, before being filtered and

washed with PBS (0.05 M, pH 7.5). The EDC/NHS activated fabrics were then added to the
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ADH solution (5 mL, 0.5 mg/mL) in PBS (0.05 M, pH 7.5) and incubated at 4 to 8 °C for
19 h. The cotton fabric without CA treatment was immobilised with ADH as per the above
protocol and used as a control. Both immobilised discs were washed with PBS buffer (0.05 M,
pH 7.5) to remove unbound enzyme and individually assayed for activity according to the

procedure described under the ADH assay (Section 2.6.6).

2.6.3.1.2 Silane amine modification

HN
OH HO-Si-OH
NHz OH 110 °C, 30 mi 0 4
, 30 min
He 0 o 9 R Sahihalicy N 0 0
HoS! : HO © > ©
OH = —HO HO HO HO™ HJ
. HO
B(1-4) B(1-4) :

Cotton fabric silane amine modification was performed according to a procedure described by
Edwards.3! A solution of APTES (5%, 8 mL) in ethanol: distilled water (3:1) was prepared and
the pH of the solution was adjusted to 4.5 with acetic acid. Cotton fabric discs (0.8 g) were
immersed in the above solution and stirred for 1 h at RT. Further silane treated cotton discs
were dried and placed in a convection oven at 110 °C for 1 h to cure. The fabric samples were
then rinsed with 60 mL of 3:1 ethanol/ distilled water to remove physio-absorbed silane reagent
and dried overnight at RT. IR: 3550-3300bs, 2900bs, 2162w, 1627w, 1559bs, 1427w, 1315w,

1103m, 1030m, 662m, 628m cm™.
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1) ADH immobilisation

ADH immobilisation was performed according to the procedure outlined in Section 2.6.3.1.1
under the following conditions: ADH (2 mL, 0.5 mg/mL), EDC (10 mg, 10 mmol) and NHS
(160 mg, 35 mmole) were added to the above ADH solution and the mixture was stirred for
45 min at RT. The silane modified cotton fabrics were placed in the ADH/EDC/NHS solution
and incubated at 4 to 8 °C for 19 h. The cotton fabric discs without silane modification were
immobilised with ADH in an analogous fashion and were used as controls. The discs were then
washed with PBS (0.05 M, pH 7.5, 10 mL; 3 x 5 min) to remove any unbound enzyme and

individually assayed as per the procedure described for the ADH assay (Section 2.6.6).

2) Soluble and immobilised ADH pH stability

The effect of pH on enzyme stability was measured in different buffer systems incubating the
soluble and immobilised ADH at 40 °C for 2 h (Figure 2.6). Sodium phosphate buffer
(0.05 M) was used for the pH 6.5 to 8.0 region and sodium carbonate/bicarbonate buffer
(0.1 M) was used for the pH 8.5 to 10.5 region. The enzyme was then slowly brought to RT
and activity was determined as per the ADH activity assay (Section 2.6.6). Detailed activity

data is presented below in Table 2.6.
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Table 2.6 Effect of pH on soluble and immobilised ADH (silane cotton support) activity

Effect of pH on the activity of soluble ADH
5 1.581 6200 0.255 0.255 0.064 1275.00
1.570 6200 0.253 0.253 0.063 1265.00 1276.667
1.601 6200 0.258 0.258 0.065 1290.00
6 1.820 6200 0.294 0.294 0.073 1470.00
1.810 6200 0.292 0.292 0.073 1460.00 1465.000
1.818 6200 0.293 0.293 0.073 1465.00
7 2.096 6200 0.338 0.338 0.085 1690.00
2.120 6200 0.342 0.342 0.085 1710.00 1698.333
2.100 6200 0.339 0.339 0.085 1695.00
8 1.635 6200 0.264 0.264 0.066 1320.00
1.610 6200 0.260 0.260 0.065 1300.00 1315.000
1.640 6200 0.265 0.265 0.066 1325.00
9 0.087 6200 0.014 0.014 0.003 70.00
0095 | 6200 | 0015 | 0.015 0.004 7600 | 380
0.090 6200 0.015 0.015 0.004 75.00
10.5 0.066 6200 0.011 0.011 0.003 55.00
0.076 6200 0.012 0.012 0.003 60.00 56.670
0.068 6200 0.011 0.011 0.003 55.00
Effect of pH on activity of immobilised ADH
5 0.244 6200 0.039 0.039 0.010 0.984
0.250 6200 0.04 0.040 0.010 1.008 0.997
0.248 6200 0.04 0.040 0.010 1.000
6 0.351 6200 0.057 0.057 0.014 1.415
0.356 6200 0.057 0.057 0.014 1.435 1.434
0.360 6200 0.058 0.058 0.015 1.452
7 0.436 6200 0.070 0.070 0.018 1.758
0.443 6200 0.071 0.071 0.018 1.786 1.776
0.442 6200 0.071 0.071 0.018 1.782
8 0.404 6200 0.065 0.065 0.016 1.629
0.409 6200 0.066 0.066 0.016 1.649 1.641
0.408 6200 0.066 0.066 0.016 1.645
9 0.380 6200 0.061 0.061 0.015 1.532
0.380 6200 0.061 0.061 0.015 1.532 1.532
0.390 6200 0.063 0.063 0.016 1.573
10.5 0.116 6200 0.019 0.019 0.005 0.468
0.122 6200 0.020 0.020 0.005 0.492 0.485
0.123 6200 0.020 0.020 0.005 0.496
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2.6.3.1.3 Polydopamine modification

H
H,N
2 H
10 mM Tris buffer HN"X
pH 8.8 polymerisation
— —
HO  OH
OH  OH ? o o O o

Cellulose Cellulose Cellulose Cellulose

Polydopamine modification on cotton was carried out as per the procedure described by
Q. Xu.et al..** Dopamine solution (10 mL, 0.2 mol/L) was prepared by dissolving dopamine in
tris buffer (10 mM). The pH of the solution was adjusted to 8.8 by HCI to induce
polymerization. The cotton discs (1.01 g) were immersed in the above prepared dopamine
solution at RT and stirred for 24 h at 21 °C. The discs were rinsed with distilled water

(20 mL; 3 x 5 min) and dried at 55 °C for 18 h.

1) ADH immobilisation

The above PDA modified cotton fabrics discs were placed into the ADH solution (4 mL,
0.5 mg/mL) in PBS (0.05 M, pH 8.1) and incubated at 4 °C to 8 °C for 19 h. ADH immobilised
PDA discs were washed with PBS (0.05 M pH 8.1, 10 mL; 3 x 5 min) and individually assayed
according to the procedure described under the ADH assay (Section 2.6.6). Cotton fabric discs
without dopamine modification were immobilised with ADH in an analogous fashion and used

as a control.
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2.6.3.2 Nylon

2.6.3.2.1 Glutaraldehyde modification = Process (A)

Q H
N _~_~_NH 4N HCI, 2 h
HO — > H
o} Step-1
n

R hel
o Q 3
Iy 172}
2 o =4 0 H2N S )(l

c c

c o
5 9 ':"JJI g‘ﬁ:
g OH GA (25% wiv) s OH o G OH
5 HENT2NGZS
o f—NH, PBSpHE 2N H opBS pHB1 2 N~ N
£ 25°C, 10 8% 4°c,18h 8
. c 5
_S_ Stop-2 Q;»f’ Step-3 %
> z “

Step-1 Hydrolysis

Nylon fabric discs (1.5 g) were immersed in ag. 4 N HCI (20 mL) for 2 h at RT, then washed
with excess distilled water (50 mL; 10 x 10 min) until the pH of the washing solution reached
neutral. The discs were dried at 85 °C for 3 h in an oven prior to IR analysis. IR: 3298bs, 3068bs,

2930bs, 2858bs 1749m,1632bs,1531bs 1474m, 1464m, 1370w 1272m, 1197m, 1139s, 934w,

905w cmL,

Step-2 GA activation

The GA activation was carried out according to the procedure described by S. Pahujani.>® The
acid treated nylon fabric discs (0.82 g) from Step-1 were added into 2.5% w/v GA solution
(10 mL) in PBS (0.05 M, pH 8) and incubated for 1 h at RT. The GA activated discs were then

washed with distilled water (20 mL; 5 x 5 min) and dried at 60 °C for 1 h.
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Step-3 ADH immobilisation

The GA activated disc (0.5 g) from Step-2 were added to the ADH solution (5 mL, 0.5 mg/mL)
in PBS (0.05 M, pH 8) and allowed to incubate at 4 °C for 18 h. The discs were then washed

with excess PBS (0.05M, pH 8.0) and assayed individually to measure activity. Nylon fabric
discs (0.05 g) were immobilised with ADH in an analogous fashion to measure activity and

used as the control.

2.6.3.2.2 Ethylenediamine spacer-> Process (B) & (C)

~1 o o
2 §;: PS 2§ AOH
o= OH 8=
S gr; WOL EDA kS| grrr GA (2.5%wIv)
59 N > c 8 NN B —
38 N H  1ghRT 25 N \ PBS pH 8,
Z5 zZ 3> o
= Step-2 = H 25°C, 2h
57 NH, Step-3
~X 0
3K PN e i I
52 OH °
85 5 5
2 g (0] N S T OH
2% \‘rr' N 7N\/\ = ‘E g
NN 5
E‘ g\_,—l'r N N H PBS, pH 8.1 _g, e NWN\/\NWN
2 4°C,18h Z5
oo Step-4
- I
0.1M NaBH,CN 1
in PBS, pH 8.1 S8 "
c O
— - 0% WN\/\ PN N
30 min, 25 °C s N N N
Step-5

Step-2 EDA spacer (B)

GA activated nylon fabric disc (0.25 g) from Section 2.6.3.2.1 were incubated in 5 % v/v
ethylenediamine (10 ml) in PBS (0.05M pH 8.0) for 18 h at RT. The discs were subsequently

washed with distilled water and PBS (0.05M, pH 8.0) (25 mL; 4 x 5 min) respectively.
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Step-3 & 4 GA activation and ADH immobilisation

The ethylenediamine activated nylon fabric discs (0.210 g) were subjected to 2.5 % v/v
GA treatment (5 mL) in PBS (0.05 M, pH 8) and subsequently immobilised with ADH (5 mL,
0.5 mg/mL) in PBS (0.05 M, pH 8) according to the procedure described in Step 2 and Step 3

in Section 2.6.3.2.1.

Step- 5 Sodium borohydride reduction (C)

Reduction of the imine was carried out according to the procedure described by F. H. Isgrove.®
Three ADH-nylon fabric discs (0.05 g) prepared in Step 4 (Section 2.6.3.2.2) were exposed to
NaBH; (0.1 M, 2 mL) in PBS (0.05M, pH 8.0) solution for 30 min at RT. The fabric discs were
removed from the solution and washed with distilled water (10 mL; 3 x 5 min), followed by
brine solution (1 M NaCl in 0.05 M PBS, pH 8.0) containing 0.5% v/v Triton X-100 (10mL;
1 x 5 min) and finally washed with PBS (0.05M, pH 8.0, 10 mL; 3 x 3 min).Detailed activity

measurements for process A, B and C are presented in Table 2.7.

Table. 2.7 ADH immobilised on nylon 6 fabric support ADH activity data

Treatment- Activity data for ADH immobilised on GA activated nylon fabric (A)

0.285 6200 0.046 0.046 0.011 2.298

0.283 6200 0.046 0.046 0.011 2.280 2 208
0.286 6200 0.046 0.046 0.012 2.310

0.285 6200 0.046 0.046 0.011 2.296

Control- Activity data for ADH immobilised on nylon fabric

0.103 6200 0.017 0.017 0.004 0.830

0.095 6200 0.015 0.015 0.004 0.768 0.790
0.096 6200 0.015 0.015 0.004 0.771

0.098 6200 0.016 0.016 0.004 0.790
Treatment —Activity data for ADH immobilised on nylon fabric via GA+ DEA + GA spacer(B)
0.147 6200 0.024 0.024 0.006 1.187

0.226 6200 0.036 0.036 0.009 1.823 1.603
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Table 2.7 Continued...

0.223 6200 0.036 0.036 0.009 1.798

Control- Activity data for ADH immobilised on nylon fabric
0.127 6200 0.020 0.020 0.005 1.024
0.126 6200 0.020 0.020 0.005 1.016 1.014
0.124 6200 0.020 0.020 0.005 1.001

Treatment-Immobilised ADH activity data after imine reduction (NaBH4 treatment) (C)

0.064 6200 0.010 0.010 0.003 0.516
0.093 6200 0.015 0.015 0.004 0.750 0.649
0.081 6200 0.013 0.013 0.003 0.653 '
0.084 6200 0.014 0.014 0.003 0.677

Control-Activity data for ADH immobilised on nylon fabric
0.120 6200 0.019 0.019 0.005 0.968
0.123 6200 0.020 0.020 0.005 0.992 1014
0.125 6200 0.020 0.020 0.005 1.008 '
0.135 6200 0.022 0.022 0.005 1.089

2.6.3.3 PAN

2.6.3.3.1 Surface modification with diethylenetriamine

HZN\/\N/\/NHz
n q
ll
N

/\/NH2

pd

95°C,18 h

NH

N

Amination of PAN fibres was carried out according to a procedure described by P. K.
Neghlani.® PAN fibres (1.09 g) were added to 33 % (v/v) diethylenetriamine solution (30 mL
in ethanol) in a round bottom flask at RT. The mixture was stirred at 95 °C for 18 h. The fibres
were then separated from the above reaction mixture and rinsed with distilled water (50 mL;
3 x 5 min) until pH of the washing reached neutral. The treated fibres were then dried at 50 °C

for 18 h in an oven. IR data on the constructs was not consistent with the target structure.
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2.6.3.3.2 Surface modification by ethylenediamine

N HyN" N\_-NH, n
|| . HN I~
EtOH, 70°C,12 h

NH,

Iz

PAN fibre amination was carried out according to the procedure described by
M.EI-Newehy et al..® PAN fibre (1 g) was added to the ethylenediamine solution (20 mL,
10 % in ethanol) at 70 °C for 12 h. The reaction mixture was cooled and the fibres were
separated from the mixture and washed with methanol (60 ml; 2 x 5 min) and dried in an oven
for 18 h.

A model reaction of powderous PAN (0.5 g) using ethyldiamine (10 mL, 10 % in ethanol) was
carried out according to the above procedure described for PAN fibres. IR data on the

constructs was not consistent with the target structure.

2.6.3.3.3 Surface modification with diethylenetriamine in presence
of AICI3/6H20

HZN\/\N/\/NHz
n H n
Il ~NH2
AICI3 6H,0 HN” N
80-120 °C, 3 h
NH,

Amination of the PAN fibres was carried out according to the procedure described by
D. H. Shin® PAN fibres (1.0 g) were added to a mixture of AICIs.6H.0 (0.5g) and
diethyltriamine (25 mL) at RT. The reaction mixture was heated at 95 °C for 3 h. The reaction

mixture was then allowed to cool to RT and the fibres were separated from the mixture and
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washed with distilled water (50 mL; 3x 5 min). The yellow fibres were then dried in an oven

prior to IR analysis. IR data on the constructs was not consistent with the target structure.

2.6.3.3.4 Surface modification by polyethyleneimine

/e\()/ 80-120 °C,18 h /\]/

PAN fibres (1.02 g) were added to the polyethyleneimine solution (15 mL) in a round bottom

flask. The mixture was stirred at 95 °C for 18 h. The fibres were separated from the solution,
rinsed with distilled water (250 mL; 2 x 15 min) until the pH of the washings reached neutral
pH and then dried in an oven for 18 h at 55 °C. IR data on the constructs was not consistent

with the target structure.

2.6.3.3.5 Surface modification by hydroxylamine hydrochloride

NH,OH.HCI/NaOH
N 30hRT /(T
Il } N7 “NH,

N

|
OH

PAN surface modification with hydroxylamine hydrochloride was carried out according to a
procedure described by N. Horzum.® PAN fibres (0.5 g) were added to the 20 mL mixture of
hydroxylamine hydrochloride (3.75 g) and sodium hydroxide (3.75 g) in water. The reaction

was stirred for 30 h at RT.8 The fibres were then removed and washed with distilled water
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(150 mL; 3 x 10 min) to remove the remaining salts and then dried in a vacuum oven at 60 °C.

IR data on the constructs was not consistent with the target structure.

2.6.4 ADH modification

2.6.4.1 C3 and C6 Nylon monomer

0
.
"OTf _H3N\MOMG S 0
1. ADH (1pg /ml) /PBS 40 min - M
Nylon monomer C3 - OTf HzN__ OMe

o 2. ADH (1ug /ml) /PBS 4 h
-OTf _H3N/\/\W\)J\0Me

Nylon monomer C6

S o
-OTf ,H3N/\/\~“J\/U\0Me

Methyl 4-ammonium but-2-enoate triflate (10 pg/mL) in PBS (0.05M, pH 7.5) was incubated
in ADH (1 mL, 1pg/ml) in PBS (0.05M, pH 7.5) for 40 min at RT. The activity of the modified
ADH (10 pL) was assayed. ADH activity assay was carried out as per the procedure described
for the ADH activity assay (Section 2.6.6).

Methyl 6-ammonium hex-2-enoate triflate (10 pg/mL) in PBS (0.05M, pH 7.5) was reacted
with ADH (1 mL, 1pg/ml) in PBS (0.05M, pH 7.5) according to the above procedure described

for methyl 4-ammonium but-2-enoate triflate and assayed for ADH activity (Section 2.6.6).
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2.6.4.2 BMPS modification

&wﬂ h;j

BMPS ADH-NHS intermediate

ADH (100 pL, 5 mg/mL) in PBS (0.05M, pH 7.5) was added to the BMPS solution (100 uL,
2 mg BMPS in 1ml distilled water) at RT. The reaction was incubated for 1 h at RT with
periodic mixing. The maleimide-activated ADH was then purified by passing the reaction
mixture through a Sephadex G-25 desalting column®! and fractions were collected. The ADH
activity was performed on fractions according to the procedure described for the ADH activity

assay (Section 2.6.6).

2.6.4.3 Allyl glycidyl ether modification

/\/O\/AO

A) 45 min / RT P
—NH, N O/\/
B) 4 min /RT H OH

The ADH modification with AGE was carried out according to a procedure described by
K. Opwis.®? AGE (20 % v/v) was dissolved in Triton-X (5 mL, 0.1% in distilled water) with
vigorous stirring. ADH (1ml,1mg/mL) in PBS (0.05 M, pH 8.01) was added to 0.0, 0.25, 0.5
and 1.0 mL AGE solution, which was made up to a final volume of 5.0 mL with PBS

(0.05M, pH 7.5). The mixtures were stirred for 45 min at RT. Sample volumes (10 pL) were
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removed from the mixture and ADH activity was assayed for different AGE concentrations.

Activity data is represented in Table 2.8.

Table 2.8 Reaction details and activity data for Reaction A (45 min)

ADH AGE -
Reaction (Img/mL E((t)h:&c))l (20% in PBS (mgztlll\rlr:t% 9)
in PBS) ' PBS)
1 1mL 1mL 0.1lmL | 3.70mL 83.62
2 1mL 1mL 0.25mL | 2.75mL 67.90
3 1mL 1mL 0.5mL | 250 mL 27.33
4
(Soluble ADH- 1mL 1mL 0.0 mL 3mL 1014.52
Control)
From the above reactions, 10 pL of ADH was used for each activity assay

The AGE modification of ADH was carried out at a lower reaction time of 4 min instead of
45 min according to the procedure described above. The reaction conditions and measured
activity presented in Table 2.9. The ADH activity was then assayed according to the procedure

described in the ADH activity assay (Section 2.6.6).

Table 2.9 Reaction details and activity data for Reaction B (4 min)

Reaction ( 125/:“_ Ethanol A§E Tris Activit‘y
: (0.2M) (20% in PBS)  Buffer (mmol/min/g)
in PBS)
1 1mL 1mL 0.1mL 3.70 mL 1951.61
2 1mL 1mL 0.25 mL 2.75 mL 1806.45
3 1mL 1mL 0.5mL 2.50 mL 1951.61
4
( Soluble ADH- 1mL 1mL 0.0 mL 3mL 1999.68
Control)
From the above reactions, 10 pL of ADH was used for each activity assay

2.6.5 ADH immobilisation on fabric protocol

ADH (0.5 mg/mL) was dissolved in phosphate buffer (0.05 M, pH 7.5). The functionalised GA

activated fabric discs (treatment) were placed in a 12 well plate containing 1 mL ADH solution.
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The ADH fabrics were washed with PBS (0.05 M, pH 7.5) over a 30 min period (15 mL;
4 x 5 min) to remove any unbound enzyme. Fabric without any surface modification was
immobilised with ADH in an similar way and subsequently used as controls. Treatment and

control fabrics were generated in triplicate before the activities were measured and compared.

2.6.6 ADH activity assay

The activity of ADH immobilised on the support was assayed by submerging the support discs
individually in tris buffer (0.1 M pH 8.8), ethanol (20 mM), and NAD* (1 mM) at 25 °C in 12
well plates. After shaking for 4 min at 100 rpm on an orbital shaker, 1 mL of the solution was
withdrawn for absorbance measurement. The activity measurement experiments were

performed in triplicate and the results were presented as averages + standard errors.

2.6.7 ADH concentration study

Crystalline ADH (300 units/mg) powder was dissolved in PBS buffer (0.05 M, pH 7.5) to make
10 mg/ml concentration and used as stock solution. Final ADH various concentrations
(0.01 mg/mL, 0.1 mg/mL, 0.2 mg/mL, 0.5 mg/mL and 1mg/mL) were prepared by serial
dilution of the stock solution with PBS buffer (0.05 M, pH 7.5). Each concentration of ADH
was assayed according to the procedure described for the ADH activity assay (Section 2.6.6).

Activity measurements are presented below (Table 2.10).
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Table 2.10 ADH concentration study
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0.01 0.138 6200 0.022 | 0.022 0.006 111.20
0.136 6200 0.022 | 0.022 0.005 109.60 108.53 5%
0.130 6200 0.021 | 0.021 0.005 104.80

0.1 0.560 6201 0.090 | 0.090 0.023 451.60
0.590 6202 0.095 | 0.095 0.024 475.60 454.13 26%
0.540 6203 0.087 | 0.087 0.022 435.20

0.25 1.170 6204 0.189 | 0.189 0.047 943.00
1.100 6205 0.177 | 0.177 0.044 886.40 910.60 52%
1.120 6206 0.181 | 0.181 0.045 902.40

0.5 2.138 6207 0.344 | 0.344 0.086 1722.20
2.150 6208 0.346 | 0.346 0.087 1731.60 | 1736.46 100%
2.180 6209 0.351 | 0.351 0.088 1755.60

0.75 2.130 6210 0.343 | 0.343 0.086 1715.00
2.150 6211 0.346 | 0.346 0.087 1730.80 | 1732.93 99.9%
2.178 6212 0.351 | 0.351 0.088 1753.00

1.00 2.127 6213 0.342 | 0.342 0.086 1711.80
2.150 6214 0.346 | 0.346 0.087 1730.00 | 1731.86 99.9%
2.180 6215 0.351 | 0.351 0.088 1753.80

2.6.8 Soluble ADH pH stability

The effect of pH on enzyme stability was measured in different buffer systems incubating the

soluble and immobilised ADH at 40 °C for 2 h. Sodium phosphate buffer (0.05 M) was used

for the pH region 6.5 to 8.0 and sodium carbonate/bicarbonate buffer (0.1 M) was used for the

pH 8.5 to 10.5 region. The enzyme was then slowly brought to RT and activity was assayed

according to the procedure described for the ADH activity assay in Section 2.6.6. Detailed

activity data is presented below (Table 2.11).
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Table 2.11 Effect of pH on soluble ADH activity
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5 1.581 6200 0.255 0.255 0.064 1280.00
1.570 6200 0.253 0.253 0.063 1260.00 1280.00
1.601 6200 0.258 0.258 0.065 1300.00

6 1.820 6200 0.294 0.294 0.073 1460.00
1.810 6200 0.292 0.292 0.073 1460.00 1460.00
1.818 6200 0.293 0.293 0.073 1460.00

7 2.096 6200 0.338 0.338 0.085 1700.00
2.120 6200 0.342 0.342 0.085 1700.00 1700.00
2.100 6200 0.339 0.339 0.085 1700.00

8 1.635 6200 0.264 0.264 0.066 1320.00
1.610 6200 0.26 0.260 0.065 1300.00 1313.33
1.640 6200 0.265 0.265 0.066 1320.00

9 0.087 6200 0.014 0.014 0.003 60.00
0.095 6200 0.015 0.015 0.004 80.00 73.33
0.090 6200 0.015 0.015 0.004 80.00

10.5 0.066 6200 0.011 0.011 0.002 54.00

0.076 6200 0.012 0.012 0.003 60.00 56.00
0.068 6200 0.011 0.011 0.002 54.00
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Chapter 3

This chapter describes the chemical modification of polyvinyl alcohol (PVA) fibre and fabric
support for the immobilisation of ADH to increase its stability, prolong its activity and enhance
its reusability. The strategy for immobilisation involved functionalisation of the PVA with
chloropropinoyl chloride followed by amination with ethylenediamine (EDA). Tethering of the
ADH enzyme to the PVA scaffold was achieved by cross linking with glutaraldehyde (GA). The
stability (pH, temperature, time) and recycling of the immobilised ADH construct was also

investigated.

3.1 Introduction

A large number of enzymes have been successfully immobilised with very high activity yields
on appropriate supports (Chapter 1, Table 1.4 and 1.5).1* The type and texture of the support
influences the immobilisation efficiency.® Structured fibre supports in the form of fibre, fabric
and textiles offer porosity and ultimately provide a way to overcome diffusion limits which are

often experienced with beads and sphere supports.®’

In Chapter 3, PVA surface functionalisation of the fibre (yarn) and fabric (in knitted format)
structure was investigated. Successfully functionalised PVA fibre and fabric (scaffolds) were
exposed to ADH and immobilised PVA fibrous/fabric-ADH constructs were isolated and
studied for stability (pH, temperature and storage). Listed below are the strategies that were

utilized in this chapter for the construction of stable PVA fibrous/fabric ADH scaffolds:

= Chemical surface modification of PVA to generate scaffolds with various pendant
functional groups. The detailed optimisation and characterisation of the modified PVA
scaffolds were performed by spectroscopic and microscopic methods.

= Solution phase model reactions of the fibrous PVA phase were performed on

2,4-pentanediol.
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= Successfully functionalised PVA scaffolds were subjected to immobilisation reactions
and the enzyme activity of the immobilised ADH versus controls was measured.
= Stability studies, e.g. pH, temperature, storage and reusability, of a high activity

PVA-ADH scaffold were performed.

Commercial synthesis of PVA is performed in a two-step process via the free-radical
polymerization of vinyl acetate in an alcoholic solution, followed by the partial hydrolysis of
the resultant polyvinyl acetate (PVA).” By controlling the degree of hydrolysis, different grades
of PVA polymer can be prepared.” 8 Baum et al., in 1924, first reported the preparation of PVA
from vinyl acetate. Since this time, PVA has been used in many applications aided by its
properties such as biodegradability, excellent biocompatibility, low toxicity, film orientation
characteristics, and adhesive properties.® 1° A summary of some of the applications that use
PVA are listed in Figure 3.1.

PVA properties can be modified via functionalisation of its hydroxyl groups.}! Common
crosslinking reagents of PVA (powder and gel forms) include glutaraldehyde, glyoxal,*? maleic
acid and acetic anhydride.*® Additionally, chloroacetylation' and bromoacetylation'® with
chloroacetic acid and bromopropionyl bromide provides branched PVA polymers (e.g. stars,
combs, or dendrigrafts) with enhanced tensile strength. PVA has also been used as a support

for enzyme immobilisation (Table 3.1)
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Pure PVA
Modified PVA

PVA/Nanoparticles
PVA/biomolecules

PVA/Natural polymer
PVA/Synthetic polymer

uonisodwo)

And their combinations

Crosslinking and
processing
techniques

Figure 3.1. PVA various applications®®

|280.pAy paseq-yad

Applications
Skin tissue/wound
Cartilage tissue
Vascular tissue
Cardiac tissue
Meniscus tissue
Artificial Cornea
Cancer cells
Nucleus pulposus
tissue and other
tissues

Table 3.1 PVA support used for various enzyme immobilisations

Support

Method of

Immobilisation

Application

Chapter 3

Ref.

Polyvinyl alcohol .
(PVA) hydrogel Lactase Entrapment Biocatalyst 17
Polyvinyl alcohol- Manganese . .
. . A B | 1
alginate beads peroxidase (MnP) dsorption locatalyst 8
Polyvinyl glcohol gel Escherichia coli i Biocatalyst 19
particles cells
. Glucose oxidase .
PVA/alginate beads Entrapment Biocatalyst 20
g (GOX) and catalase P ' 4
Polyvinyl alcohol Lipase Covalent Biocatalyst 21
Polyvinyl alcohol film Glucose oxidase Covalent Biocatalyst 22
PVA-alginate beads Invertase Covalent Biocatalyst 23
Polyvinyl alcohol Naringinase Entrapment Bioreactor 24
hydrogel
Polyvinyl alcohol .
Invertase Entrapment Bioreactor 25
capsules
Polyvinyl alcohol gel Alcohol
winy g dehydrogenase from Entrapment Bioreactor 26
beads -
Lactobacillus
Polyvinyl alcohol Oxalate oxidase - Bioreactor 27
(PVA) membrane
Polyvinyl alcohol Lactase Covalent Biocatalyst 28

Table 3.1 Continued...
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Polyvinyl alcohol

Beta-galactosidase Covalent Biocatalyst 29
cryogel

Xanthine oxidase,
Polyvinyl alcohol beads | alpha-amylase and Covalent Biocatalyst 30
amyloglucosidase

In this work, PVA was investigated in fibre and knitted fabric form as a support for ADH
immobilisation. The advantages of PVA include easy functionalisation of the hydroxyl group
without activation or pre-treatment, and the availability of the fibre form, which can be readily
converted into textiles. Literature examples of PVA modification mostly refer to the use of
powder and gels.1" There are no reports on the modification of fibrous PVA. PVA fibres can
be made from dissolved PVA followed by spinning. PVA spun fibres can then be converted
into fabrics via weaving and knitting fabrication methods (Chapter 1, Section 1.7.1). Known
solution based PVA modification reactions involving alkylation, esterification, etherification
and isocyanate formation were used for the surface modification of PVA fibre and fabric (see
Table 3.2). Surface modification reactions were carried out with different bifunctional reagents
such as epichlorohydrin, glutaraldehyde, dichloro and diisocyanate reagents. These reagents
also served as spacers of different length. The functionalised PVA fibres and fabrics were

primarily characterised by IR spectroscopy.

99



Chapter 3

3.2 Surface modification of PVA fibre and
fabric

3.2.1 Reactions with PVA fibre and fabric

Prior to functionalisation, the solubility of PVA was investigated in solvents such as ethanol,
acetone, water and aqueous mixtures. Fibrous PVA was insoluble at RT in water, ethanol and
acetone and became only slightly soluble upon heating at 60 °C in water, water: ethanol (1:1)
and water: acetone (1:1) mixtures. At 90 °C and above, the PVA transformed to a gel form and
eventually became soluble on further heating. Based on these observations, all reactions were
carried out below 90 °C. This section provides a survey of PVA modification reactions; a range
of methods have been applied and preliminarily assessed with IR spectroscopy as indicated in

Table 3.2.

