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ABSTRACT

A series of core and core-shell nanoparticles with superparamagnetic properties were
synthesised and surface functionalised using three different amino-silanes by a chemical
conjugation method. The functionalised nanoparticles were characterised and further
modified by chemical conjugation with two different classes of bio-molecules; (i) enzymes
and (ii) single stranded DNA primers. The resultant nanoparticles (nano-bio conjugates)

were used for applications in (i) enzyme catalysis and (ii) bio-separation / bio-sensing.

Magnetite and amorphous silica-coated core-shell nanoparticles were synthesised on both
small (5 g) and large (20 g) scales and were characterised using transmission electron
microscopy (TEM), X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET) surface area
measurement and vibrating sample magnetometry (VSM). Silica-coated core-shell
nanoparticles were functionalised by silanisation with three different aminosilanes [3-
aminopropyl tri-ethoxysilane (APTS), 3-aminopropy! di-ethoxymethylsilane (APDS) and 3-
aminopropyl mono-ethoxydimethylsilane (APMS)] and two different methods: water
(classical method) or a Tri-phasic Reverse Emulsion (TPRE) using toluene and a surfactant
(Triton X-100). It was observed that the materials prepared using the TPRE method produced

higher surface amine density values on average.

The first application involved bio-catalysis where lipases [Pseudomonas Fluorescens lipase
(PFL) and Candida Rugosa lipase (CRL)] were chemically conjugated (covalently linked) via
glutaraldehyde-modification onto the amino-functionalised nanoparticles for applications
such as: (i) hydrolysis of p-nitrophenyl palmitate to produce palmitic acid and p-nitrophenol
(model reaction), (ii) transesterification of ethyl butyrate with n-butanol to produce butyl
butyrate and (iii) partial and selective hydrolysis of cis-3,5-diacetoxy-1-cyclopentene to
produce pharmaceutically important and expensive chiral intermediate molecules. Various
reaction parameters such as (a) water concentration in a bi-phasic solvent mixture and (b)
temperature were investigated to determine the optimum conditions. All reactions were
carried out using free lipases and the physically adsorbed lipases in order to compare the

performance with chemically conjugated nano-biomaterials.

It was observed from the bio-catalytic reaction (i) that the conversion values given by lipase-
immobilised materials were comparable to those given by free lipases with the added
advantage of being re-usable for further catalytic cycles. PFL-immobilised nanoparticles

were shown to be more effective catalysts than CRL-immobilised materials. In the bio-
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catalytic reaction (ii), Lipase-immobilised materials were shown to exhibit reasonable
conversion values (maximum 53%) along with easy separability by one-step magnetic
separation from the reaction mixture and re-usability. Finally, in the bio-catalytic reaction
(iii), lipase-immobilised materials were shown to give lower total conversion values
compared to free enzymes, but a higher proportion of desired products [(1S,4R)-cis-4-
acetoxy-2-cyclopenten-1-ol and (1R,4S)-cis-4-acetoxy-2-cyclopenten-1-ol]. PFL (both free
and immobilised) materials were shown to give higher conversion and enantioselectivity
towards the desired (1S,4R)-enantiomer (93-100% ee) than CRL materials (30-40% ee).

The second application involved bio-separation and bio-sensing where 5’-NH,-modified
oligonucleotide sequences specific to either Listeria Monocytogenes (LM) or Escherichia
Coli (EC) were immobilised onto the surface of glutaraldehyde modified nanoparticles to
assess the specific capture and enhance the sensitivity of detection of pathogenic bacterial
DNAs from food samples. Firstly, the oligonucleotide-grafted nanoparticles were used in a
hybrid capture assay (model assay) at UCLan using specific single stranded DNA primers of
our interest followed by the application in real food samples at Q-Bioanalytic GmbH,
Germany. Capture of the complementary sequences was reasonably high (48-70% for LM-
specific materials and 48-55% for EC-specific materials) when calculated as a molar ratio of
conjugated oligonucleotides to complementary oligonucleotides captured. Specific capture
was determined to be 33-52% for LM-specific oligonucleotide-grafted nano-materials and
59-60% for EC-specific oligonucleotide-grafted nano-materials. Dehybridisation of captured
sequences was shown to be efficient for all oligonucleotide-grafted materials (72-97% for
LM-specific materials and 86-87% for EC-specific materials), indicating that the materials

were ready for real applications using food matrices at Q-Bioanalytic GmbH, Germany.

Nucleic acid DNA was extracted from a real food sample inoculated with either LM or EC
and the extracted DNA was used for specific capture using the oligonucleotide-grafted
materials tested at UCLan. Dehybridised oligonucleotides were amplified and analysed using
quantitative real-time PCR (qPCR). The results showed that using a one-step hybrid capture
assay, LM-specific oligonucleotide-grafted materials were successful at detecting LM from
an undiluted solution of LM only and from a 1:1 mixture of LM and EC. Using a two-step
assay where the forward and reverse oligonucleotide-grafted materials were applied for
capture separately, only EC-specific materials were successful for the detection of EC from
an undiluted solution, and also from a 1:1 mixture of LM and EC.
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MOTIVATION FOR THE PROJECT

The motivation for this project was to overcome the current problems associated with the
applications in industrial bio-catalysis using enzymes and easy separation / rapid detection of
microbial contamination in food / water samples. Transesterification of large molecular
weight fatty acid esters to low molecular weight alkyl esters is important for the production
of bio-diesels and flavouring agents. Similarly, partial and selective hydrolysis of cis-3,5-
diacetoxy-1-cyclopentene is a powerful reaction to produce pharmaceutically important and
expensive chiral intermediate molecules. The above reactions were carried out either by free
enzymes or by enzymes supported on a solid matrix as the recovery of expensive enzymes
and recycling of enzymes supported on solid matrices are challenging steps for industry. In
this context, recent development of nano-materials / nano-technology at UCLan motivated
the investigation of such important bio-catalytic reactions using core-shell superparamagnetic
nanoparticles as supports for enzymes due to their simple one-step recovery by an external

magnetic field with maximum efficiency in re-cycling the enzymes.

Similarly, microbial contamination in food / water samples can have devastating effects upon
human health. Several reports have come to the public domain related to food poisoning due
to the contamination by pathogenic bacteria such as Listeria Monocytogenes (LM).
Salmonella, etc. Hence, the separation of such microbes from food samples and their rapid
detection is a key issue for health industries. In this context, past activity at UCLan in
collaboration with Q-Bioanalytic GmbH, Germany using nanoparticle-based sensors created
an opportunity for investigating the use of superparamagnetic nanoparticles for such
purposes. Similarly, the presence of bacteria is the main indication of water contamination in
the developing world. A survey conducted by the World Health Organization (WHO) showed
that 80% of total reported diseases are due to contaminated drinking water. Hence, the
separation of water-borne microbes such as Escherichia Coli (EC) and their rapid detection
was key for the investigation of EC primer attached superparamagnetic nanoparticles in the
context of an on-going project between UCLan, Fudan University, China and Feedwater Ltd.
UK.
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ABBREVIATIONS AND UNITS

Abbreviations

A
APDS

APKTS
APMS

APTS

ATP
BET

BSA

C
C18T
MS
CA
CAL-B

CLEA
CLEC
CRL
CTAB
CTAC
CcVv

DNA
dNTP
duTP
EC
EDTA
EIS

ELISA
FID

GC

GC-
MS

adenine

3-aminopropyl di-
ethoxymethylsilane
(4-aminophenyl)-trimethoxysilane
3-aminopropyl mono-
ethoxydimethylsilane
3-aminopropyl tri-ethoxysilane

adenosine triphosphate
Brunauer-Emmett-Teller surface area
analysis

Bovine serum albumin

cytosine

n-octadecyltrimethoxysilane

chronoamperometry
Candida Antarctica Lipase-B

cross-linked enzyme aggregates
cross-linked enzyme crystals
Candida Rugosa lipase
cetyltrimethylammonium bromide
cetyltrimethylammonium chloride
cyclic voltammetry

critical diameter
deoxyribonucleic acid
deoxyribonucleotide triphosphate
deoxyuridine triphosphate
Escherichia Coli
ethylenediaminetetraacetic acid
electrochemical impedance
spectroscopy

enzyme-linked immunosorbent assay
flame ionisation detector

guanine
gas chromatography

gas chromatography — mass
spectrometry

Glu
Gly

HBV
His
HIV
HPBEt

IAC
ICP-MS

IMS
LM
LDH

Lys
MCM-
41
MNP
4-NBA
PBS
PCR
PEG
PFL

PGA
PNP
PNPB
PNPP
PPL
PSL

PVA
gPCR

RNA

RT-PCR
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glutamic acid
glycine

hepatitis B virus
histidine

human immunodeficiency virus
(R,S)-2-hydroxy-4-
phenylbutyric acid ethyl ester
internal amplification control
inductively coupled plasma —
mass spectrometry
immunomagnetic separation
Listeria Monocytogenes
L-lactate dehydrogenase

lysine

hexagonal array mesoporous
silica molecular sieve
magnetic nanoparticle
4-nitrobenzaldehyde
phosphate buffered saline
polymerase chain reaction
polyethylene glycol
Pseudomonas Fluorescens
lipase

phosphoglyceric acid
p-nitrophenol
p-nitrophenyl butyrate
p-nitrophenyl palmitate
Porcine Pancreatic Lipase
Pseudomonas sp. Lipase

polyvinyl alcohol
quantitative real-time
polymerase chain reaction
Ribonucleic acid
retention time

reverse transcriptase
polymerase chain reaction



Abbreviations continued

RuBisCO ribulose-1,5-biphosphate TEN buffer consisting of Tris-HCI,
carboxylase oxygenase EDTA, sodium chloride and
water
SBA-15  hexagonal array mesoporous silica TEOS tetraethyl orthosilicate
molecular sieve
S.E.M. standard error of the mean TMAOH  tetramethylammonium
hydroxide
Ser serine TLL Thermomyces lanuginosus
SPIONs  superparamagnetic iron oxide lipase
nanoparticles TPRE tri-phasic reverse emulsion
SSC Buffer consisting of sodium UNG Uracil-N-glycosylase
chloride, sodium citrate and water
T thymine VSM vibrating sample
magnetometry
Units
A &ngstrém or angstrom = 1x10™° m mins minutes
C degree Celsius mL millilitre (1x107 L)
CFU colony forming units mm millimetre (1x107 m)
emu  electromagnetic units mmol millimoles (1x107 moles)
fg femtogram (1x10™"° g) Hg microgram (1x107° g)
gram uL microlitre (1x10°L)
hour pm micrometre (1x10° m)
K degree Kelvin pmol micromoles (1x10° moles)
kOe  kilooersted (1x10° Oe) nm nanometre (1x10°° m)
km  kilometre (1x10° m) nmol nanomoles (1x10°° moles)
kV  kilovolt (1x10° V) rpm revolutions per minute
m metre A% volume per volume
M molarity (moles per litre) wiv weight per volume

mg  milligram (1x10° g)
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CHAPTER 1

INTRODUCTION TO NANOPARTICLES
AND NANOTECHNOLOGY
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1.1 Aims and Objectives of the Project

The aims of the project were as follows:

1.