Table 3.2 Reactions of polyvinyl alcohol classified according to functional group interconversion

Ester modification

TEA, 18 h, 60 °C

o
Ao A -
1 n Cl 2 0..© PVG_ ablrlc/:bre
OH OH ———————> issolve
; 60 °C, 18 h 3

\)CJ)\ N

cl i
2 n ¢l 0.0 PVA fabric/fibre
OH OH \]\: dissolved at RT

3 Cl
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Table 3.2 Continued...

/M

TEA, 18 h, RT

IR shows low
absorption at 1734
cm’! for ester-
carbonyl formation

o M
W o~ e o
n D —————
OH OH TEA, 60 °C, 18 h
1 5

4 O
n
CI/\)J\CI 0.0
n - QI%
5 ¢l
n
o
cl

IR shows strong
absorption at 1744
cmt showing
carbonyl ester.
Further confirmed
by *C-NMR
spectroscopy.
Reaction promising

Ah A

IR shows strong
absorption at 1744

ON-° EDA, Eto“» O5° cmt showing C=0
i 60°C,5h i stretch along with —
cl HN NH bending at
5 6 \L 1600 cm.Reaction
NH, promising
7

IR not consistent
with predicted

N structure
OH OH OH Ojr”\“JkOH
1 18 h
8 O
IR not consistent
n TEATHF.G0cc T T/ o with predicted
OH OH o
1 18h \g/\)J\OH structure

0§<i7¢0
o
M Pyridine, 2 h/YM“
% OH
OH OH : > O ONOH
50 °C o

IR not consistent
with predicted
structure
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Table 3.2 Continued...

Carbamate modification

Jiy
N7 NN W
N N A
N N Wn BocHN__~NH, OH O O
DMSO OH O hd
n —_— \f NH
OH OH Step-1 N THF J/
&’{7 Step-2 BocHN
Intermediate Fibre dissolved in
TRARZO O59) 1 5o TFA: H,0 and
Step-3 2%TFA: H,O
W"
OH O__O
[NH
NH, TFA
Ether modification
13
o cl
1> W 25% NH, IR not consistent
N (2.5wh) o & —>W OH with predicted
OH OH ———> Step-2 OH O ruct
; 2N NaOH \\i/o structure
Step-1 14 15 NH,
cl
o,
n 30 % NH,3 OH IR not consistent
n EEEEE— HO —_— n . .
OH OH 49 2% NaoH (5N) KQO step2 O © with predicted
1 55-60 °C, 8 h 14 15 NH, structure
Step-1
o)
A " o IR not consistent
n 5 with predicted
OH O
OH OH  t-BuOK, THF, RT \/A structure
1 Step-1 14
Cl
o: /
IR not consistent
2.5% wlv n . .
n — with predicted
OH OH 0.05 M phosphate OH O structure
buffer pH 7, RT, 1 h (o]
1 14
Step-1
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Table 3.2 Continued...

(I)>_/CI

2.5% wiv M

IR not consistent
with predicted

n > OH O
OH OH 0.05 M phosphate o structure
buffer pH 7, RT, 18 h 14
1 Step-1
16
H\n/\/\n/H
o o W/\\/ IR not consistent
6 0 2.5% wiv o 0O OHo with predicted
S
OH OH 0.05 M phosphate  H H structure
1 buffer pH7,RT 1 h
Step-1 17
H\n/\/\n/H
o o
2.5% wiv \M/"\J; IR not consistent
7 > 0, °©° o with predicted
" 0.05 M phosphate HM structure
OH OH buffer, pH 7.5, H
1 RT, 18 h 17
17 o
H
Br/\ﬂ/ - IR not consistent
lo) . .
8 n - OH O o with predicted
OH OH NaOH, H,0, 80 °C \ ( structure
1 Step-1 18 OH
OH
'S
n o) n IR not consistent
9 OH OH O 1 oo 0: OH 0 o with predicted
2 structure
1 Step-1
18 OH
o IR confirms C=0
1
Br\)J\OH W o slt:retf{:r:\ at 17zf1_4 cmd .
10 g \")J\ urther confirme
> OH O by 1*C NMR
OH OH  TEA, THF, 60°C on s )gctrosco
1 Stop-1 18 p py.

Reaction promising
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Table 3.2 Continued...

19
Cl OH
>~ M IR not consistent
11 n __ O, OH O with predicted
OH OH
NaOH, Hzo’ 80 °C \3\ structure
1
Step-1 20 OH
CI\/\H/OH
fo) OH O n IR not consistent
12 n——> with predicted
OH OH TEA,THF 60 °C 20 a structure.
OH
1 Step-1 o
Cl OH
\/\ﬂ/ OH O n IR not consistent
13 n o - with predicted
OH OH y+gyo- ‘THF, 60 °C 20 structure
1 Step-1 o’ ©H
21 o J<
Br/\/\uJ\o - y IR not consistent
14 OH OHn e OH O _~_N_oO with predicted
1 TEA,THF RT \|// structure
Step-1 22 >‘/°
1,4 Butanediol W/n OH IR not consistent
15 diglycidyl ether . OH 0\)\ with predicted
OH OH NaOH, RT, 18 h structure
1 23 o
(o]
1,4 Butanediol . .
n diglycidyl ether  pyAa fibre as well as PVA fibrelfabric
16 OH OH R > fabric dissolved dissolved on
55°C,2h heating
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Table 3.2 Continued...

Silane modification

\ O/ 24
0-§i- " NH, n IR not consistent
/(I) OH O‘S'/(—)gH with predicted
n - ! structure
OH OH Toluene
1 Step-1 25
H,N
Si-O-Si asymmetric
J stretch at 1069 cm!
™ o W was seen but
O-gi~">NH, OH o OH absorption for NH
\/6 “Si—OH is not observed.
n — > EYOSIN dye
OH OH  ggoc, EtOH / HCl colorimetric test
1 Step-1 HN" s was positive
TEOS, conc W
HCI, RT 18 h OH O du ©
OH OH Step-1 HO—Si—O0—Si—OH
1 OH OH

GA (25%)

Step-2
PBS, pH 7,18 h
(o)
HJ\/j<H
fo) (o]

OH O on O
HO—SIi—O—?i—OH
OH OH
27

IR not consistent
with predicted
structure
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Table 3.2 Continued...
H H
Ne_—~n">N IR showed small
n n peak for NH
ZSI\L Q OH OH bending at
4 i HO-SiOH 1600 cm'.
~0 ©o
Con.HCI [ EYOSIN dye
n : > lorimetric test
— /\/N\/\ CO ™
OH OH 60 °C EtOH /\QH ij" was positive
1 Step-1 29
Isocyanate formation
0. 30 IR shows strong
Con e~ Nse W peak at 1744 cm?
1 n 0 nH supportin
OH OH OH O N _~_~_~y\zc-0 pporting
Tol, 75 °C, 90 min T carbamate
! ° 31 formation
Chlorotriazine modification
1) 10% TEA/THF M
—_—
cl.__N_ _clI
_ m/ OH 4 IR showed peak at
L 1600-1400 cm! for
l n + N N N X X : .
OH OH h )NI\ N triazine along with
1 ci 2)10% NaHCO4/THF ¢~ N7 g PVA
32
33

Table 3.2 summarises the surface modification of PVA fibre and fabric samples that are most
promising via bromoacylation, chloroacylation, aminosilane, isocyanate and chlorotriazine
formation. The other surface modification reactions were unsuccessful even after employing a
range of reaction parameters including different reagent concentrations, temperatures, solvents

and reaction times. In order to better understand the chemistry of PVA modification, the
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reaction of 2,4-pentanediol (34) and epichlorohydrin (13) (Scheme 3.1) was conducted as a

model of the solid state chemistry (Table 3.3, Section C, Reactions 1-5) described above.*

OH OH
34

o 13 NH, W NH
S Q0 O~ \7\/ OH
—_—
TBAB / NaOH \W Step-2 HN

Step-1 35

Scheme 3.1. Model reaction for fibrous PVA

This reaction was clearly more complicated than anticipated and under a variety of
experimental conditions, which included variation of the epichlorohydrin concentration,
reaction temperature and time (Table 3.3), only complex reaction mixtures ensued (further

experimental detail is provided in Section 3.6.4.1).

Table 3.3 Detailed reaction conditions and TLC analysis of the model reaction

Tetra-n-
butyl
Epichlorohydrin = ammonium Reaction TLC Results

(=) bromide Time/Temp
(TBAB)

(Eq)

TLC showed a complex
1.1/18h/ | mixture comprised of four
RT major spots in addition to
starting material
TLC showed a complex
mixture comprised of
2 4 0.05 2 h/RT 1.1/2h/RT three major spots in
addition to starting
material
TLC showed a complex
3 4 0.05 4 h/RT 1.1/2h/RT mixture with starting
material
TLC showed a complex
4 4 0.05 18 h/50 °C 1.1/4h mixture with starting
material

1 4 0.05 1 h/RT
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Table 3.3 Continued...

5 4 0.05 1 h/50 °C 1.1/2h/RT TLC complex mixture

6 8 0.05 18 min/RT 1.1/2h/RT TLC complex mixture

TLC showed a complex
mixture comprised of
7 4 0.05 15 min/RT | 1.1 /2h/RT three major spots in
addition to starting
material

Mass spectral analysis of the reaction mixture after Step-1 revealed molecular ion peaks
consistent with several plausible reaction products (Scheme 3.2). A peak observed at
m/z 161 (M+Na)" is consistent with the mono epoxy product (38) and cyclized alcohol (39),
yet only (38) would be expected to react with benzylamine. A peak at m/z 178 (M+Na)* is
consistent with the polyol (41), arising from the hydrolysis of (38), and m/z 235 (M+Na)* is
consistent with diol (42). After reaction with benzylamine (Step-2), the mass spectrum of the
crude reaction mixture showed no molecular ion for (37) and a low intensity molecular ion at
m/z 268 (M+H)* consistent with monobenzylated product (40) (Scheme 3.2). Changing the
reaction conditions did not improve the outcome of this reaction and it became clear that a
combination of inter- and intra-molecular reaction pathways were occurring post-
epichlorohydrin functionalisation resulting in deactivation towards amine conjugation. Not
surprisingly, attempts to immobilise ADH on the epoxy-modified fibrous PVA formed under
the most promising reaction conditions described above (pH 8, PBS buffer, Reaction 7) resulted
in  poor enzyme immobilisation and a construct possessing low activity

(0.170 £ 0.02 mmol/min/g fabric). In conclusion, this route to PVA modification was
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abandoned in favour of other strategies providing well defined intermediates for enzyme

attachment.

O
OH OH e Y @

l
A m <ijH2 KOH OH
_— —_—

OH OH  TBAB/NaOH ;ﬁo DCM "N .

1 W m/z: 430
m/z: 104.08 W

{l

A18 h m/z: 160
OH

40 %OH
m/z: 267 41 OH

HO

m/z: 178.12
m/z: 234

Scheme 3.2. Alternative reaction pathways post-epichlorhydrin attachment

Table 3.2 (Section 3.2.1) reveals that surface modification of PVA fibre and fabric was
achieved via bromoacylation, chloroacylation, aminosilane, isocyanate and chlorotriazine
formation. Other surface modification reactions failed even after exploring a range of reaction

parameters such as reagent concentrations, temperatures, solvents and reaction times.

3.3 ADH immobilisation

In this section, ADH immobilisation was investigated on successfully modified PVA fabric

scaffolds (Table 3.2) from Section 3.2.1. ADH immobilisation was performed on knitted PVA
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fabric discs (13 mm diameter) to aid handling. After ADH immobilisation, the activity of the
immobilised sample was measured and each experiment was conducted in triplicate. Fabric
supports without any surface modification were treated with ADH under same conditions and
used as controls. The PVA-ADH constructs with the highest activity were then assessed for
stability under varying temperature, time and pH, and examined for reusability. Table 3.4

summarises ligation options between the surface modified PVA fabric and ADH enzyme.

Table 3.4 Covalent attachment of ADH and modified PVA fabric

PVA modified support Covalent Immobilisation
PVA fabric
OH OH
! n
° ° Chloride displacement by
PVA-CI \I\; enzyme (-NHy)
Cli
5
! 5 n Amide bond formation with
PVA-COOH OH O (o) enzyme (-NH,) upon
\_< activation
OH 13
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Table 3.4 Continued...

PVA- isocyanate

N i T T Covalent Immobilisation

Carbamate formation

o
PVA-chlorotriazine )§

Chloride displacement by
enzyme (-NHy)

3

PVA-CI-EDA I

Activation of amine with
glutaraldehyde-Schiff base
reaction with enzyme (-
NH_2)

3.3.1 PVA-CIl immobilisation

W HoN W
n 2 n
OH O OH O

—
o)
PBS, pH 7.5
cl 25°C, 2 h

5
PVA-CI

Scheme 3.3. PVA-CI support immobilisation with ADH
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Fibrous PVA-CI (5) from chloroacylation of PVA was used for ADH immobilisation as
described in above Scheme 3.3. The ADH immobilisation procedure and activity assay were
performed according to Sections 3.6.3.1.3 (1) and 3.7.2 respectively. The activity measured for
the control discs was 0.036 + 0.007 mmol/min/g fabric and for the treatment PVVA fabric was
0.045 £ 0.012 mmol/min/g fabric. The activity values measured for both control and treatment
discs were almost the same suggesting there was no covalent linkage between the PVA-CI
support and ADH. The recorded small amount of activity was presumably due to nonspecific
interactions between the support and the enzyme. After an extended reaction time (4 h), no
change in activity was observed (0.024 = 0.02 mmol/min/g fabric). Efforts to increase ADH
immobilisation were unsuccessful. Nucleophilic chloro displacement reactions usually require
a strong unhindered base and higher temperature. The reaction conditions used for the enzyme
bioconjugation were mild by comparison resulting in the lack of the desired conjugated

product. Any increase in reaction temperature however would have deactivated the enzyme.

3.3.2 PVA-COOH immobilisation

H,N R
T S
oH o EDC / NHS OH O

L
MES, pH 6 0
0 20°C, 2 h 5 ;? fcp;' Z ° 0:‘2
OH o ’ NH
18
PVA -COOH support
PVA-COOH

Scheme 3.4. EDC/NHS activation of PVA-COOH support and subsequent ADH immobilisation
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Immobilisation of ADH on the PVA-COOH scaffold (18) involved a two step reaction: firstly,
the activation of the acid groups of the PVA fabric with EDC\NHS, and secondly the covalent
immobilisation of ADH (Scheme 3.4) The detailed experimental procedure for EDC/NHS

activation and immobilisation is described in Experimental Section 3.6.3.2.7 (1).

ADH activity of the control and treatment (i.e. immobilised ADH on modified PVA acid) were
0.029 + 0.006 mmol/min/g fabric and 0.039 = 0.007 mmol/min/g fabric respectively. The
activities of the two are not significantly different. The immobilisation procedure was also
carried out at higher pH (pH 8.1) however no substantial difference in activity was observed
(0.015 = 0.02 mmol/min/g fabric). The low activity observed could be due to low

immobilisation or conformational changes in the enzyme after immobilisation.

3.3.3 PVA-isocyanate immobilisation

A HoN
n 2 e

H
T C‘\O —  y» OH O N~ ~_N N
0 PBS, pH 8.1 A i
31 25°C, 2 h 0 0

PVA isocyante support

Scheme 3.5. ADH immobilisation on PVA isocyanate support

The objective of this functionalisation was to obtain isocyanate groups on the surface of fibrous
PVA by means of a reaction with hexamethylene diisocyanate.3* The reaction was run in such
a way as to minimize the internal crosslinking by employing a large excess of hexamethylene
diisocyanate to yield a pendent isocyanate with a six-carbon arm spacer linkage to the PVA
surface. The advantages of the isocyanate functionality is its ability to undergo nucleophilic
reaction with the enzyme without activation.
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PVA isocyanate discs were exposed to ADH as shown in Scheme 3.5 and detailed
immobilisation procedure is described in Experimental Section 3.6.3.4. The ADH activity for
the isocyanate modified PVA was measured at 2.129 + 0.028 mmol/min/g fabric while the
control was measured at 2.758 £ 0.084 mmol/min/g fabric. Reasons for the poor activity are
not known but could be due to the non-specific reaction of the catalytic functionality (e.g. active

site cysteine and histidine residues) and/or deleterious conformational change.

3.3.4 PVA-chlorotriazine immobilisation

Y
? ?n H,N \ﬁ/\rﬁ]
OH OH

) @)
A
cl N el 27°C,2h cl N H

33

PVA-chlorotriazine

, 3 PVA-chlor triazine fabric

Scheme 3.6. ADH immobilisation using PVA-chlorotriazine support

The PVA chlorotriazine (33) scaffold was investigated for ADH immobilisation anticipating
immobilisation through a chloro displacement reaction by side chain amine residues of ADH.*
The chloro triazine modified PVA fabric supports were synthesised using TEA and NaHCO3
bases and were subjected to ADH immobilisation separately. The ADH immobilisation on both
chlorotriazine PVA fabrics (Scheme 3.6) was performed according to the procedure described

in Experimental Section 3.6.3.5 (1). The activity of ADH when immobilised on chlorotriazine
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PVA support synthesised with TEA base was 0.021 + 0.001 mmol/min/g fabric and PVA-
chlorotriazine generated with NaHCO3 base showed the activity of 0.33 + 0.0012 mmol/min/g
fabric. The control PVA fabric (PVA fabric immobilised with ADH) showed an activity of
0.103 £ 0.007 mmol/min/g fabric under identical conditions. Reasons for the low activity of
ADH are unclear but could be due to low immobilisation and/or deleterious enzyme

conformation. This approach was subsequently abandoned.

3.3.5 PVA-CI-EDA immobilisation

?z ? n
Glu (2.5% wl/v)

EDA (10 %), EtOH OH O

OH O » _—
o) 60 °C, 18 h o) PBS pH 8
37°C,1h
cl PVA-CI HN
5 \\\
6 NH,
PVA-CI-EDA
H,N

OH O (0]
OH O o PBS, pH 8.1
25°C,2h
O
HN W
HN\/\NM)J\H \/\N/ N

PVA-CI-EDA-GA PVA-CI-EDA-GA-ADH

Scheme 3.7. ADH immobilisation on PVA-CI-EDA-GA support

Low enzyme activity can also conceivably arise from steric effects imposed by ligation close

to the support surface. Since immobilisation of ADH on PVA-CI (see Section 3.3.1) resulted
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only in low enzyme activity, the introduction of a spacer group, via reaction of ethylene
diamine, was considered to increase the distance between the support surface and the enzyme
using (EDA) (Scheme 3.7). Towards this end, Isgrove et al. reported enhanced activity of
B-glucosidase and trypsin immobilised via a polyethyleneimine spacer arm compared with the
corresponding support without an spacer arm.%®3’ The PVA-CI fibrous support was reacted
with 10% EDA and subsequently crosslinked with GA (2.5% w/v in PBS) prior to exposure to
ADH (Scheme 3.7). The PVA-CI-EDA-GA fabric support immobilised with ADH and was
measured for activity according to the procedure described in Experimental sections 3.6.3.1.4
and 3.7.2. The immobilised ADH showed an activity of 0.767 + 0.037mmol/min/g compared
to the control PVA fabric of 0.187 + 0.005mmol/min/g fabric. Encouragingly, ADH
immobilised via the EDA spacer showed approximately a sixfold excess in activity compared
to the control. The activity observed from the above explorative ADH immobilisation is

summarised below in Table 3.5.

Table 3.5 Activity data for immobilised ADH on modified PVA supports

pH 7.4, 25 °C, 2h 0.036 £ 0.004 0.045 +0.006
PVA-CI

pH 8.1, 25 °C, 4h 0.033 +£0.071 0.0244 +0.002
PVA-COOH pH 7.5, 20 °C, 2h 0.029 £ 0.006 0.039 £ 0.014
(.EDF/NHS pH 8.1, 20 °C, 2h 0.0150 + 0.022 0.0190 + 0.07

activation pH 6)
PVA-isocyanate | pH 8.1, 25 °C, 2h 2.758 + 0.008 2.129 £ 0.028

PVA-

o + +
triazine(TEA) pH 8.1, 27 °C, 2h 0.025 * 0.006 0.0201 +0.001
PVA-triazine

° + +

(NaHCO) pH 8.1, 27 °C, 2h 0.107 £0.13 0.033 +£0.001
PVA-CI-EDA- pH 8.1, 25 °C, 2h 0.187 + 0.005 0.767 + 0.037
GA-activation
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Table 3.5 shows that ADH immobilised of PVA-CI-EDA-GA fibrous scaffold showed the
highest activity amongst all of the modified supports used for ADH immobilisation. The low
activity observed by the other ADH constructs (1-5) could be due to one of the following
reasons: i) low immobilisation, ii) loss of enzymatic activity during the immobilisation process,

and/or iii) deleterious steric effects / conformational change imposed by immobilisation.

PVA-CI-EDA-GA fibrous scaffold was consequently chosen as the lead PVA-ADH construct
and further optimized via investigation of a) the PVA-CI surface functionalization b) the spacer
length and concentration, c) the PVA-CI-EDA intermediate by IR spectroscopy, *C-NMR
spectrometry and microscopy. The PVA-CI-EDA-GA-ADH construct was also assessed for
stability (pH and thermal) and reusability. Complete stability studies of the
PVA-CI-EDA-GA-ADH are presented in publication format. The full citation for this work is

provided below.
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A polyvinyl alcohol {PVA) fibrous carrier has been chemically modified for the immobilization of yeast
alcohol delwdrogenase (ADH) with an aim o inorease its stability over a wide pH range, prolong its
activity upon storage, amd enhance its reusability. The strategy for immobilization involved
functionalizaton of the fibrous arrier with diloropropinoyl chloride followed by amination with
ethylenediamine. Tethering of the ADH enzyme to the PVA scaflfold was achieved with glu@aralde hyde.
The activity profile of the immobilized enzyme was compared to soluble enzyme as a function of pH,
remperature and reusability. The immobilization of ADH on PVA fibrous carrier shifted the optimal
reaction pH from 7 to 9, and improved the thermostability at 60°C Furthermore, the immobili zed
enzyme retained 608 of its original activity aftereight oycles of reuse. These resul 5 demonstrate that PYVA
based textiles can serve as a flexible, reusable carrier for enzyme immobilizaton.
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1. Introduction

Alcohol dehydrogenase (ADH) has been widely used as a
biocatalyst in synthetic chemist ry, ADH catalyzes selectiveoxidation
and reduction reactions and can be used for kinetic resolution,
asymmetric synthesis [1-3], and drug preparation [4-6]. Its use in
industrial transformations however, is limited by poor stability due
to sensitivity to temperature and pH [7-9]. Under acidic conditions,
ADH'smultimeric subunits dissociate, and under al kaline conditions
its tertiany structure gets distorted, both of which result in a loss of
enzyme activity [ 10-12]. Attempts have been made to enhance the
stability of ADHs wvig protein engineering [12,14], chemical
modification and immobilization [15,16].

‘When immobilized on solid carriers, enzymes are generally
more stable to denaturants and elevared temperature. Immobi-
lized enzymes can be conveniently recovered from a process
stream and recycled. This leads to simpler downstream processing
and improved economics [17]. Various technologies have been
developed forenzyme immobilizationwhich comprise binding toa
solid carrier, entrapment ( encapsulation) and crosslinking [18,19].
Binding to a carrier can be via physical interaction {(eg. van der

* Corresponding author.

£ mail addres< I 1. 311

https:f| doiorg 10.M01 6] btre 2018200 260

Waals and hydrophobic interactions), and ionic and covalent
bonding. Covalent immobilization provides a strong linkage
between the enzyme and its carrier matrix to minimise enzyme
leakage into the product stream, and therefore has been widely
adopted by the chemical community [20-22].

ADH immobilization has been facilitated via several camiers
including cellulose [23], epoxy functionalized nanoparticles [24],
amino epoxy Sepabeads [25], agarose beads [26], and agarose
activated carrers like MAMAE-azarose, PEl-agarose, and glyoxyl
agarose [27]. However, many of these protocols required toxic
chemicals and/or expensive carrier matenals such as synthetic
mesoporous particles, Small particulate carriers can also result in
slow reaction kinetics, and high back-pressure and blockage when
used in packed columns and reactors [28-31].

Fibre and textile carriers have recently drawn considerable
attention for enzyme immaobilization due to their low price, large
specific surface area, and ease of fabrication [32]. To date, common
fibres such as cotton [33], silk [34], wool [ 28], polyester [35,36] and
nylon [37-39] have been employed for enzyme immobilization
mostly in non-woven form [14]. To the best of our knowledge,
however, there are no reports on the use of polyvinyl alcohol (PVA)
fibrous materials as carfers for enzyme immobilization despite its
widespread utility in its hydrogel form [40,41].

PVA has been previously reported in the literature as a carrier
for enzyme immobilization in various formats such as beads

Z215-017 X0 2ME Publizhed by Elsevier BV. This iz an open access articke under the CCBY-NC-ND license ( http:jcreativecommaonsorg/licenses fby-nc-nd 4.0/ L
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[1.2], hydrogel particles [3-5], hybrid films [6,7] and elctrospun
nanofibrous mats [8]. The use of these formats of PVA in
continuous flow reactors could adversely affect the flow
parameters such as increasing backpressure and ultimately
affecting the yield of the reaction. To the best of our knowledge,
there are no reports on the use of polyvinyl alcohol (FVA) fabric
materials as carriers for enzyme immobilization. The main
advantage of fibres, including PVA fibres, is the ease of
conversion into a fabric format with different "porosities” using
traditional textile fabrcation techniques such as weaving and
knitting. Changing the porosity of the carrier can overcome flow
issues related to back pressure etc. Further, PVA also possesesa
functional group i.e. secondary hydroxyl capable of undergoing
functionalization prior to enzyme immobilization. All of these
features make PVA fabric a good candidate for the construction
of a flexible carrier-enzyme construct suitable for continuous
flow through processing.

Herein we report the immobilization of ADH onto PVA
fibres in the form of knitted fabric discs. Carrier modification
was facilitated by acylation of PVA with chloropropionyl
chloride followed by the introduction of a spacer diamine.
Subsequent reaction with glutaraldehyde and ADH then led
to covalent attachment of the enzyme. The immobilized
enzyme-carrier constructs were then analysed for reactivity,
stability and recydability and compared in performance to
soluble ADH.

2. Materials and methods
21, Materials

3-Chloropropinoylchloride (CPC-0), ethylenediamine (EDA),
hexamethylenediamine (HMA), 1,12-dodecadiamine, glutaralde-
hyde (25wt % in water), alcohol dehydrogenase (ADH) from yeast
(=300units/mg ), nicotinamide adenine dinucleotide (MAD*), and
Tris buffer were purchased from Sigma-Aldrich. Ethanol and
tetrahydrofuran (THF) (analytical grade) were used as supplied
from Merck. PVA yarn (250 dtex (Le. mass in kg/1000 m length of
varn) 100 filaments, Solvron SHC) was purchased from Nitivy,
Japan.

Le]

a
- e TT
TEA,B0°C,18h

30 % EDA, EtOH

2.2, Methods

221 Charocterisation

Infrared spectral analysis was carried out using a Nicolet
G700 ATR-FTIR (Thermo Scientific) in absorbance mode. Solid-
state "'C cross-polarization (CP-MAS) NMR spectra were
recorded on a Bruker AV500 MAS spectrometer. Morphology
analysis was performed on a Scanning Electron Microscope
(SEM, Philips XL30). The samples were imaged using a Zeiss
Merlin FESEM after being coated with iridium under vacuum.
Enzyme activity was measured using a Cary 300 Bio-UV visible
spectrophotometer. Knitting was carried out using a flathed
Shima WG-14 (Japan).

2.2.2. Fabrication of knitted samples

PVA (Solvron SHC) yarnwas knitted into a2 « 1 rib with a loop
length of 5.5 mm using a Shima WG-14 knitting machine. Discs of
13 mm in diameter were stamped from the knitted fabric, washed
with deionised water, ethanol and dried in an oven at 50 “C before
being subjected to further chemical modification.

2.2.3. PVA modification with chloropropionyl chloride (PVA-CI)

PVA fabric discs (4.00 g, 0.0918 mol of available OH ) were added
into mixture of THF (E0mL) and triethylamine (28,8 mL, 0.211 mol )
at room temperature in a three neck round bottom flask. 3-
Chloropropionyl chloride (21.0 mL, 0.22 mol) was added dropwise
at 0°C over 30 min and then the reaction was heated at 60 “C for
18 h. The discs were then removed from the reaction mixture and
washed with distilled water, ethanol and dried at 50°C.

2.2.4 Spacer inclusion on PVA-O carrier
The introduction of a spacer involves two steps (A and B) as
shown in Fig. 1.

2.2.41 Ethylenediamine modification (PVA-CI-EDA). The PVA-Cl
discs (1 g) were added to an EDA solution (30% (w/v) in ethanol,
10 mL) and heated at 60 “C for 5 h. After cooling, the aminated discs
were washed with distilled water and then ethanol to remove
residual diamine.

GA (2.5 % wiv)
n —_—

OH OH OH O 807c, 13 h OH O PBS,pH7.4527°,1h
):o A (] B
¢l HN
NH;
n HaN n
OH O__0 OH O__0

e
PBS, pH 8.1
O 259, 2h

““wum/\)LH HN Ao~y §

Fig 1. Schematic representation of covalent immaohilization of ADH on modified PVA fibrous carder.
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2242 Cross-linking with glutaraldehyde [ PVA-C-EDA-GA)L  The
PVA-CI-EDA fabric discs were activated with 2.5% (w/v) GA in
phosphate buffer (PBS 0,05M, pH 7.5) for 1 h at 27°Cin a sealed
flask [42]. The carfer discs were thoroughly washed with distilled
water over 30min. to remove excess GA.

225 ADH immobilization

ADH (0.5 mg/mL) was dissolved in phosphate buffer (0.05 M, pH
8.1). The GA activated fabric discs ( PVA-CI-EDA-GA) were placed in
a 12 well plate containing the ADH solution. After incubation for
2h at 25°C the carrier discs were washed with phosphate buffer
(0.05M, pH 8.1) four times over 30 min to remove unbound
enzyme. PV A fabrcwithout surface modification, PVA-Cland PVA-
CI-EDA, were treated in an analogous way and subsequently used
as controls,

2.2.6. ADH activity assay

ADH catalyses the oxidation of ethanol to acetaldehyde in the
presence of nicotinamide adenine dinucleotide (MAD*).

The activity of ADH was determined spectrophotometrically by
measunng the absorbance of NADH at 340 nm [43]. The activity of
ADH immobilized on the carrer was assayed by immersing the
carrier discs individually in Tris buffer ( 100mM, pH 8.8), ethanol
(20 mM}, and NAD™ {1 mM) at 25°C in 12 well plate. After shaking
for 4 min at 100 rpm on an orbital shaker, 1 mLof the solution was
withdrawn for absorbance measurement. The activity measure-
ment experiments were performed in triplicate and the results
were presented as averages + standard deviation.

The effect of pH on enzyme stability was measured in different
buffer systems; for pH 6.5-8.0 sodium phosphate buffer (0.05M)

and for pH 8.5-10.5, sodium carbonatefbicarbonate buffer (0.1 M)
were used The soluble ADH and immobilized ADH were incubated
at 40°C for 2h in the wvarious pH buffer solutions. The
thermostability study was performed by incubating the soluble
ADH (0.5 mgfmL) and the immobilized ADH for 2 h in phosphate
buffer (0.05 M, pH 8.1) at various temperatures (20 “C, 40 C, 60°C,
B0°C) in a water bath. After each incubation, the enzyme was
chilled in crushed ice for 5min. The enzyme was then slowly
brought to room temperature and activity was determined as
described above,

Reusability of immobilized enzyme was measured by repetitive
usage of the immobilized ADH tocatalyse ethanol to acetaldehyde.
After each use, the discs were washed with phosphate buffer
(0,05 M, pH 7.5) in triplicate and the activity was remeasured using
a fresh reaction mixture,

3. Results and discussion
3.1. Surfoce modification of PVA

Covalent attachment of an enzyme to a solid camrier can be
achieved by carrier modification to generate reactive groups on the
carrier. The electrophilic formyl groups introduced on the carrier
will react with nucleophilic sites on the enzyme. In this paper we
have used this approach to modify the PVA backbone to achieve
enzyme immobilization,

Chloroacetylation [44] and bromoacetylation [45] of powder-
ous PVA with chloroacetic acid and bromopropionyl bromide
reagents have been used to synthesize branched polymers (eg.
stars, combs, or dendrigrafts) with higher tensile strength. In this
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Fig. 2. ATR-FTIR spectra of PVA, PVC-CL and PYA-C-EDA.
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Table 1
ADH activity after immobilization on various modified PVA carriers.