Synthesise a range of superparamagnetic magnetite nanoparticles and coat with silica
to produce amorphous core-shell silica-magnetite nanoparticles.

Use both classical (water method) and novel (TPRE method) techniques to
functionalise the surface of the nanoparticles using a range of aminosilanes (APTS,
APDS, APMS).

Fully characterise the materials made in this project both physically and chemically,
using DNA binding and elution assays, transmission electron microscopy (TEM),
UV-Visible colorimetric assay of amine density, Brunauer-Emmett-Teller surface
area analysis (BET), vibrating sample magnetometry (VSM) and X-ray diffraction
(XRD), where relevant.

Covalently immobilise lipases (CRL and PFL) onto the aminosilane-functionalised
nanoparticle surface (via the glutaraldehyde coupling method) to produce bio-
catalytically active materials.

Employ the lipase-immobilised nanoparticles for a model catalysis reaction
(hydrolysis of PNPP), and use the best materials for useful bio-catalytic applications
including the transesterification of ethyl butyrate and the synthesis of
pharmaceutically important chiral compounds via selective hydrolysis.

Covalently immobilise specific single-stranded oligonucleotides onto the
aminosilane-functionalised nanoparticle surface (via glutaraldehyde) to produce
materials with uses in bio-separation and bio-sensor applications.

Employ the oligonucleotide-grafted nanoparticles for a model hybrid capture assay
(monitoring the hybridisation and dehybridisation efficiency of complementary
oligonucleotide sequences using UV-Visible spectroscopy), followed by the specific
capture and detection of Listeria Monocytogenes (LM) from food samples in
collaboration with Q-Bioanalytic GmbH, Bremerhaven, Germany, using real-time
PCR (qPCR).

Employ the oligonucleotide-grafted nanoparticles for a model hybrid capture assay
(monitoring the hybridisation and dehybridisation efficiency of complementary
oligonucleotide sequences using UV-Visible spectroscopy), followed by the specific
capture and detection of Escherichia Coli (EC) from wastewater samples in

collaboration with Fudan University, Shanghai, China.

Page 13 of 250



1.2 Introduction to Nanoparticles and Nanotechnology

The prefix ‘nano-> means a billionth, or 1x10”°. Thus, a nanometre (nm) is defined as 1x107°
m. Nanotechnology and nanochemistry deal with structures in the size range of around 1-100
nm. Although the field of nanotechnology is quite new, nanostructures exist in abundance in
nature, for example in the very hard shell of the abalone mollusc,® upon geckos’ feet to
enable them to walk on vertical or even upside-down surfaces,? in butterfly wings producing
bright colours® and in mineralised collagen fibrils; the building blocks of bone.*
Deoxyribonucleic acid (DNA) and proteins are also nanometre-scale materials. Some of the
earliest reported incidents of humans utilising nanotechnology were in the 4™-century A.D.,
when Roman glassmakers produced glasses, containing nanosized metals like gold and silver,
which could change colour when light was passed through them. Another early use was
making brightly coloured stained-glass windows in churches and cathedrals; metal
nanoparticles were present in the glass. Photography (developed in the eighteenth/nineteenth
century) is dependent on the production of light-sensitive silver nanoparticles from

decomposing silver halides present in the film.

The material properties of solids are dependent on the size range in which they are measured.
Properties observed on traditional size scales (mm — km) have been seen to change when
measured in the micrometre-nanometre scale (um — nm), including mechanical, ferroelectric
and ferromagnetic properties.> Thus, controlling the properties of the nanoscale such as
particle size, morphology and magnetism enables control of the desired properties of the bulk
material. Commonly used materials for nanoparticles include metal oxides such as magnetite,
polymers such as polystyrene, group 1V elements like Si or Ge and semiconducting materials
such as TiO; and CdS. The preparation of iron, platinum, cadmium, palladium, silver, copper,
nickel and gold metal nanoparticles has also been reported.® They are typically made via the
‘top-down’ or ‘bottom-up’ methods. Top-down methods (such as ball-milling) involve
miniaturising current methods to produce nanostructures, whereas ‘bottom-up’ processes
(such as molecular self-assembly) involve the construction of nanostructures from smaller

subunits, as far down as individual atoms.

An excellent review on the history of nanoparticles was written by Kreuter in 2007.” From
this review, it can be seen that research into nanoparticles and nanotechnology really took off
in the mid-to-late 1970’s with scientists such as Birrenbach, Speiser and Kreuter all working

together; employing various methods to synthesise nanoparticles for applications in drug
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delivery®*® and later, nucleic acid, DNA fragments and gene delivery,** cancer therapy™>°

and AIDS treatment.”* Since these early developments, research into nanoparticles and
their uses has increased significantly in the areas of bio-catalysis, bio-separations, bio-
medicines and bio-sensors.”® As with many newer areas in science, long-term safety and bio-
compatibility of many nanoparticles have not yet been fully explored, prompting concerns
and slight hesitation for society as a whole to fully accept nanotechnology, as outlined in the
review by Albrecht et al in 2006.%* Despite this hesitation, nanotechnology has been hailed as
revolutionary, with the ability to impact on many areas including the economy, technology
industries, military fields, medicine fields, sustainable technology development and the

petrochemical industries.?
1.3 Introduction to Magnetism and Magnetite Nanoparticles

Magnetic materials have a magnetic field created by the motions of their electrons. A unified
magnetic field can be produced in materials when the magnetic moments of the electrons
align with each other. This field has a direction of flow and will attempt to align with an
externally applied magnetic field. Alignment of magnetic moments in different types of

magnetic materials can be observed in Figure 1.1, below.
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Figure 1.1: Alignment of magnetic moments (without the presence of an external magnetic
field) in ferromagnetic, ferrimagnetic, paramagnetic and antiferromagnetic materials.t
Diamagnetic materials are omitted as they have no magnetic moment. Superparamagnetic
materials contain a single magnetic domain, which aligns with an externally applied magnetic
field.

A more in-depth explanation of the types of magnetism will be discussed herein. The six

types of magnetism are:

o Ferromagnetism — All magnetic moments contribute positively to the net
magnetisation of the material. All magnetic moments are aligned; the materials possess a

permanent magnetic field and can exhibit spontaneous magnetisation. They are the most
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common type of known ‘magnetic material’. Examples of ferromagnetic materials are cobalt,
iron, nickel and hematite, a-Fe,Os.

o Ferrimagnetism — Similar to ferromagnetism, but some of the magnetic moments are
anti-aligned, subtracting from the net magnetisation of the material. They also exhibit
spontaneous magnetisation and have a permanent magnetic field. Bulk magnetite (FesO,) is
an example of a ferromagnetic material.

o Paramagnetism — Have close to zero net magnetic moment, but become slightly
attracted to externally applied magnetic fields. They have randomly oriented magnetic
moments and retain no magnetisation following the removal of the external magnetic field®.
Most chemical elements are paramagnetic.

o Diamagnetism — Materials create an opposite magnetic field to one which is
externally applied and are repelled by them (have no magnetic moment, retain no
magnetisation following removal of the external magnetic field). Examples of diamagnetic
materials are quartz, calcite, sodium chloride and water.

o Antiferromagnetism — Magnetic moments align in regular, opposite fashion (no
overall bulk spontaneous magnetisation (when an external magnetic field is applied, a small
amount of ferromagnetic behaviour is observed). Below 250 K, hematite is antiferromagnetic,
becoming weakly ferromagnetic between 250-948 K and paramagnetic above 948 K.?°

o Superparamagnetism — Occurs in ferri- or ferromagnetic nanoparticles.
Superparamagnetism occurs in nanoparticles; due to their size they are composed of just a
single magnetic domain, so the entire nanoparticle aligns with the applied field. Magnetic
moments can flip direction at random, depending on temperature. The time it takes is called
the Néel relaxation time. Without the presence of an external magnetic field, the Neel
relaxation time is much shorter than the time used to measure the magnetisation and the net
magnetisation is observed as zero — this phenomenon is called superparamagnetism. The
materials can be magnetised via an external field, much more strongly than regular
paramagnetic materials.?®> They retain no magnetisation when the external magnetic field is
removed. Magnetite nanoparticles are an example of a superparamagnetic material, having

different magnetic properties to bulk magnetite.?’

It is crucial to explain why superparamagnetic materials, particularly magnetite nanoparticles,
are of such interest. An advantage to using magnetic particles in general is that they can
easily be separated from the reaction mixture by the application of an external magnetic field.

This makes magnetic supports more attractive from both green chemistry and economical
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standpoints because of increased recovery, re-usability and lifetime that can be obtained from
bio-molecules immobilised on superparamagnetic nanoparticles. Their superparamagnetic
properties allow them to remain relatively dispersed in suspension without being
magnetically attracted to each other and aggregating.

1,2 who

The first reported use of magnetic separation was reported in 1973 by Robinson et a
used silica-coated iron oxide to immobilise o-chymotrypsin and [-galactosidase for
applications in bio-reactors. Since this first reported use, magnetic separation has become an
increasingly popular tool for separations involving bio-molecules.” Following this, potential
applications of magnetic nanoparticles have been explored for over four decades. The
following paragraph will detail the methods of synthesising magnetite (Fe3O,4) nanoparticles,

as they are the materials | have used and are of most relevance to this project.
1.4 Synthesis of Magnetite

Magnetite, Fe3O4, has an inverse-spinel structure. The unit cell consists of thirty-two oxygen
atoms forming a face-centred-cubic (fcc) closed-packing structure, with iron cations located
at octahedral and tetrahedral sites.*>*! The unit cell edge length is 0.839 nm. The crystal
structure can be written as Fe?*Fe*,0, where the Fe** jons and half of the Fe** ions occupy
octahedral sites and the second half of the Fe®* ions occupy the tetrahedral sites; i.e.
[Fe**1rm[Fe**Fe**1onOs, Where Th represents tetrahedral sites and Oh represents octahedral
sites. The characteristic black colour of magnetite arises from inter-valence charge transfer
between octahedral Fe®* and Fe®* ions within the crystal structure.®*? The structure is shown

in Figure 1.2, reproduced from reference 33.
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Figure 1.2: The crystal structure of magnetite, Fe3O,, reproduced from reference 33. The
black spheres represent tetrahedral Fe** ions, red spheres represent octahedral Fe?* or Fe*
ions and the yellow spheres correspond to oxygen anions.

Sugimoto and Matijevi¢ first reported the synthesis of uniform, spherical magnetite particles
(30 — 1100 nm diameter) using ferrous hydroxide gels in 1980.3* An example of this is the
synthesis of magnetite nanoparticles via the oxidative hydrolysis of iron sulphate in alkaline
media.?®3* Since then, many methods of synthesising magnetite have been developed with
the aim of controlling particle size, morphology, stability and dispersity. These factors have
been found to be dependent on the reaction temperature, pH, ionic strength of the media,

ferrous/ferric (Fe**/Fe**) chloride ratio and the type of salts used.*

One simple, convenient method of magnetite synthesis is via co-precipitation of agqueous
Fe?*/Fe®" salt solutions by adding base under inert atmosphere at various temperatures. 338
Materials made using this method tend to be quite poly-dispersed, possibly due to
uncontrolled growth following nucleation and controlling the growth is crucial in the
production of mono-dispersed nanoparticles. This can be done by using stabilising agents

such as polyvinyl alcohol (PVA) .* Recently, studies have shown oleic acid to be the most
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effective candidate for stabilising magnetite nanoparticles and is widely used for passivation
of magnetite nanoparticle surfaces, producing mono-dispersed and highly uniform

nanoparticles.*’

Another method of synthesis commonly employed is thermal decomposition of
organometallic compounds (such as iron choline citrate,** iron carbonate®* and iron

carboxylate*®) with surfactants in organic media.****

An alternative method that allows control of the nanoparticle morphology and size is the
microemulsion method (water-in-oil), which uses water droplets as nano-reactors in the oil
phase, with surfactants (used to produce micellisation of the water droplets and dispersion of
the nanoparticles).”*’ Iron precursors are precipitated into the water phase within the
micelles and not the organic/oil phase, as they are unreactive in the oil phase. Particle size is

dictated by control of the water droplet size.*

In 2005, Wang et al*® reported the hydrothermal synthesis of noble metal, magnetic,
dielectric, semiconducting and rare-earth fluorescence nanocrystals using a three phase
liquid-solid-solution (LSS) system. The reaction involved reduction of metal ions by ethanol
at the interfaces between the solid (metal linoleate), liquid (ethanol-linoleic acid) and solution
(water-ethanol) phases. The microwave hydrothermal synthesis of magnetite has also been
reported.*® This method produced nanoparticles of various sizes and shapes with extensive

potential applications.

Other methods of nanoparticle synthesis include:

e Sonochemical®

e Biomimetic®™®3

e Sol-gel™
e Electrochemical deposition®

e Physical methods such as aerosols,* ball milling®” and gas phase deposition.>®

Table 1.1 summarises the most commonly used methods of nanoparticle synthesis outlined
earlier in this section (modified from Lu et al’s review entitled: Magnetic Nanoparticles:

Synthesis, Protection, Functionalisation, and Application®).
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For protection against oxidation, erosion by acidic/basic species and for increased stability in

suspension, nanoparticles are typically either coated by an inorganic component (typically

silica,®® carbon® or precious metals

61,62

) to produce a core-shell structure, or coated with an

organic shell (surfactants or polymers).®*®* Oxidation of the magnetite core can affect the

magnetic ability of the nanoparticles. The nanoparticles can also be dispersed or embedded

into a polymer, silica or carbon matrix to form a composite structure. However, the

nanoparticles are then fixed in the composite matrix and are not freely dispersible in reaction

media. In the context of this project, silica coatings will be considered and explored.

Table 1.1: Summary of the four most common methods of nanoparticle synthesis outlined in

this section.

Synthetic Method Synthetic Conditions Typical Particle Size  Shape
Solvent Distribution  Control
Co-precipitation®®°  Simple, ambient conditions. ~Water Relatively Not good
20-90°C, reaction time of narrow
minutes. High yield, able to
scale-up.
Thermal Complicated, inert Organic Very narrow  Very
Decomposition*#® atmosphere. 100-320°C, compound good
reaction time of hours-days.
High yield, able to scale-up.
Microemulsion®*’ Complicated, ambient Organic  Relatively Good
conditions. 20-50°C, compound narrow
reaction time of hours.
Relatively low-yielding.
Hydrothermal Simple, high pressure. Water- Very narrow  Very
Synthesis*®*° 220°C, reaction time of ethanol good

hours-days. Moderate yield.
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1.5 Silica Coating on Magnetite Nanoparticles

Coating magnetic nanoparticles with a silica shell protects the magnetite core from oxidation,
erosion and unwanted interactions with species that are later linked to the silica surface such
as bio-molecules. Silica coatings make the nanoparticles stable under aqueous conditions at
low-neutral pH, bio-compatible, allow simple surface modification, shell thickness control
and easy control of inter-particle interactions.> The main methods for silica coating are the
Stober method® and sol-gel methods.®® The Stéber method (also a sol-gel method) is the
base-catalysed synthesis of silica particles from alkoxysilanes. In this way, the
polycondensation/polymerisation of silicic acid to form siloxane (Si-O-Si) bonds generates a
silica sol (colloidal suspension) which polymerises into a colloidal silica gel when intra-
molecular water is eliminated from the system.®® These processes rely on the use of silicon
alkoxides (such as TEOS) as the silica source; the silica coating is precipitated onto the
magnetic nanoparticles in a basic ethanol/water mixture in the presence of ammonia.®”®

Ethanol acts as a co-solvent in the reaction, with ammonia acting as morphological catalyst.*

Silica coatings can be either amorphous or mesoporous. Amorphous silica coatings, which
are non-porous and non-crystalline, first reported by Philipse et al in 1994 via the sol-gel
method, allow the nanoparticles’ surface to retain a negative charge above silica’s isoelectric
point (~pH 2). Amorphous coatings are produced if no templating systems are present in the
coating process. This provides applications in bio-separations by using electrostatic
interactions to bind bio-molecules. In addition to this, the silica possesses silanol functional
groups (Si-OH) which can be used to covalently bond to organosilanes in order to further
functionalise the surface. Another method of amorphous silica-coating is via the deposition of
silicic acid, which was reported on the large scale by Bruce et al in 2004.*° Reverse

microemulsion methods have been used to produce a coating as thin as 1 nm.”

In order to increase surface area, various routes have been taken to prepare magnetite
nanoparticles with microporous (zeolites) and mesoporous silica shells. The first reported
synthesis of mesoporous magnetite nanocomposites particles was reported by Wu et al in
2004.” They used CTAC micelles as molecular templates. In 2005, Zhao et al produced
uniform magnetic nanocomposites spheres with a mesoporous silica shell.”” They employed
simultaneous sol-gel polymerisation of a silica source (TEOS) and a surfactant (n-
octadecyltrimethoxysilane (C18TMS)) onto hematite (Fe,O3), followed by removal of the
organic group. This method produced uniform mesoporous core-shell superparamagnetic

Page 21 of 250



nanoparticles (~270 nm diameter) with high surface area and pore volume, which can be used
for drug delivery applications. The template-assisted preparation of mesoporous silica-
magnetite nanocomposites has been reported.”® This was performed by adding a silica source
(TEQOS), a surfactant (CTAB) and a base (NaOH) to magnetite in water at room temperature,
followed by slow titration to pH 7 with HCI. In 2009, Deng et al’* combined sol-gel synthesis
and vapour-phase transport to produce magnetic zeolites microspheres for the immobilisation

of trypsin.

1.5.1 Applications of Silica-coated Magnetite Nanoparticles

A popular application of both colloidal silica and silica-coated nanoparticles is in the quick
and efficient purification on DNA and RNA from biological samples.®®" At physiological
pH values, silica is weakly acidic (as its isoelectric point is pH ~2), giving it a weakly
negative surface charge’” (Si-O™ as opposed to Si-OH). In the presence of high concentrations
of chaotropic salts (salts which disrupt and denature the structure of nucleic acids and
destabilise hydrogen bonds), cations are able to form a stable layer around the negatively
charged silica surface, effectively giving it a positive charge. DNA is actually quite stable in
the presence of chaotropic salts and retains its negative charge in aqueous solution.®® The
phosphate groups present in the DNA ‘backbone’ are strongly acidic and are deprotonated in
aqueous media at physiological pH values, having an overall negatively charged surface. As a
result of this, DNA can bind effectively via the ‘cation bridge’ to the now positively-charged
silica surface. The DNA out-competes other molecules to bind to the silica surface and they
are left in solution. The newly formed DNA-silica complex is washed in either a salt solution
or an ethanol/water mixture to remove impurities, which aren’t as tightly bound as the
DNA.” The purified DNA can then be eluted from the silica using a buffer containing low

salt concentrations, or water. The mechanism is shown in Figure 1.3.
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Figure 1.3: Purification of DNA using silica-coated nanoparticles under chaotropic salt
conditions.®® (Reproduced with the kind permission of Dr Tapas Sen).

In 2007, Deng et al”® reported the synthesis of superparamagnetic high-magnetisation
microspheres with an iron oxide core coated in amorphous silica which was then surrounded
by a mesoporous SiO, shell for the removal of microcystins, which are very toxic
heptapeptides, occurring in eutrophic waters. The microspheres were found to be effective
absorbents for fast, convenient and efficient removal of microcystins with excellent
recyclability and activity over at least 8 cycles.”® For further applications in bio-catalysis, bio-
separations and bio-sensors, the silica-coated surface can then be functionalised with surface-
activating species (such as organosilanes) via the silanol functionality. Bio-molecules can
then be immobilised/coupled/adsorbed on the surface of the silica-coated magnetic
nanoparticles. The functional groups are not entrapped or sterically hindered close to the
surface and instead they are able to interact with substrate species in the vicinity around the

external surface. Surface functionalisation of nanoparticles is discussed in the next section.

Page 23 of 250



1.6 Introduction to Surface Functionalisation of Core-Shell Nanoparticles

Manipulating the surface chemistry of any materials can lead to improvements in the way
they interact with other materials. In the context of this work, organosilanes (particularly
aminosilanes) are the most useful compounds for the surface functionalisation of silica-
coated magnetic nanoparticles. They are useful as they can conjugate a wide selection of bio-
molecules (such as enzymes, proteins and oligonucleotides) to surfaces which have amine or

carboxyl groups present.®® They are also readily available and easy to use.