PVA fibrous carriers Activity (mmol/g min)

PVA-CI-EDA-GA+ADH 0.765+ 003
PVA-CHEDA+ADH 0210+ 0.02
PVA-Cl+ ADH 0170 £ 002
PVA + ADH 0105+ 007

study PVA fibres were functionalized by reaction with chloropro-
pionyl chloride. In order to optimise the acylation process, the
reaction was performed at different temperatures (20°C, 40°C,
60°C, and 80°C) and the resulting polymer was analysed by IR
(data not shown). Optimal reaction was observed at 60 “C. Further
increase in reaction temperature (85 °C) caused rapid disintegra-
tion of the PVA fabric resulting in the formation of a gel. In addition,
the effect of reaction time (2h, 6h, 12h, 18 h, and 24h) was
assessed and acylation was found to increase from 2 h to 18 h and
plateau thereafter (data not shown). Hence, optimised acylation
conditions were determined to be reaction at 60 °C for 18 h.

Several studies have reported the effect of spacer length and
type of spacer between enzyme and carrier and its effect on the
activity of the immobilized enzyme [38,4647]. Higher activity is
observed when a spacer is incorporated between the carrier and
enzyme to reduce steric hindrance, promote conformational
mobility, and reduce adverse surface interaction [18,19,48]. A
spacer was introduced to the PVA-Cl discs by reaction with
diamine in ethanol and resultant amine was reacted with
glutaraldehyde [49,50]).
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3.1.1. Characterization of modified PVA carrier

The surface modification of PVA-Cl and PVA-CI-EDA were
confirned by ATR-FTIR shown in Fig. 2. The spectra for PVA, PVA-
Cl, and PVA-Q-EDA fabrics show the change of chemical structure
of the original and modified PVA fibrous carrier respectively. The
PVA-Cl spectrum shows a distinct strong peak at 1733 cm ' due to
the ester group stretching vibration [44] and a peak at 646cm !
corresponding to the C—Cl stretching vibration of the PVA-Q side
chain. The PVA-(-EDA spectrum showed a new weak peak at
1649 cm ! due to N—H bending vibration resulting from amino
group present in PVA-CI-EDA. Moreover the peak at 646cm!
disappears in the spectrum of the PVA-CI-EDA. This supports
successful nucleophilic substitution by ethylenediamine on the
modified PVA-CI-EDA construct. The presence of a broad peak at
approximately 3286 cm ' supports the presence of O—H and
N—H stretching bands. Further characterisation with "*CNMR was
reported in Supplementary document (S_1).

The morphologies of PVA fibrous carriers with and without
surface modification are shown in Fig. 3. Importantly, the integrity
of the modified PVA fibrous carrier structure was maintained
throughout the chemical modification process.

3.2. ADH immobilization

The immobilization of an enzyme onto carriers can take place
either by adsorption or by the formation of covalent bonds
between the nucleophilic amino acids of the enzyme and the
functional group of the solid carrier. The binding forces of physical
adsorption, such as van der Waals binding, hydrophobic or ionic
interactions, are often too weak to keep the adsorbed enzymes

10 pm Mag-500 X EHT-3.00kVe,
(RN

Fig. 3. SEM micrographs of PVA fibre surfaces (100 pm and 10 pm) after different chemical modifications: A) Before treatment; B) After treatment with chloropropionyl
chloride; C) After treatment with chloropropionyl chleride, ethylenediamine and glutaraldehyde.
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fixed to the camrier during use or washing. However, covalent
attachment is strong and enables the enzyme molecules to be
anchored to the carrier during use or repeated washing [18,19,51].

The measured activities for glutaraldehyde activated and non-
activated immobilized carriers (i.e. PVA, PVA-CI, PVA-CI-EDA and
PVA-CI-EDA-GA) are shown in Table 1. There was a small amount of
ADH activity recorded with PVA, PVA-Cl and PVA-O-EDA
presumably due to nonspecific binding. When ADH was immo-
bilized onto the PVA-Cl-EDA-GA fibrous carrier, a 7.3 fold increase
in activity was observed compared to the PVA control (without
chemical modification ). This increase in activity Supports success-
ful ADH immobilization at pH 8.1,

The effect of spacer length on the activity of the immobilized
ADH was investigated by incubating PVA-Cl discs in EDA, HMA and
1,12-dodecadiamine in ethanol (20% wiv) respectively at 60 “C for
5h (diamine concetrations details were prented in Supporting
document 5_1). In the second step, the aminated PVA carriers were
reacted with CA prior to enzyme attachment. Previous work
suggested that branched amines such as PEI and polylysine would
provide multiple binding sites for immobilization [52]. In this
study this approach was further extended by producing spacer
arms of defined length by using linear diamines of increasing
carbon length (C2, C6 and C12). The experimental results on the
effect of the spacer length on the activity of the immohilized ADH
are presented in Table 2 and Supplement document).

Upon ADH immobilization, the highest activity was observed
with EDA (n=2). When ADH was immobilized with the HMA
spacer (n=6) a lower activity was recorded, and with the 1, 12-
dodecadiamine spacer (n=12) activity was greatly diminished.
Loss of activity could be either due to aggregation of the saturated
amines in the agueous medium [53] or could also the fact that
longer diamines may be more prone to both ends reacting with the
PVA-Cl surface, hence not as many options for ADH to immobilise,
The EDA spacer provided the highest activity and hence was used
in all subsequent work. The effect of EDA concentration was
measured by reacting PVA-CI fabric discs with EDA concentrations
ranging from 10 to 40% (w(v) in ethanol, The EDA modified discs
were immohilized with ADH after GA activation. Fig. 4 shows the
effect different concentrations of EDA (10 to 30% wjv in ethanol)
spacer on ADH activity. The activity of the ADH enzyme increased
with increasing the concentration of EDA and the highest activity

Table 2
Effect of diamine spacer length on immobilized ADH activity.
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Fig. 4 The effect of EDA concentration on activity of immobilized ADH.

was observed with 30% EDA (0,785 + 0,05 mmol/min g). Higher
concentrations of EDA (above 30%) lead to disintegration of the
PVA fabric.

3.3. Stability of immobilized ADH

Immobilized enzymes are more easily recovered and recycled
than soluble enzymes and can also possess higher stability over
wider physical and chemical conditions [19]. Both of these features
are essential for industrial applications where immobilized
enzymes are required to sustain wider pH and teEmperature ranges
to achieve optimal process.

3.3.1. pH stability

Enzyme stability is heavily dependent on the pH of the solution.
The effect of pH on the enzyme stability was investigated by
treating soluble ADH and immobilized ADH at 40°C for 2 h at
different pH values before their activities were measured (Fig. 5).
The soluble enzyme showed good stability at pH 5-7. There was a
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Fig. 5. Stability of soluble and immobilized ADH at different pHs. Both soluble ADH
and immobilized ADH were incubated at 40°C for 2h in different pH buffered
solutions.
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Fig. 6. Themnostahility of soluble and immobilized ADH after being heated at
different temperatures in phosphate buffer ((LO5 M, pH 81 ) for Zh.
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Fig. 7. Reuzability of the immobilized ADH.

decrease in stability at pH & (with ~-80% retention in activity) and
complete loss of activity at pH 9 or higher. Immobilization of ADH
changed its pH stability profile, with enzyme retaining 46% and
27% of its activity at pH 9 and 10.5, respectively. The optimal
stability shifted to pH 8 compared to pH 5-7 for the soluble form.
These findings show that covalent immobilization can provide
enhanced pH stability with retention of enzyme activity over a
broader pH range. Multipoint covalent attachment of the enzyme
would reduce the conformational freedom of the enzyme and may
be responsible for the enhanced stability profile. A similar
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broadening of pH stability has been reported when ADH is
immobilized on artapulgite nanofibers [54].

3.3.2 Thermostability

The thermostability of the immobilized and soluble ADH was
assessed by treatment at different temperatures (20°C-80°C) for
2 h. Fig. 6 shows that there was a rapid thermmal inactivation of
soluble ADH at 60°C and higher temperatures. Significantly, the
immobilized ADH preserved 80% and 60% of its activity after being
heated at 60“C and 80 “C respectively.

Thermal denaturation of ADH at higher temperature (T; 63 °C)
is thought to arise from imeversible oxidation, aggregation and
deamidation of the protein [9]. The observed increased thermal
stability of the immobilized enzyme could also be due to
multipoint attachment of the enzyme to the carner [ Le. reduction
in intermolecular reaction), Similar improvement in stability was
observed when ADH was immobilized on ghyoxyl agarose [35],
magnetic graphene oxide nanocomposites [56], glass beads [12],
and a cyanogen bromide-activated Sephamse system [57].

3.3.3 Reusability

An advantage of immobilized enzymes is their potential for
reuse, To evaluate the reusability of the immobilized ADH, camrier
discs with immobilized ADH were repeated|y suspended in a fresh
reaction mixture for enzyme activity measurements. Between
measurements the carrier discs were washed with phosphate
buffer (0.05 M, pH 7.5).

Fig. 7 shows that the efficacy of the immobilized ADH declined
slightly after each use, probably due to the change in conformation
of immobilized enzyme after repeated washings or some enzyme
detachment from the carrier (because of imine orester hydrolysis),
Aftereight consecutive runs, the immaobilized ADH retained 60% of
its original activity.

4. Conclusions

In summary, PVA textile fibrous carrier has been chemically
modified and used for enzyme immobilization. It was found that
ADH could be covalently immobilized on the modified PVA fibre to
provide an immobilised form of the enzyme possessing good
operational stability over a wider pH range and higher thermosta-
bility as compared to soluble ADH. Furthermore, the immobilized
enzyme retained 60% of its original activity after eight reaction
cycles making it attractive for industrial applications, These results
indicate that PVA fibrous material can be used as an effective
carrier material for enzyme immobilization.
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3.4 Storage stability of PVA-CI-EDA-GA
Immobilised ADH

The PVA-CI-EDA-GA-ADH construct was further investigated for storage stability and its
suitability for use in a bioreactor or biosensor. Enzyme activity often declines over time due to
autolysis or microbial growth however immobilisation has been shown to reduce both of these
factors.® The storage stability of the soluble and immobilised ADH was evaluated at 4 °C in
PBS buffer (0.05M, pH 7.45) for 30 days and activity measurements were taken at time zero,
day 2, day 5, day 10, day 20 and day 25 using the standard assay method. Disappointingly,
after two days, both the soluble and immobilised ADH showed a 35% and 30% loss in activity

respectively (Figure 3.2).
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Figure 3.2. Storage stability of the immobilised ADH. The activity measurements were performed in
triplicate and error bars present standard deviations. The highest activity was taken as 100 % and
subsequent % activity was normalised against this value.

Thereafter there was a continuous decrease in activity for both soluble and immobilised ADH
with denaturation of the immobilised ADH occurring slightly more slowly. Analogous results

have been reported for ADH immobilised on cyanogen bromide-activated Sepharose.*
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3.5 Conclusion

Chapter 3 described functionalisation strategies investigated for the surface modification of
solid fibrous PVA. A model reaction on 2,4-pentanediol revealed that the deceptively simple
chemistry is in reality quite complex. This could account for the failure of many of the

attempted PVA fibre and fabric polymer surface modification reactions.

Immobilisation of ADH on PVA-CI-EDA-GA scaffold showed both higher activity and
thermostability (at 60 to 80 °C), and also exhibited good operational stability over a wider pH
range (pH 7-9). The construct also retained 60% of its original activity after eight reaction
cycles making it attractive for industrial applications. These results indicate that PVA fibre

based materials show promise as support materials for enzyme immobilisation.

Although denaturation of the immobilised ADH occurred at a slower rate to that of the soluble
ADH, the PVA-CI-EDA-GA-ADH construct retained only 18% activity over 25 days. This
was disappointing since bioreactor applications require long-term stability. Its use in biosensors
is also limited due to the lack of attachment mode for an electrode surface. With this knowledge
in hand, we shifted attention to fibrous glass supports. In Chapter 4, ADH was successfully
immobilised on the glass and assessed as a bioreactor and for amperometric detection of

ethanol in a biosensor application.
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3.6 Experimental Section

3.6.1 Solvents and reagents

Acetone, hydrochloric acid (concentrated HCI), dichloromethane (DCM), ethanol (EtOH),
methanol (MeOH), tetrahydrofuran (THF), triethylamine (TEA), ethyl acetate (EtOAc),
hexanes (light petroleum), pyridine, toluene, magnesium sulphate (MgSQa4), sodium chloride
(NaCl), sodium hydroxide (NaOH), ammonia (30% in water), benzylamine and

N-Boc-1, 2-diaminoethane were purchased from Merck and used without further purification.

Sodium bicarbonate (NaHCOs3), sodium carbonate (Na.COgs), potassium t-butoxide,
ethylenediamine (EDA), hexamethylenediamine (HA), 1, 12-dodecadiamine, JEFFAMINE™
D-400, branched polyethyleneimine (PEI), 25% glutaraldehyde, epichlorohydrin,
hexamethylene  diisocyanate, succinic  anhydride,  3-(trimethoxysilyl)propylamine,
bromoacetic acid, chloroacetic acid, 3-chloropropanoic acid, N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC), 2-(N-morpholino)ethane sulfonic acid (MES),
2,4-pentanediol, chlorotriazine, diglycidyl ether, tetracthoxysilane, 1,1’-carbonyldiimidazole,
sodium borohydride (NaBH4) powder, N-Boc-ethylenediamine and nicotinamide adenine
dinucleotide (NAD™) were purchased from Sigma-Aldrich, Australia, and used without further

purification.
Alcohol dehydrogenase (ADH) from yeast (500 units/mg) was purchased from Calzyme.

PVA yarn (250 dtex, 100 filaments, Solvron SHC) was purchased from Nitivy, Japan.
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3.6.2 Instrumentation

Infrared spectra were collected using a Nicolet 6700 ATR-FTIR (Thermo Scientific) in
absorbance mode. IR absorptions are reported in wavenumbers (cm™) with the relative
intensities expressed as s (strong), m (medium), w (weak) or prefixed b (broad).

Solid-state *C cross-polarization (CP-MAS) NMR spectra were recorded on a Bruker AV500
MAS spectrometer. Chemical shifts (d), measured in parts per million (ppm), are reported

relative to TMS.

Low-resolution electrospray ionization (ESI) mass spectra were recorded on a Micromass
Platform Electrospray mass spectrometer (QMS-quadrupole mass electrometry) as solutions in

specified solvents. Spectra were recorded in positive and/or negative mode (ESI*/ ESI").

Morphology analysis was performed on Scanning Electron Microscope (SEM, Philips XL30).
The samples were imaged using a Zeiss Merlin FESEM after being coated with iridium under

vacuum.
Enzyme activity was measured using a Cary 300 BioUV-visible spectrophotometer at 340 nm.

Analytical thin layer chromatography (TLC) was performed on plastic plates coated with
0.25 mm of silica gel (Polygram SIL G/UV254). Column chromatography was carried out
using Merck silica gel 60, 0.063-0.200 mm (230 mesh). The compounds were visualised with
ultraviolet irradiation at 254 nm or via the use of chemical stains such as ninhydrin, vanillin,

or iodine, where necessary. Eluent mixtures are expressed as volume to volume ratios.

Knitting was carried out using a flatbed Shima WG-14 (Japan) using PVA (Solvron SHC) yarn.
The fabric knitted was a 2 x 1 rib with a loop length of 5.5 mm producing a flat structure with

little or no curling at the edges. Discs of 13 mm in diameter were stamped from the knitted
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fabric, washed with deionized water and ethanol, and dried in an oven at 50 °C before being

subjected to further chemical modification.

ADH Activity

Surface modification reactions were performed on fabric discs in bulk total mass (1-2 g) and
enzyme immobilisation activity was measured on a single disc of known mass (170-180 mg)
in triplicate according to the procedure described in Experimental Section 3.7.2. The activity

was calculated from absorbance (Abs) using the following formula:
A=gXcXl,
c=Alexl

where A is the absorbance, ¢ is the extinction coefficient (6220 M cm™), ¢ is the concentration

(M) and L is the path length (cm).
Conc.mmol = Conc (mM) / Assay volume
Total activity = Conc. mmol / Time (i.e. assay time in min)

Activity (Specific activity) of immobilised ADH = Conc. mmol/Time (min) / Weight of fabric

disc (g)

Activity (Specific activity) of soluble ADH = Conc. mmol/Time (min) / Weight of ADH (g)
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3.6.3 PVA Surface modification procedures

3.6.3.1 Ester Modification

3.6.3.1.1 PVA-Chloroacetyl chloride reaction=> (3)

/N/n C(U; _ O\]\:O

OH 60°C, 18 h cl
1

PVA fabric discs (1.01 g, 0.022 moles —OH) were added into THF (20 mL) and stirred at R.T.
To this mixture chloroacetic acid (3.6 mL, 0.045 mole) was added dropwise at 0 °C with

constant stirring and then heated to 60 °C for 18 h. In this reaction fabric transformed into gel.

The PVA fibres were modified with acetic acid and synthesised according to the procedure
outlined in Section 5.4.1 under the following conditions: PVA fibres (1g, 0.022 moles —OH),
acetyl chloride (3.6 mL, 0.045 mole) and TEA (5 mL, 0.045 mol). This resulted in fibres into

gel transformation.

3.6.3.1.2 PVA acylation with 3-chloropropinoyl chloride=> (5)

OH TEA, RT, 18 h

PVA acylation scaffold (5) was prepared according to a procedure described by J. Bernard.®®

PVA fabric knitted discs (4 g, 0.091 mol —OH) were added to a solution of triethylamine
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(28.8 mL, 0.211 mol) in THF (80 mL) at RT. To this mixture 3-chloropropionyl chloride
(21.0 mL, 0.22 mol) was added dropwise at 0 °C over a 30 min and then the reaction mixture
was stirred at RT for 18 h. At the end of the reaction, the fabric discs were then removed from
the reaction solution and washed with distilled water (25 mL; 3 x 10 min), ethanol (25 mL;
3 x 10 min) and dried at 50 °C to obtain yellow coloured fabric. IR spectroscopic analysis was

not consistent with the target product.

3.6.3.1.3 PVA acylation with 3-chloropropinoyl chloride = (5)

0]
n - @) O
OH

TEA, 60 °C, 18 h i
5

Cl

PVA scaffold (5)was carried out according to a procedure described by J. Bernard.® PVA
fabric knitted discs (4 g, 0.091 mol —OH) were added to a solution of triethylamine (28.8 mL,
0.211 mol) in THF (80 mL) at RT. To this mixture 3-chloropropionyl chloride (21.0 mL,
0.22 mol) was added dropwise at 0 °C over a 30 min and then the reaction mixture was heated
to 60 °C for 18 h. At the end of the reaction, the fabric discs were then removed from the
reaction solution and washed with distilled water (25 mL; 3 x 10 min), ethanol (25 mL; 3 x 10
min) and dried at 50 °C to obtain a red/brown coloured fabric. IR: 3289bs, 2908s, 1733s,
1437m, 1449s, 1329w, 1200w, 1142s, 1087bs, 914w, 841m, 646w cm™. 3C NMR solid state

(600 MHz): 38.7, 44.3, 64.6, 78.2, 78.2, 170.2 .
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1) ADH immobilisation

ADH (0.5 mg/mL) was dissolved in PBS (0.05 M, pH 7.5). PVA-CI fabric discs from above
section were placed in a 12 well plate containing the ADH solution (1 mL). After incubation
for 2 h at 25 °C the carrier discs were washed with phosphate buffer (0.05 M, pH 7.5, 25 mL;
4 x 30 min) to remove unbound enzyme. PVA fabric without surface modification were
immobilised with ADH in an analogous way and subsequently used as controls. The activity
of immobilised and soluble ADH was determined according to the procedure described in

Section 3.7.2.

3.6.3.1.4 Ethylenediamine modification PVA-CI-EDA-> (6)

E—
60°C,5h

A, A,
Oio EDA, EtOH O\I\:

Cl HN
s L

NH,
The PVA-CI knitted fabric discs (1.01 g) were added to 10 % (w/v) ethylenediamine solution
(10 mL in ethanol) and heated to 60 °C for 5 h under stirring. The reaction mixture was then

cooled to RT and the modified discs were removed and washed with distilled water (25 mL;

3 x 10 min) and ethanol (25 mL; 3 x 10 min) respectively to remove residual diamine.
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1) Spacer optimization procedure

Spacer optimisation was investigated with ethylenediamine, hexamethylene diamine, and
1, 12-dodecamine 10% (w/v) in ethanol (10 mL) separately. Each reaction mixture was heated
to 60°C for 5 h. The modified aminated discs were removed and subsequently washed with
distilled water (25 mL; 3 x 10 min) and ethanol (25 mL; 3 x 10 min). The discs were then dried

at 50 °C for 18 h.

2) EDA concentration optimisation procedure

The EDA concentration study was undertaken using 20%, 30% and 40% EDA in ethanol
(10 mL). PVA-CI discs (1.10 g) were added to each of the above EDA concentrations and

treated according to the procedure described in above Section 3.6.3.1.4

The IR spectra for 30% EDA modified PVA-CI fabric discs: 3286bs, 2908s, 2182w, 1727s,
1649w, 1440m, 1322m, 1181w, 1142s, 1087bs, 913w, 841m cm™. *C NMR solid state (600

MHz): 35.8, 44.5, 64.6, 78.2, 78.2, 172.4.

3) GA activation (PVA-CI-EDA-GA)

H2N’
R
W W wn GA (2.5% wiv) f Wn
B Y
o o —® OH 0_.0

PBS pH 8 OH 0.0 PBS, pH 8.1
o 3°C1h o 25°.2h

i g HN\/\NA/\)LH HN\/\NWN
NH,
GA activation was carried out according to the procedure described by J. C. Santos.®® The

PVA-CI-EDA fabric discs (~0.985 g) were activated with 2.5% (w/v) GA (20 mL) in PBS
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(0.05 M pH 7.5) for 1 h at 37 °C in a sealed flask. The support discs were removed from the

solution and thoroughly washed with distilled water (25 mL; 3 x 30 min) to remove excess GA.

4) ADH immobilisation

ADH (0.5 mg/mL) was dissolved in PBS (0.05 M, pH 8.1). The GA activated fabric discs
(PVA-CI-EDA-GA) were placed in a 12 well plate containing the ADH solution. After
incubation for 2 h at 25 °C the carrier discs were washed with phosphate buffer (0.05 M,
pH 8.1) four times over 30 min to remove unbound enzyme. Control fabrics such as PVA
fabric, PVA-CI and PVA-CI-EDA were immobilised in an analogous way and subsequently
used as controls. The activity of the immobilised and soluble ADH was determined according

to the procedure described in Section 3.7.2.

Table 3.6 Activity measurement: Effect of EDA concentration on immobilised ADH

10% | 0.563 6200 0.091 0.182 0.045 0.378
0.564 6200 0.091 0.182 0.045 0.379 0.366 55%
0.509 6200 0.082 0.164 0.041 0.342

20% | 0.864 6200 0.139 0.279 0.070 0.581
0.876 6200 0.141 0.283 0.071 0.589 0.582 7%
0.86 6200 0.139 0.277 0.069 0.578

30% | 1.142 6200 0.184 0.368 0.092 0.767
1.126 6200 0.182 0.363 0.091 0.757 0.763 100%
1.138 6200 0.184 0.367 0.092 0.765

* Assay vol: 2 mL
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3.6.3.1.5 Succinic anhydride modification=> (8)

0]

OF°
\(M DMSO, Pyridine, 65 °C W” O

> OH O
OH OH 18 h NOH

8 0]

The succinic anhydride modification of PVA (8) was carried out according to a procedure
described by V. Gimenez.*° PVA fabric (1 g, 0.002 -OH moles) was added into the mixture of
DMSO (10 mL) and pyridine (1.7 mL, 0.006 mol) and stirred at RT for 15 min. Succinic
anhydride (0.5 g, 0.02 mol) was added into the above mixture and heated at 50 °C for 2 h. The
discs were then removed from the reaction mixture and washed with distilled water (25 mL;
3 x 10 min), ethanol (25 mL; 3 x 10 min) and dried at 50 °C. IR spectroscopic analysis was not

consistent with the target product.

3.6.3.1.6 Succinic anhydride modification—> (8)

n (@)

Wﬂ TEA,THF, 60 °C m
OH OH - OH
18 h 5

8

The PVA succinic anhydride scaffold (8) was prepared according to a procedure described by
Optivas.'! PVA fibre fabric (1.1 g, 0.002 —OH moles) was added to the mixture of THF
(10 mL) and TEA (0.6 mL, 0.006 mol) and stirred at RT for 15 min. To this reaction mixture,
succinic anhydride (0.5g, 0.005mol) was added and heated at 60 °C for 18 h. The discs were
then removed from the reaction mixture and washed with distilled water (25 mL; 3 x 30 min),
ethanol (25 mL; 3 x 30 min) and dried at 50 °C. IR spectroscopic analysis was not consistent

with the target product.
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3.6.3.1.7 Succinic anhydride modification-> (8)

\(M - Wn o)
OH OH Pyrldlne,2h> OH O
OH
50 °C

The succinic anhydride scaffold (8) was also prepared according to a procedure described by
M. Zouhair Atassi.** PVA fibre fabric (1.2 g, 0.002 -OH moles) was added into pyridine
(5 mL) and stirred at RT for 15 min. Succinic anhydride (0.5 g, 0.005 mol) was added into the
above reaction mixture and heated at 50 °C for 18 h. After cooling at RT, discs were removed
from the reaction mixture and washed with distilled water (25 mL; 3 x 30 min), ethanol
(25 mL; 3 x 30 min) and dried at 50 °C. IR spectroscopic analysis was not consistent with the

target product.

3.6.3.1.8 Carbamate formation-> (12)

o _ _
AN
N7 N/U\N/\\N W W/n
\—/ — n BocHN~_~"NH, OH 0__O
DMSO OH O _O| — 5
AN Y THF NH
Step-1 N
OH OH 7 Step-2 J/
Q_Kj BocHN
Intermediate_ TFA:H,0 (95:5)
Mo -
Step-3
Wn
OH O0.__O0O
[NH
NH, TFA
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PVA carbamate scaffold (12) was synthesised according to the procedure described by
D.Ossipov.*? PVA fabric discs (0.80 g, 18 mmol of OH groups) was added to dry DMSO
(16 mL). CDI (1.56 g, 9 mmol) was added to the mixture in one portion at RT and the reaction
was stirred under nitrogen for another 2.5 h. N-Boc-ethylenediamine (177.6 mg, 1.11 mmol)
in DMSO (6 mL) was then added to the reaction solution, and the resulting mixture was stirred
overnight at RT. Concentrated aqueous NHz (8 mL) was then added, and the mixture was
stirred for a further 45 min at RT. Finally, the reaction mixture was diluted with distilled water
(50 mL) and stirred for 2 h. The fabric was then removed from the reaction mixture and washed

with distilled water (25 mL; 4 x 30 min), acetone (25 mL; 3 x 30 min) and dried at 50 °C.

IR spectroscopic analysis was not consistent with the target product.

3.6.3.2 Ether modifications

3.6.3.2.1 Epichlorohydrin modification = (15)

O Cl

[>—

SO s YD e b,

OH OH m’ OH o\\</O Step-2 OH ou\
Step-1 15 NH,
PVA epoxy scaffold was synthesised according to the procedure described by H.J.Xu.*® PVA
fabric discs (1.03 g, 0.022 moles —OH) were added into 2N NaOH (3 mL, 0.075 mol) in water
at RT. Epichlorohydrin (5.8 mL, 0.075 mol) was added to the mixture and the reaction mixture
was stirred at RT for 18 h. After 18 h, the fabric was removed from the reaction mixture and
washed with distilled water (25 mL; 4 x 30 min) and dried at RT for 18 h. The PVA scaffold

discs were then added to aqueous ammonia (10 mL) and stirred overnight at RT. The PVA
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discs were then removed from the reaction and washed with distilled water (15 mL; 3 x 30 min)

and dried at RT. IR spectroscopic analysis was not consistent with the target product.

3.6.3.2.2 Epichlorohydrin modification—> (15)

Cl

0
\(6\% >— W/n 30 % NH, W
LN e n OH
OH OF " 4929 Naon ©H Q < OH O\)\
0 ep-2
55-60 °C, 8 h \\Q NH
Step-1 15 2

The PVA epoxy scaffold was synthesised according to the procedure described by H.J.Xu.*®
PVA fabric discs (0.52 g, 0.011 moles —OH) were added into 5N NaOH (3 mL, 0.075 mol) in
water. Epichlorohydrin (2.9 mL 0.037 mol) was added to the above mixture and heated to
55-60 °C for 8 h. After 8 h, the fabric was removed from the reaction mixture and washed with
distilled water (25 mL; 4 x 30 min) and dried at RT for 18 h. Aqueous ammonia (10 mL) was
then added and the mixture was stirred overnight at RT. The aminated PVA fabric discs were
then washed with distilled water (25 mL; 4 x 30 min) and dried at RT. IR spectroscopic analysis

was not consistent with the target product.

3.6.3.2.3 Epichlorohydrin modification—> (14)

0
n CI\/Q n O
OH OH OH 0. _ A

K*t-BuO, THF, RT
14

PVA fabric discs (1.0 g, 0.022 moles —OH) were added into the mixture of THF and potassium
t-butoxide (0.6 g, 0.005 mol) at RT. Epichlorohydrin (2.8 mL, 0.066 mol) was added to the

above mixture and stirred at RT. After 2 h, the fabric discs were removed from the reaction
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mixture and washed with distilled water (15 mL; 3 x 30 min) and dried. IR spectroscopic

analysis was not consistent with the target product.

3.6.3.2.4 Epichlorohydrin modification=> (14)

0
S
W 2.5% wiv \(f\rfn
n '
OH O
OH OH 0.05M PBS, pH 7, o
RT 1h 14 \\Q

The PVA epoxy scaffold (14) was synthesised according to the procedure described by
J.Santos.*® The PVA fabric (1.02 g, 0.022 moles —OH) was allowed to react with 2.5% (w/v)
epichlorohydrin in PBS buffer (10 mL, 0.05M, pH 7.0) for 1 h at RT. The PVA modified
support was removed from the reaction mixture and washed with distilled water (15 mL;

3 x 30 min). IR spectroscopic analysis was not consistent with the target product.

The PVA epoxy scaffold (14) was synthesised analogously according to the procedure outlined
in above Section 3.6.3.24 under the following conditions: PVA fabric
(0.5 ¢,0.011 moles —OH), 2.5% (w/v) epichlorohydrin (10 mL) in PBS. After 18 h the PVA
modified support was removed from the reaction mixture and washed with distilled water

(15 mL; 3 x 30 min). IR spectroscopic analysis was not consistent with the target product.
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3.6.3.2.5 Glutaraldehyde activation=> (17)

H\n/\/\n/H
(0] (0] n
2.5%) W/V _ O O OH O
n 0.05 M PBS, pH 7.5, H
OH OH H
17

Preparation of the PVA acetal scaffold (17) was attempted using a procedure described by
J.Santos.® The PVA fabric (0.51 g, 0.011 moles —OH) was reacted with GA 2.5% (w/v) in
PBS (10 mL, 0.05 M, pH 7.4) at RT for 1 h. The GA exposed fabric discs were then washed
with distilled water (20 mL; 3 x 30 min). IR spectroscopic analysis was not consistent with the

target product.

Preparation of the PVA acetal scaffold (17) was also attempted under following conditions:
PVA fabric discs (0.5 g), 2.5% (w/v) GA in PBS (10 mL, 0.05 M, pH 7.4), 18 h.

IR spectroscopic analysis was not consistent with the target product.