Organosilanes are bi-functional reagents, identified by the chemical formula X-(CHy),-
SiR(OR")3.n. X represents the headgroup, (CHy), is a flexible alkyl chain spacer group and
the Si(OR’), groups are anchor groups which attach to the silanol hydroxyl groups on the
silica surface following hydrolysis of the alkoxy (OR’) group. Aminosilanes are simply
organosilanes possessing an amino group as the X functionality. They are commercially
available and are commonly employed in the silanisation of surfaces by organic phase,
aqueous phase or chemical vapour deposition processes.?® Three commonly used
aminosilanes for surface functionalisation [(3-aminopropyl)-triethoxysilane (APTS), (3-
aminopropyl)-diethoxymethylsilane (APDS) and (3-aminopropyl)-
monoethoxydimethylsilane (APMS)] are shown in Figure 1.4.

N e gy e
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EtO_ EtO. Me

1 e | e, -, -

- = - _5i N
EtO~"] NH, EtO~"] NH,  EtO0~] NH.
EtD Me Me

APTS APDS APMS

Figure 1.4: APTS = (3-aminopropyl)-triethoxysilane, APDS = (3-aminopropyl)-
diethoxymethylsilane, APMS = (3-aminopropyl)-monoethoxydimethylsilane.

The headgroup can also be altered to be a vinyl, mercaptan, epoxy or halogen functionality.
An example of this is a publication by Huang and Hu®, who reported that surface
modification of Si-MNP’s with y-mercaptopropyltrimethoxysilane can lead to fast, selective
and efficient solid phase extraction of trace amounts of heavy metals in
environmental/biological samples, prior to their determination by ICP-MS.2! This is essential
with respect to water purification as heavy metals are severely toxic to living organisms and
can bio-accumulate in the food chain, so their removal from water and concentration

measurement is of great importance.?®
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As aminosilanes are most commonly used, their mechanism of action will be described in
further detail. The process of surface functionalisation with aminosilanes depends on two
simultaneous reactions; (i) the hydrolysis of the n silane alkoxy groups (Si(OR’),) to the
corresponding reactive silanol species and (ii) the condensation of the resultant silanol
species with the free hydroxyl groups on the silica surface to form stable Si-O-Si bonds. An

example of this reaction scheme using APTS is shown in Scheme 1.1 below.

(i) NH,-(CH,),;-Si(OEt); + H,0
(i) NH,-(CH,),-Si(OH); + . Si-OH

(iii) 2 NH,-(CH,),-Si(OH),

NH,-(CH,)-Si(OH), + 3 EtOH

‘ Si-0-Si(OH),-(CH,);-NH, + H,0

NH,-(CH,),-Si(OH),-O-Si(OH),(CH,),-NH, + H,O

Scheme 1.1: Schematic representation of the (i) hydrolysis (ii) subsequent condensation onto
silanol-functionalised surface and (iii) auto catalysed hydrolysis and polymerisation of APTS
in water.

The third reaction (iii) represents the hydrolysis and spontaneous oligomerisation /
polymerisation of APTS that occurs in water. This is auto-catalysed, due to the basic nature
of the amino group and is a competing process with the condensation onto the silica-coated
surface of the nanoparticles. As a result of this, APTS oligomerisation / polymerisation and
condensation in water is largely uncontrolled and surfaces functionalised by APTS have a
tendency to be multi-layered and disordered.?* This process is much slower in organic
solvents. The amino groups (either those of the free aminosilane or already bound
aminosilanes) or silanol headgroups can also hydrogen bond to silanol groups on the
nanoparticle surface during condensation, decreasing the effective amine density.®® APTS
possesses three alkoxy groups which can anchor to the silanol groups on the nanoparticle
surface. Due to having three of these groups, APTS is believed to be more susceptible to
intermolecular cross-linking reactions than both APDS and APMS, which have two and one
alkoxy groups respectively.®® The alkoxysilane groups in these two compounds are replaced
by unreactive methyl groups, thus less intermolecular cross-linking between aminosilanes is
achieved. In this way, the aminosilanes can bond to the surface of the nanoparticles in a more
orderly fashion. Figure 1.5 represents what an ideal aminosilane-functionalised silica-coated

nanoparticle surface should look like.
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Figure 1.5: The ‘ideal’ orientation of aminosilanes on the surface of silica-coated
nanoparticles. (Reproduced with the kind permission of Dr Tapas Sen).

As flat surfaces have only two dimensions, the surface functionalisation can be more
controlled (often by ready elimination of water from the surface using a drying step) than in
the three-dimensional nanoparticles. In the suspension phase, as well as oligomerisation /

polymerisation of aminosilanes and hydrogen bonding to the surface, other interactions such
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as nanoparticle aggregation can cause unforeseen problems and reductions in total surface
amine density. Another competing process to condensation of the aminosilanes to the silica-
surface of the nanoparticles is the multilayer formation of aminosilanes which results in the
sequestration of amino groups away from the surface, hence making them unavailable for
bio-molecule binding (shown below in Figure 1.6). Again these issues are prevalent in
aqueous systems. A monolayer is the ideal scenario (shown above in Figure 1.5), in which
case all of the aminosilane groups would not be cross-linked, hydrogen bonded or

sequestered and all of the amino groups would be available to bind to bio-molecules.

NH, OH )
( N Sequestered Amine
/
% .5 HO | Group

Figure 1.6: Demonstrating the sequestration of amino groups in a disordered multilayer
aminosilane arrangement.®®®” The red line represents a spherical nanoparticle surface.

In 1996, Moon et al®® reported the comparison of four different aminosilanes (APTS, APDS,
APMS and (4-aminophenyl)-trimethoxysilane (APhTS)) for producing uniform aminosilane
thin layers on the flat surfaces of fused silica and oxidised silicon wafers. They measured the
relative surface density of amine groups by ellipsometry and via a coupling reaction with 4-
nitrobenzaldehyde (4-NBA) to form imine-bonded species which could be confirmed by UV-
Visible spectroscopy. Following the coupling, the 4-NBA species could be removed by
hydrolysis, which was also confirmed by UV-Visible spectroscopy. This assay was further
developed by van de Waterbeemd® et al in 2010. In regard to nanoparticles in suspension,
ellipsometry cannot be used so along with the detection of reversible coupling and hydrolysis

of UV-Visible active reagents such as 4-NBA, chemical and elemental combustion analysis
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methods can be used to provide information about the surface amine density and

availability® (see Figure 1.7 below).
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Figure 1.7: Total amine density, including sequestered amines, on the left side; identified by
chemical and elemental combustion. The right side shows the surface amines which can be
identified using the 4-NBA colorimetric assay. Comparison of the results obtained from both
methods are used to calculate surface amine density and total amine density. (Reproduced
with the kind permission of Dr Tapas Sen).

It was the combination of these two methods of analysis that allowed the improved
understanding of surface and sequestered amino groups on the mono- and multi-layered

aminosilane functionalised surface of nanoparticles.

Sen and Bruce recently reported the novel strategy of surface activation of nanoparticulates in
suspension using a tri-phasic reverse emulsion (TPRE).®"® The TPRE system consisted of
solid silica-coated magnetite nanoparticles (solid phase), surrounded by a surface water phase
dispersed within an organic solvent phase (toluene), in the presence of a bio-compatible, non-
ionic surfactant (Triton X-100). APTS was used as aminosilane and was found to be soluble,
but did not hydrolyse or self-condense in toluene. It can only perform these reactions in the
presence of water. By having just a small amount of adsorbed water on the nanoparticle
surface, APTS could react in a much more controlled fashion, producing an ordered uniform

layer on the surface. Dispersion of the nanoparticles in the TPRE avoids their aggregation
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and spontaneous and uncontrolled polymerisation of APTS in water is eliminated. Amino-
functionalised nanoparticles prepared by this method exhibited a higher surface to total amine
density (>80%) than those prepared using bulk water phase surface functionalisation (20%).
The materials were used for successful DNA grafting and capture in magnetic bio-

separations.

As bio-molecules frequently possess surface amine groups, to allow for easier conjugation of
bio-molecules to amino-functionalised surfaces, it is important for coupling reagents to be

used to allow the coupling of two species.
1.6.1 Coupling Reagents for Bio-molecule Conjugation

The crosslinking of enzymes to supports typically happens via the amino groups of enzyme
residues on the enzyme/protein surface. Coupling reagents such as glutaraldehyde and
glyoxyl groups are used to change aminosilane-functionalised surfaces to an aldehyde
functionality, to allow the covalent cross-linking to other amino-groups. Carbodiimide
reagents can be used to couple surface carboxyl groups with amino groups, producing stable
secondary amines/amides.®®®! They do this by activating carboxyl groups in water, allowing
them to react with amine groups. Highly reactive groups used to immobilise proteins via
aldehyde surface modification, such as glutaraldenyde and cyanogen bromide, can bind the
enzyme to the support in mild conditions (physiological pH, ambient temperature). This
suggests immobilisation involves exposed residues that are reactive at these pH values such
as terminal amino groups. Due to their high reactivity, these reagents become unstable at
alkaline pH values. As a result, proteins are mainly immobilised with these reagents by a
single point covalent attachment via the terminal amino group at neutral pH. The attachment

is formed due to formation of an imine bond, or Schiff base (R-CH=N-R").

Glutaraldehyde is the most popular and widely used reagent for surface activation and
subsequent bio-molecule immobilisation. It is a linear, 5-carbon di-aldehyde (CHO-(CH,)s-
CHO) homo bi-functional coupling reagent which also converts surface amine groups to
aldehydes.®® 1t permits cross-linking of the bio-molecule (primarily with terminal amine
groups®) to the support via a single, strong imine bond. Glutaraldehyde can be used at
slightly acidic and neutral pH values, making it useful and convenient. Examples of
glutaraldehyde being used as a coupling/crosslinking reagent for immobilising enzymes are

numerous.” Scheme 1.2 shows the cross-linking process using glutaraldehyde to cross-link
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enzymes onto hierarchically ordered porous magnetic nanocomposites reported by Sen et
al.**® The efficient coupling of bio-molecules for various applications can then take place.

The first of these bio-molecules to be discussed will be enzymes.

OET 0
-ETOH
OH*+ ETO- s/\/\m -o-stl/\/\m2
oer o

Glutaraldehyde

Eﬁo_g,/\/\,,:/\/j o—;/\/\N:_/\/\oﬂo

Scheme 1.2: The cross-linking process using glutaraldehyde to cross-link enzymes onto
hierarchically ordered porous magnetic nanocomposites®%.