3.6.3.2.6 PVA modification with bromoacetic acid = (18)

OH
Bl’/ﬁ( W
n
© OH 0 o

n »
OH NaOH, H,0, 80 °C
18 OH

The PVA acid scaffold (18) was synthesised according to the procedure described by C.S.Yu.*
To the PVA fabric (0.50 g, 0.011 mol —OH), sodium hydroxide (0.352 g, 0.08 mol) and distilled
water (10 mL) were added. Bromoacetic acid (0.4858 g, 0.03 mol) was then added in one
portion and the reaction mixture was stirred at 80 °C for 5 h. The reaction mixture was then

cooled at RT and the pH of the mixture was adjusted to 6 with 1M hydrochloric acid.
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The modified fabric was removed from the mixture and washed with distilled water and 95%
ethanol (20 mL; 4 x 30 min). IR spectroscopic analysis was not consistent with the target

product.

Preparation of the PVA acid scaffold (18) was also attempted using the following conditions:
PVA fabric (0.52 g, 0.011 mol —OH), KOH (0.78 g 0.08 mol) and bromo acetic acid

(0.4858 g, 0.03 mol). IR spectroscopic analysis was not consistent with the target product.

3.6.3.2.7 PVA modification with bromoacetic acid = (18)

OH
o
Br n o
n
E— OH O
?H TEA, THF 60 °C 18\)J\OH

PVA carboxymethylation was carried out according to a procedure described by J. Bernard.®
The PVA fabric discs (0.51 g, 0.011 mol —OH) were added into a mixture of THF (10 mL) and
triethylamine (0.3 mL, 0.033 mol) at RT, followed by the addition of bromoacetic acid
(0.48 g, 0.022 mol). The reaction was heated at 60 °C for 18 h and the discs were then removed
from the reaction mixture and washed with distilled water (25 mL; 4 x 30 min), ethanol
(25 mL; 4 x 30 min) and dried at 50 °C. IR: 3276bs, 2944m, 2908m, 1744s, 1415s, 1449s,

1322m, 1200w, 1083bs, 917w cm™.

1) ADH immobilisation

To the mixture of EDC and NHS (20.1 mg and 25.2 mg) in MES buffer (0.1M, pH 6), the
PV A-acid modified fabric discs were added to a 12 well plate and incubated for 2 h at RT. The

activated discs were then washed with PBS buffer (0.05M, pH 7.5, 20 mL; 4 x 30 min). ADH
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(0.5 mg/mL) was dissolved in PBS (0.05 M, pH 8.1). The EDC activated fabric discs were
placed in a 12 well plate containing the ADH solution. After incubation for 2 h at 25 °C the
carrier discs were washed with PBS (0.05 M, pH 8.1 20 mL; 4 x 30 min) to remove any
unbound enzyme. The PVA fabric samples without surface modification were treated in an
analogous way and subsequently used as controls. The activity of both the immobilised and

control fabric samples were determined according to the procedure described in Section 3.7.2.

Table 3.7 Activity measurement: ADH immobilised on PVA acid support

Control- ADH immobilised on PVA fabric
0.150 6200 0.024 0.024 0.006 0.040
0.094 6200 0.015 0.015 0.004 0.025
0.146 6200 0.024 0.024 0.006 0.039 0.039
0.190 6200 0.031 0.031 0.008 0.051
Treatment- ADH immobilised on PVA acid fabric
0.071 6200 0.011 0.011 0.003 0.019
0.114 6200 0.018 0.018 0.005 0.031 0,029
0.167 6200 0.027 0.027 0.007 0.045
0.087 6200 0.014 0.014 0.004 0.023

3.6.3.2.8 PVA modification with chloropropionic acid = (20)

o OH O
OH NaOH, H,0, 80 °C \
o OH
20

PVA scaffold (20) was synthesized according to the procedure described in Section 3.6.3.2.6
under the following conditions: PVA fabric discs (0.51 g, 0.011 mol —OH), chloropropionic
acid (0.58 g, 0.03 mol), sodium hydroxide (0.352 g, 0.08 mol), 15 mL distilled water.

IR spectroscopic analysis was not consistent with the target product.
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3.6.3.2.9 PVA modification with chloropropionic acid = (20)

M _ OH O
OH  TEA, THF 60 °C \
g7 ~OH
20

PVA carboxymethylation (20) was carried out according to a procedure described by
J. Bernard.®® PVA fabric discs (1.12 g, 0.023 mol —OH) were added into a mixture of THF
(20 mL) and TEA (5 mL, 0.045 mol) at RT. To this mixture 3-chloropropinic acid
(4.8 g, 0.044 mol) was added and heated to 60 °C for 18 h. The reaction mixture was cooled to
RT, then the discs were removed from the mixture and washed with distilled water
(25 mL; 4 x 30 min), ethanol (25 mL; 4 x 30 min) and dried at 50 °C. IR spectroscopic analysis

was not consistent with the target product.

3.6.3.2.10 PVA modification with chloropropionic acid = (20)

PVA fabric discs (1.01 g, 0.022 mol —OH) were added into a mixture of THF (20 mL) and
potassium t-butoxide (6.4 g, 0.01 mol) at RT. 3-Chloropropinic acid (4.8 g, 0.04 mol) was
added to the above mixture and heated at 60 °C for 18 h. The discs were then separated from

the reaction mixture and washed with distilled water (25 mL; 4 x 30 min), ethanol
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(25 mL; 4 x 30 min) and dried at 50 °C. IR spectroscopic analysis was not consistent with the

target product.

3.6.3.2.11 tert-Butyl-N-(3-bromopropyl)carbamate reaction with

PVA = (22)

M Br/\/\Nj\oJ< Wﬂ
H

OH
0
TEA,THF RT 22 >f

PVA fabric (1.10 g, 0.002 —OH moles) was added to a mixture of THF (20 mL) and TEA

(0.8 mL, 0.008 mol). tert-Butyl-N-(3-bromopropyl)carbamate (1.1 g, 0.004 mol) was added to
the above mixture which was then stirred at RT for 2 h. The fabric was then removed from the
mixture and washed with ethanol (25 mL; 4 x 10 min) and acetone (25 mL; 4 x 10 min) and

dried at 50 °C. IR spectroscopic analysis was not consistent with the target product.

3.6.3.2.12 PVA modification with butanediol diglycidyl ether -

(23)

M 1,4-Butanediol diglycidyl ethem

OH O
OH 0.6 N NaOH, RT 18 h i

23 \/\/\O%

o

PVA carboxymethylation (23) was carried out according to a procedure described by
R.A Sheldon.*® A mixture of 1,4-Butanediol diglycidyl ether reagent (3 mL) and 0.6 N NaOH
(3 mL) and sodium borohydride (2 mg) was prepared and cooled to 20 °C. The PVA fabric

discs (1.02 g) were added to this turbid mixture and allowed to shake for 18 h at 150 rpm at
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20 °C. After 18 h, the fabric was washed with 10%, 20%, 50% acetone in water
(25 mL; 4 x 10 min) respectively and finally washed with distilled water (25 mL; 4 x 10 min).

IR spectroscopic analysis was not consistent with the target product.

3.6.3.2.13 Butanediol-diglycidyl ether modification - (23)

1,4-Butanediol diglycidyl ether Wn OH

n > OH O

OH NaHCOj buffer, pH 10.5
23 O\/\/\O%
(0]

PVA fabric (1.21 g, 0.002 —OH moles) was added into bicarbonate buffer solution (20 mL,
pH 10.5). To this was added dropwise 1,4-butanediol diglycidyl ether (4.41 g, 0.024 mol).
The mixture was stirred at RT for 3 h. The fabric was then removed from the mixture and
washed with distilled water (25 mL; 4 x 10 min) and oven dried. IR spectroscopic analysis was

not consistent with the target product.

3.6.3.3 Silane modifications

3.6.3.3.1 Silylation with APTMS - (25)

O
I Toluene n
N/n + O\Sl/\/\NHZ . OH O\ pH
OH (I) RT, 2h Si-OH

25
HoN

PVA fabric (250.1 mg) was added into a solution of 2.5 % APTMS in toluene (10 mL) and

stirred at RT. After 2 h, the fabric was removed and washed with ethanol (25 mL; 4 x 30 min)
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and cured at 100 °C for 10 min. IR spectroscopic analysis was not consistent with the target

product.

3.6.3.3.2 Silylation with APTMS = (25)

J

O
|
O\S:/\/\NH2

W
OH
OH O
M ~_© Si-OH
OH

-
v

EtOH, HCI, 60 °C
HoN™ 25
The PVA silane amine modified scaffold (25) was synthesised according to the procedure
described by J. A. Howarter.*® PVA fabric (1.10 g, 0.002 -OH moles) was added into a mixture
of ethanol and APTMS (1:1, 20 mL) at RT. This mixture heated to 60 °C for 10 min then three

drops of conc HCI was added (pH 3) to catalyse the reaction. The reaction was heated for a
further 40 min. before being cooled. The fibres/fabric was then removed from the solution and

dried overnight at RT. IR spectroscopic analysis was not consistent with the target product.

3.6.3.3.3 Silylation with TEOS = (27)

HJ\/j<H
e) (6]
TEOS, conc N
HCI, 60°C 18 h OH O OH O GA (25%)
n > | ] - n
OH Step-1 HO—-Si—O—Si—OH PBS,pH7,18h OH O oy O
' ' Step-2 9 I
OH OH p Ho—§.—o—§._OH
OH OH
27

The PVA silane modified scaffold (25) was synthesised according to the procedure described

by H. S. Mansur.*” PVA fabric (1.21 g) was added into the ethanol and TEOS (1:1, 20 mL)
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mixture at RT. The reaction mixture was heated initially at 60 °C for 10 min followed by the
addition of conc HCI (3 drops) to catalyse the reaction. This reaction was heated for a further
for 40 min at the same temperature. The fibres/fabric were then removed from the solution and

dried overnight at RT. IR spectroscopic analysis was not consistent with the target product.

The PVA aldehyde scaffold was synthesised according to the procedure described by
J.Santos.® The PVA silanized fabric (0.51 g) from above was reacted with 2.5% (w/v) GA
(10 mL) at pH 7.4 for 18 h at R.T. After 18 h the fibres or fabric were removed and washed

with distilled water (50 mL; 4 x 10 min). IR not consistent with the target structure.

3.6.3.3.4 Silylation with PEI silane = (29)

n OH OH

/ \

- S
—0
/N/n Conc.HCI | .~ /\éN/\/N\/\ 5/

OH EtOH, 60 °C

The PVA-PEI silane (29) was synthesized using trimethoxy-silyl propyl modified
polyethyleneimine and ethanol (1:1, 20 mL) with 0.5 g of fibrous PVA according to the method
described in above Section 3.6.3.3.2. IR spectroscopic analysis was not consistent with the

target product and an eosin colorimetric dye test was positive.

3.6.3.4 Isocyanate modifications - (31)

Os 30
Cor e NS
N S O,
" © OH on H
OH OH NG
Tol. 75 °C, 90 min il N=C=0
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The PVA isocyanate scaffold (31)was synthesised according to the procedure described by
S. V. Caro.** The PVA fabric discs (0.81 g) were added into a solution of 10% hexamethylene
diisocyanate (10 mL) in toluene at RT in a three neck round bottom flask. The reaction was
stirred at 25 °C for 1.5 h. The fabric was then washed with acetone (25 mL; 4 x 10 min) and
distilled water (20 mL; 2 x 10 min), and dried in the oven at 60 °C for 2 h. IR: 3261bs, 2907s,

2162w,1962w, 1650m, 1417s, , 1318m, 1235w, 1142m, 1084bs, 914w, 828m cm™™,

1) ADH immobilisation

PVA isocyanate discs from above section were immobilised with ADH (0.5 mg/mL, PBS)
according to the procedure described in Section 3.7.1. The activity for control and immobilised
ADH assayed according to the procedure described in Section 3.7.2 and detailed activity data

is presented below in Table 3.8.

Table 3.8 Activity measurement: ADH immobilised on PVA-isocyanate support

0.693 6200 0.112 | 0.112 0.028 2.794
Control 0.66 6200 0.106 | 0.106 0.027 2.661 2.758
0.699 6200 0.113 | 0.113 0.028 2.819
0.531 6200 0.086 | 0.086 0.021 2.141
0.533 6200 0.086 | 0.086 0.021 2.149 2.129
0.520 6200 0.084 | 0.084 0.021 2.097

PVA -isocyanate-
ADH

3.6.3.5 Chlorotriazine modifications = (33)

1) 10% TEA/THF W
—_——
OH

L e UL

[of 2) 10% NaHCO3
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1) 10 % TEA

The PVA chlorotriazine scaffold (33) was synthesised according to the procedure described by
S. Yrjola and co-worker.>® The PVA fabric (1.10 g, 0.002 —OH moles) was added into dry
THF (9 mL) and TEA (1 mL, 0.03 mol) at RT. To this mixture, 2-chloro-4, 6-diamino-1,3,5-
triazine (1.8 g, 0.8 mol) was added in portions at 25 °C over 10 min. and the reaction mixture
was allowed to stir at 25 °C for 2 h. The fabric was then removed from the mixture and washed
with acetone, distilled water (25 mL; 4 x 20 min) and dried in the oven at 60 °C for 18 h and
analysed by IR spectroscopy: 3276bs, 2904s, 1715m, 1415s, 1320s, 1142m, 1087bs, 912w,

8233m cm?.

2) 109% NaHCOs3

The PVA chlorotriazine scaffold was synthesised according to the procedure described by
C. Linder.® The PVA fibre or fabric (1.01 g, 0.002 —OH moles) was added into an
ag.10 % NaHCOssolution (15 mL) at RT. 2-Chloro-4,6-diamino-1,3,5-triazine (1.8 g, 0.8 mol)
was added in portions to the fibrous mixture and the mixture was stirred for 2h at RT. The fibre
or fabric was then washed with distilled water and acetone (50 mL; 4 x 30 min) and then dried
in an oven at 60 °C for 18 h. IR spectroscopy: 3248bs, 2904s, 1714s, 1413s, 1320s, 1329w,

1200w, 1142s, 1084bs, 912w, 821m, 756w cm™.

1) ADH immobilisation

ADH (0.5 mg/mL, PBS) was immobilised onto the PVA-chlorotriazine discs according to
procedure according to the procedure described in Section 3.7.1. The activity for control and
immobilised ADH was assayed according to the procedure described in Section 3.7.2 and

detailed activity data is presented in Table 3.9.
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Table 3.9 Activity measurement: ADH immobilised on PVA chlorotriazine support

Total Activity

Abs NADH Conc | Conc o mmol/ Average
coefficient | (mM) | (mmol) y : activity
mmol/min  min/g
ADH immobilised on PVA chlorotriazine support (2-NaHCOs)
(P\(/:X“ft;g:ic) 0.093 6200 | 0.015 | 0.015 0.004 0.025
0.965 6200 | 0.156 | 0.156 0.039 0259 | 0103
0.098 6200 0.016 | 0.016 0.004 0.026
Treatment 0.095 6200 0.015 | 0.015 0.004 0.025
0.180 6200 0.029 | 0.029 0.007 0.048 0.033
0.094 6200 0.015 | 0.015 0.004 0.025
ADH immobilised on PVA chlorotriazine support (1-TEA)

Total Activity

Abs A s activity mmol/ (VIS
coefficient (mmol) : : activity

mmol/min  min/g

(P\(/:antarg:ic) 0.093 6200 | 0.015 | 0.015 0.004 0.025
0.097 6200 | 0.016 | 0.016 | 0.004 0.026 | 0026

0.098 6200 | 0.016 | 0.016 | 0.004 0.026

Treatment 0.073 6200 | 0.012 | 0.012 | 0.003 0.02
0.082 6200 | 0.013 | 0.013 | 0.003 0.022 | 0021

0.076 6200 | 0012 | 0.012 | 0.003 0.020

3.6.4 Model reaction

o O
LY e L5a S YL,

34 Step-1 Step-2 HN \—OH

35
37

3.6.4.1 Epoxy modification = (35)

The 2,4-pentanediol reaction was performed as per Deniz Giicli et al..*® A mixture of
40% aqg. NaOH (8 mL), epichlorohydrin (10 mL, 20 mmol) and tetra-N-butylammonium

bromide (80 mg, 4 mmol) was stirred vigorously at 0 °C. To this mixture, 2,4-pentanediol
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(0.5 g, 4.80 mmol) was added over 30 min at a controlled rate so that the temperature was
maintained below RT. The reaction progress was monitored by TLC (SiO2: plates with mobile
phase of light petroleum: EtOAc: MeOH; 7:3:0.2). Upon completion, the mixture was diluted
with water (10 mL) and extracted with ethyl acetate (3 x 25 mL). The combined ethyl acetate
layer was washed with saturated brine solution (50 mL). The organic phase was then dried over
NaSOs, filtered and evaporated to give a colourless oil (0.435 g). Mass spectrometry of the

mixture showed a complex mixture of products.

3.6.4.2 Benzylation reaction = (37)

Benzylation was carried out on the above crude epoxide mixture (35). The crude epoxide
(200 mg, 0.92 mmol) was added to benzylamine (0.2 mL, 1.8 mmol) in DCM (5 mL) and
stirred at RT for 18 h. The reaction progress was monitored by TLC. Upon completion, the
mixture was diluted with water (5 mL) and extracted with ethyl acetate (3 x 15 mL) and the
combined organic extract washed with saturated brine solution (25 ml). The organic phase was
then dried with NaSQg, filtered, and evaporated to a colourless oil (0.274 g). The oil was
purified by column chromatography using ethyl acetate: hexane (70:30) mobile phase. Mass

spectrometry of the mixture showed a complex mixture of products.

3.7 ADH immobilisation and assay protocol

3.7.1 Immobilisation protocol

ADH (0.5 mg/mL) was dissolved in PBS (0.05 M, pH 8.1). The functionalised PVA fabric
discs (treatment) were placed in a 12 well plate containing 1 mL ADH solution. After

incubation for 2 h at 25°C, the PV A support discs were washed with PBS (0.05 M, pH 8.1)
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with rotary shaking (25 mL x 3, 100 rpm for 10 min) to remove any unbound enzyme.
The PVA fabric without surface modification, PVA-CI and PVA-CI-EDA, were exposed to

ADH in an analogous way and subsequently assayed and used as controls.

3.7.2 ADH activity assay

The activity of the immobilised ADH on the support was assayed by immersing the support
discs individually in tris buffer (100 mM pH 8.8), ethanol (20 mM) and NAD" (1 mM) at
25 °C in 12 well plates. After shaking for 4 min at 100 rpm on an orbital shaker, 1 mL of the
solution was extracted for absorbance measurement. The activity analyses were performed in

triplicate for each sample (i.e. control and treatment PV A fabric supports).

3.7.3 Immobilised ADH pH stability

The effect of pH on ADH stability was measured in different buffer systems: for pH 6.5-8.0,
sodium PBS (0.05 M) was used and for pH 8.5-10.5, sodium carbonate/bicarbonate buffer
(0.1 M) was employed. The soluble ADH and immobilised ADH (i.e PVA-CI-EDA-GA-ADH)
were incubated at 40 °C for 2 h at the various pH buffer solutions. Table 3.10 shows the results

of the detail activity data for soluble ADH and immobilised ADH for the various pH treatments.
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Effect of pH on soluble ADH activity
5 1233 | 1.299 | 1.249 | 1.250 6200 0.202 | 0.202 0.050 1008.1
6 119 | 1.219 | 1.222 | 1.222 6200 0.197 | 0.197 0.049 985.5
7 1.328 | 1.308 | 1.300 | 1.300 6200 0.210 | 0.210 | 0.052 1048.4
8 1.080 | 1.078 | 1.075 | 1.075 6200 0.173 | 0.173 0.043 866.9
9 0.086 | 0.071 | 0.088 | 0.088 6200 0.014 | 0.014 0.004 71.0
10.5 | 0.066 | 0.066 | 0.068 | 0.068 6200 0.011 | 0.011 0.003 55.0
Effect of pH on immobilised ADH (PVA-CI-EDA-GA disc)
5 0.213 | 0.212 | 0.226 | 0.217 6205 0.035 | 0.035 0.009 0.117
6 0.198 | 0.210 | 0.222 | 0.210 6205 0.034 | 0.034 0.008 0.113
7 0.310 | 0.308 | 0.291 | 0.303 6205 0.049 | 0.049 0.012 0.163
8 0.389 | 0.378 | 0.368 | 0.379 6205 0.061 | 0.061 0.015 0.203
9 0.189 | 0.189 | 0.179 | 0.186 6205 0.030 | 0.030 | 0.007 0.100
10.5 | 0.107 | 0.109 | 0.112 | 0.109 6205 0.018 | 0.018 | 0.004 0.059

3.7.4 Immobilised ADH thermal stability

The thermostability study was performed by incubating the soluble ADH (0.5 mg/mL) and the

immobilised ADH (i.e PVA-CI-EDA-GA-ADH) for 2 h in PBS (0.05 M, pH 8.1) at various

temperatures (20 °C, 40 °C, 60 °C, 80 °C) in a water bath. After each incubation, the enzyme

was quickly chilled in crushed ice for 5 min. The enzyme was brought to RT and the activity
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determined as described in Section 3.7.2 Table 3.11 shows the detailed activity data for soluble

ADH and immobilised ADH at various temperatures.

Table 3.11 Activity measurement: Thermal stability of soluble and immobilised ADH

Effect of temp on soluble ADH activity

25 2.075 6200 0.335 0.335 0.084 1675.00
2.078 6200 0.335 0.335 0.084 1675.00 | 167.58
2.081 6200 0.336 0.336 0.084 1680.00

40 1.891 6200 0.305 0.305 0.076 1525.00
1.901 6200 0.307 0.307 0.077 1535.00 | 153.28
1.910 6200 0.308 0.308 0.077 1540.00

60 0.063 6200 0.010 0.010 0.003 50.00
0.060 6200 0.010 0.010 0.002 50.00 50.20
0.064 6200 0.010 0.010 0.003 50.00

80 0.057 6200 0.009 0.009 0.002 45.00
0.057 6200 0.009 0.009 0.002 45.00 45.90
0.057 6200 0.009 0.009 0.002 45.00

Effect of temp on immobilised ADH activity (PVA-CI-EDA-GA-ADH)

25 0.544 6200 0.088 0.088 0.022 0.146
0.548 6200 0.088 0.088 0.022 0.147 0.147
0.550 6200 0.089 0.089 0.022 0.148

40 0.472 6200 0.076 0.076 0.019 0.127
0.472 6200 0.076 0.076 0.019 0.127 0.127
0.472 6200 0.076 0.076 0.019 0.127

60 0.433 6200 0.070 0.070 0.017 0.117
0.432 6200 0.070 0.070 0.017 0.116 0.116
0.434 6200 0.070 0.070 0.018 0.117

80 0.389 6200 0.063 0.063 0.016 0.105
0.390 6200 0.063 0.063 0.016 0.105 0.105
0.390 6200 0.063 0.063 0.016 0.105

3.7.5 Immobilised ADH recyclability

The reusability of the immobilised ADH on the PVA-CI-EDA-GA supports was measured by
repeat use of the immobilised ADH to catalyse ethanol to acetaldehyde. After each use, the

discs were washed with PBS (0.05 M, pH 7.5) three times over 10 min and activity was
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remeasured using a fresh reaction mixture. Table 3.12 presents detailed activity data for

recycled immobilised ADH.

Table 3.12 Activity measurement: ADH immobilised on PVA-CI-EDA-GA disc reusability

1 1.051 6200 0.170 0.339 0.085 0.706
1.021 6200 0.165 0.329 0.082 0.686 0.696
1.012 6200 0.163 0.326 0.082 0.680

2 0.718 6200 0.116 0.232 0.058 0.483
0.715 6200 0.115 0.231 0.058 0.481 0.480
0.711 6200 0.115 0.229 0.057 0.478

3 0.539 6200 0.087 0.174 0.043 0.362
0.544 6200 0.088 0.176 0.044 0.366 0.366
0.550 6200 0.089 0.177 0.044 0.370

4 0.399 6200 0.064 0.129 0.032 0.268
0.389 6200 0.063 0.125 0.031 0.261 0.261
0.376 6200 0.061 0.121 0.030 0.253

5 0.198 6200 0.032 0.064 0.016 0.133
0.190 6200 0.031 0.061 0.015 0.128 0.129
0.187 6200 0.030 0.06 0.015 0.126

6 0.089 6200 0.014 0.029 0.007 0.060
0.088 6200 0.014 0.028 0.007 0.059 0.060
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This chapter describes surface modification and ADH immobilisation on both woven and non-
woven glass fabric. ADH immobilised on non-woven glass fabric support was investigated for two
applications: first for the fabrication of an electrode for biosensing, and secondly for the
development of a continuous flow reactor. Chapter 4 represents a major component of this

doctoral thesis and has resulted in one manuscript to date.

4.1 Introduction

In modern analytical practices, with help of enzyme selective recognition and conversion of
target analytes into easily detected products can be obtained. These applications require high
biocatalytic activity to provide the rapid conversion of an analyte into a product. Such processes
typically involve continuous feed of the enzyme. From a practical point of view however,

immobilised enzymes are preferred for biosensors and bioreactor applications.!

The biosensors are categorised mainly into two types: one catalytic biosensor and another is
affinity biosensors. The catalytic biosensor measure steady-state concentration of detectable
species formed/lost due to a biocatalytic reaction.? The affinity biosensor binds to the proteins,
lectins, receptors, nucleic acids, whole cells, or antibodies causing physicochemical change
which can be detected.®* In a biosensor, the biomolecule layer is in intimate contact with the
transducer resulting in an electrical signal in response to an analyte.>® The presenting
biomolecule can be an enzyme, DNA, protein, whole cell, or an antibody.® The sensing
platform or transducer is usually a glassy carbon (GC) electrode and the site of the chemical
reaction between the analyte and biomolecule.” Biosensors are divided into different groups,
for example electrochemical, optical, thermal and piezoelectric,® based on the transducer (or
signals transduced). Electrochemical biosensors generate an electrical signal on chemical

reaction between the analyte and biomolecule. Optical biosensors analyze alteration in the

160



Chapter 4

properties of light (e.g. fluorescence) when the analyte interacts with the biomolecule. Thermal
biosensors respond to change in temperature and piezoelectric biosensors sense change in mass

resulting from an interaction between analyte and biomolecule.®

Pharmaceutical, clinical, military, food and environmental disciplines show great interest in
electrochemical biosensors due to the following advantages: they are simple, portable, possess
short response time, sensitive, low cost, and display greater selectivity than optical,
piezoelectric, and thermal biosensors. Moreover, they require less sample for analysis.?° In
amperometric biosensors, a constant voltage is applied to the electrode to generate current
flows in the system. Upon application of voltage, a redox reaction occurs on the electrode
surface resulting in an electric current proportional to the concentration of the analyte. These
biosensors show high sensitivity with low detection limits.!! In this chapter, biosensor
investigations were carried out using electrochemical techniques to facilitate the detection of

ethanol.

Ethanol is a common chemical found in alcoholic beverages, medicine, mouthwash, household
products and the degradation of food, and has been associated with adverse health risks.*2
Hence, there is considerable demand for simple, sensitive, and rapid assays for ethanol in food
products and biological fluids.®® In alcohol biosensors, two enzymes have been extensively
studied for the determination of alcohol, namely alcohol dehydrogenase (ADH) and alcohol
oxidase (AOX). This is due to the ability of ADH and AOX to catalyse the reaction of alcohol

and enhances the sensitivity of the analysis.'? (Table 4.1)
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Table 4.1 Examples of the analytical parameters and performance of some recently reported ADH based
ethanol biosensors described in below table which is reproduced from literature+1s

SPCE/MWCNTS/AuUNPS/PNR/A 200 (vs SPR) 03-10 49 7
DH
100 (vs
CPE/Fes04s@AU/ADH Ag/ACl) 100-2000 0.02 0.25
GC/ERGO-PTH/ADH 400 (vs SCE) 0.05-1.0 2.8 5
GC/SWCNTSs-Polytyrosine 200 (vs
— +
(oxidized)/ADH/Naf Ag/AgCl) 0.01-0.15 58:0.1 2
ZnO/DPGP/ADH 5 (vs SCE) 0.01-0.65 7.6 5
Pt/PtNPs/PMDUS/ADH 250 (vs SCE) 1.4-10 0.26 1
PGE/SWCNTs/PCV/ADH 200 (vs SCE) 9.33 x 103-0.32 1.94 5

Biosensors using ADH and cofactor nicotinamide adenine dinucleotide (NAD*) exhibit high
selectivity and stability whereas those based on AOX show low storage stability.!® In the past
mediators and signal promoters such as nanoparticles and redox polymers were used to improve
the sensitivity.*6*8 Immobilised ADH enzyme has been used with many different mediators
including magnetic gold nanoparticles,*® cellulose acetate,?’ multi-wall carbon nanotubes?* and

zirconium dioxide (ZrO,) nanoparticles.??

Immobilised enzyme reactors can be divided into several different categories including batch
reactors, fixed-bed reactors, continuous stirred tank reactors, continuous flow reactors, and
fluidized-bed reactors.?®> These reactor types can also be combined or modified. The
biocatalytic reactions run in batch processes using immobilised enzymes can experience
inhibition due to saturation of the reaction solution. In the enzymatic flow reactor, enzymes
can immobilised on high surface area functionalised supports and thus allow for a high density

enzyme loading.?* Furthermore, with an enzymatic flow reactor, the product is removed
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continuously from the reaction mixture preventing enzyme inhibition. Furthermore, the
enzyme remains stable in the reactor to facilitate recycling. Although immobilised enzymes
have been used for chemical analysis for over a decade, their joint application with flow-
injection analysis (FIA) dates from only 1982.2% 27 Flow injection analysis method can allow
the quantification of the species of interest using injection of defined liquid volume in a
continuously flowing carrier stream. It is simple and offers many advantages over manual
analytical methods such as flexibility, simplicity, selectivity, reproducibility, and higher
sampling rate. FIA methods involving immobilised enzymes have been applied to a variety of
analytes (e.g. ethanol, glucose and L-glutamine) where the most frequent technique for
detection of this analyte has been amperometry, with enzymatic or non-enzymatic electrodes.?®
Immobilised ADH reactors were developed incorporating supports such as silica gel,?° glass
beads,*® polyvinyl alcohol-hydrogel beads,®* controlled-pore glass,®* *3 and calcium alginate
fibre,3 and used in flow injection systems for the detection of ethanol. Amongst these various
supports silica has been the predominant inorganic support material used as mesoporous
silica,® % silica nanoparticles,®” % chitosan-silica®-! and glass.*> *® Irrespective of the type of
biosensor, or flow reactor (bioreactor), a final analyte detection step at the solid-liquid interface
or in the solution phase is required.** Therefore, the performance of biosensors and bioreactors

greatly depends on the method of immobilisation and surface chemistry of the support.

Glass is commonly used as support for enzyme immobilisation because of its silicon dioxide
(SiO2) composition which is abundant in nature and thermally stable.*® Glass substrates are
also readily available, simple to handle, and possess high mechanical stability. Porous glass is
a promising support where surface properties are mainly determined by the silanol groups and
can be made in various geometrical forms, i.e. rods, beads, (hollow) fibres, plates or fabric.*8
Physical adsorption or physisorption is one of the simplest techniques used for DNA

immobilisation on glass surfaces.*’ Glass surfaces can be modified by introducing different
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functional groups on the surface for covalent bonding with an enzyme. Glass chips and beads
have been modified to create amine functionality, via reaction with (3-aminopropyl)
trimethoxysilane (APTMS), for reaction with GA (or other aldehydes).*® Apart from
silanisation, epoxylation is another commonly used approach for glass surface modification.
One of the disadvantages of this approach is the need for a high pH (>9) which results in glass
surface degradation and inconsistent results.*® Furthermore, the high pH can also damage the
native three-dimensional structure of enzymes resulting in decreased sensitivity and increased
non-specific interactions.?* The immobilisation effort can be further reduced by initially
modifying the glass surface with bifunctional silane reagents, e.g. aldehydes (using 3-
(trimethoxysilyl)propyl aldehyde),>® and isocyanates (using 3-(trimethoxysilyl) propyl
isocyanate).®! In these cases, no additional linker reactant is required for attaching an amine-
functionalised enzyme because they readily form covalent bonds with the surface. However,
in all the referenced procedures it is necessary to block non-specific binding after
immobilisation.>? 3 Due to the variety of surface modification methods, glass as a support
material has been extensively used for the immobilisation of enzymes for biocatalyst and

biosensor applications.

Table 4.2 Glass supports used for the immobilisation of enzymes

Controlled pore glass Glucose oxidase Covalent Biosensor 54

Amine functionalized

glass beads a-Amylase Covalent Biocatalyst 55
Controlled pore glass Nitrite reductase Covalent iosensor -
beads
Chicken
Glass slide immunoglobulin (IgG) Covalent Biocatalyst 57

was used as antigens
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Table 4.2 Continued...
Glass beads a-Amylase Covalent Biocatalyst 58
hymotrypsin B- .
Glass beads Chymo typsin P Covalent Biocatalyst 59
galactosidase
Glass fibre Alkaline phosphatase Covalent Biocatalyst 60
Controlled pore glass Glucose Adsorption Bioreactor 61
pore g dehydrogenase P
Glass beads Chloroperoxidase Covalent Biocatalyst 43

In this chapter, woven glass fabric (E Glass, 55% Si-OH, diameter 76 mm) and non-woven

glass fabric (glass microfiber filter, borosilicate glass, 80% Si-OH, diameter 47mm) were

investigated as solid supports for ADH immobilisation. Both of these supports possess high

porosity and surface area.5%4

The following approach was utilised in this chapter:

Woven and non-woven glass fabric surfaces were functionalised with various silane

reagents bearing different pendent functional groups to facilitate ADH covalent

immobilisation.

Surface modified glass fabric scaffolds were subjected to ADH immobilisation. ADH

immobilisation protocols were performed at different pHs to optimise enzyme activity.

ADH immobilised on surface modified glass fabric scaffolds was assayed for stability

(pH, temperature and storage).

The non-woven glass fabric-ADH construct possessing the highest activity was

employed for the fabrication of an electrode for the indirect detection of ethanol. The

performance of the electrode was evaluated across a range of ethanol concentrations.
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e The above mentioned non-woven glass fabric-ADH construct was also investigated in

a continuous flow reactor, with a glassy carbon electrode, for the detection of ethanol.

4.2 Woven glass fabric

4.2.1 Surface modification and immobilisation

The woven glass fabric (E Glass, 55% Si-OH) were cut into discs (13 mm in diameter) and
activated with 10 N HCI at different temperatures and times prior to the silanisation reactions.
The activation process was optimised by varying the activation time (2 h, 4 h, and 8 h) and the
temperature (50 °C, 60 °C, 85 °C). IR spectroscopy was used to monitor the activation process
and the presence of free hydroxyl groups (3400-3200 cm™) which are not present in glass
fabric. The optimum reaction time was found to be 85 °C for 2 h in 10 N HCI. The above
mentioned activated glass fabric discs were silanised with silane reagents such as
(3-glycidyloxypropyDtrimethoxysilane  (A),  3-(triethoxysilyl)propyl isocyanate (B),
(3-chloropropyl)triethoxysilane (C), N-(2-aminoethyl)-3-(trimethoxysilyl)propylamine (D),
(3-aminopropytrimethoxysilane (E), each bearing reactive pendent functionality
(Table 4.3). These immobilised silane reagents were then used for ADH immobilisation. To
the best of our knowledge, these silane modified woven glass supports have not been used for
covalent ADH immobilisation. Woven glass fabric supports after silanisation with 2.5% N-(2-
aminoethyl)-3-(trimethoxysilyl)propylamine (D), (3-aminopropyl)trimethoxysilane (E) were
activated with 2.5% GA prior to ADH immobilisation; other silane modified glass fabric
samples were subjected to ADH immobilisation without GA activation
(Scheme 4.1, A, B and C). Woven and non-woven glass surface modification with silane

reagents such as (3-glycidyloxypropyl) trimethoxysilane (A) was initially analysed with FTIR.
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After modification, the observed peak were 1,057 cm™ and 1,037 cm™ corresponding to the
stretching vibration of Si-O-Si and 961 cm-1 broad band for Si-OH. However the required
epoxy 915 cm™ stretching vibration for C-O and 831 cm stretching for C-O-C group were not
observed due to their masking under broad peak of Si-OH backbone. Similar results were found
for (3-chloropropyl) trimthoxysilane (C). Therefore, we assessed silane modification and
subsequently immobilised enzyme activity via activity assay. Woven glass fabric supports
without silane modification were exposed to ADH under identical conditions and enzyme
activity was compared against the activity of immobilised ADH on silane modified supports

(Table 4.3).
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A: (3-glycidyloxypropyl)trimethoxysilane  B: 3-(triethoxysilyl)propyl isocyanate,
C: (3-chloropropyl)triethoxysilane D: N-(2-aminoethyl)-3-(trimethoxysilyl)propylamine,
E: (3-aminopropyl)trimethoxysilane

Scheme 4.1. Schematic representation of silane reactions with glass surfaces followed by ADH

immobilisation
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Table 4.3 Effect of various silane modifications on immobilised ADH activity

(3-glycidyloxypropyl) PBS, pH 8.1, 18 hat 4 °C 0.420 + 0.023
trimethoxysilane (A)
3-(triethoxysilyl)propyl isocyanate (B) PBS,pH7.5,18 hat4 °C 0.758 + 0.088
(3-chloropropyl) R .
triethoxysilane (C) PBS,pH 7.5, 18 hat4 °C 0.503 + 0.039
N-(2-aminoethyl)- R
+
3-(trimethoxysilyl)propyl amine (D) PBS,pH 7.5, 18 hat 4°C 10370027
3-Triethoxysilylpropylamine (APTMS) PBS, pH 7.5, 18 h at 4 °C 2778 + 0.047
() B R

Table 4.3 presents measured ADH activity data for ADH immobilised on various silane woven
glass fabric scaffolds. Woven glass fabric modified with epoxy silane (A) was reacted at higher
pH (8.1) to aid immobilisation;*® other silane modified glass fabric supports were immobilised
at pH 7.5. APTMS modified glass fabric support exhibited the highest activity
(2.778 £ 0.047 mmol/min/g). Hence, further investigation of APTMS modified glass fabric

was performed via APTMS and GA concentration studies.

4.2.2 APTMS concentration effect on immobilised
ADH activity

An APTMS concentration study was undertaken on woven glass fabric support to quantify the
effect on ADH activity. The HCI activated glass fabric discs were allowed to react with
different concentrations of APTMS ranging from 1 to 10 % (v/v) in acetone and the resultant

construct was activated with GA prior to ADH immobilisation. The effect of APTMS
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concentration on ADH activity is shown in Figure 4.1 and detailed activity data is presented in

Table 4.8 in the Experimental Section 4.8.4.7.

% Activity
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Figure 4.1. Effect of concentration of 3-trimethoxysilylpropylamine (APTMS) on ADH activity. The assay
was performed in triplicate and error bars represent standard deviations (S.D.)

Figure 4.1 shows that use of the highest concentration of APTMS (10%) inhibited ADH
activity. ADH immobilised on 5% APTMS modified glass fabric showed 85% activity and the
highest enzyme activity was observed with 2.5% APTMS concentration. At the higher APTMS
concentrations (5 and 10%) the lower activity observed could be due to polymerisation of
APTMS reagent on the glass surface leading to deleterious GA cross-linking and poor ADH
immobilisation.%® Consequently, a 2.5% loading of APTMS reagent was used in subsequent

immobilisation work.

4.2.3 GA concentration effect on immobilised ADH
activity

The 2.5% APTMS modified glass fabric discs were incubated in varying concentrations of GA
(1%, 2.5%, 5% and 10% w/v in PBS) solution and immobilised with ADH separately. Prior to

the activity assay, GA activated APTMS-glass fabric discs were washed with excess PBS. The
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effect of GA concentration on immobilised ADH activity is shown in Figure 4.2 (A). Detailed

activity data is presented in Table 4.9 in the Experimental Section 4.8.4.8.
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> A
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0 1 2 3 4 5 6
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Figure 4.2 A. Effect of glutaraldehyde (GA) concentration on immobilised ADH activity. B. Effect of
glutaraldehyde (GA) activation time on immobilised ADH activity. The ADH assay was performed on
triplicate samples and error bars represent standard deviations. To display the data, the highest activity
was taken as 100 % and subsequent activities were normalised accordingly

As shown in Figure 4.2 A, optimal GA concentration was found to be 2.5%. With increasing
GA concentration, the amino groups of APTMS modified glass fabric support become
modified and facilitate the immobilisation of the ADH enzyme. At higher GA concentration
enzymatic activity is lower because of extensive crosslinking between support and enzyme.

The excessive crosslinking can result in a distortion of enzyme structure (i.e. the active site)
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which can affect accessibility and convenient arrangement of the substrate, and ultimately can

affect the retention of the activity.®’

The effect of GA activation time on ADH activity was also investigated by treating APTMS
modified glass fabric disc with 2.5% GA over different reaction times (0.5 h, 1 h, 2 h, 3 h, 4 h,
5 h) and results are presented in Figure 4.2 B. Enzyme activity reached a maximum when the
reaction was performed over a 2 h period and thereafter declined rapidly. Hence, the GA
solution concentration and cross-linking time had a significant effect on the immobilised ADH
activity. In conclusion, immobilised ADH activity reached maximum (3.907 mm/min/g) when
the concentration of GA solution was 2.5% and had cross-linking time of 2 h. Further
investigations such as the effect of pH, thermal stability and storage stability on glass woven

fabric was performed utilising these optimised conditions.

4.2.4 Characterisation of APTMS-GA modified
woven glass fabric

4.2.4.1 SEM

Electron microscopy was used to investigate changes in morphology after surface modification
and immobilisation. After silanisation and curing, the glass fabric (Figure 4.3a) showed signs
of thermal stress (cracks) (Figure 4.3b). After GA activation (Figure 4.3c) and ADH
immobilisation (Figure 4.3d) the surface morphology had changed. However, during surface
modification and ADH immobilisation glass fabric integrity was preserved and displayed

2.778 £ 0.047 mmol/min/g ADH activity.
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Figure 4.3. a) SEM images showing the morphology of woven glass fabric as received; b) HCI activated
and APTMS treated c¢) GA crosslinked, and d) immobilised with ADH

4.2.4.2 XPS analysis

XPS was used to analyse for the presence of nitrogen on the glass fabric surfaces after APTMS
and ADH immobilisation. The results for the main elements O, Si and N are described in

Table 4.4.

Table 4.4 Elemental compositions expressed as atomic ratios X/C, i.e. the atomic concentration of element
X relative to that of C

Glass woven Glass woven Glass woven Glass woven fabric
Element fabric HCI fabric HCI + fabric HCI + HCI + APTMS +
activated APTMS APTMS + GA GA + ADH
Mean Mean Mean Mean
o/C 1.169 + 0.09 1.728 £ 0.05 1.586 + 0.05 0.732+£0.01
Si/C 0.511 +0.03 0.832 +0.02 0.726 £ 0.04 0.301 +£0.01
N/C 0.027 +£0.003 0.134 £ 0.04 0.065 + 0.01 0.134 £ 0.04

Table 4.4 shows that the O/C and Si/C ratios was increase along with N/C ratio indicating the

presence of amino silane on the glass fabric support after APTMS modification.
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The C1s spectrum for woven glass fabric supports (Figure 4.4) shows peaks at 285 eV (C—C)
and 286.5 ¢V (C—0O/C—N) which is consistent with silane modification. The increase in N/C
ratio consists of two N1s peaks (Figure 4.4A, yellow line), one at 399-400 eV (amines), the
other at approximately 402 eV (protonated amines, i.e. N*). This double peak is typically
observed after APTMS surface modification. A further drop of O/C and Si/C with N/C ratio
was observed after addition of GA; the C1s (Figure 4.4A, blue line) is very similar to silane
modification glass fabric but with a slight increase at approximately 288 eV indicating the
presence of aldehyde (GA). Upon ADH immobilisation, a further drop in O/C and Si/C with
an increase in N/C ratio supports the presence of ADH. Here the C1s displays the characteristic
peak shape of polypeptides/proteins (i.e. ADH) with a clearly resolved peak at >288 eV (due
to peptide bonds) and a strong shoulder at 286.5 eV (due to various C-N and C-O based
functional groups). The corresponding N1s (Figure 4.4B, green line) displays an additional

strong peak at approx. 400 eV consistent with peptide bonds.

6000 - A N1s ——Woven glass fabric-HCl activation
5000 A Woven glass fabric-APTMS
)
§ 4000 - ——Woven glass fabric-APTMS-GA
-
L 3000 - ——Woven glass fabric-APTMS-GA-ADH
4
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0 A 1 1 T 1 _‘_:l
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Binding energy (eV)
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Figure 4.4. High-resolution XPS spectra C1s (A) and N1s (B) for woven glass fabric (red line), 2.5%
APTMS modified glass fabric (yellow line), GA activation (blue line) and ADH immobilised glass fabric
(green line)

Detailed characterisation of the woven glass fabric with SEM and XPS supported successful
surface modification and ADH immobilisation. The glass fabric support modified with 2.5 %
APTMS and GA reagent was further evaluated for stability across a pH range, varying
temperature and storage half-life. These characteristics are important for industrial applications
where immobilised enzymes are required to perform within variable pH and temperature

ranges.

4.2.5 Immobilised ADH stability studies

4.2.5.1 pH stability

The activity of an enzyme is heavily dependent on the pH of the surrounding environment.
Figure 4.5 shows the effect of pH on the activities of both the soluble and immobilised ADH

(woven glass fabric support); detailed activity data is presented in Table 4.10, Section 4.8.5.1.
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At pH 5 and 6, both soluble and immobilised ADH showed lower than optimal activity. The
optimal pH of immobilised ADH was ~7 and identical to that of soluble ADH. The immobilised
ADH retained 30% of its activity at pH 9 whereas soluble ADH showed complete loss of

activity at pH 9 and above.

—A—Woven glass fabric-APTMS-
GA-ADH

—&- Soluble ADH

% Activity
g 8 8

B
[==]
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Figure 4.5. Effects of pH on the activities of the free and immobilised ADH. The ADH assay was
performed on triplicate samples for each pH value and error bars represent standard deviations.
To display the data, the highest activity was taken as 100 % and subsequent activities
were normalised accordingly

It was found that APTMS modified glass fabric support could noticeably enhance the stability
of ADH at higher pH values (i.e. > pH 8.5), as compared to the soluble enzyme. This implies
that the APTMS modified glass fabric support could protect immobilised enzyme from
inactivation in solutions higher than the optimum pH value. The enzymatic optimum pH value
remained constant on immobilisation supporting the notion that the enzyme microenvironment
did not significantly change.®® Compared to soluble ADH, the immobilised ADH enhances the
pH stability due to limited movement and multipoint linkage which leads to lower

conformational change when the pH changes. Broadening of pH profiles by immobilisation
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has been reported for numerous enzymes, such as acetylcholinesterase, chloroperoxidase,

phospholipase A and lipase.®®

4.2.5.2 Thermal stability

To check the thermal stability of immobilised ADH, soluble and immobilised ADH were
incubated at wide range of temperatures (20 to 80 °C) in PBS for 2 h and their residual activities
were measured. The % activity data in Figure 4.6 shows that both free and immobilised ADH
enzymes have significantly diminished relative activities above 40 °C. A detailed activity data

table is presented in the Experimental Section 4.8.5.2, Table 4.11.
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Figure 4.6. Effects of temperature on the activity of the soluble and immobilised ADH on woven glass
fabric. The ADH assay was performed on triplicate samples for each temp value and error bars represent
standard deviations. To display the data, the highest activity was taken as 100 % and subsequent
activities were normalised accordingly

Figure 4.6 shows that soluble ADH had high enzyme activity below 50 °C, but less activity
above 60 °C. ADH enzyme is tetrameric in nature, there could be possibility of negative effect
on the subunits assembly of ADH due to the intense multiple interaction with the support,
which reduced the immobilised enzyme stability at 40 °C. However, at 60 °C and above, the

residual activity of the immobilised enzyme is higher than that of soluble enzyme.
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Immobilised ADH on woven glass fabric retains 39 % activity at 60 °C, while soluble ADH
retains less than ~2% above 60 °C. It has been observed that the thermal deactivation
temperature (Td) for ADH is 63 °C; at this temperature reversible thermo-induced thiol
inactivation, aggregation and protein deamidation occur.”® Significantly, the immobilised ADH
retained activity (20%) at 80 °C. The similar observations were reported by Jiang et al..”> 2
The loss in ADH activity of the soluble form was observed due to denaturation of the enzyme
at higher temperature. Thermal stability of ADH improved after immobilisation on glass fabric
support, which is due to either the conformational limitation of the enzyme or low restriction
to substrate diffusion at high temperature. The results indicate that ADH immaobilised on glass
fabric support has good thermal stability. Similar enhancement in stability was seen when ADH
was immobilised on various supports like glyoxyl agarose,”®> magnetic graphene oxide

nanocomposites, and glass beads.”

4.2.5.3 Storage Stability

Storage stability of the immobilised ADH was investigated on glass fabric at 4 °C in PBS buffer
(0.05 M, pH 7.4). Soluble ADH was stored under identical conditions and activity was
measured and compared with the immobilised ADH. Detailed activity data is presented in
Experimental Section 4.8.5.3, Table 4.12. Activity was measured on a 24 h cycle for the first
5 days and later tested at increasing time intervals. The soluble ADH showed 59% loss of
activity after 10 days storage and total loss of activity after 60 days (Figure 4.7). Unfortunately,
ADH immobilised on APTMS modified woven glass fabric support showed rapid loss of

activity after 2 days of storage and complete loss of activity recorded after 30 days.
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Figure 4.7. Storage stability of ADH immobilised on woven glass fabric and soluble ADH in PBS (0.05 M)
at 4 °C. The ADH assay was performed on triplicate samples and error bars represent standard
deviations. To display the data, the highest activity was taken as 100 % and subsequent activities were
normalised accordingly

There could be following two reasons for the lower stability of immobilised ADH 1) The silane
content of woven glass fabric was low (49-55%, Si-OH) which lead to less immobilisation and
ultimately lower stability. 2) The immobilised ADH activity loss could be due to enzyme
leakage from the support during the storage period from woven glass fabric. Figure 4.7 suggests

that soluble ADH is more stable than immobilised ADH.

4.3 Non-woven glass fabric

In this section, non-woven glass fabric (borosilicate, 80% Si-OH) discs were investigated for
surface modification and ADH immobilisation. Non-woven glass fabric surface modification
was done with (3-Glycidyloxypropyl)trimethoxysilane (A), 3-(Triethoxysilyl)propyl
isocyanate (B), (3-Chloropropyl)triethoxysilane(C), N-(2-Aminoethyl)-3
(trimethoxysilyl)propylamine(D), (3-Aminopropyltrimethoxysilane (E), silane reagents as
described for woven glass fabric (Section 4.2.1, Scheme 4.1). The modified non-woven glass

fabrics were accessed for activity after ADH immobilisation. Higher activity silane modified
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non-woven glass fabric supports were then subjected to the previously described stability

studies (i.e. pH, temperature and storage).

4.3.1 Surface modification and ADH immobilisation

Prior to silanisation non-woven glass fabric were activated with 10 N HCl at 85 °C for 2 h. The
activation process was optimised by varying the activation time (2h, 4h, and 8h) and the
temperature (50 °C, 60 °C, 85 °C). IR spectroscopy was used to monitor the activation process
(i.e. the presence of free hydroxyl groups 3400-3200 cmt). The optimum conditions for HCI
activation were found to be similar to woven glass fabric HCI activation (85 °C for 4 h with 10
N HCI). The HCl activated non-woven glass fabric discs were then silanised with various silane
reagents as per previously described for woven glass fabric (Section 4.2.1, Table 4.3, A to E).
Silane reaction optimisation on non-woven glass fabric was performed at elevated temperature
(110 °C) but resulted in the disintegration of the discs. Non-woven glass fabric supports, after
silanisation with 2.5% N-(2-Aminoethyl)-3-(trimethoxysilyl)propyl amine (D) and
triethoxysilylpropylamine amino propyl (E), were activated with 2.5% GA prior to ADH
immobilisation; other silane modified glass fabric discs were subjected to ADH immobilisation
without GA activation (Scheme 4.1). After surface modification and ADH immobilisation, the

activities of the discs were compared against non-modified glass supports (control) (Table 4.5).

Table 4.5 Effect of various silane reagents on immobilised ADH activity

3-(Glycidyloxypropyl) trimethoxysilane (A) PBS,pH8.1,18 hat4 °C 0.603 £ 0.03

3-(Triethoxysilyl)propyl

isocyanate (B) PBS, pH 75,18 hat4 °C 0.758 + 0.00
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Table 4.5 Continued...
Immobilised

Silane reagent ADH activity

ADH immobilisation

(2.5% v/v in acetone) on non-woven

ndition :
conditions fabric

(mmol/min/g)

3-(Chloropropyl) R
triethoxysilane (C) PBS,pH 75,18 hat4 °C 1.711 +0.03
N-(2-Am|noethyl)-3.(trlmethoxysnyl)propyl PBS, pH 7.5, 18 h at 4 °C 2 855 + 0.02
amine (D)
3-Triethoxysilylpropylamine (APTMS) (E) PBS,pH 7.5,18 hat4 °C 5.645 + 0.03

The above data reveals that ADH immobilised on amino propyl silane (APTMS) modified non-
woven glass fabric exhibits the highest enzyme activity (5.645 £ 0.03 mmol/min/g). The

activity is also presented in a graphical format (Figure 4.8).
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Figure 4.8. Effect of silane reagents on immobilised ADH activity. The ADH assay was performed on
triplicate and error bars represent standard deviations. To display the data, the highest activity was
taken as 100 % and subsequent activities were normalised accordingly
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Figure 4.8 represents low activity for epoxy, isocyanate and chlorosilane modified non-woven
glass fabric supports after immobilisation. The low activity for these silane supported enzymes
could be due to the need for higher pH for immobilisation which can affect the bioactive
conformation of the ADH (see pH stability studies, Chapter 2, Section 2.2, Figure 2.2). The
APTMS modified non-woven glass fabric scaffold was further optimised in the following

section.

4.3.1.1 Effect of APTMS concentration on ADH activity

APTMS concentration studies were undertaken on non-woven glass fabric supports to study
the effect on ADH activity. The HCI activated non-woven glass fabric discs were allowed to
react with various concentrations of APTMS (1 to 10 % (v/v)) and ADH was immaobilised on
these supports after GA activation. The effect of APTMS concentration on ADH activity is
shown in Figure 4.9. Detailed activity data is presented in the Experimental Section 4.8.4.7,

Table 4.8.
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Figure 4.9. Effect of concentration of 3-trimethoxysilylpropylamine (APTMS) on ADH activity on non-
woven glass fabric. The ADH assay was performed on triplicate samples and error bars represent
standard deviations. To display the data, the highest activity was taken as 100 % and subsequent

activities were normalised accordingly
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Figure 4.9 reveals that ADH immobilised on 5% APTMS modified non-woven glass fabric
support shows 77% activity; a higher concentration of APTMS (10%) led to significant
reduction of ADH activity (22%). Similar results were observed with woven glass fabric where
excess polymerization of silane reagent on the surface appears to impede enzyme
immobilisation and/or activity.®® The highest activity was recorded for the 2.5% loading of
APTMS reagent (similar to woven glass fabric studies) and this concentration was used in

subsequent work.

4.3.1.2 Effect of GA concentration on ADH activity

In this section the effect of GA concentration and activation time on the immobilised ADH
activity were investigated on the APTMS-modified non-woven glass fabric discs. The silane
modified discs were incubated in GA (1%, 2.5%, 5% and 10% w/v) in PBS solution and
immobilised with ADH separately. The effect of GA concentration on the immobilised enzyme
activity is shown in Figure 4.10. Detailed activity data is presented in the Experimental

Section 4.8.4.8, Table 4.9.
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Figure 4.10. A. Effect of glutaraldehyde (GA) concentration on immobilised ADH activity. B. Effect of
glutaraldehyde (GA) activation time on immobilised ADH activity. The ADH assay was performed on
triplicate samples and error bars represent standard deviations. To display the data, the highest activity
was taken as 100 % and subsequent activities were normalised accordingly

With an increase in the concentration of GA solution, the activity of the immobilised ADH also
increased (Figure 4.10A). When GA concentration was 2.5%, the activity reached the
maximum. Subsequently, as the GA solution concentration further increased, the immobilised
enzyme activity decreased possibly due to extensive crosslinking resulting in distortion of the

enzyme structure (i.e. the active site conformation)®® and hence substrate accessibility and

binding.’

The effect of GA activation time on ADH activity was investigated by treating APTMS-

modified non-woven glass fabric disc with 2.5% GA at different times (0.5 h, 1 h, 2 h, 3 h,
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4 h, 5 h) (Figure 4.10B). The enzyme activity reached a maximum when crosslinked for 2 h.
(4.407 mmol/min/g). GA activation over 3-4 h and cross-linking over 5 h both resulted in

reduced enzyme activity.

4.3.2 Characterisation of APTMS modified non-
woven glass fabric

4.3.2.1 SEM

The morphology of the surface modified non-woven glass fabric discs was investigated via
electron microscopy. Upon silane treatment, agglomeration of the silane reagent was observed
between the fibers (Figure 4.11B). Similar behavior has been reported by Sterman and
Bradley.”™ After crosslinking with GA and immobilisation of the enzyme, the fibres showed
isolated patches of extraneous material supporting the loading of cross linker and ADH

(Figures 4.11C and 4.11D).

Figure 4.11. SEM images showing the morphology of non-woven glass fabric: as received (A); HCI
activated and APTMS treated (B); GA crosslinked (C); and immobilised with ADH (D)
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4.3.2.2 XPS analysis

Non-woven glass fabric after APTMS surface modification and ADH immobilisation was also
analysed with XPS and the results for the elements C, O and N are described in

Table 4.6.

Table 4.6 Elemental compositions expressed as atomic ratios X/C, i.e. the atomic concentration of element
X relative to that of C. Listed are the mean values ( + deviation) based on three analyses points

o/C 4.278 +0.482 2.260 + 0.032 1.076 + 0.014 0.602 + 0.020
Si/lC 1.860 + 0.251 1.059 + 0.017 0.443 £ 0.006 0.240 £ 0.011
N/C 0.019 = 0.003 0.138 + 0.004 0.074 £ 0.005 0.151 +0.005

Table 4.6 shows that the O/C and Si/C ratios drop significantly with increase in N/C ratio
indicating the presence of amino silane on the non-woven glass fabric support after APTMS
modification. The C1s spectrum for the non-woven glass fabric support (Figure 4.12B) shows
peaks at 285 eV (C—C) and 286.5 eV (C—O/C—N) consistent with silane modification. An
increase in the N/C ratio consists of two N1s peaks (Figure 4.12A, yellow line), one at 399-
400 eV (amines), the other at approximately 402 eV (protonated amines, i.e. N *). This double
peak is typically observed after APTMS surface modification. A further drop of O/C and Si/C
with N/C ratio was observed after addition of GA; C1s (Figure 4.12B, blue line) is very similar
to the silane modification but with a slight increase at approximately 288 eV indicating the
presence of aldehyde (GA). C1s displays the characteristic peak shape of polypeptides/proteins
(i.e. ADH) clearly resolved peak at >288 eV due to amide functionality and a strong shoulder

at 286.5 eV due to various C-N and C-O based functional groups (Figure 4.12B, green line).
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Additionally, N1s (Figure 4.12B, green line) displays an additional strong peak at approx. 400
eV consistent with amide functionality. The XPS results for non-woven glass fabric were

identical to the results obtained for woven glass fabric support.
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Figure 4.12. High-resolution XPS spectra N1s (A) and C1s (B) for non-woven glass fabric (red line), 2.5%
APTMS modified glass fabric (yellow line), GA activation (blue line) and ADH immobilised non-woven
glass fabric (green line)
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4.3.3 Immobilised ADH stability studies

ADH immobilised on GA activated and APTMS modified non-woven glass support was

subjected to stability studies as per the section below.

4.3.3.1 pH stability

The effect of pH on the activities of both the soluble and immobilised ADH (nhon-woven glass
fabric support) are presented below (Figure 4.13) and detailed activity data is presented in the
Experimental Section 4.8.5.1, Table 4.10. The results showed that the optimal pH for ADH
immobilisation was at ~ pH 7, identical to that of soluble ADH. The immobilised ADH retained
43% of activity at pH 9 and at pH 10.5 showed 22% retention of activity; comparatively,

soluble ADH showed almost complete loss of activity at pH 9 and above.
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Figure 4.13. Effects of pH on the activities of the free and immobilised ADH. The ADH assay was
performed on triplicate samples and error bars represent standard deviations. To display the data, the
highest activity was taken as 100% and subsequent activities were normalised accordingly
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Significantly, enzyme activity was retained over a broader pH range after immobilisation. The
increased resistance of immobilised ADH against pH may be due to the buffering action of
amino silane modified non-woven glass fabric support. Encouragingly, the configuration of

ADH on the surface of the support was found to support the desired catalysis.®°

4.3.3.2 Thermal stability

In order to test the thermal stability of the immobilised ADH, soluble and immobilised ADH
was incubated at different temperatures (20 to 80 °C) in PBS for 2 h and their residual activities
were measured (Figure 4.14). Detailed activity data for this study is presented in the

Experiential Section 4.8.5.2, Table 4.11.

110 - —8-Soluble ADH
100 4
90 1
80 1
70 4
60 -
50 -
40 A
30
20
10 -
0 T T T
0 10 20 30 40 50 60 70 80 90

Temp

—A—Non-woven galss fabric-APTMS-
GA-ADH

% Activity

Figure 4.14. Effects of temperature on the activity of the soluble and immobilised ADH on glass fabric.
The ADH assay was performed on triplicate samples and error bars represent standard deviations. To
display the data, the highest activity was taken as 100% and subsequent activities were normalised
accordingly

In Figure 4.14, the soluble ADH had more enzyme activity between 20 to 40 °C and less
activity above 60 °C. When the incubation temperature is above 50 °C, the activity of the
immobilised enzyme is consistently higher than that of soluble enzyme. Immobilised ADH on
non-woven glass fabric showed 47% retention of activity at 60 °C, while soluble ADH holds

less than 2% above 60 °C. Furthermore, the immobilised ADH showed 31% activity at 80 °C.
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There is loss in the ADH activity of soluble form which was due to denaturation of the enzyme
at high temp. Thermal stability of ADH improved after immobilisation on the non-woven glass
fabric support probably arising from the conformational constraint of the enzyme. The results

indicate that ADH immobilised on non-woven glass fabric support has good thermal stability.

4.3.3.3 Storage Stability

The storage stability of the immobilised ADH was investigated on APTMS modified non-
woven glass fabric support at 4 °C in PBS buffer. Soluble ADH was stored under identical
conditions and the activity was measured on a 24 h cycle for the first 6 days and assessed for a
further 60 days. ADH immobilised on the non-woven glass fabric appeared to be stable for up
to 60 days at 4 °C with retention of 49% of the initial activity (Figure 4.15). The soluble ADH
showed 44% retention of activity after 10 days of storage and significant loss of activity after
45 days.

110
100
920
80
70 -+
60
50 4
40 -+
30 -+
20 +
10 +

—e-Soluble ADH

——Non-woven glass APMS-GA-ADH

% Activity

0 5 10 15 20 25 30 35 40 45 50 55 60 65
No of days

Figure 4.15. Storage stability of ADH immobilised on non-woven glass fabric and soluble ADH in PBS
(0.05 M) at 4 °C. The ADH assay was performed on triplicate samples and error bars represent standard
deviations. To display the data, the highest activity was taken as 100 % and subsequent activities were
normalised accordingly
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Gratifyingly, the ADH immobilised on glass fabric showed enhanced ADH storage stability
compared to free ADH. The immobilised ADH stabilisation may be due to multipoint
attachment of the enzyme to the support and hence decrease the propensity to unfold or

denature.