In contrast to the reagents which work optimally in neutral pH and ambient conditions is
glyoxal, a two-carbon di-aldehyde (CHO-CHO), which has also been used to activate support
surfaces for the immobilisation of various bio-molecules; primarily enzymes. %1%
Immobilisation only proceeds in alkaline conditions and slight changes in pH and
temperature lead to big reductions in immobilisation rate. The support must be highly
activated before immobilisation and immobilisation is via multiple points, as the amino-
glyoxyl bond is very weak. Compounds with a single amino group do not undergo a
significant amount of immobilisation to glyoxyl supports. At alkaline pH values, lysine (Lys)
residues become more reactive. As Lys residues possess two amine groups, glyoxyl groups
can immobilise proteins via these points, so they are immobilised in the areas which have the
highest density of Lys residues on the surface (shown below in Figure 1.8). This can be
advantageous as immobilisation may be directed towards the area of the enzyme/protein
where multipoint covalent bonding is most likely and hence, stabilisation can be achieved.'%*
Conformation and biological activity is preserved as the Lys residues are typically on the
outer surface of the enzyme structure, away from the active site and thus are not as affected

by steric hindrances.
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Figure 1.8: Lysine residue containing the &- and a-amino groups.

Imine bonds are quite sensitive to hydrolysis, so stability can be improved by selective
reduction with sodium cyanoborohydride (NaBHsCN), forming a stable secondary amine®.
As glutaraldehyde possesses the ability to work at acidic-neutral pH values, ambient
conditions and its commercial availability and ease of use, it is the coupling reagent that |
have chosen to utilise for the purposes of this study for the immobilisation of both enzymes
and oligonucleotides. The following section introduces the concepts of enzymes; and their

applications as bio-catalysts.

1.7 Introduction to Enzymes and Bio-catalysis

Enzymes are natural proteins which catalyse chemical reactions. Their molecular weight can
vary from several thousand to several million, but they can catalyse reactions on molecules as
small as nitrogen and carbon dioxide.’®™ They catalyse chemical reactions by lowering
transition-state energies and energetic intermediates by increasing the ground-state energy.
The initial phase of an enzyme-catalysed reaction is the formation of an enzyme-substrate
(E-S) complex via binding of the substrate to the catalytic active site (this E-S complex is also
known as the Michaelis complex).'® The active site is made up of around a dozen amino acid
residues, of which only two or three are directly involved in the substrate binding and
catalysis of the reaction. It is thought that the rest of the enzyme structure is needed to
maintain the structural integrity of the active site for optimal substrate binding and catalysis.
In addition to accelerating the rate of chemical reactions, enzymes are also selective and have
high specificity. The transition state is extremely short-lived and high-energy. It is bound
around 10™ times more tightly than the substrate or products and once bound, the enzyme
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catalyses the conversion of substrates to products, forming an enzyme-product (E-P)
complex, via various mechanisms including approximation, desolvation; as well as covalent,
electrostatic and general acid/base catalysis.'® This is another tightly-bound, high-energy,
short-lived transition-state complex. Following formation of the E-P complex, the interactions
present in stabilising the transition-state complexes are no longer present and the now poorly
bound products are expelled from the active site. This can also be due to repulsive
interactions between the products and active site residues, triggered by changes in electronic
distribution due to bond breakage/formation, leading to opening of the active site and product
expulsion.*®

The basic kinetics and mechanism of an enzyme-catalysed reaction is shown in Scheme 1.3.

k k

E+S<—ES==EP—>E+P

Scheme 1.3: General mechanism for enzyme-catalysed reactions. E represents the enzyme
and S represents the substrate. k; denotes the rate constant of formation of the E-S complex,
k. denotes the rate constant of formation of the E-P complex and k-; denotes the rate constant
of breakdown of the E-S complex.'®®

The stability of the E-S complex is related to substrate’s affinity towards the enzyme and is
measured by its Ks value. This is called the dissociation constant of the complex, calculated

by the equation in Scheme 1.4 below:

Scheme 1.4: Definition of the dissociation constant, Ks, of an enzyme-substrate complex.'®

If the rate of E-P complex formation is much greater than the rate of dissociation of the E-S
complex, then k, can be called k4 (catalytic rate constant) and Ks becomes Ky, (Michaelis-
Menten constant). The catalytic rate constant, K¢y represents the ‘turnover number’: the
maximum number of substrate molecules converted to product molecules per active site per
unit time (typically around 10° s, ~1000 molecules per second are converted to product from
substrate).’®

Enzymes have several important functions in nature. In humans and animals, protein kinases
and phosphatases are involved in cell regulation and signalling*®” and myosin enables muscle
contraction via the hydrolysis of ATP.1% In digestion, carbohydrases and amylases break

down carbohydrates and starch (via hydrolysis of starch chains into smaller molecules which
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can be absorbed in the intestines), proteases break down proteins into small peptides and
amino acids (via hydrolysis of peptide bonds in polypeptide chains that link amino acids) and
lipases break down lipids (via hydrolysis of triglycerides to free fatty acids and glycerol). In
viruses, integrases are produced to allow the genetic material of the virus to be integrated into
the infected cell’s DNA.' Neuraminidase allows the viral release of the influenza virus from
cells.*™® Herbivores produce cellulase in their ruminating chambers to allow the breakdown of
cellulose in plants and grasses to B-glucose. In the second stage of photosynthesis in plants
(The Calvin Cycle), ribulose-1,5-biphosphate carboxylase oxygenase (RuBisCO) catalyses
the fixation of atmospheric carbon dioxide (carboxylation) to RuBP, causing its breakdown to
phosphoglyceric acid (PGA), which is then converted to phosphoglyceraldehyde and is
further broken down into energy-rich sugars, fatty acids and amino acids."** RuBisCO is
thought to be the most abundant protein on Earth.

1.7.1 General Applications of Enzymes

Enzymes are widely used in the chemical industry for homogeneous catalysis as a result of
their high chemo-, regio- and enantioselectivity. Within the pharmaceutical industry,
increased demand for new, more potent drugs and medicines has opened the door for the
exploration of novel methods of efficient stereoselective synthesis and since the mid-to-late
1990°s,2 bio-catalysis using enzymes has been seen to be the answer. In a review by
Roberts,"™ a vast range of useful enzyme-catalysed reactions are explored, such as

93,114,115 116-118 119-121

hydrolysis, esterifications, oxidations, carbon-carbon bond

122123 and bio-transformations.*?*!% Roberts also remarked that due to the wide

formations
variety of enzymes that are readily available and the reactions being relatively easy to scale-
up, the use of enzymes in bio-catalysis is “one of the most powerful techniques for the
preparation of optically active compounds using asymmetric catalysts.” It is also important to
mention that as well as being efficient and selective bio-catalysts, enzymes typically require
mild reaction conditions and produce much less waste and harmful by-products than other
catalysts, making them a more attractive option for chemical synthesis. The most widely used
group of enzymes for such applications are lipases, which are discussed in the following

section.
1.7.2 Lipases: Structure, Function and Activation

Lipases, also known as triacylglycerol hydrolases (E.C. 3.1.1.3), are one of the most popular

classes of enzymes used for bio-transformations and are ubiquitous; found in most living
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organisms.*®**" In nature, they are used to digest, transport and process fats, oils,

triglycerides and other lipids,*?®

and function by catalysing the hydrolytic cleavage of
triglycerides into fatty acids and glycerol at water-lipid interfaces. In the weight loss industry,
lipase-inhibitors such as Orlistat® are used to inhibit gastric and pancreatic lipases in the
gastrointestinal tract to decrease dietary fat adsorption.”® Under micro-aqueous conditions,
lipases have the unique ability to carry out esterification, alcoholysis and acidolysis reactions
on various esters at the water-lipid interface.**® Table 1.2 below illustrates the reactions that

lipases catalyse.

Table 1.2: Basic mechanisms of various lipase-catalysed reactions. Reactions (ii)-(v) are
classified as transesterification reactions.

Reaction Type Scheme

(i)  Hydrolysis R1COOR; + H,0 <«—» R;COOH + R,0OH

(ii)  Esterification R;COOH + R,0OH <+—» R;COOR;+ H;0

(iii) Interesterification R1COOR; + R3COOR; «—» R;COOR4+ R3COOR;
(iv) Alcoholysis R1;COOR; + R3OH <+— R;COOR; + R,OH

(v) Acidolysis RiCOOR; + R3COOH «— R3COOR; + R;COOH

Lipases are serine hydrolases belonging to the o/B-hydrolase fold superfamily,™*! possessing a
core structure of a central, mostly parallel B-pleated sheet (consisting of 8 -strands) flanked

on each side by o-helices™

(only the second B-strand is anti-parallel). They hydrolyse ester
bonds using a catalytic triad comprising of a nucleophillic residue (serine), an acidic residue
(aspartate/glutamate) and histidine in the active site. The structure of the o/B-hydrolase fold is

shown below in Figure 1.9.%
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Figure 1.9: The structure of the a/B-hydrolase fold. a-helices are shown by cylinders; -
sheets are shown by arrows. Reproduced from Ollis et al (1992)."3%2

The serine residue is located in a highly conserved Gly-X-Ser-X-Gly pentapeptide sequence
(X = unspecified amino acid residue), forming a sharp turn between the B5-strand and the aC-
helix. As close contact exists between the residues in the highly conserved sequence, one or
often both of these residues in these positions are small glycine groups. It is this B-strand-
nucleophile-a-helix arrangement which is termed the ‘nucleophile elbow’.*?8133134 The
tightness of this arrangement forces the nucleophillic residue (serine) to adopt “energetically
unfavourable mainchain torsion angles”,*> imposing a steric hindrance on residues in the
immediate vicinity. The nucleophile elbow’s geometry also aids the formation of the
‘oxyanion hole’, formed by two backbone nitrogen atoms around the active site which helps
to stabilise the negatively charged transition state species formed during hydrolysis. In a
mechanism known as the charge relay system, the nucleophillic serine residue is activated by
hydrogen bonding to the histidine and aspartate/glutamate residues.*® *¥" The mechanism for

the charge relay system is shown in Figure 1.10.
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Figure 1.10: Active Site Charge Relay System with Serine activation (adapted from
reference 136).

A structural feature found in many lipases is that of a ‘lid’ composed of either one or two
amphiphillic a-helices that cover the active site, blocking substrate access in its closed
conformation. The side of the lid facing towards the active site is hydrophobic and the side
facing away is hydrophilic, stabilised by protein surface interactions.’®® In the closed
conformation, the hydrophilic surface is exposed to water solvation and the hydrophobic
surface facing the active site is hidden by the lid.™*" Interfacial activation is caused by
reorientation of the o-helix lid by increasing the hydrophobicity of the surface in the
immediate area surrounding the active site, exposing a large hydrophobic area which can
interact with the hydrophobic interface and the catalytic triad becomes accessible to the
hydrophobic substrate (see Figure 1.11). In 2009, Reis et al published a review which
addresses the reactions involving lipases which take place at interfaces, interfacial

engineering and properties, limitations and their bio-catalytic applications.'*®
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Figure 1.11: Computer simulations of the open-active and closed-inactive structures of
Thermomyces lanuginosus lipase (TLL). The left side of the diagram depicts the open-active
conformation and demonstrates how the lid position changes to expose the catalytic triad of
the active site (Ser = green, His = yellow, Asp = red). The right side illustrates the closed-
inactive conformation. Surface Lys residues are visualised using a space-filling modality,
indicating the positions most likely to be involved in covalent binding to functionalised
supports. Adapted from Hanefield et al’s review on Understanding Enzyme
Immobilisation.**’

Lipases require no cofactors to function, are commercially available and are easy to handle.