4.4 Comparison of immobilised ADH activity

In this section, immobilised ADH activity obtained on both woven and non-woven glass fabric
were compared to the activity obtained by physical adsorption. The non-woven glass fabric
and modified (glass fabric-APTMS-GA) discs were immobilised with ADH separately
according to the procedure described in the Experimental Section 4.8.4.2.1 and were assessed
for enzyme activity. The non-modified, as well as APTMS modified woven and non-woven
glass fabric discs, were immobilised with ADH under identical conditions and used as
Control 1 and Control 2 respectively. For covalent immobilisation assessments, immobilised
ADH activity was compared with Control 1 and Control 2 glass supports (Activity data is

shown in Table 4.7).

Table 4.7 ADH activity after immobilisation after each modification of non-woven glass fabric and woven
glass fabric (ADH was immobilised on these supports under identical protocols)

Control 1 Glass fabric + ADH 0.489 +0.03 Glass fabric + ADH 0.447 £0.01

Glass fabric-APTMS Glass fabric-APTMS
+ +
Control 2 + ADH 1.020 +0.01 + ADH 0.869 + 0.03
Glass fabric-APTMS- Glass fabric -APTMS-
Treatment GA + ADH 5.403 +0.05 GA + ADH 2.290 + 0.06

The measured activities for GA activated and non-activated woven and non-woven glass

fabrics are shown in Table 4.7. There was a small amount of ADH activity recorded with both
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non-modified glass fabrics (Control 1), and the APTMS modified glass fabrics (Control 2)
presumably due to non-specific binding (Control-2). When ADH was immobilised onto the
non-woven glass fabric-APTMS-GA treated support, an eleven-fold increase in activity
(5.403 + 0.05 mmol/min/g) was observed compared to the analogous Control-1 disc
(0.489 = 0.03 mmol/min/g). The modified woven glass fabric ADH immobilisation, returned a
fivefold increase in activity (2.290 + 0.06 mmol/min/g) compared to the control woven glass

fabric.

The stability studies (i.e. pH, thermal and storage studies) previously conducted on the woven
and non-woven glass fabric revealed that the APTMS modified woven glass fabric showed low
stability compared to the APTMS modified non-woven glass fabric support. Notably, the
woven glass fabric showed low activity and low stability when used as a support substrate for
ADH. The lower activity for the woven fabric support is postulated to be due to: i) lower silane
content on the woven glass support (E glass, ~55% Si-OH) compared to non-woven glass fabric
(borosilicate glass, 65-78% Si-OH); ii) the reduced fibre diameter of the non-woven glass
(47 mm) as compared to the woven glass fabric (74 mm) and; iii) the higher surface area

available for the enzymatic reaction.

Since ADH immobilisation on the non-woven glass fabric-APTMS-GA support provided
superior stability (pH, temp and storage) and the highest activity among all of the tested
supports, this construct was employed in the development of a biosensor and flow reactor
system. Hence, efforts towards the ultimate goal of this research are described in the sections
below using non-woven glass fabric-APTMS-GA support. The electrode was fabricated using
the non-woven glass fabric APTMS-GA support and then subjected to ADH immobilisation
which was further used for the amperometric detection of ethanol. The non-woven glass fabric
APTMS-GA support was also investigated in a continuous flow reactor designed for the
amperometric detection of ethanol.
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4.5 Non-woven glass fabric support use in the
fabrication of a biosensor

In this work, the above described non-woven glass fabric support (i.e. glass fabric-APTMS-
GA support) was fabricated into an electrode and used for the construction of an amperometric
biosensor based on alcohol dehydrogenase (ADH) and Meldola’s Blue (MB) mediator. The
electro catalytic properties of MB to mediate the oxidation of NADH which was formed in the
enzymatic reaction of ethanol with NAD" under catalysis controlled by ADH provides

amperometric detections.

4.5.1 Fabrication of the electrode

ADH and NAD* can be use in ethanol oxidation process to generate acetaldehyde and NADH
and this reaction utilises stoichiometric amounts of substrate and cofactor. One can measure
concentration of ethanol (substrate) ameropmetrically by selecting potential whereby NADH
can be observed and detected For the amperometric measurement, a glassy carbon working
electrode (GC) was chosen because of its high over the potential for oxygen evolution and low
over the potential for hydrogen evolution; these features increase the working potential window
facilitating the use of the Meldola’s blue ink mediator (MB). The fabrication process was
carried out by polishing the GC electrode with alumina powder and then the MB ink was evenly
cast onto the polished electrode surface. The glass fabric-APTMS-GA support disc was then
placed on the electrode surface (Figure 4.16). ADH immobilisation was achieved by
suspending the above cured electrode in ADH in PBS at 4 °C (as described in Section

4.8.4.2.1). Using this procedure, multiple modified electrode were prepared.
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Figure 4.16. Mechanism of ethanol detection represented by the non-woven glass fabric-APTMS-GA-
ADH biosensor. MBred and MBoxi represent the MB mediator reduced and oxidized, respectively

4.5.2 NADH oxidation

In order to evaluate the catalytic activity of the modified electrode (i.e. non-woven glass
fabric-APTMS-GA-MB) towards electrochemical oxidation of NADH cyclic voltametric
experiments were conducted in PBS containing (0.1 M) KCI and NADH. First, the non-woven
glass fabric and APTMS modified non-woven glass fabric support were applied to the electrode
surface with the MP mediator in the same buffer system without NADH. The electrochemical
responses were measured for comparison. Next, the working electrode without APTMS-GA
modification (i.e. glass fabric, as displayed in Figure 4.17a) was evaluated. In the absence of
NADH, no Faradaic current was observed for either the glass fabric or glass fabric-APTMS-
GA electrode as shown in Figures 4.17a and 4.17b respectively. The response to
2 mM NADH by the glass fabric-APTMS-GA electrode can be seen in Figure 4.17c;
modification of the glass fabric electrode with APTMS and GA led to an increase in electrode
capacitance which is clearly observed with an increase in the background current
(Figure 4.17 b). Addition of NADH leads to a slight increase in current starting from ~ 0.05 V
compared to the blank solution.
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Figure 4.17. Cyclic voltammograms obtained using a GC electrode with non-woven glass fabric
modification: (a) GC-MP-glass fabric in absence of NADH; (b) GC-MP-glass fabric-APTMS-GA
electrode in the absence of NADH, and (c) GC-MP-glass fabric-APTMS-GA electrode in the presence of
NADH. Scan rate 100 mVs™ in PBS (0.05 M, pH 7.5) solution with 0.1 M KCI

4.5.3 Ethanol detection

The amperometric response of the non-woven glass fabric-APTMS-GA-MB-ADH electrode
to ethanol was assessed at 0.6 V versus Ag/AgCI using a one enzyme electrode to cover the
whole concentration range from 1 to 16 mM ethanol (Figure 4.18). The choice of potential was
based on a compromise between sensitivity and stability where ADH is sensitive to potentials
> 0.7 V.1* After studying the results it shows that the response of the biosensor is non-linear
between 1 mM and 14 mM which is in agreement with other electrodes employing ADH for

ethanol detection.®
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Figure 4.18. Amperometric response of the biosensor towards ethanol; 0.05 M PBS buffer (pH 7.5) and 1
mM NADT; working potential 0.6 V, ethanol concentrations: 1 to 16 mM. (Inset) Calibration plot shows
the response obtained upon increasing ethanol concentrations in PBS (0.05 M, pH 7.5)
containing 1 mM NAD™ using modified GC electrodes at 0.60 V versus Ag/AgCI

A typical amperogram is depicted in Figure 4.18. It was observed that after inclusion of the
dispersion of the analyte in the supporting electrolyte with a stirring rate of around 100 rpm,
the response time is less than 5 s. The calibration curve shows a non-linear response shape
which levels off at concentrations > 18 mM. This modified electrode provided a sensitivity of
0.75pA/mM which is in agreement with other electrodes employing ADH for ethanol detection
(Table 4.1).1* 1 Details of the electrode fabrication and measurement of ethanol are presented

in the Experimental Section 4.8.6, Table 4.13.
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4.6 Non-woven glass fabric supports in flow
reactors

Finally, non-woven glass fabric supports were investigated with a GC electrode system in a
continuous flow reactor. Amperometric ethanol determination was carried out by measuring
the current produced upon oxidation of NADH at a constant potential (0.6V, versus Ag/AgCl).
The following section describes a detailed investigation of amperometric analysis of various
concentrations of ethanol and reproducibility studies of a continuous flow column bioreactor

with immobilised ADH.

4.6.1 Flow-injection system

A schematic representation of the flow system is shown in Figure 4.19. Optimization of the
flow injection system (FIA) system containing a column mini-bioreactor with immobilised
ADH and electrochemical cell was made. The FIA system provided an on-line determination
of NADH oxidation and amperometric determination of ethanol via a computerised Autlab
instrument. The column mini-bioreactor (4.78 mm diameter, 1.8 cm length) was filled with
ADH covalently immobilised on the modified non-woven glass fabric support (120 mg).
Control of the flow rate was achieved via a peristaltic pump. The carrier solution (0.05 M PBS,
pH 7.5) with NAD* and 0.1 M KCI was passed through the column mini-bioreactor loaded
with immobilized ADH and the electrochemical cell with a flow rate of 1.0 mL/min. The
electrochemical cell consists of three different electrode types - Ag/AgCl electrode as the
reference electrode, Pt wire as auxiliary electrode and GC electrode as a working electrode
modified with MB. A potential of 0.6 V was applied to the working electrode and the

electrochemical current was allowed to decay to a steady value. Ethanol in PBS (500 pL) at
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different concentrations was then injected into the system and passed through the column mini-

bioreactor containing the immobilized ADH (Figure 4.19)

Detector

Glassy carbon electrode

. . . Injector
Mobile phase Peristaltic Flow cell

(PBS) Pump
[ ] Immobilized ADH reactor Lot
OOO ‘L".iuwi ____.f:: Waste

Figure 4.19. Schematic representation of FIA showing all the different components

4.6.2 Optimization of the flow-injection system

To evaluate the efficiency of the column mini-bioreactor which contains immobilised ADH on
non-woven fabric support several studies were performed. These examined the effect of NAD*
and ethanol concentration, and the reproducibility of the column mini-reactor. The
amperometric signal was observed to increase when the volume of sample (ethanol) was
increased. However this resulted in increase in time for each analysis since the cell washout
process also required a longer time. A volume of 500 ul was chosen as the optimum working
volume in subsequent experiments. Furthermore, the effect of varying NAD™ concentration
(from 1 mM to 8 mM) was also evaluated to assess the performance of the bioreactor. A

concentration of 1 mM NAD™ provided reliable amperometric detection of ethanol.

Figure 4.20 displays the amperometric flow injection responses for NADH oxidation generated
upon the addition of ethanol in the concentration range from 1 to 10 mM. Well defined and
sharp peaks were generated as a result of ethanol addition with relatively fast response time

and low level of noise.
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To evaluate the analytical performance of this bioreactor towards ethanol, different
concentrations from 1 to 10 mM were injected into the flow system as shown in Figure 4.20.

The detailed electrochemical data for current vs concentration is presented in the Experimental

Section 4.8.7.
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Figure 4.20. Flow injection amperometric responses of the GC-MP to increasing concentrations of
ethanol (ImM to 10 mM) using PBS (0.05 M, pH 7.5) containing 1 mM NAD* (mobile phase) when passed
through the immobilised ADH bioreactor, flow rate 1 mL/min, working potential + 0.6 V(A);
Calibration plot (B)

The resulting calibration plot shows (Figure 4.20 B) good linearity from 1 to 8 mM with a
regression coefficient of 0.962. The reproducibility of the analytical performance of the
immobilised ADH was evaluated based on eleven consecutive additions of 1 mM ethanol along
with 1 mm NAD®. Figure 4.21 shows the amperometric flow injection responses to eleven

injections of 1 mM ethanol where sharp and well-defined peaks with small current variations
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were obtained. The results revealed that the bioreactor has good reproducibility with a relative
standard deviation of 3.9% based on eleven measurements. The high observed reproducibility
is resulting from the robust and stable covalent attachment between the enzyme and the

modified non-woven glass fabric support.

The detailed electrochemical procedure for flow injection analysis for linearity and

reproducibility studies is presented in the Experimental Section 4.8.7.2.
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Figure 4.21. Flow injection amperometric responses of the GC/MB electrode with immobilised ADH
supports eleven successive injections of 1 mM ethanol and 1 mM NAD®. The operating potential was
+ 0.6 V, flow rate 1 mL/min with mobile phase PBS (0.05 M, pH 7.5)

4.7 Conclusions

The above described research provides proof of principle that non-woven glass fabric
APTMS- GA modified supports can be used for functional ADH immobilisation. This fibrous
support combines high mechanical stability with the high surface area. The ADH enzyme was
successfully immobilised on both woven and non-woven glass fabric supports. The non-woven
support showed 5.403 £ 0.050 mmol/min/g higher activity than the woven fabric support.
Significantly, the ADH immobilised on the non-woven glass support possessed enhanced
thermal stability (31% retention of activity at 80 °C) and storage stability (49% retention after
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60 days) over the non-immobilised soluble ADH. The immobilised ADH construct was used
for ethanol biosensing and the developed prototype displayed a sensitivity of 0.789 HA/mM

with a response time of 5 seconds.

Additionally, the same immobilised ADH construct on non-woven glass support was
successfully applied to a flow bioreactor in conjunction with a flow injection system. The flow
bioreactor investigations showed good linearity in the current responses between 1 and
8 mM ethanol with a regression coefficient of 0.9622. Furthermore, with this flow reactor,
high reproducibility was obtained with a RSD of 3.9% based on eleven consecutive

measurements.

In conclusion, significant progress was made towards the development of biosensor and flow
reactor systems building on the preliminary work which i) developed the APTMS modified
non-woven glass fabric support for ADH immobilisation, and ii) examined the catalysis of

ethanol to acetaldehyde.
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4.8 Experimental Section

4.8.1 Instrumentation

Biosensor work: All electrochemical measurements were performed using a CHI1200A hand-
held potentiostat (CH Instruments Inc., Texas, USA) with a three-electrode setup using a
modified glassy carbon (3 mm diameter) working electrode, a platinum wire counter electrode
and a Ag/AgCI reference electrode. All measurements were performed at RT (22 = 2 °C) in

PBS (0.05 M, pH 7.5 containing 0.1 M KCI) unless otherwise stated.

Flow injection bioreactor: All electrochemical experiments with were performed with
computer controlled electrochemical workstation (Auto lab PGSTAT308) in conjunction with
a three-electrode system: a glassy carbon electrode was used as a working electrode, a platinum
wire was applied as a counter electrode and Ag/AgCls as a reference electrode. All potentials
were reported with respect to the reference electrode. Amperometric measurements were
carried out under stirred conditions and the response current was recorded based on the
difference in currents before and after addition of the substrate (NADH or ethanol). FIA system
comprised an electrochemical cell, peristaltic pump, an injector for ethanol samples, support

solution reservoir and 1 ml syringe used as a column mini-bioreactor (Figure 4.22).
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Figure 4.22. The FIA used for electrochemical measurements

Infrared spectroscopy was carried out using a Nicolet 6700 ATR-FTIR (Thermo Fisher
Scientific) in absorbance mode with absorptions reported in wavenumbers (cm™) and the
relative intensities expressed as s (strong), m (medium), w (weak) or prefixed b (broad).

The elemental composition of the surface was analyzed using X-ray photoelectron
spectroscopy (XPS) on an AXIS Nova spectrometer (Kratos Analytical Inc., UK) using a
monochromated Al Ka source at a power of 180W. Morphology analysis was performed on a
Scanning Electron Microscope (SEM, Philips XL30). The samples were imaged using a Zeiss
Merlin FESEM after coated with iridium under vacuum. Enzyme activity was measured using

a Cary 300 Bio-UV visible spectrophotometer at 340 nm.

4.8.2 Solvents and reagents

Acetone, hydrochloric acid (concentrated HCI), ethanol (EtOH), methanol (MeOH),
tetrahydrofuran (THF), triethylamine (TEA), sodium chloride (NaCl) and sodium hydroxide

(NaOH) were purchased from Merck and used without further purification.
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Sodium bicarbonate (NaHCOs3), sodium carbonate (Na2COs), ethylenediamine (EDA),
(3-glycidyloxypropyhtrimethoxysilane,3-(triethoxysilyl)propylisocyanate,
(3-chloropropyl)triethoxysilane,(3-aminopropyl)trimethoxysilane(APTMS),
(3-chloropropyl)triethoxysilane, N-(2-aminoethyl)-3-aminopropyl trimethoxysilane,
glutaraldehyde (25% solution), nicotinamide adenine dinucleotide (NAD™), potassium chloride
(KCI), phosphoric acid (HsPOa), Triton™ X-100, glass microfibres (Whatman® glass
microfibre filters, diameter 47 mm circles, and ~ 0.7um diameter borosilicate glass) and
aluminium oxide powder were purchased from Sigma-Aldrich Australia. B-Nicotinamide
adenine dinucleotide, reduced disodium salt hydrate (NADH) was purchased from Alfa Aesar

(Australia);

Alcohol dehydrogenase (ADH) from yeast (500 units/mg) was purchased from Calzyme.
Glass fabric was a gift from Colan Australia. It was a Type E-glass, low alkali plain weave

glass fabric, 205 g/m2 (nominal weight), warp 42 end per inch and weft 126 picks per inch.

ADH Activity

Surface modification reactions were performed on fabric discs in bulk total mass (1-2 g) and
enzyme immobilisation activity was measured on a single disc of known mass (80-100 mg) in
triplicate according to the procedure described in Experimental Section 4.8.3. The activity was

calculated from absorbance (Abs) using the following formula:
A=gxcxl,
c=Alexl
where A is the absorbance, ¢ is the extinction coefficient (6220 Mt cm?), ¢ is the concentration

(M) and 1 is the path length (cm).
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Conc.mmol = Conc (mM) / Assay volume
Total activity = Conc. mmol / Time (i.e. assay time in min)

Activity (Specific activity) of immobilised ADH = Conc. mmol/Time (min) / Weight of fabric

disc (g)

Activity (Specific activity) of soluble ADH = Conc. mmol/Time (min) / Weight of ADH (g)

4.8.3 ADH assay

The activity of ADH was measured spectrophotometrically by measuring the absorbance of
NADH at 340 nm. The activity of the ADH immobilised supports were assayed by immersing
the support discs individually in Tris buffer (100 mM pH 8.8), ethanol (20 mM), and NAD™
(2 mM) at 25 °C in 12 well plate. After shaking for 4 min at 100 rpm on an orbital shaker,
1 mL of the solution was withdrawn and the absorbance measured at 340 nm immediately. The

activity measurement experiments were performed in triplicate (or in doublet where specified).

4.8.4 Surface modification procedures woven and
non-woven glass fabric

4.8.4.1 HCI Activation

Glass woven fabric activation were carried out according to the modified procedure described
by K. Sever et al.”® The glass fabric discs (1 g, 13 mm diameter) were added to a 10 N HCI
(25 mL) solution for 4 h at 85 °C. The HCI solution was cooled to RT. The glass fabric discs

were removed from the solution and washed with distilled water 250 mL (50 mL; 3 x 20 min)
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until the pH of the washes reached neutral. The discs were then dried at 110 °C for 3 h.

IR: 3374bs, 1631w, 1036bs, 937bs, 789m, 643w cm™.

Glass non-woven fabric discs were activated with HCI according to the procedure described
for woven fabric under the following conditions: Glass fabric discs (1.01 g, 13 mm diameter),
10 N HCI (25 mL) solution for 4 h at 85 °C. IR: 3396bs, 2169w, 1633w, 1039bs, 941bs,

791m cm. Detail FTIR spectra are presented in Appendix 1l (page 265).

4.8.4.2 Epoxy silane modification and immobilisation =

()

4
QH 2 H,N
Ho—§i/\/\0%0 2
ﬂOH OH /oo

; (0]
- ( | /Sl/\/\oﬁo E— . m SsiTN OH
UOH Acetone \\/Lo OH 3 - Oﬁ/

PBS, pHB1 /O by HN
1 A 4°C, 18 h 5

Glycidoxyl propyl silane modification of woven glass fabric was carried out according to the
modified procedure described by Gua.””"’® A solution of 2.5% glycidoxypropyl
trimethoxysilane (10 mL, 2.5% v/v in acetone: water (95:5)) was allowed to stand at RT for
15 min. The HCI activated glass fabric discs (0.10 g) were added to the silane solution and
stirred at RT for 1 h. The glass fabric discs were washed with distilled water (25 mL;

3 x 10 min) and methanol (25 mL; 3 x 10 min) and then cured at 110 °C for 30 min.

HCI activated non-woven glass fabric discs were allowed to react with glycidoxyl propyl silane
according to the procedure described above for woven glass fabric under the following
conditions: Glass fabric discs (0.15 g), glycidoxyl propyl silane (11 mL, 2.5% v/v in acetone:

water (95:5)), incubation at RT for 15 min. Further fabric discs were washed with distilled
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water (25 mL; 3 x 10 min) and methanol (25 mL; 3 x 10 min) and then cured at 110 °C for

30 min.

4.8.4.2.1 ADH immobilisation

The epoxy silane modified woven glass fabric supports (3) from the above section were
allowed to react with ADH enzyme (10 mL, 0.5 mg/mL in PBS at pH 8.1) for 18 hat 4 °C. The
glass fabric discs without silane modification were immobilised with ADH in an analogous
fashion and were used as controls. Both these discs were washed with PBS buffer (pH 7.5)
containing Triton-X (0.1 %) (20 mL; 3 x 20 min) to remove any unbound ADH enzyme and

individually assayed according to the procedure described in Experimental Section 4.8.3.

Non-woven epoxy silane modified glass fabric was immobilised with ADH (10 mL, 0.5 mg/mL
in 0.05 M PBS, pH 8.1) separately according to the procedure described for woven glass fabric
ADH immobilisation in above section and assayed for activity according to the procedure

described in Experimental Section 4.8.3.

4.8.4.3 Isocyanate silane modification and immobilisation
= (8)

5 .0 H,N
SI/\/\N .C
o 6 o©
o O/ii;\/\,\r » Q Sl/\/\N IE

Glass Fabric PBS, pH7.5
4°C,18h
1

Isocyanate modification of woven and non-woven glass fabric was done according to the
modified procedure described by Gua.””’® A 25% solution of 3-isocyanatopropyl

trimethoxysilane in acetone: water (95:5, 15 mL) was prepared and allowed to stand for 15 min
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at RT. To this hydrolysed silane isocyanate solution HCI activated woven glass fabric discs
(0.12 g) were added and the mixture was stirred for 1 h at RT. The discs were then washed with

distilled water (20 mL; 3 x 20 min) and methanol (20 mL; 3 x 20 min) and cured at 110 °C for

30 min.

HCI activated non-woven glass fabric discs were allowed to react with 3-isocyanatopropyl
silane according to the procedure described above for woven fabric under the following
conditions: non-woven glass fabric discs (0.10 g), 2.5% solution of 3-isocyanatopropyl

trimethoxysilane in acetone: water (95:5, 15 mL) at RT for 1 h.

4.8.4.3.1 ADH immobilisation

Isocyanate modified woven and non-woven glass fabric discs (6) were immobilised with ADH
according to the procedure described in Section 4.8.4.2.1 under the following conditions: ADH
(10 mL, 0.5 mg/mL, pH 7.5) was incubated at 4-8 °C for 19 h. All discs were then washed with
PBS buffer (pH 7.5) containing Triton-X (0.1 %) (10 mL; 3 x 30 min) and individually assayed

according to the procedure described in Experimental Section 4.8.3.

4.8.4.4 Chlorosilane silane modification and
immobilisation - (11)

OH 9 HoN
2
@OH HO-$I” " 10
o
OH Sqir N\~ o
- .
on - @O/SI c >SITN"NH—
OH PBS, pH 7.5 0" SH

Glass Fabric c
4°C,18h
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3-(Chloropropyl)trimethoxysilane (2.5% solution in acetone: water (95:5, 15 mL) was prepared
and allowed to stand for 15 min at RT. The woven glass fabric discs (0.12 g) were added to the
stirred hydrolysed silane isocyanate solution and incubated for 1 h at RT.”® The glass discs
were then washed with distilled water (20 mL; 3 x 20 min) and methanol (20 mL; 3 x 20 min)

to neutral pH and then allowed to cure at 110 °C for 30 min.

HCI activated non-woven glass fabric discs were allowed to react with 3-chloropropylsilane
according to the procedure described above for non-woven glass fabric under the following
conditions: glass fabric discs (0.12 g), 3-chloropropyltrimethoxysilane (2.5% solution in
acetone: water (95:5, 15 mL)) for 1 h at RT and analogously washed and cured at 110 °C for

30 min.

4.8.4.4.1 ADH immobilisation

The chlorosilane woven and non-woven glass fabric discs (10) from the above section were
allowed to react with the ADH enzyme according to the procedure described in Section
4.8.4.2.1 under following conditions: ADH (10 mL, 0.5 mg/mL) incubated at 4-8 °C for 19 h.
All discs were washed with PBS buffer (pH 7.5) containing Triton-X (0.1 %) (10 mL;
3 x 20 min) and individually assayed according to the procedure described in Experimental

Section 4.8.3.
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4.8.4.5 Aminoethyl silane modification and immobilisation

- (14)
OH 12
P Ho—§i/\/\u——\_ - N,  25%GA PBS,
( \rOH OH NH, “/ \TO\Si/\i\ /2 PHTSRT, th A o, j_)V/N
\__/~OH D N o~ NH ———— Lo/§i/v\N/\/N/ 3

/9 on \_/ N
PBS, pH 7.5 7 OH

4°C,18h 14

N-(2-Aminoethyl)-3-(trimethoxysilyl)propyl amine (2.5% solution in acetone: water (95:5,
15 mL) was allowed to stand for 15 min at RT. The acid activated woven glass fabric discs
(0.18 g) were added to the hydrolysed amino ethyl silane and the mixture was stirred for 1 h at
RT. The discs were then washed with distilled water (20 mL; 3 x 20 min) and methanol

(20 mL; 3 x 20 min) and cured at 110 °C for 30 min.

HCI activated non-woven glass fabric discs were allowed to react with N-(2-Aminoethyl)-3-
(trimethoxysilyl)propyl amine according to the procedure described above for woven glass
fabric under the following conditions: Glass fabric discs (0.15 g), N-(2-Aminoethyl)-3-

(trimethoxysilyl)propyl amine (2.5% solution in acetone: water (95:5, 12 mL) for 1 h at RT.

4.8.4.5.1 GA activation

The woven glass diethyl amino silane fabric supports (13) were activated with GA according
to the procedure described by Santosh.” Diethylamino silane modified woven glass fabric discs
(0.05 g) were reacted with 2.5% GA (8 mL, w/v in 0.05 M PBS, pH 7.5) for 1 h at RT. The
activated support was thoroughly washed with distilled water (20 mL; 3 x 20 min) to remove
excess GA.

Non-woven glass fabric discs were allowed to react with GA according to the procedure
described above for woven glass under the following conditions: glass fabric discs (0.14 g),

2.5% GA (10 mL, w/v in 0.05 M PBS, pH 7.5) for 1 h at RT.
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4.8.4.5.2 ADH immobilisation

The silane diethylamine-GA modified glass woven and non-woven fabric supports (13)from
the above section were exposed to the ADH enzyme according to the procedure described in
Section 4.8.4.2.1 under the following conditions: ADH (10 mL, 0.5 mg/mL) incubated at
4 to 8 °C for 19 h. All discs were washed with PBS buffer (pH 7.5) containing Triton-X (0.1 %)
(10 mL; 3 x 20 min) and individually assayed according to the procedure described in
Experimental Section 4.8.3. Glass woven and non-woven discs without ethylamine-GA

modification (control) were exposed to ADH and analogously used as controls

4.8.4.6 APTMS modification and ADH immobilisation =
(17)

(?H 15

HO*Si/\/\NH
! 2 2.5 % GA, PBS,

16
OH OH . —o\Si/\/\NH pH 7.5RT, 1h o
OH E \ 70/ ; 2 —_— \Si/\/\ W —~
OH o3 N N
OH
17

Glass Fabric PBS,pH 7.5
4°C,18h

HoN

(3-Aminopropyl)trimethoxy-silane (APTMS) (2.5% solution in acetone: water (95:5, 15 mL))
was allowed to stand at RT for 15 min. HCI activated woven glass fabric discs (0.130 g) were
then added to the hydrolysed silane solution and the mixture was stirred at RT for 1 h. The
APTMS modified woven glass fabric discs were then washed with distilled water (20 mL x 3)
and methanol (20 mL x 2) to neutral pH. The discs were then allowed to cure at 110 °C for

30 min. IR: 3246bs, 1057bs, 951bs, 792m cm™. XPS: Consistent with the target structure.

HCI activated non-woven glass fabric discs were allowed to react with APTMS according to

the procedure described above for woven glass fabric under the following conditions: Glass
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fabric discs (0.10 g), APTMS, (2.5% solution in acetone: water (95:5, 12 mL)) at RT for 1 h.
IR: 3296bs, 2163w, 2105w 1980w, 1632w, 1039bs, 941bs, 791m cm™. XPS: Consistent with

the target structure.

4.8.4.6.1 GA activation

The APTMS woven glass supports were activated with GA according to the procedure
described by Santosh.” APTMS modified glass fabric discs (0.05 g) were reacted with 2.5%
GA (8 mL, w/v in 0.05 M PBS, pH 7.5) for 1 h at RT. The activated support was thoroughly
washed with distilled water (20 mL; 3 x 20 min) to remove excess GA. IR: 3296bs, 2163w,

2105w 1980w, 1632w, 1039bs, 941bs, 791m cm™. XPS: Consistent with the target structure.

APTMS modified non-woven glass fabric discs were allowed to react with GA according to
the procedure described above for woven fabric under the following conditions: Glass fabric
discs (0.14 g), 2.5% GA (10 mL, w/v in 0.05 M PBS, pH 7.5) for 1 h at RT. IR: 3327 bs,

2233w, 1634w, 1042bs, 792m, 699w cm™. XPS: Consistent with the target structure.

4.8.4.6.2 ADH immobilisation

The APTMS-GA modified woven and non-woven glass fabric supports from the above section
were exposed to the ADH enzyme according to the procedure described in Section 4.8.4.2.1
under following conditions: ADH (15 mL, 0.5 mg/mL) incubated at 4-8 °C for 19 h. All discs
were washed with PBS buffer (pH 7.5) containing Triton-X (0.1 %) (10 mL; 3 x 20 min) and
individually assayed according to the procedure found in the Experimental Section 4.8.3. Glass
woven and non-woven fabric discs without ethylamine-GA modification (control) were

exposed to ADH analogously and used as controls.
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4.8.4.7 Effect of APTMS concentration on ADH activity

(3-Aminopropyltrimethoxysilane (APTMS) solution was prepared in various concentrations
(1%, 2.5%, 5% and 10 %) in acetone and allowed to stand for 15 min at RT. Acid activated
woven and non-woven fabric discs were added to the hydrolysed amino silane solution and
allowed to stir for 1 h at RT. All discs were then washed with distilled water (20 mL;
3 x 20 min) and methanol (20 mL; 3 x 20 min) to neutral pH. The discs were then allowed to

cure at 110 °C for 30 min.