They are typically prepared for commercial use by cultivation of microorganisms or by

extraction from plant/animal tissue.*

130

Microbial lipases are easier to manipulate via genetic
engineering (or directed evolution™") and can be grown year-round on relatively inexpensive
media. Their production is convenient, safer and they are more stable than their plant- and
animal-derived equivalents, making them more desirable.*® Bacterial strains are generally
favoured over yeasts as enzyme sources, offering higher activity, being thermostable and
having neutral or alkaline pH optima. Microbial cells also have short generation times, simple
nutritional needs, easy screening for desired characteristics and can be genetically or

environmentally manipulated to increase their yield and enzyme activity. 4%

1.7.3 Bio-catalytic Applications of Lipases

Lipases are widely used catalysts for the hydrolysis of oils/fats and the synthesis of esters.

130,142

There have been many reviews published on their bio-chemical properties, industrial
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applications** and overall applications as bio-catalaysts. 31139143145 The fo|lowing section

will serve to outline a few of the bio-catalytic applications that utilise lipases.

In the pharmaceutical industry, lipases are commonly used as chiral catalysts in the synthesis
of fine chemicals and pharmaceutical compounds. An example of this is in the synthesis of
enantiopure secondary alcohols, which are used as intermediates in the synthesis of many
drug molecules, such as Dorzolamide, an antiglaucoma drug.'”® They also exhibit high
enantioselectivity by successfully recognising enantiomeric molecules/enantiotopic groups on
prostereogenic molecules,'*® which is useful as they can be used to kinetically resolve
racemic chiral compounds with a theoretical yield of 50%. In the case of prochiral
compounds, they can achieve asymmetrisation with a reasonable yield.** It has been found

7 crystallisation,**

152

that enantioselectivity of lipases can be improved via crosslinking,*

149,150 and Iipid (:oating,151

organic solvent pre-treatment amongst other methods.
Consequently, due to their high enantioselectivity, lipases are seen as important bio-catalysts
for enantiopure building blocks in the production of commercially available organic

compounds.

Two particularly important lipases, with respect to this project, are Candida Rugosa Lipase
(CRL) and Pseudomonas Fluorescens Lipase (PFL). Candida Rugosa is a non-sporogenic,
unicellular, non-pathogenic yeast that synthesises and secretes a mixture of at least five iso-

enzymes. Each of the secreted iso-enzymes possesses a single 543-amino acid polypeptide

153,154

chain and a molecular weight of around 60 kDa. It’s active site has been extensively

studied and characterised and it’s catalytic triad consists of the Ser-209, Glu-341 and His-449

residues.™> CRL claims more applications than any other bio-catalysts and there have been

many publications concerned with its molecular biology and structure,**

6 5

catalytic

mechanism,**® interfacial activation,*>® and bio-catalytic applications (see Table 1.3 and

following section).

Pseudomonas Fluorescens is a rod-shaped, Gram-negative bacterium that produces
Pseudomonas Fluorescens Lipase (PFL). Pseudomonas lipases are classed in three groups
depending on amino acid homology and biological properties.**>*” PFL belongs to the sub-
family 1.2 of Pseudomonas lipases,™® and contains a 475-amino acid polypeptide chain.
Fernandez-Lorente et al have reported that PFL has a molecular weight of 33 kDa at low

enzyme concentrations, but has a tendency to aggregate into more stable, more
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enantioselective, but less catalytically active bi-molecular structures of around 66 kDa
molecular weight.**® The reduction in activity of the bi-molecular structure is thought to be
due to the aggregation occurring between the hydrophobic regions surrounding the active
centres of the two uni-molecular structures in their open form, suggesting that interfacial
activation competes with formation of the bi-molecular structure. Though the structure of its
active site is much less studied than that of CRL, as PFL is also an o/B-hydrolase, the
catalytic triad is still confirmed to contain the characteristic Ser-His-Asp/Glu residues.
Literature on PFL is less abundant than that on CRL and although there are publications on
the structures of other Pseudomonas lipases,*® currently the exact 3-dimensional structure of

PFL is not known.'® However, there have been publications regarding its growth and

162,163 164-166

isolation, purification and characterisation, physiochemical properties'®” and bio-

catalytic applications (see Table 1.3 and the following section).
A review by Gandhi in 1997** addressed the many hundreds of catalytic applications that

lipases have in industry. Some of the applications of free CRL and free PFL have been picked

out and are described in Table 1.3 below.
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Table 1.3: A selection of the catalytic applications of CRL and PFL outlined in Gandhi’s
144
review .

Lipase Application Reference
CRL Hydrolysis of fish oil to concentrate polyunsaturated fatty 168
acids
Enantioselective esterification of racemic ibuprofen 169
Hydrolysis of milk fat (butter oil) 170
Kinetic study of the hydrolysis of triacetin 171
Esterification of sugars in the enzymatic synthesis of 172

carbohydrate esters of fatty acids

Transesterification of vinyl acrylate to produce acrylic esters 173
Enzymatic hydrolysis of olive oil to produce glycerol and 174
fatty acids

PFL Hydrolysis of racemic methyl-branched octanoic acid 175

thioesters to determine stereoselective mechanism of action

Regioselective deprotection of 3’,5'-O-acylated pyrimidine 176
nucleosides
Synthesis of low molecular weight esters in non-aqueous 177

systems (CRL also used in this study)

Intramolecular esterification (direct lactonisation synthesis 178
of cyclopentadecanolide from 15-hydroxypentadecanoic

acid)

Regioselective acylation of 2’ deoxypyrimidine nucleosides 179
with an acid anhydride in dry apolar solvents

Preparation of a chiral building block based on 1,3-syn-diol 180

and its application to the synthesis of a hunger modulator

A further search of the literature reveals that CRL has been used extensively as a bio-catalyst
for more applications including:
e Esterification of methyl branched carboxylic acids for the resolution of
citronellic acid.*®
e Hydrolysis of racemic methyl esters (such as naproxen) in supercritical
C02_182
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e Preparation of L-amino acy! esters of various carbohydrates.'®?

e Enhancement of enantioselectivity for the chiral resolution of carboxylic acids
in organic solvents.*®

e Stereoselective esterifications of relatively short chain primary alcohols'® and

hundreds of similar applications to the ones listed.

In addition to the applications reviewed by Gandhi,*** PFL has been commonly used in other
applications such as the enantioselective hydrolysis of a selection of 3-(2-nitrophenoxy)
butanoates,® exhibiting enantiomeric excesses greater than 99.9%. The use of PFL has been
reported in the enzymatic resolution of various fluorinated arylethyl chloroacetamides via
alcoholysis of the chloroacetamide group (using n-amyl alcohol in diisopropyl ether), with

high enantioselectivity™’

(E = 25 to >100). This is an important application as the
trifluoromethyl group is commonly used in organic chemistry due it’s substantial electron-
withdrawing ability and small size combining to stabilise small rings and change the
reactivity and regioselectivity of substituted compounds.’®’ Intensity and fastness of dyes
increases in the presence of a —CF; group and optically active a-trifluoromethlyated amines
are useful building blocks in the synthesis of pharmaceuticals, so increased yield, resolution
and rate of reaction inferred by PFL is extremely beneficial to this reaction. Another
application of PFL has been in the Kinetic resolution of phenothiazine-based ethanol
derivatives, which are pharmaceutically important and are known for their important
biological activity.'*®%° Other applications of PFL include (but are not limited to):
e Preparation of optically active 4,4,4-trifluoro-3-(indole-3-) butyric acid, which
is a novel plant growth regulator.'*
e Selective enrichment of Cy3-Cy acyl-chain polyunsaturated fatty acids from
sardine oil.**
e Irreversible and highly enantioselective acylation of 2-halo-1-arylethanols in

organic solvents.'®

e Interesterification of butter fat.'*3

e Enantioselective transesterification of 2-methyl-1,3-propanediol derivatives in

organic solvent.'**

CRL and PFL have both been employed to catalyse transesterification synthesis reactions of

195,196

citronellyl esters, which are used as a flavouring agents, giving fruity and floral aromas.

Page 41 of 250



The transesterification synthesis of citronellyl acetate, catalysed by CRL, PFL and many

|196

other enzymes was reported by Xiong et al=” and is shown in Scheme 1.5 below.

’.../ ‘ O Li 5'/..- o O
f ipase
L OH 7 o7 R “” o~ ™~ = “OH
_,' Ry __/-" "“a..ﬁ\
Citronellol Vinyl acetate Citronellyl acetate

Scheme 1.5: The transesterification synthesis of citronellyl acetate from citronellol and vinyl
acetate. PFL obtained yields of up to 99.4% conversion, whereas CRL only achieved up to
20.4%.

Another area of developing interest is in the lipase-catalysed production of biodiesel.
Biodiesel consists of fatty acid methyl esters which are typically derived from the
transesterification of triglycerides with methanol. In 1999, Ma and Hanna published
‘Biodiesel production: A review’ which summarised the most common methods of synthesis
and addressed the emerging use of lipases as bio-catalysts for the application.’®” In 2001,
Fukuda et al published an article covering biodiesel production by transesterification of

oils,'%®

though this was only one of many. This area is attractive to industry as both the fatty
acid products and glycerol by-products are easy to recover and have commercial
applications.**?* Kaieda et al have reported that methyl esters synthesised via methanolysis
of plant oil are potentially important as biodiesel fuels.? They used both CRL and PFL (and
also Pseudomonas cepacia lipase) to catalyse the methanolysis of soybean oil in aqueous
conditions, remarking that all lipases exhibited particularly high catalytic ability for the
application. A general and basic schematic representation of the enzyme-catalysed production

of biodiesel is shown below in Scheme 1.6.