4.8.4.7.1 GA activation and ADH immobilisation

The woven and non-woven glass fabric amino silane (APTMS) discs prepared above were
activated with GA separately according to the procedure described by Santosh” under
following conditions: Glass fabric discs (0.14 g), 2.5% GA (10 mL, w/v in 0.05 M PBS,
pH 7.5) for 1 h at RT. The discs were then exposed to ADH (0.5 mg/mL, 0.05M PBS, pH 7.5)
according to the procedure described in Section 4.8.2.1. ADH immobilisation on control and
treatment glass fabric discs was done in four replicates and assayed to measure the immobilised
ADH activity. The effect of APTMS concentration on ADH activity for both woven and non-

woven glass fabric was then measured and is represented in below Table 4.8.

Table 4.8 Activity data measured for woven and non-woven glass fabric after various
APTMS conc treatment

APTMS conc effect - ADH activity immobilised on woven glass fabric

1% APTMS | 0.236 6200 0.038 | 0.038 0.010 0.952
0.948 45%

0.236 6200 0.038 | 0.038 0.010 0.951
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0.234 6200 0.038 | 0.038 0.009 0.942

2.5% APTMS| 0.531 6200 0.086 | 0.086 0.021 2.141

0.526 6200 0.085 | 0.085 0.021 2.121 2.120 100%

0.52 6200 0.084 | 0.084 0.021 2.097

APTMS Total Activity
Conc % Abs NARE L activity =~ mmol/

cofficient (mM) mmol/min  min/g

Average %
activity = Activity

(acetone)

5% APTMS | 0.481 6200 0.078 | 0.078 0.019 1.940

0.500 6200 0.081 | 0.081 0.020 2.016 1.989 94%

0.499 6200 0.08 0.081 0.020 2.012

10% APTMS| 0.119 6200 0.019 | 0.019 0.005 0.480

0.122 6200 0.02 0.020 0.005 0.493 0.490 23%

0.124 6200 0.02 0.020 0.005 0.498

APTMS Total Activi
NADH Conc Conc o ty
Conc % Abs o activity = mmol/
coefficient (mM) | (mmol) : .
mmol/min | min/g

Average %
activity = Activity

(acetone)

APTMS conc effect - ADH activity immobilised on non-woven glass fabric

1% APTMS | 0.531 6200 0.086 | 0.086 0.021 2.141

0.526 6200 0.085 | 0.085 0.021 2.121 2.12 40%

0.520 6200 0.084 | 0.084 0.021 2.097

2.5% APTMS| 1.307 6200 0.211 | 0.211 0.053 5.270

1.300 6200 0.210 | 0.210 0.052 5.242 5.25 100%

1.299 6200 0.210 | 0.210 0.052 5.238

5% APTMS | 1.013 6200 0.163 | 0.163 0.041 4.085

1.000 6200 0.161 | 0.161 0.040 4.032 4.03 7%

0.989 6200 0.160 | 0.160 0.040 3.988

10% APTMS| 0.219 6200 0.035 | 0.035 0.009 0.883

0.222 6200 0.036 | 0.036 0.009 0.895 0.91 22%

0.236 6200 0.038 | 0.038 0.01 0.952
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Agueous 25% GA solution was diluted with PBS buffer (0.05 M, pH 7.5) to prepare 1% (w/v),

2.5 % (w/v), 5% (w/v) and 10% (w/v) GA solutions. Woven and non-woven glass fabric amino

silane (APTMS) supports were reacted with the above GA solutions for 2 h at 25 °C as per the

procedure described by Santosh.”® After crosslinking with each GA concentration, the discs

were exposed to ADH separately according to the procedure described in Section 4.8.4.2.1 and

assayed to measure the immobilised ADH activity. The effect of GA concentration on ADH

activity for both woven and non-woven glass fabric is recorded below in Table 4.9.

Table 4.9 Activity data measured for woven and non-woven glass fabric after varying GA concentrations

GA conc effect on ADH activity immobilised on non-woven glass fabric
1% GA 1.013 6200 0.161 0.161 0.04 4.084
1.005 6200 0.159 0.159 0.039 4.032 4.03 7%
0.989 6200 0.210 0.210 0.052 3.987
2(.;5;{0 1.307 6200 0.209 0.209 0.052 5.27
1.300 6200 0.209 0.209 0.052 5.241 5.25 100%
1.299 6200 0.085 0.085 0.021 5.237
5% GA 0.531 6200 0.084 0.084 0.021 2.141
0.526 6200 0.083 0.083 0.021 2121 211 40.19%
0.52 6200 0.035 0.035 0.008 2.096
10% GA | 0.219 6200 0.035 0.035 0.009 0.883
0.222 6200 0.038 0.038 0.009 0.895 0.9 17.14%
0.236 6200 0.038 0.038 0.009 0.951
Control 0.256 6200 0.041 0.041 0.013 1.032
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Table 4.9 Continued....
GA conc effect on ADH activity immobilised on woven glass fabric

1% GA 0.710 6200 0.114 0.114 0.028 2.862
0.700 6200 0.112 0.112 0.028 2.822 2.854 73%

0.416 6200 0.067 0.067 0.016 1.677

2&35/:@ 0.960 6200 0.154 0.154 0.038 3.871
0.969 6200 0.156 0.156 0.039 3.907 3.903 100%

0.714 6200 0.115 0.115 0.028 2.879

5% GA 0.422 6200 0.068 0.068 0.017 1.701
0.428 6200 0.069 0.069 0.017 1.725 1.701 44%

0.308 6200 0.049 0.049 0.012 1.241

10% GA | 0.219 6200 0.035 0.035 0.009 0.895
0.222 6200 0.038 0.038 0.009 0.951 0.95 32%

0.236 6200 0.038 0.038 0.009 0.951

4.8.5 Immobilised ADH Stability Studies

4.8.5.1 Effect of pH

The effect of pH on enzyme activity was measured in different buffer systems: for
pH 6.5 to 8.0, sodium phosphate buffer (0.05 M Na2HPO4/0.05 M NaH2PO4) was used, and for
pH 8.5 to 10.5, sodium carbonate/bicarbonate buffer (0.1M each) was used. The soluble ADH
and immobilised ADH were incubated at 40 °C for 2 h in various pH buffer solutions. The pH
at which the enzyme expressed the highest activity was taken as the control (100% activity) for

the calculation of the remaining activity for both the soluble and immobilised ADH.

The effect of pH on ADH immobilised on both woven and non-woven glass fabric activity data

is described in detail below in Table 4.10.
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Table 4.10 Activity data for woven and non-woven glass fabric after various pH treatment

Effect of pH on ADH activity immobilised on woven glass fabric

5 0.100 6200 0.016 0.016 0.004 0.403
0.101 6200 0.016 0.016 0.004 0.407 0.535 34%
0.104 6200 0.017 0.017 0.004 0.419

6 0.226 6200 0.036 0.036 0.009 0.911
0.228 6200 0.037 0.037 0.009 0.919 0.919 78%
0.230 6200 0.037 0.037 0.009 0.927

7 0.293 6200 0.047 0.047 0.012 1.181
0.295 6200 0.048 0.048 0.012 1.190 1.191 100%
0.298 6200 0.048 0.048 0.012 1.202

8 0.195 6200 0.031 0.031 0.008 0.786
0.190 6200 0.031 0.031 0.008 0.766 0.780 66%
0.195 6200 0.031 0.031 0.008 0.786

9 0.095 6200 0.015 0.015 0.004 0.383
0.094 6200 0.015 0.015 0.004 0.379 0.382 32%
0.095 6200 0.015 0.015 0.004 0.383

105 | 0.011 6200 0.002 0.002 0.000 0.044
0.011 6200 0.002 0.002 0.000 0.044 0.046 4%
0.012 6200 0.002 0.002 0.000 0.048
Effect of pH on soluble ADH

5 1.681 6200 0.271 0.271 0.068 1356.00
1.670 6200 0.269 0.269 0.067 1346.00 1385.50 80%
1.701 6200 0.274 0.274 0.069 1372.00

6 1.820 6200 0.294 0.294 0.073 1468.00
1.810 6200 0.292 0.292 0.073 1460.00 1464.67 86%
1.818 6200 0.293 0.293 0.073 1466.00

7 2.096 6200 0.338 0.338 0.085 1690.00
2.120 6200 0.342 0.342 0.086 1710.00 1698.00 100%
2.100 6200 0.339 0.339 0.085 1694.00

8 1.635 6200 0.264 0.264 0.066 1318.00
1.610 6200 0.260 0.260 0.065 1298.00 1312.67 77%
1.640 6200 0.265 0.265 0.066 1322.00
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Table 4.10 Continued...
pH Abs NA_D_H Conc Total acti\_/ity Anfmfy Ave_rgge %_
coefficient (mmol) mmol/min min/g activity | Activity
9 0.087 6200 0.014 0.014 0.004 70.00
0.095 6200 0.015 0.015 0.004 76.00 72.67 43%
0.090 6200 0.015 0.015 0.004 72.00
10.5 | 0.066 6200 0.011 0.011 0.003 54.00
0.076 6200 0.012 0.012 0.003 62.00 56.67 33%
0.068 6200 0.011 0.011 0.003 54.00

Total Activity
activity mmol/

mmol/min min/g

NADH Conc Average %

activity | Activity

coefficient (mM)

Effect of pH on ADH activity immobilised on non-woven glass fabric

5 0.344 6200 0.056 0.055 0.014 1.387
0.350 6200 0.057 0.056 0.014 1411 14 38%

0.348 6200 0.056 0.056 0.014 1.403

6 0.451 6200 0.073 0.073 0.018 1.819
0.456 6200 0.074 0.074 0.018 1.839 1.8 50%

0.460 6200 0.074 0.074 0.019 1.855

7 0.901 6200 0.145 0.145 0.036 3.633
0.910 6200 0.147 0.147 0.037 3.669 3.6 100%

0.914 6200 0.147 0.147 0.037 3.685

8 0.804 6200 0.130 0.130 0.032 3.242
0.809 6200 0.131 0.130 0.033 3.262 32 89%

0.800 6200 0.129 0.129 0.032 3.226

9 0.389 6200 0.063 0.063 0.016 1.569
0.380 6200 0.061 0.061 0.015 1.532 15 43%

0.390 6200 0.063 0.063 0.016 1.573

105 | 0.216 6200 0.035 0.035 0.009 0.871
0.220 6200 0.036 0.035 0.009 0.887 0.8 24%

0.230 6200 0.037 0.037 0.009 0.927
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4.8.5.2 Thermal stability

The thermostability studies were performed by incubating soluble ADH (0.5 mg/mL) and
immobilised ADH for 2 h in PBS (0.05 M, pH 7.5) at variable temperature (20 °C, 40 °C, 60 °C,
80 °C) in a water bath. After each incubation, the enzyme was chilled in crushed ice for 5 min.
The enzyme was then allowed to warm to RT and residual ADH activity was measured
according to the procedure described in Experimental Section 4.8.4.2.1. Table 4.11 represents
activity data observed for soluble ADH and immobilised ADH on both non-woven and woven

glass fabric.

Table 4.11 Thermal stability activity data of soluble and immobilised ADH on both woven and
non-woven glass fabric

Thermal stability of immobilised ADH on non-woven glass fabric

20 1.400 6200 0.226 0.226 0.056 5.645
5.635 100%

1.395 6200 0.225 0.225 0.056 5.625

40 0.853 6200 0.138 0.138 0.034 3.440

3.455 61%

0.861 6200 0.139 0.139 0.035 3.471

60 0.502 6200 0.081 0.081 0.020 2.024
2.018 50%

0.499 6200 0.080 0.080 0.020 2.012

80 0.292 6200 0.047 0.047 0.012 1.177
1171 31%

0.289 6200 0.047 0.047 0.012 1.165
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Table 4.11 Continued...

NADH Conc Conc Total Activity

Abs activity mmol/

coefficient  (mM) = (mmol) mmol/min  min/g

Average

)

activity = Activity

Thermal stability of soluble ADH
20 1.990 6200 0.321 0.321 0.080 1604.00
1608.00 | 100%
2.000 6200 0.323 0.323 0.081 1612.00
40 1.790 6200 0.289 0.289 0.072 1444.00
1443.00 90%
1.789 6200 0.289 0.289 0.072 1442.00
60 0.066 6200 0.011 0.011 0.003 54.00
52.00 3%
0.062 6200 0.010 0.010 0.003 50.00
80 0.056 6200 0.009 0.009 0.002 46.00
46.00 1%
0.057 6200 0.009 0.009 0.002 46.00

Total Activity
activity mmol/

NADH Conc Conc

coefficient (mM) = (mmol) mmol/min | min/g

Average

%

activity |~ Activity

Thermal stability of immobilised ADH on woven glass fabric

20 0.502 6200 0.081 0.081 0.020 2.024
2.018 100%

0.499 6200 0.080 0.080 0.020 2.012

40 0.392 6200 0.063 0.063 0.016 1.581
1.575 78%

0.389 6200 0.063 0.063 0.016 1.569

60 0.192 6200 0.031 0.031 0.008 0.774
0.768 39%

0.189 6200 0.030 0.030 0.008 0.762

80 0.085 6200 0.014 0.014 0.003 0.343
0.348 20%

0.088 6200 0.014 0.014 0.004 0.353

4.8.5.3 Storage stability

ADH immobilised on both woven and non-woven glass fabric discs were stored in PBS

(0.05 M, pH 7.5) buffer (0.05 M, pH 7.5) at 4 °C for 60 days and the ADH activity was assayed

at defined time points using fresh discs taken from the buffered solution. The activity was

assessed according to the procedure described in the ADH activity assay (Section 4.8.3).
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Table 4.12 represents storage residual activity data observed for soluble and immobilised ADH

on both non-woven and woven glass fabric.

Table 4.12 Storage stability activity data of soluble and immobilised ADH on both woven and

non-woven glass fabric

Storage stability of immobilised ADH on woven glass fabric at 4° C in PBS
0 0.723 6200 0.117 0.117 0.029 2.915
2.910 100%
0.720 6200 0.116 0.116 0.029 2.903
1 0.569 6200 0.092 0.092 0.023 2.294
2.316 82%
0.566 6200 0.091 0.091 0.023 2.282
2 0.330 6200 0.053 0.053 0.013 1.331
1.304 47%
0.310 6200 0.050 0.050 0.013 1.250
4 0.299 6200 0.048 0.048 0.012 1.206
1.188 43%
0.290 6200 0.047 0.047 0.012 1.170
6 0.169 6200 0.027 0.027 0.007 0.681
0.677 15%
0.165 6200 0.027 0.027 0.007 0.665
8 0.159 6200 0.026 0.026 0.006 0.641
0.653 23%
0.165 6200 0.027 0.027 0.007 0.665
10 0.131 6200 0.021 0.021 0.005 0.528
0.530 19%
0.132 6200 0.021 0.021 0.005 0.533
15 0.101 6200 0.016 0.016 0.004 0.407
0.413 15%
0.106 6200 0.017 0.017 0.004 0.427
30 0.015 6200 0.002 0.002 0.001 0.060
0.060 2%
0.013 6200 0.002 0.002 0.001 0.060
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Table 4.12. Continued...
Storage stability of soluble ADH at 4° C in PBS
0 2.131 6200 0.344 0.344 0.086 1718.000 1715.00
' 100%
2.123 6200 0.342 0.342 0.086 1712.000
1 2.101 6200 0.339 0.339 0.085 1694.000
1702.00
99%
2.120 6200 0.342 0.342 0.086 1710.000
2 2.010 6200 0.324 0.324 0.081 1620.000
1612.00
95%
1.989 6200 0.321 0.321 0.080 1604.000
4 1.995 6200 0.322 0.322 0.080 1608.000
1611.00
94%
2.001 6200 0.323 0.323 0.081 1614.000
6 1.864 6200 0.301 0.301 0.075 1504.000
1509.00
88%
1.877 6200 0.303 0.303 0.076 1514.000
8 1.640 6200 0.265 0.265 0.066 1322.000
1313.00
7%
1.618 6200 0.261 0.261 0.065 1304.000
10 0.912 6200 0.147 0.147 0.037 736.000
741.00
43%
0.926 6200 0.149 0.149 0.037 746.000
15 0.599 6200 0.097 0.097 0.024 484.000
485.00
28%
0.601 6200 0.097 0.097 0.024 486.000
30 0.315 6200 0.051 0.051 0.013 254.000
252.00
15%
0.311 6200 0.050 0.050 0.013 250.000
45 0.101 6200 0.016 0.016 0.004 82.000
80.00 0
5%
0.096 6200 0.016 0.016 0.004 78.000
60 0.031 6200 0.005 0.005 0.001 26.000
26.00 1%
0.032 6200 0.005 0.005 0.001 26.000
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Table 4.12 Continued...
Storage stability of immobilised ADH on non-woven glass fabric at 4° C in PBS

0 1.083 6200 0.175 0.175 0.044 4.365
4.394 100%

1.097 6200 0.177 0.177 0.044 4.424

1 1.002 6200 0.162 0.162 0.040 4.040
4.016 91%

0.990 6200 0.160 0.160 0.040 3.992

2 0.975 6200 0.157 0.157 0.039 3.932
3.913 89%

0.966 6200 0.156 0.156 0.039 3.895

4 0.899 6200 0.145 0.145 0.036 3.625
3.629 83%

0.901 6200 0.145 0.145 0.036 3.633

6 0.869 6200 0.140 0.140 0.035 3.504
3.521 80%

0.878 6200 0.142 0.142 0.035 3.539

8 0.758 6200 0.122 0.122 0.031 3.057
3.082 70%

0.771 6200 0.124 0.124 0.031 3.109

10 0.710 6200 0.115 0.115 0.029 2.863
2.885 66%

0.721 6200 0.116 0.116 0.029 2.907

15 0.681 6200 0.110 0.110 0.028 2.746
2.727 62%

0.672 6200 0.108 0.108 0.027 2.709

30 0.590 6200 0.095 0.095 0.024 2.379
2.364 54%

0.583 6200 0.094 0.094 0.024 2.351

45 0.553 6200 0.089 0.089 0.022 2.230
2.221 51%

0.549 6200 0.089 0.089 0.022 2.214

60 0.489 6200 0.079 0.079 0.020 1.972
1.975 45%

0.491 6200 0.079 0.079 0.020 1.980
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4.8.6 Fabrication of glass fabric-APTMS-GA
electrode

A glassy carbon electrode (GC) was carefully polished with 1um, 0.3 um and 0.05 pm alumina
oxide, rinsed with distilled water (20 mL) after each polish and sonicated in an ultrasonic bath
in ethanol (10 mL). The electrode was finally rinsed with water before taking any
measurements. MB ink mediator suspension (20 pL, 2 mg in DMF) was evenly cast onto the
polished electrodes. GA activated amino propyl silane (APTMS) non-woven glass fabric
support (glass-APTMS-GA) was placed firmly on the electrode surface (Figure 4.16).
The electrode was cured at 65 °C for 2 h and then allowed to cool to RT. Cyclic voltammetric
experiments were undertaken in PBS (0.05 M, pH 7.5) containing 0.1 M KCI, with and without

2 mM NADH, at a constant potential of 0.6 V versus Ag/AgCI without stirring at RT.

ADH immobilisation

For ethanol detection, the above fabricated electrode was incubated in ADH (2 mL, 0.5 mg/mL
in 0.05 M PBS at pH 7.5) at 4 °C for 18 h as described in Section 4.8.4.21. Using this standard
procedure, multiple replicates of the modified electrode were prepared. The glass APTMS-GA-
ADH electrode was thoroughly washed with 20 mL PBS (0.05 M PBS pH 7.5) and then stored
in PBS buffer (0.05 M, pH 7.5) prior to use. Electrochemical measurements were carried out
in PBS (0.05 M, pH 7.5) containing 0.1 M KCI and 1 mM NAD" at a constant potential of
0.6 V versus Ag/AgCI under stirring (100 rpm) conditions. Prior to the injection of ethanol
(1 to 16 mM in PBS pH 7.5), the enzyme electrode was conditioned for 5 minutes at 0.6 V

allowing the background current to stabilize. Ethanol, at a concentration of 1 mM, unless
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otherwise stated, was then injected at 60 second intervals and the current response was

recorded. All measurements were performed at RT (Table 4.13).

Table 4.13 Current measured at various concentrations of ethanol

1.939 0.729 1.00
2.223 1.013 2.00
2.401 1.191 3.00
2.546 1.336 4.00
2.687 1.477 5.00
2.775 1.565 6.00
2.886 1.676 7.00
2.978 1.768 8.00
3.057 1.847 9.00
3.166 1.956 10.00
3.221 2.011 11.00
3.286 2.076 12.00
3.347 2.137 13.00
3.389 2.179 14.00
3.431 2.221 15.00
3.441 2.231 16.00

4.8.7 Flow-injection system

The FIA system was comprised of a GC electrode (working electrode), a Pt wire (auxiliary
electrode) and an Ag/AgCl electrode (reference). The GC electrode was polished with 0.1 um,
0.3 um and 0.05 pum alumina oxide, rinsed with distilled water (20 mL) after each polish,
sonicated in an ultrasonic bath in ethanol (10 mL) and finally rinsed with water before
experimentation. MB ink mediator suspension (20 uL, 2 mg in DMF) was evenly cast onto the

polished electrode and cured at 65 °C for 2 h and then the electrode was cooled to RT.
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A 1 mL syringe column (1.5 mm of length) was packed with immobilised ADH on non-woven
glass fabric support disc (120 mg) and a peristaltic pump was used to control the flow rate
through the column. The carrier solution (0.05 M PBS, pH 7.5 containing cofactor (NAD™))
was allowed to flow through the bioreactor containing the immobilised ADH and the
electrochemical cell at a flow rate of 1.0 ml/min. A potential of 0.6 V was applied to the
working electrode and the electrochemical current was allowed to decay to a steady state. with
Varying concentrations of ethanol (500 ul) in PBS (0.05 M, pH 7.5) containing KCI (0.1 M)
were injected into the system and allowed to pass through the syringe bioreactor containing

immobilised ADH. All measurements were performed at RT (Table 4.14).

Table 4.14 Current measured at varying concentrations of ethanol

1 1.200 1.015
0.967 0.068
1.104 0.919
2 1.564 1.379
1.399 0.028
1.604 1.419
4 2.223 2.038
1.994 0.062
2.135 1.950
6 2.734 2.549
2.502 0.066
2.640 2.455
8 3.279 3.094
3.014 0.113
3.119 2.934
10 3.238 3.053
3.110 0.081
3.352 3.167
Average | Average
2.164 0.069
RSD = 3.188 (Avg. std deviation/Avg. of two peak x 100 )

225



Chapter 4

4.8.7.1 NAD" concentration study

Influence of NAD™ concentration was studied by injecting various concentrations of NAD*
solution (0.05 M PBS, pH 7.5) along with 1 mM ethanol (0.05 M PBS, pH 7.5). NAD" solutions
(1 mM to 8 mM) were prepared in PBS (0.05 M pH 7.5) and electrochemical responses were

measured.

4.8.7.2 Reproducibility

The reproducibility of the analytical performance of the immobilised ADH in the continuous
flow reactor was evaluated with eleven injections of ethanol (ImM in 0.05 M PBS, pH 7.5).
At 5 min intervals, 0.5 mL of 1mM ethanol was injected along with cofactor NAD* (100 pL,

1mM, 0.05 M PBS, pH 7.5). Electrochemical responses were then measured.
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Chapter 5

This Chapter summarises the thesis findings and outlines directions for future research.

5.1 Conclusion

This thesis describes efforts made towards the development of a redox enzyme based
continuous flow reactor and biosensor which incorporates a redox based enzyme as the catalyst
immobilised on a fibre based support. The concept is demonstrated using alcohol
dehydrogenase (ADH), an enzyme which catalyses the oxidation of ethanol to acetaldehyde
using NADH as the cofactor. The reaction was followed amperometrically by measuring the
consumption of ethanol. The reaction was first undertaken in batch mode and then transferred
to a continuous flow mode.

Efforts were made for ADH immobilisation on a number of different fibre based scaffolds
including cotton, nylon, polyacrylonitrile (PAN), polyvinyl alcohol (PVA) and glass as shown
in Chapter two, three and four. A number of different strategies and chemistries were
investigated to fabricate the fibre based ADH adducts. Only benign chemistry could be used to
fabricate the fabric-ADH adduct for fear of denaturating the enzyme. The stability (pH,
temperature and storage time) of the various fibre based ADH adducts was measured against
the free or soluble form of ADH. Additionally, the recyclability of the adduct was measured.
Only the most stable adduct was used to fabricate the flow reactor and biosensor.

Further, both biosensor and flow reactor were assessed in the amperometric detection of
ethanol in batch and continuous flow methods. ADH was chosen as a model enzyme for
immobilisation because of its known high sensitivity, poor stability and its diverse industrial
application.

The work described in this thesis demonstrates various methods/strategies for surface

modification of fibrous solid supports such as cotton fabric, nylon fabric, PAN fibre, PVA
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fabric, woven and non-woven glass fabric. These supports are readily available and their
porosity can be controlled. Among the various immobilisation methods, covalent binding was
investigated since it provides strong and stable enzyme attachment and minimises enzyme
desorption and conformational changes ensuring higher activity when applied to industrial

applications.

Chapter 2 described efforts made for ADH immobilisation with cotton fabric and nylon fabric
as well as ADH modification with nylon monomers (C3 and C6), BMPS and AGE, which in
turn can attach to a suitable modified fibrous carrier. Loss of activity after ADH modification
was observed revealing that regioselective reactions are needed to avoid denaturation of the

catalytic domain of ADH.

Chapter 3 focused on the surface modification of polyvinyl alcohol (PVA) fabric. PVA fibres
were knitted into the fabric and the porosity could be controlled by the loop length. PVA fabric
has a secondary hydroxyl group which can be functionalised without activation or pre-
treatment and used for enzyme immobilisation. Various reactions including alkylation,
esterification, and silyl ether formation were investigated on the fibrous PVA surfaces with
bifunctional reagents. The highest activity and greater stability was obtained for the PVA-CI-
EDA-GA-ADH fabric adduct. The immobilisation method involved surface modification of
PVA with chloropropionate followed by a spacer arm inclusion with EDA and GA. ADH
was then immobilised by crosslinking to the fibrous support (PVA-CI-DA-GA).This
immobilisation enabled ADH to retain 50% enzymatic activity at pH 9 whereas soluble ADH
became inactive (10% activity) at this pH. Additionally, thermal stability and recyclability were
enhanced for this immobilized ADH construct. Although this work provided a significant step
forward, the PVA fibre based support lacked long-term stability and functionality to achieve

electrode surface attachment. Hence, its use for the fabrication of a biosensor was limited.
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Chapter 4 investigated the use of silane chemistry for the functionalisation of glass fibre and
fabric supports. An immobilised glass fibre-ADH construct possessing high activity and
stability was used to develop a flow reactor and biosensor. The ADH immobilized on glass
fibre-APTMS-GA discs showed 5.403 + 0.050 mmol/g/min activity at 20 °C. Additionally, the
immobilized ADH showed improvement in thermal stability (30% retention of activity at
80 °C) and storage stability (49% retention after 60 days storage) compared to the soluble
ADH. The immobilized ADH was used for ethanol bio-sensing, displayed a sensitivity of 0.789

MA, and possessed high reproducibility with a RSD of 4.9%.

The immobilized ADH was also successfully developed into a flow bioreactor using a flow-
injection analysis system. The flow bioreactor showed linearity in the range between 1 to 8
mM and high reproducibility with a RSD of 3.99%. This work enabled the fabrication of a
simple amperometric based biosensor suitable for translation into a bioreactor. The high

reproducibility and stability of glass fibre support make this proposal an attractive proposition.
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5.2 Future work

While this thesis has demonstrated the use of fibrous supports for the stabilisation of ADH and
their application in biosensor and continuous flow reactors, there are several lines of research
arising from this work which should be pursued:

1. Following from Chapter 3, it could be interesting to use stabilised PVA-CI-EDA-GA-
ADH constructs in flow reactors with varying fabric porosity to observe its effect on
flow rate and ethanol conversion;

2. Different types of PVA fabric, such as woven and nonwoven, could be used for surface
modification and subsequent ADH immobilisation. Further examination of fabricated
PVA-ADH constructs in continuous flow applications would be of great interest
particularly with a view to increasing conversion yield;

3. To extend the immobilisation studies to other enzymes, such as catalyse and glucose
oxidase, to broaden the application of flow reactors in chemical synthesis;

4. To couple the immobilisation of a second enzyme, for example NADH oxidase, into
the fabric-ADH system (Figure 5.1). ADH enzyme uses stoichiometric amounts of
expensive cofactors (NAD™). Regeneration of cofactors in situ via a second enzymatic
process is a very attractive and challenging proposition. A method which enables the
regeneration of the required cofactor (necessary oxidoreductase enzyme) within the

same reactor would provide an industrially viable flow reactor system;
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Figure 5.1. Proposed schematic of NAD* regeneration by NADH oxidase with oxidation of alcohol when
both enzymes immobilised on a fibrous support
5. The use of ADH immobilised on modified glass fabric could be investigated for use in
flow reactors where flow parameters, such as flow rate, reaction time and
amperometric response, can be easily studied; and finally,
6. The replacement of non-conductive polymers with conductive fibres (to replace

NADH and recycling enzyme for NADH) could be examined.
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Appendix-I

Chapter 4 work demonstrated non-woven glass fabric was a suitable support for immobilisation of ADH
and provides high stability and activity. The draft manuscript below represents ADH immobilised on
non-woven glass fabric application in amperometric detection of ethanol in a batch setup and in a
continuous flow reactor with Flow injection analysis (FIA). Non-woven glass fabric is synonymously used

as glass fibre in below manuscript.

Electrochemical detection of ethanol using glass fibre

based biosensors and bioreactors

Abstract

Alcohol dehydrogenase (ADH) was covalently immobilized onto glass fibre membrane (Glass fibre) discs
and utilized in the fabrication of an ethanol biosensor using a glassy carbon (GC) electrode and a
continuous flow bioreactor after packing into a 1 ml syringe. The immobilisation process involved an amino
silane surface modification of a glass support followed by crosslinking with glutaraldehyde (GA) and
immobilisation of the ADH. The immobilized ADH showed enhanced thermal stability with 50% retention
of activity at 60 °C and good improvement in storage stability with 49% retention in activity after 60 days
storage in PBS buffer at 4 °C. The glass fibre membranes with immobilized ADH were used for
amperometric detection of ethanol in a batch setup using a modified glassy carbon (GC) electrode and by
Flow injection analysis (FIA) using a continuous flow reactor modified with glass fibre membrane discs.
The present ethanol biosensor exhibited an increasing response towards ethanol in the range from 1 mM
to 14 mM. In Flow Injection Analysis (FIA), a linear response was obtained from 1 mM to 8 mM ethanol
(r?= 0.992). The bioreactors showed good reproducibility with an RSD of 3.99% for 11 injections of 1 mM

ethanol.

Keywords: Glass fibre, ADH immobilisation, ethanol detection, flow injection analysis (FIA), bioreactor

237



Appendix

1 Introduction

Enzymes can be used in the chemical reaction to enhance reaction rate without changing their
composition or utilizing themselves.’® Enzymes are known to be unstable and hence their
industrial application is often affected by a scarcity of long-term operational stability, recovery
processes and reuse of the enzyme. When the enzyme is immobilized on solid supports, they
are stable against denaturants and elevated temperature. Effective immobilisation depends on

the selection of support and the conditions of the immobilisation process.5®

Different support materials have been investigated to immobilize enzymes to improve
reusability and stability.” ® 1 In many cases, it is found that glass as support material is being
used for the immobilisation of enzymes as biocatalysts or biosensors. Porous glass, in
particular, is a promising silica based support where surface properties are mainly determined
by silanol groups. Another advantage of glass is that it can be made in diverse geometrical
forms, i.e. rods, beads, fibres (hollow) or plates.!* The porous glass can be easily modified
using 3-(glycidoxypropyl)trimethoxysilane > 13 and 3-(mercaptopropyl)triethoxysilane, 4 *°
to generate epoxy groups or thiol groups, respectively on the glass surface. The most used
approach for covalent immobilisation of enzyme on porous silica supports is modified with
amino groups mainly using 3-(aminopropyl)triethoxysilane (APTES), followed by reaction
with glutaraldehyde (GA) to provide a linker/spacer. The aldehyde groups on the surface can

further react with the amino groups on the enzyme to form imine bindings.*6: %’

Among the various forms of glass, thick glass microfibres and woven fabric are worthy
support materials for enzyme immobilisation as they have the ideal characteristics such as
inherently large surface area with the porosity which, may allow greater interaction with
enzyme compared to non-porous supports,8-2° hence leading to higher loading and stability of

biocatalysts.
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The traditional conventional techniques such as chromatography, spectrophotometry are being
used in industries but biosensors are found to be more useful and preferred analytical devices.
21,22 Bjosensors are simple device that allow the easy of analysis in manufacturing industrial
products, typically alcoholic beverages (beer, wines, and spirits) and relevant food industry.
Numerous enzyme-based electrochemical devices have been developed for amperometric
detection of ethanol where ADH with NAD* cofactor immobilized with Meldola’s Blue
(MP),% 24 Fe304/Au nanoparticles 2° and with carbon nanotubes composite matrix.?® Despite
their novelty, these systems require a high concentration of NAD*, involved complex
fabrication process and also suffers from enzyme stability issues. The enzyme must be able to
hold its activity for a prolong period to be useful. To address this problem, enzymes can be

covalently immobilized onto a suitable supports such as Glass fibre and fabric support.t’,?’