R4{CO0O— Lipase HO— R{COORy
R,COO— + R4—OH —— Ho - + R,COOR,
R3;CO0O— HO— R;COOR,
Triglyceride Alcohol Glycerol Fatty acid
Fat/Oil esters (biodiesel)

Scheme 1.6: Lipase-catalysed transesterification of fats and oils with alcohol to produce
biodiesel and glycerol.
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In 2007, Al-Zuhair published an article on the ‘Production of biodiesel: possibilities and
challenges’ which addressed the use of immobilised enzymes to overcome limitations
regarding enzyme cost, re-usability, recoverability and reductions in activity.*** In 2008,
Fjerbaek et al reviewed the state of biodiesel production using enzyme-catalysed
transesterification.?®® It can be seen that the use of lipases to catalyse the production of
biodiesel is an area that has gained considerable interest in recent years. This could be due to
optimisation of the process using immobilised enzymes for the many advantages they offer.
The use of supported enzymes for various applications will be discussed in the following

section.

As has been explored and discussed, enzymes in their free forms can be used to catalyse a
vast range of chemically and pharmaceutically important reactions and can be used under
mild conditions while still producing tremendous chemo-, regio- and enantioselectivity.
However, the use of free enzymes to catalyse these reactions presents a problem: the enzyme
cannot be recycled or re-used once it is introduced to the system. Also, enzymes are fairly
expensive so being able to re-use them is cost effective and would make the system more
commercially viable. Another problem is that most organic compounds that are of
commercial interest are often insoluble/partially soluble in water, which requires a lot of
energy to remove.”® A way around this is to use organic solvents, which leads to high
substrate solubility, higher reaction rates and increased ease of recovery of the enzyme from
the system. However, a disadvantage of using lipases in organic solvents is that catalytic
activity can decrease dramatically compared to aqueous systems,?>?® due to diffusional
limitations, enzyme destabilisation and changes in protein flexibility.?*#?"?® As has been
previously explained, it has been reported that employing micro-aqueous conditions permits
interfacial activation and ‘lid-opening’ of the lipase’s active site, which can overcome this
problem and greatly increase catalytic activity. An effective and convenient solution to these
problems and limitations is to immobilise the enzymes onto a solid support, which creates a
heterogeneous system. The supported enzyme can be introduced into the reaction mixture, the
reaction can be carried out and then the enzyme-immobilised solid support can be recovered,
washed and re-used for further reactions. Magnetic nanoparticles are particularly useful for
these applications as they can be easily removed from the reaction mixtures by magnetic

immobilisation.
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1.8 Immobilisation of Enzymes

This section of the introduction will serve to outline the most commonly used support
materials for enzyme immobilisation, typical enzyme immobilisation strategies and their
optimisation, as well as some bio-catalytic applications of immobilised enzymes and their

advantages over free enzymes.

|209

Mateo et al”™~ explained that in terms of multipoint-covalent binding of the enzyme to the

support in order to rigidify and stabilise the enzyme structure, certain characteristics must be

209

considered when deciding on a suitable support.”™ These include:

e The support should have high internal surface areas so that there can be no
geometrical or steric hindrance to the enzyme.

e The support surface should provide a high density of reactive groups so an
intense multipoint covalent attachment can be achieved.

e The reactive groups should provide minimal steric hindrance during the
reaction as the attachment requires contact between groups bound to rigid
structures.

e The reactive support surface moieties should interact and react with groups
introduced to the enzyme surface and they should also be stable enough to
permit lengthy enzyme-support reaction times.

e Finally, it should not be difficult to get a final inert surface in the support

following immobilisation without affecting the bound enzyme.?®°
Support materials that have been found to fulfil many of the criteria are agarose beads,'*?'*

213 214-216 217,218 219-221

zeolites, amorphous and porous silica supports, epoxy resins and

magnetic nanoparticles.?”? Immobilisation of enzymes on agarose beads activated using
glyoxyl groups only proceeds at alkaline pH and catalytic activity is reported to be pH
dependent. Enzymes that have been immobilised in this way include alcalase and

212,213 210,223

carboxypeptidase A for the hydrolysis of proteins, esterase’® and many others.

Zeolites are widely used for a range of bio-catalytic applications, ranging between

® cutinases for alcoholysis reactions®® and

immobilising trypsin for peptide synthesis,*
lipases on hydrophilic and hydrophobic zeolites for hydrolysis and esterification reactions.***
Silica supports can undergo surface modification with aminosilanes to permit the formation

of siloxane bonds to amine residues on the enzyme. An example of this method being used is
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in the immobilisation of apricot pectinesterase on porous glass following aminosilane surface
modification, which is then used in the food processing industry.?® Sepabeads are
macroporous epoxy-resins and are an example of a divinylbenzene copolymer.?** They are a
common example of a widely used epoxy support. They are shown to remain very stable
when obtaining Lipase B from Candida Antarctica in the presence of hydrogen peroxide®® as
well as finding application in hydrolysis of lactose in dairy products via immobilisation of
thermophilic B-galactosidase on its surface.””* Dyal et al were one of the first groups to report
the use of enzymes immobilised on magnetic nanoparticles and used CRL immobilised on vy-
Fe,O3 to catalyse the ester cleavage of p-nitrophenol butyrate (PNPB), reporting the long-

term stability and economic viability of immobilised enzymes for bio-catalysis.??

1.8.1 Porous Supports

A prevalent method of enzyme stabilisation is by immobilisation on porous silica supports of
various pore diameters (A to um scale). Immobilisation within the porous structure of a solid
can permit the enzyme to fully disperse and utilise the intended surface area. This means they
are protected from interactions with external surfaces and molecules, as well as molecules
from the enzymatic sample which prevents aggregation, autolysis or proteolysis from the
sample and will be homogenously dispersed throughout the pores.?®® The enzyme will also be
protected from external hydrophobic surfaces such as gas bubbles which may inactivate the

enzyme.?®

In the process of immobilisation, the surface of the support should be functionalised via one
of the methods outlined previously (in the case of this project; amino-silanisation). Following
this, the surface-functionalised material can be activated (using coupling reagents) to enable

the efficient conjugation of bio-molecules to the surface.
1.8.2 Enzyme Immobilisation Strategies and Optimisation

Enzymes have been immobilised in many ways, the main methods include adsorption (non-
covalent), binding (covalent), self-immobilisation, entrapment and encapsulation.??® An
important point to consider is choosing the correct support to optimise catalytic activity and
stability of the enzyme when it is immobilised. Entrapments generally use either an organic
polymer network or sol-gel matrix and are often performed in situ.”*’ The entrapped enzymes
are then protected from the effects of gas bubbles, mechanical damage and hydrophobic
solvents, but entrapped enzymes can suffer from mass transfer limitations and lower enzyme

228

loadings®?® than other immobilisation methods.?*® Encapsulation is similar to entrapment as
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the enzyme is protected from many external factors but has limited use in bio-catalysis of
large substrates due to mass transfer limitations again.*®**° Self-immobilisation is commonly
carried out in the case of carrier-free immobilisation, made possible using a bi-functional
cross-linking molecule, such as glutaraldehyde, to bind enzymes to each other without

$)*° and cross-

needing a support.??®> Examples include cross-linked enzyme crystals (CLEC’
linked enzyme aggregates (CLEA’s).2*#* Figure 1.12 below is reproduced from a review
article by Brady and Jordan on “Advances in Enzyme Immobilisation”, showing the main
strategies involved.?”® Figure 1.12 presents the main enzyme immobilisation strategies that

are commonly employed.

s

i i

2oty
krds

Figure 1.12: The main enzyme immobilisation strategies: a) entrapment b) encapsulation c)
solid support by surface conjugation d) self-immobilisation. Enzymes are represented by the
green dots in the figure, reproduced from Brady and Jordaan.??®

An example of various immobilisation methods being used in the same reaction is reported
with PFL. Immobilisation via adsorption, cross-linked enzyme adsorption and sol-gel
encapsulation was reported for the kinetic resolution of several 3-aryl-3-
hydroxypropanoates.”®* Immobilisation was shown to increase stability, activity and re-

usability. The bi-molecular form**°

exhibited increased thermal stability and activity in
catalysing the transesterification of olive oil with benzyl alcohol. PFL was also immobilised
on glyoxyl supports at alkaline pH for the hydrolysis of (R,S)-2-hydroxy-4-phenylbutyric

acid ethyl ester (HPBEL) in both its mono- and bi-molecular forms.?3*
1.9 Supported Enzymes as Bio-catalysts

Advantages of immobilisation such as separability and re-usability are important and allow
greater control over the reaction process. It is also well documented that enzyme activity

increases when immobilised on solid supports and enzymes become more robust when
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supported in solid matrix.’®* The main focus of this section of the introduction is to explore
the wide range of solid supports that have been used, various methods of immobilisation and
the important bio-catalytic applications that these immobilised enzymes (primarily lipases)

are employed in.

When covalently immobilised via just a single point to the solid support, immobilised
enzymes can retain rigidity similar to free soluble enzymes and are much less susceptible to
aggregation, proteolysis and interaction with other surfaces.”®* However, it is well
documented that enzymes attached to the support at many points become more rigid**® and
stabilised against distorting agents, as the relative positions of groups involved in
immobilisation remain unchanged during any conformational change.*” This means they can
be used in any medium, as opposed to adsorbed enzymes, which can only be used in organic
solvents/hydrophobic reactants due to problems associated with leaching into the solution.**
It is also thought that immobilisation leads to the enzyme being dispersed over a large surface
area, enhancing mass transfer and preventing aggregation.?*® Figure 1.13 presents the effect

of multipoint immobilisation on enzyme stability.

PURE IMMOBILIZATION OF ENZYMES Multipoint immobilization

| A\ : (
OH OH W
OH

] No rigidiﬁcqtion | { quyme rigidificalion

Figure 1.13: The effect of multipoint immobilisation on enzyme stability. Reproduced from
Mateo et al.?%

1.9.1 Bio-catalytic Applications of Supported Enzymes

An emerging area of particular importance is the production of fatty acid esters, better known
as biodiesel (production with free lipases is addressed earlier in Section 1.7.3). CRL
immobilised on chitosan (a linear polysaccharide) was used to catalyse (and optimise) the
preparation of biodiesel from rapeseed soapstock using methanol.”*® This method led to

methyl conversion of 63.6% and methyl ester (biodiesel) contents of over 95% following
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molecular distillation. Various lipases (CRL, PFL and others) immobilised on porous
kaolinite were used for the transesterification synthesis of biodiesel using n-butanol.?*® PFL
was observed to have the highest activity and was selected as catalyst for the production of
propyl- and butyl-oleate esters from triolein. Immobilised PFL exhibited increased activity,
stability and re-usability over free PFL. Various immobilised and free lipases were compared
for the enzymatic alcoholysis of sunflower oil with methanol to produce biodiesel.*** PFL
immobilised on polypropylene (EP 100) was found to have the second highest activity after
24h, giving 72.4% conversion of triolein to fatty acid ester products (Rhizomucor miehei
immobilised on an ion-exchange resin gave 96.3% conversion in 24 h). Alkali lipase from
Penicillium expansum immobilised on functionalised ceramic foams have been utilised for
the hydrolysis of olive 0il.?** As can be seen from the many reactions outlined for the
production of biodiesel, enzyme-catalysed synthesis is both widely used and efficient.