In the present work, we show that commercial thick Glass fibre discs (47 mm diameter,
borosilicate) upon treatment with 2.5% APTMS and GA activation served as an effective
support for ADH immobilisation, whilst simultaneously enhancing NAD* oxidation. The
fabrication of electrode was performed with GA activated Glass fibre discs together with
Meldola’s Blue (MB) on glassy carbon (GC). MB acts as electron mediator as well as gluing
agent for the modified glass fibre discs. In this work we also explored Glass fabric (E glass) as
support for ADH immobilisation upon APTMS and GA treatment. ADH immobilized on both
Glass fibre and fabric was investigated for stability study. Due to the more stability and high
activity of ADH on Glass fibre support same was used in biosensor and continuous flow reactor

application.

To the best of our knowledge, the present strategy of the fabrication of a biosensor has not
been previously reported. However, the poly (phenothiazine) dyes are widely used in the

construction of electrochemical sensors and biosensors.?® 2° The resulting ethanol biosensor
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showed an enhanced response. Furthermore, when immobilized ADH used in a continuous

flow reactor with FIA, demonstrated linearity with high reproducibility.

2 Experimental

2.1 Materials

Glass microfibres (Glass fibre) (47mm borosilicate glass, Whatman filter), Glass fabric
(E glass, CSIRO), 3-aminopropyl trimethoxysilane (APTMS), glycidyl-3-(trimethoxysilyl)
propyl ether, 3-chloropropyl triethoxysilane, N(2-aminoethyl,3-gmnopropyltrimethoxysilane,
glutaraldehyde (25% aq solution) Tris buffer, sodium hydrogen phosphate (Na2HPO4), sodium
dihydrogen phosphate (NaH2POa), potassium chloride (KCI), and phosphoric acid (HzPOa)
were purchased from Sigma Aldrich Australia., Meldola’s Blue (MB), B-nicotinamide adenine
dinucleotide sodium salt (NAD') were purchased from Sigma-Aldrich Australia.
B-Nicotinamide adenine dinucleotide, reduced disodium salt hydrate (NADH) was purchased
from Alfa Aesar (Australia); alcohol dehydrogenase (ADH) from yeast (500 units/mg) was
purchased from Calzyme. HCI (37%), acetone ethanol and methanol were used as received

from Merck without any further purification.

2.2 Characterisation

All electrochemical experiments were performed using Autolab PGSTAT308 in conjunction
with a three-electrode system: a GC electrode modified with the Glass fibre-APTMS-GA-ADH
as the working electrode, a platinum wire as the counter electrode while Ag/AgCl served as the

reference electrode. The potentials were listed with respect to the reference electrode. All
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amperometric measurements were carried out with stirred conditions and the response current
was reported with the different value between the steady state and background current. The
flow injection analysis (FIA) system comprising a wall-jet electrochemical cell with a GC
electrode modified with MB, peristaltic pump, rhyodyne injector, support solution reservoir

and 1 ml syringe used for reactor experiments.

Nicolet 6700 ATR-FTIR (Thermo Scientific) in the absorbance mode was used for infrared
spectral analysis. SEM was used for morphology analysis using Scanning Electron Microscope
(SEM, Philips XL30). The samples were imaged using a Zeiss Merlin FESEM after being
coated with iridium under vacuum. The elemental composition of the surface was analyzed
using X-ray photoelectron spectroscopy (XPS) on an AXIS Nova spectrometer (Kratos
Analytical Inc., UK) using a monochromated Al Ka source at a power of 180W. Enzyme

activity was measured using a Cary 300 Bio U.V visible (Varin)

2.3 Methods

2.3.1Modification of Glass Fibre and Fabric

HCI Treatment

Glass fibre and fabric both were stamped out as discs (~0.150 g, 13 mm diameter) and subjected
to an activation pre-treatment with hydrochloric acid (10 N, 5 ml) for 4 h at 80 °C. After acid
activation, G fibres and fabric discs were washed with distilled water (25 mL X 20) until pH

of washing solution neutral (chloride-free) and then dried at 110 °C for 18 h.*°
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Silane Modification

APTMS (2.5% in 15 mL acetone) solution was prepared and incubated for 15 min to hydrolyse
silane methoxy. To this amino silane solution, the acid activated Glass fibre discs (0.120 g,
13 mm disc) were added and incubated for 1 h at RT under stirring. Silane treated discs were
washed with distilled water (50 ml X 5) and methanol (20 ml X 3) until pH of washing solution
reach to neutral and then cured at 110 °C for 1 h to drive the condensation of silanol groups on
the surface. Similarly, Glass fabric discs (0.12 g) were also treated with APTMS reagent. The
effect of various concentrations of APTMS on ADH activity was investigated with various %

APTMS loadings (1%, 2.5%, 5% and 10%) in acetone and treated similarly as described above.

(o]

/\F A\ 0
OH OH condensation /" "\ Glu (2.5% wiv) /Xo\
\fOH + o S'/\/\NHz — > ‘\X}‘O:Si/\/\NHz —> | o séW"M)LH
: N\
OH 110°C,1h OH PBS pH 7.4
27°C,1h . .

G fibre/fabric G fibre/fabric-APTMS G fibre/fabric-APTMS-GA

H,N

/
g f S|/\/\
N
PBS,pH7.4 o OH T 9
4°C,18h

G fibre/fabric-APTMS-GA-
ADH

Figure 1. Schematic representation of Glass fibre and fabric surface modification and

immobilisation with ADH

2.3.2 ADH Immobilisation and Assay

The Glass fibre and Glass fabric-APTMS support were modified with 2.5% (w/v) GA for 1h
at 25 °C in PBS (0.05 M, pH 7.4).3! The GA activated support was thoroughly washed with
distilled water to remove excess GA and incubated with 1 mL ADH (0.5 mg/mL) in PBS

(0.05 M, pH 7.4) for 18 h at 4 °C (Figure 1). The immobilized discs were washed with 0.1%
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Triton X in PBS (0.05M pH 7.4) over 30 min followed by PBS to remove any unbound ADH
enzyme. ADH immobilized analogously with the Glass fibre and Glass fabric discs without
any modification and with APTMS modified Glass fibre and fabric disc and used as control 1
and control 2 respectively. The activity of ADH immobilized on both control and treatment
glass support was measured spectrophotometrically by submerging the discs individually in
Tris buffer (100 mM pH 8.8), ethanol (20 mM), and NAD* (1 mM) at 25 °C in 12 well plates
for 4 min. After shaking for 4 min at 100 rpm on an orbital shaker, 1 mL of the solution was
withdrawn and the absorbance measured at 340 nm immediately.3? The activity measurement

experiments were performed in triplicates.

2.3.3 Stability Studies of Soluble and Immobilised ADH

| order to study effect of pH on enzyme activity, enzyme activity was measured in different
buffer systems, such as for pH 6.5 to 8.0 sodium phosphate buffer (0.05 M Na;HPO4/0.05M
NaH2PO4) was used and for pH 8.5 to 10.5 sodium carbonate/bicarbonate buffer (0.1M each)
was used. The soluble ADH and immobilized ADH were incubated at 40 °C for 2 h in various
pH buffer solutions. The pH at which the enzyme expressed the highest activity was taken as
the control (100% activity) for the calculation of the remaining percent activity for both the

soluble and immobilized ADH.

The thermal stability study was performed by incubating soluble ADH (0.5 mg/mL) and
immobilized ADH for 2 h in PBS buffer (0.05 M, pH 7.5) at various temperatures (20 °C,
40 °C, 60 °C, 80 °C) using a water bath. After each incubation, both immobilized and soluble
ADH were chilled in crushed ice for 5 min and then brought to RT to measure residual activity

under standard assay conditions. For storage stability, soluble ADH and ADH immobilized
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Glass fibre/fabric discs were stored in PBS buffer (0.05 M, pH 7.5) at 4 °C for 60 days before

commencing activity assays as described above.

2.3.4 Fabrication of Biosensor

The working electrode (i.e. GC) was carefully polished with 1 um, 0.3 pm and 0.05 pm alumina
oxide powder, rinsed with distilled water after each polish sonicated in an ultrasonic bath in
ethanol and finally rinsed again with water prior to amperometric measurements. The MB ink
mediator suspension (20 uL, 2 mg in 1 mL DMF) was cast on the polished electrode evenly
and the Glass fibre-APTMS-GA disc was placed firmly on the electrode surface (Figure 2).
This assembly was cured at 65 °C for 2 h and then cooled at RT. ADH (2 ml, 0.5 mg/ml) was
immobilized on this electrode surface as described in above section 2.3.2. The electrode
(G fibre-APTMS-GA-MB-ADH) was then properly washed with excess water to remove any
non-covalently bound enzyme. The enzyme electrode was stored in PBS (0.05 M,

pH 7.4) prior to use.

NAD + MB

Oxi

NADH M8 <
Red

Acetaldehyde

Ethanol
2e"

Figure 2. Mechanism of electrochemical detection for G fibre-APTMS-GA- MB-ADH biosensor. MB red

and MB oxi represent the MB mediator reduced and oxidized, respectively.
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Amperometric measurements were carried out in a phosphate buffer (0.05 M, pH 7.4), 1 mM
NAD™ and ethanol in stirring conditions (100 rpm). A working potential of 0.6V was applied
and transient currents were allowed to decay to a steady-state value. All measurements were

performed at RT.

2.3.5 Continuous Flow-Injection System

A schematic representation of the flow injection system used for electrochemical
measurements is depicted in Figure 3. The electrochemical cell contains the GC/MB working
electrode, a Pt wire as an auxiliary electrode and an Ag/AgCI as the reference electrode.
A 1 mL syringe (1.5 mm of length) was packed with G fibre-APTMS-GA-ADH support disc
(120 mg). The flow rate 1.0 ml/min was controlled by a peristaltic pump. The mobile phase
(0.05 M PBS, pH 7.5) was allowed to flow through the bioreactor containing the immobilized
ADH and electrochemical cell at a flow rate of 1.0 ml/min with or without the cofactor (NADY).
A potential of 0.6 V was applied to the working electrode and the electrochemical current was
allowed to decay to a steady state. Then a quantity of ethanol solutions (500 pl, 1mM) at
different concentrations (1 to 16 mM in PBS pH 7.5) was injected into the system and allowed

to pass through the syringe bioreactor with immobilized ADH.
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Figure 3. Schematic representation of FIA

3 Results and Discussion

3.1 Characterisation

The Glass fibre-APTMS-GA discs were characterized by SEM and XPS. Surface morphology
of Glass fibre was studied by electron microscopy to study morphology changes on Glass fibre
surface after each modification. After APTMS treatment, agglomerations of silane reagent was
observed in Glass fibre cavities (Figure 4 B), which was consistent with findings of Sterman
and Bradley.®® After crosslinking and immobilisation of ADH on the G fibre, several island
patches are observed which indicated GA activation and ADH immobilisation

(Figure 4. C and D).
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2 um Mag-500 X EHT 3.00kV

Figure 4. SEM images showing the surface morphology of G fibres as received (A), HCI activated and

2.5% APTMS treated (B), GA treatment and immobilized with ADH (D).

The surface modified Glass fibre disc was analysed by XPS to the see presence of amino
groups. The results for the C, O and N are described in Table 1. As expected, after surface
modification, the amount of oxygen and nitrogen increases.

Table 1 Elemental compositions expressed as atomic ratios X/C, i.e. atomic concentration of element X
relative to that of C (mean value (+/- deviation) of two measurements
at two different locations on each sample).

samol Glass fibre Glass fibre- Glass fibre- Glass fibre-
ampleHicl treat APTMS APTMS-GA APTMS-GA-ADH

Mean | Dev. | Mean Dev. Mean Dev. Mean Dev.

o/C 4.278 | 0.482 | 2.260 0.032 1.076 0.014 0.602 0.020

Si/C 1.860 | 0.251 | 1.059 0.017 0.443 0.006 0.240 0.011

N/C 0.019 | 0.003 | 0.138 | 0.004 0.074 0.005 0.151 0.005

After APTMS treatment, the O/C and Si/C ratio drops significantly with an increase in the N/C
ratio compare to Glass fibre indicating the presence of amino groups. The C1s spectrum
(Figure 6A, yellow line) shows peaks at 285 eV (C—C) and 286.5 eV (C—O/C—N) expected

from the propylamine silane modification. The increase in N/C ratio consists of two N 1s peaks
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(Figure 5B yellow line), one at 399-400 eV (amines), and the other at approx. 402 eV
(protonated amines, i.e. N*). This double peak is typically observed after aminopropyl silane
surface modification. A further drop of O/C and Si/C and N/C ratios indicate the presence of
reacted GA, C1s (Figure 5A blue line) very similar to sample silane modification (3) but slight
increase at ca. 288 eV indicative of the presence of aldehydes (CHO). Upon ADH
immobilisation further drop in O/C and Si/C with an increase in N/C ratio suggests the presence
of ADH. C1s displays characteristic peak shape of polypeptides/proteins (i.e. ADH) clearly
resolved peak at >288 eV due to amides (peptide bonds) and strong shoulder at 286.5 eV due
to various C-N and C-O based functional groups. N 1s (Figure 5B green line) displays an

additional strong peak at approx. 400 eV consistent with amides (peptide bonds).

8000 - N1s ——@ fibre-HCl activation
0.6 - Cls —Gfibre-HCl activation
7000 { A ) : B
G fibre-APTMS
G fibre-APTMS
—_ 6000 ——G fibre-APTMS-GA 0.5
£ 5000 - = —G fibre-APTMS-GA
£ ——Gfibre-APTMS-GA-ADH 2 0.4
5 4000 - 5 —— G fibre-APTMS-GA-ADH
= £ 03
= 3000 - &
£ ;02
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v @]
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Binding energy (eV) Binding energy (eV)

Figure 5. XPS spectra of Glass fibre HCI activated (red line), Glass fibre APTMS modification (yellow

line), Glass fibre-APTMS-GA (blue line) and G fibre-APTMS-GA-ADH (green line)

To optimise the salinization reaction various silane reagents, bearing different pendent
functional groups such as glycidoxypropyl silane, isocyanate silane, chloro-silane, ethanol
diamine silane and APTMS were investigated. Each silane reagent was allowed to react with
Glass fibre and fabric support individually in various concentration (2.5%, 5% and 10%) at
RT. ADH immobilisation was done on above silane modified Glass fibre and fabric discs after

GA activation and activity measured in Table 3. When the glass fibre discs were reacted with
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glycidoxypropyl trimethoxysilane in toluene at a higher temperature (110 °C) the discs
disintegrated and formed a gel which consistent with a previous report.3* Table 2 summarises
the activity of ADH when immobilized with different silane reagents (A to E) bearing various

pendent functional groups.

Table 2 Effect of various silane reagents on immobilized ADH activity.

Activity G-
Silane reagents Immobilisation Activity G-fibre
fabric
(in acetone 1 h RT) conditions (mmol/min/g)
(mmol/min/g)
2.5% epoxy propyl silane
PBS,pH8.1,18 hat4 °C 0.420+0.023 0.603+0.03
(A)
2.5% isocyanate propyl
PBS,pH 7.5,18 hat4 °C 0.758+0.088 0.758+0.00
silane (B)
2.5% CI trimethoxy propyl
PBS,pH 7.5,18 hat4 °C 0.503+0.039 1.711+0.03
silane (C)
2.5% Ethanol diamine (D) | PBS,pH 7.5, 18 hat4 °C 1.037+0.027 2.855+0.02
2.5% 3, amino propyl
PBS,pH7.5,18 hat4 °C 2.778+0.047 5.645+0.03
silane (E)
Soluble ADH PBS,pH8.1,18 hat4 °C 0.420+0.023 0.603+0.03

Table 2 reveals that immobilized ADH showed the highest activity with 2.5% APTMS
modification among various silane modifications (A to E defined in Table.2) when

immobilized on glass fibres.
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Figure 6. Comparison between glass fibre and fabric using various silane reagents effect on ADH activity.

Activity assay was performed in triplicate and error bars represent standard deviations (S.D.)

Figure 6 shows a comparison between % activity data for Glass fibre and fabric when reacted
with the various silane reagents (A to E). ADH immobilized on Glass fibre and fabric showed
higher activity compared to other silane reagents.

Further, the effect of APTMS concentration on ADH activity was investigated on both
Glass fibre and fabric as shown in Figure 7. Firstly HCI activated Glass fibre and fabric discs
were allowed to react with 1% to 10% APTMS (in acetone) and then subjected to GA

activation. The GA activated Glass fibre and fabric discs, further immobilized with ADH and

assayed for activity.
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Figure 7. Effect showing various concentrations of APTMS on ADH activity. The assay was performed in

triplicate and error bars represent standard deviations (S.D.)

Figure 7 indicated that higher concentrations of APTMS forbidden ADH activity. ADH when
immobilized on 5% APTMS-GA support, showed 73% activity on the Glass fibre and 85%
activity on G fabric. Further upon increasing APTMS concentration (10%) activity sharply
decreased with both glass supports. The lower activity attributed due to the hydrophobization
of the glass surface caused by the excess polymerization which could results in less
functionalities on the surface for ADH immobilisation and ultimately affects ADH activity.
The elevated activity was recorded with a 2.5% loading of APTMS and same was used in

subsequent work.

3.2 ADH Covalent Immobilisation and Characterisation

Selection of the suitable immobilisation method is important part of the immobilisation
process since it contributes in enzyme activity measurements. Basically, immobilisation

techniques can be divided into two types: physical methods (i.e. weaker, monocovalent
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interactions) and chemical method (i.e. formation of bonds through ether, thio-ether, amide or
carbamate bonds between the enzyme and support).® The covalent attachment of an enzyme
results in more stable enzyme compared to immobilisation by physical adsorption.*® Glass fibre
and fabric support discs were immobilized with ADH after silane modification and GA

activation and used as control-1 and control-2 respectively.

Table 3 ADH activity after immobilisation after each modification of Glass fibre and fabric (ADH was
immobilized on these supports under identical protocols).

+ ADH

+ ADH

Conrol-1 Glass fibre + ADH 0.489 £ 0.038 Glass fabric + ADH 0.447 £0.016
Glass fibre -2.5% Glassfabric-2.5%

Conrol-2 1.020 + 0.011 0.869 + 0.031
APTMS + ADH APTMS + ADH
Glass fibre-2.5% Glass fabric-2.5%

Treatment | APTMS - 2.5% GA 5.403 + 0.050 APTMS- 2.5% GA 2.290 £ 0.064

The measured activities for GA activated and non-activated Glass fibre and fabrics
(i.e. control-1 and 2) are shown in Table 3. The small value of ADH activity recorded with the
non-modified Glass fibre and fabric (Control-1), and APTMS modified Glass fibre and fabric
(Control-2) mainly due to nonspecific binding. When ADH was immobilized onto the Glass
fibre-2.5% APTMS-GA support (treatment), an 11 fold increase in activity was recorded

compared to the Glass fibre Control-1 (i.e. without any modification).

The Glass fabric 2.5% APTMS-GA ADH immobilisation showed 5 fold increase in activity
compared to the control-1 (i.e. without any modification Glass fabric). The lower activity

observed for Glass fabric support after ADH immobilisation as compared to Glass fibre could

252



Appendix

be mainly because of lower silane content of Glass fabric support (E glass, ~55% Si-OH)
compared to Glass fibre (borosilicate, 80%) which mainly contain with higher amount of silane
hydroxy than E glass. (55-68% Si-OH). The increase in ADH activity supports the successful

ADH immobilisation at pH 7.4 on both modified Glass fibre and fabric supports.

Further immobilized ADH on both Glass fibre and fabric were investigated for stability

studies such as pH, temperature and storage.

3.2.1 pH Study

The activity of an enzyme is mainly dependent on the pH of the surrounding environment.
Figure 8 shows the effect of pH on the activities of both the soluble and immobilized ADH
(both Glass fibre and fabric support). The optimal pH of immobilized ADH was in the range
of 7 to 8, identical to that of soluble ADH. The immobilized ADH retained 43% and 30% of
activity at pH 9 for the Glass fibre and Glass fabric respectively. At pH 10.5 ADH immobilized
on Glass fibre, showed 22% retention of activity whereas soluble ADH showed complete loss

of activity at pH 9 and above.

—4— G fabric-APTMS-GA-ADH

100 - —8— Soluble ADH
> 80 - G fibre-APTMS-GA-ADH
=
>
= 60 A
W
<
* 40 A

20 A

0 T
4 5 6 7 8 9 10 11

Figure 8. Effects of pH on the activities of the free and immobilized ADH (Glass fibre and fabric).
Reactions were performed in triplicate and error bars represent standard deviations (S.D.)
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In summary, the enzyme activity was retained over a broader pH range after immobilisation on
both glass supports. pH is very crucial for enzyme to work. The change in pH can affect the
charges on the amino acid side chain groups which leads to unfolding and denaturation of
proteins/enzyme and hence loss of activity. The increase in tolerance of immobilized ADH
against change in pH could be due to the buffering action of amino silane modified Glass fibre
support It was believed that ADH immobilised on the surface of supports gave rise to an
increase enzyme’s tolerability to the pH changes in surroundings. A broadening pH profile by
immobilisation has been reported for numerous enzymes, such as acetylcholinesterase,

chloroperoxidase, phospholipase A and lipase.*

3.2.2 Storage Stability

Storage stability of the immobilized ADH was investigated on both Glass fibre and fabric upon
storage at 4 °C in PBS buffer (0.05M, pH 7.4) on each day. Soluble ADH was stored under
identical condition and activity measured on each day to compare with immobilized ADH.

ADH immobilized on G fibres appeared to be stable up to 60 days at 4 °C with retention of
49% of initial activity (Figure 9). The soluble ADH showed 41% loss of activity after 10 days
storage and total loss of activity after 45 days. The Glass fabric showed rapid loss of activity

during storage with complete loss of activity recorded after 30 days.
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Figure 9. Storage stability of ADH immobilized on G fibres and Glass fabric and

soluble ADH in PBS (0.05 M) at 4 °C

The ADH immobilised on G fibres shows enhanced ADH storage stability compared to free
ADH and ADH glass fabric. The immobilized ADH stabilization may be due to multipoint
attachment of the enzyme to the support and creating a more rigid environment for the enzyme

molecule decreasing its likelihood of unfolding or denaturing during storage.

3.2.3 Thermal Stabilisation

In order to access the thermostability of immobilized ADH, soluble and immobilized ADH
were incubated at distinct temperatures (20 to 80 °C) in PBS (0.05 M, pH 7.5) for 120 min and
their residual activities were measured. The data in Figure 10 showed that both free and

immobilized ADH enzymes had reduced relative activities from 40 to 80 °C
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Figure 10. Effects of temperature on the activity of the soluble and

immobilized ADH on Glass fibre and fabric

ADH thermal denaturation temperature Td for is 63 °C due to the reversible thermo-
inactivation of thiol, aggregation and deamidation of the enzyme.?’ Figure 10 describes, the
soluble ADH had more enzyme activity below 50 °C, but less activity above 60 °C. Due to the
multi-interaction between support and ADH enzyme (ADH tetrameric nature), it might have
some interactions effect on the subunits structure, reducing the enzyme stability. Thus, from
40 to 50 °C, the activity of immobilized ADH decreased sharply than that of soluble ADH.
When the incubation temperatures are above 60 °C, the residual activities of immobilized
enzymes are consistently higher than that of soluble enzyme. Immobilized ADH on Glass fibre
holds residual activity approximately 50 % and on Glass fabric 39 % at 70 °C, while soluble
ADH holds less than 2 % at 65 °C and no activity at 70 °C. Furthermore, the immobilized ADH
showed activity at stability even at 80 °C (31% retention for G fibre and 20 % for G fabric
support).These observations were in accordance with the findings of some earlier
investigators.3 % Due to denaturation of the enzyme at high temperatures, loss in activity was
observed for the soluble form of ADH. Thermal stability of ADH improved after

immobilisation on both Glass fibre and fabric support, which may be due to either enzyme
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conformational limitation on enzyme movement or a low diffusion of the substrate at high
temperature. The results indicate that ADH immobilized on both glass support had a good
thermal stability. Such improvement in stability was reported when ADH was immobilized on
various supports like glyoxyl agarose,*® magnetic graphene oxide nanocomposites and glass

beads.*!

Since ADH immobilized on Glass fibre-APTMS-GA was more stable and possess higher
activity same was employed in biosensor fabrication and in continuous flow reactor as a carrier

for amperometric detection of ethanol.

3.3 Electrochemical Detection of Ethanol

3.3.1.Detection with Glass fibre-APTMS-GA-MB-ADH
electrode

ADH and NAD* can be use in ethanol oxidation process to generate acetaldehyde and NADH
and this reaction utilises stoichiometric amounts of substrate and cofactor. One can measure
concentration of ethanol (substrate) ameropmetrically by selecting potential whereby NADH
can be observed and detected A constant potential of 0.6 V versus Ag/AgCl was applied in a
stirred solution of PBS containing 0.1 M KCl and 1 mM NAD for amperometric determination
To stabilise the background current at 0.6 V the enzyme modified electrode was conditioned
for 5 minutes before the addition of ethanol. 1 mM ethanol at ~60 second intervals was added

, and then current response was recorded.

The modified electrode was used to measure ethanol in the concentration range from
1 to 16 mM. These results are displayed in Figure 12. It is observed from the detailed

examination of the results that the new fabricated Glass fibre electrode had a non-linear
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response over an ethanol concentration range from 1 to 14 mM in agreement with other
electrodes employing ADH for ethanol detection.*> *® This modified electrode presented a
sensitivity 0.75 HA/mM and excellent reproducibility, with a relative S.D. of 4.1% for a series

of five successive measurements of the Immol L™t ethanol solution.

The wide concentration range of the biosensor is similar to most amperometric biosensors for
ethanol described in the literature.*? Despite using thick modified glass fibres, the biosensor

shows high porosity and wettability.
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Figure 11. (A) Amperometric response of the biosensor towards ethanol; 0.5M phosphate buffer solution
(pH 7.5) and 1 mM NAD™; working potential: 0.6 V, ethanol concentrations: 1 to 16 mM (B) Calibration
plot illustrating the response obtained upon increasing ethanol concentrations in PBS containing 1 mM

NAD* using modified GC electrodes at 0.60 V versus Ag/AgCI
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3.3.2 Detection using Glass fibre-APTMS-GA-ADH supportin a

continuous flow reactor

To examine the efficiency of a column mini reactor that contains Glass fibre-APTMS-GA-
ADH, experiments involving consecutive injections of 1 mM ethanol were conducted. Glass
fibre-APTMS-GA-ADH discs were packed into a 1 mL syringe used as mini reactor. The effect
of parameters, such as sample volume and NAD™ concentrations, were studied. Amperometric
response for injections of 500 uL of 1 mM ethanol, as a function of the flow rate, was evaluated.
1.0 ml/min was chosen as the optimum rate since it showed good reproducibility and high
throughput (data not shown). The amperometric signal was observed to increase when the
volume of sample (ethanol) was increased. However, this resulted in increase in time for each
analysis since the cell washout process also required a longer time. A volume of 500 pl was

utilized as the optimal volume in subsequent experiments.

The effect of various concentration of NAD* from 1mM to 8 mM on the performance of the
bioreactor was also evaluated and an optimum concentration of 1 mM was used based on

reproducibility and sensitivity (data not shown).

3.3.3 Calibration Curve

The performance of the bioreactor (Figure.12) was evaluated by FIA coupled with
amperometric detection using a GC electrode modified with MB. Below Figure 12 represents

calibration plot of the amperometric response current to different ethanol concentrations
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Figure 12. (1) Flow injection amperometric responses of the GC-MP to increasing concentrations of
ethanol (ImM to 10 mM) in 0.05 M phosphate buffer (pH 7.5) and 1 mM NAD+ (mobile phase), flow rate

1 mL/min, working potential + 0.6 V, Calibration plot (2) and (3)
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Figure 13. Flow injection amperometric responses of the Glass fibre-APTMS-GA-ADH electrode to 11
successive injections of 1 mM ethanol and 1 mM NAD"*. Operating potential was + 0.6 V, flow rate

1 mL/min with 0.05 M phosphate buffer (pH 7.5) carrier

The reproducibility of the of the immobilized ADH towards repetitive injections of a fixed
concentration of ethanol was evaluated using consecutive 11 additions of 1 mM ethanol with
1 mm NAD" (Figure.13). The results revealed that the immobilised ADH shows good
reproducibility with a relative standard deviation of 3.99%. The good reproducibility of the
bioreactor is resulting from the enhanced stability of the immobilised ADH due to the strong

interaction between ADH and the glass fibre support.

4 Conclusions

The present work has demonstrated the use of modified Glass fibre after modification with
APTMS and GA, is a very suitable substrate for ADH immobilisation. This support combines
advantages such as good mechanical stability, a high surface area for ADH immobilisation
through amino groups on the enzyme and the modified Glass fibre surface. The ADH

immobilized on Glass fibre-APTMS-GA discs, showed 5.403 + 0.050 mmol/min/g activity at
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20 °C. Further immobilized ADH showed improvement in thermal stability (30 % retention of
activity at 80 °C) and storage stability (49 % retention of upon 60 days storage) compared to
the soluble ADH which made it robust biocatalyst. The immobilized ADH was used for ethanol

biosensing displayed a sensitivity of 0.789 pA.

Furthermore immobilized ADH was successfully used as a flow bioreactor using as part of a
flow-injection analysis system. The flow bioreactor showed linearity in the range between 1 to

8 mM and high reproducibility with a RSD of 3.99%.

The work showed the fabrication of a very useful, simple and effective way to develop
amperometric based biosensors sensitive to ethanol determination and in flow injection
analysis format to form a bioreactor. The high reproducibility and stability of glass fibre

support make this proposed method an attractive proposition.
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Appendix - 11

FTIR spectra for woven and non-woven glass fabric HCI activation (for page 204 -205 section
4.8.4.1)
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Glass non-woven fabric

@
©
=1

0.221
: Glass non-woven fabric HCI activation

0.184
0.164
0.4+

0121

Absorbance

0.104
0.084
0.061

0.041

035 Glass non-woven fabric

3296
2163
2050

1042

0.30-‘
0.25‘.

020+

Absorbance

699

0.155

792
638

0.10+

1394

005—.
OUD,QrT_J‘—iT_l,LﬂJ—‘—,,
4000 3500 3000 2500 2000 1800

Wavenumbers (cm-1)

3373
2323
1634

e e ey D
1600 1400 1200 1000 800

266



	First Page_AR_15-02-2019
	Chapter 1 07-04-2019
	Chapter 2 07-04-2019
	Chapter 3 07-04-2019
	Chapter 4 07-04-2019
	Chapter 5 06-04-2019
	Appendix 06-04-2019 ref UPDATE 