Another reaction class of interest is kinetic resolution of racemic mixtures. The resolution of
(R,S)-2-octanol with SBA-15 (a hexagonal array mesoporous silica molecular sieve),
Pseudomonas sp. Lipase (PSL) and vinyl acetate to produce (R)-2-octanol and (R)-2-octanol
acetate has been reported.?*® 2-octanol, or capryl alcohol, is commonly used as a raw
material to make caproic acid, which is used as a flavour intermediate, or 2-octanol itself can

be refined to produce plasticisers.?** The reaction is summarised in Scheme 1.7 below.

‘\‘ \_ i "‘-».,._"._,— R Ilnln Ol) ’ P SL / > i

Scheme 1.7: Lipase-catalysed resolution of (R,S)-2-octanol with vinyl acetate.

Full resolution of racemic 1-phenylethanol to (R)-1-phenylethanol and (R)-1-phenylethyl
acetate using immobilised Candida Antarctica lipase B on a modified silica meso-cellular
foam has been reported.?* This is important because chiral alcohols can be used in
enantioselective organic synthesis. a-Chymotrypsin immobilised on MCM-41 has been
utilised by Fadnavis et al** in the chiral resolution of (+)-trans-4-methoxy-3-phenylglycidic

acid methyl ester, shown in Scheme 1.8.
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Scheme 1.8: Kinetic resolution of (z)-trans-4-methoxy-3-phenylglycidic acid methyl ester

gl};c%date with a-Chymotrypsin immobilised on MCM-41. Reproduced from Fadnavis et
al.*

The resolutions of racemic mixtures explained above have all been catalysed by lipases
which have been immobilised on silica supports. Other supported lipases used for resolving

racemic mixtures include:

e Novozym® 435 (Candida Antarctica Lipase-B (CAL-B) immobilised on acrylic

resi n).115’247

e Magnetic nanoparticles. 32>
e Celite,® epoxy resins?®? and many others.??

However, the most widely used support material for enzyme immobilisation is silica. In
addition to the methods outlined above which are used to produce biodiesels, in 2011
mesoporous silica prepared via the sol-gel method was used to immaobilise cellobiase enzyme
which was then used in the enzymatic hydrolysis of biomass, generating ethanol for
biofuels.?®® In the same year, lipase-immobilised mesoporous silica were used in the
methanolysis of soybean oil to biodiesel.®* These are just a small fraction of the uses of

porous silica as a support.

1.9.2 Silica Supports

Applications of various enzymes immobilised on silica are copious and porous silica has
found the most applications as a support material. It has been widely used for a long time to
immobilise various enzymes to carry out a huge range of applications. In 1982, glucoamylase
was immobilised on various porous silicas’ (macroporous silica gels, silochromes and porous
glasses) for starch hydrolysis.?>> In 1984, the kinetics of the hydrolysis of starch, amylase and
maltose were investigated using glucoamylase immobilised on alkylamine derivatives of

Ti(IV)-activated porous silica.”*®
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More recently, it has been exhibited that enzymes can be immobilised on porous silica (pore
size ~2 nm) nanotubes with higher catalyst loadings than other mesoporous silica
materials.?” In 2000, porous silica beads with immobilised Porcine Pancreatic Lipase (PPL)
were used in the enzymatic ring-opening polymerisation of cyclic phosphates.”® CRL
immobilised on amorphous silica nanoparticles has been used to synthesise ethyl isovalerate,

a flavouring agent commonly found in fruits.>*

In an excellent article by Hartmann and Jung, the significant reactions carried using
immobilised enzymes on mesoporous silica are reviewed;*® the three most common being:

resolutions of racemic mixtures, hydrolysis reactions and selective oxidations.

1.10 Bio-catalytic Applications of Supported Enzymes on Magnetic
Nanoparticles

The area which is of most relevance to this project is the use of silica-coated
superparamagnetic iron oxide (magnetite, FesO4) nanoparticles (SPIONSs) as solid supports
for lipase immobilisation. An excellent review of SPIONs and their development, surface

modification and applications in chemotherapy can be found in reference 44. Previous work

in the field has shown that magnetic nanoparticles (MNP’s) coated in amorphous silica®!’

have been used in the isolation of bio-molecules, such as genomic’® and plasmid®®! DNA,
extraction of nucleic acids from soil,”®* drug delivery®®® and extraction of phenolic

compounds from environmental water.”®® MNP’s coated with mesoporous silica®?® have

8

been found to be useful in controlled drug delivery,?®®? hyperthermia,?® removal of

mercury from- and desulfurisation of -industrial effluent,?®® fluorescence, magnetic resonance

imaging®”® and isolation of plasmid and genomic DNA similar to MNP’s coated with

amorphous silica.
Certain properties of nanoparticles that make them attractive for use in drug delivery - such
as high surface area, ability to cross cellular and tissue barriers and resistance to bio-

degradation - have been found to increase their cytotoxic potential relative to the bulk

271
l.

material.”’~ Whereas the iron oxide core alone has been associated with causing inflammatory

responses®’* and inducing oxidative stress — leading to apoptosis (programmed cell death),?’*

274 silica-coated magnetite nanoparticles are bio-compatible.?”>?™® |t is

important to assess
how the drug and shell materials interact with each other to avoid bursting which could lead

to the formation and release of toxic chemicals in the body.*
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It has also been found that mesoporous, macroporous and meso-cellular silica foams with
immobilised enzymes on the surface lack ordering in the pore structure when they were
studied for bio-catalysis.** In a method to overcome this, Sen et al have reported the template
assisted fabrication of hierarchically ordered porous magnetic nanocomposites and their
potential as supports for bio-catalysis.'® In their study, they investigated the catalytic activity
of CRL immobilised on hierarchically ordered porous magnetic nanocomposites to convert p-
nitrophenyl palmitate (PNPP) to palmitic acid and p-nitrophenol via ester hydrolysis. The
immobilised enzymes were found to exhibit catalytic conversion values of roughly 100 times
less than that of pure lipase in homogeneous conditions, but retained most of their catalytic
activity and stability after many cycles, which is impossible using free enzymes in solution as
they are unrecoverable. This reaction is useful as palmitic acid is a well-known substrate for

2 8 its derivatives have been

lipase-activity;”’" was formerly used in napalm synthesis;*’
investigated for use in anti-psychotic drugs;?”® and it is one of the major components of palm
oil found in foods, or used to produce biodiesel.?® The reaction is shown below in Scheme

1.9.

e NO2 —~_ _NO
O Immob. lipase Q + AR 2
o) 2R g ]
CigHyy” ~O7 7 CqsH317 ‘OH H OA P
p-Nitrophenyl palmitate Palmitic acid p-Nitrophenol

Scheme 1.9: Immobilised lipase-catalysed hydrolysis of PNPP.

The catalysis of p-nitrophenyl butyrate (PNPB) is much less documented but has been done

before, using free enzymes,?®

and recently a study comparing enzyme-immobilisation
methods on the bio-catalytic hydrolysis of PNPB has been carried out.”® The study
concluded that lipases immobilised on solid supports (zeolites in this case) exhibited higher
specific activity than cross-linked enzyme aggregates (CLEA’s) and supplied a
“heterogeneous catalyst with promising catalytic properties”.?®* Using the materials produced
in this project for the catalysis of PNPP hydrolysis, comparisons can be made with previous

studies.

Magnetic silica nanoclusters (clusters of silica-coated magnetic nanoparticles of roughly 500
nm) have been used and benefited from increased chemical stability and decreased

aggregation.®®*#* It has recently been reported that L-lactate dehydrogenase (LDH),
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covalently immobilised on silica-coated magnetic nanoclusters, could be suitable for
catalysing the chiral synthesis of pharmaceutical compounds.?®® Netto et al?®® have reported
that Candida Antarctica lipase (CAL) immobilised on superparamagnetic silica-coated
nanoparticles can be used to catalyse enantioselective transesterification reactions, such as the
enantioselective acetylation (and hence kinetic resolution) of alcohols derived from (R,S)-1-
phenylethanol using vinyl acetate as acyl donor.®® This group also tested catalytic activity by
examining the hydrolysis of PNPP. This study is useful to our project as it shows the viability
of enantioselectively-acylating secondary alcohols using enzymes immobilised on

superparamagnetic silica-magnetite nanoparticles.

One reaction that will be performed during the bio-catalysis phase is the use of a selection of
lipase enzymes (CRL and PFL), immobilised on silica-coated SPION’s for the bio-catalytic
partial and selective hydrolysis of cis-3,5-diacetoxy-1-cyclopentene (3 in Scheme 1.10,
shown below) to obtain enantiomerically pure (1S,4R)-cis-4-acetoxy-2-cyclopenten-1-ol and

its (1R,4S) enantiomer (2a and 2b respectively).

AcO - oy s OAcC Enz yme HO \‘I__,, P '/ OH HO \,';__,-»"' . - OAc AcO — AN _\?“ OH
=/ HzO/Hexane — — e —_—
N 1 2a 2h

Scheme 1.10: Enzyme-catalysed hydrolytic synthesis of (1S,4R)-cis-4-acetoxy-2-
cyclopenten-1-ol (2a) and its enantiomer (2b).

Although this reaction has been reported previously, catalysed by lipase from Mucor sp.,?®

288 289

pancreatin®® and immobilised Mucor miehei lipase (Chirazyme®),® to the best of my

knowledge, this reaction has not been carried out using immobilised lipases on magnetic

nanoparticles. The products are high cost synthetic chiral intermediates which are starting

materials for the synthesis of carbocyclic nucleoside analogs®*

291

(useful immunosuppressants)

and particularly eicosanoid compounds:
292

(bio-active lipids derived from 20-carbon

unsaturated fatty acids®* which act as signalling molecules involved in the regulation of

bodily systems including inflammation, immunity and as messengers in the central nervous

293-295

system ) specifically prostaglandins, prostacyclins and thromboxanes.?®*?%%% Figure

1.14 presents the structure of Prostaglandin E;, pharmaceutically known as the drug

alprostadil, which is a vasodilator used to treat erectile dysfunction.?**3%
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Prostaglandin E;

Figure 1.14: The structure of Prostaglandin E;.

Considering the high demand for these chiral intermediates, development of economically
viable enzymatic technology to catalyse their large-scale synthesis is a key synthetic

objective and one which is currently relevant.

Another common reaction catalysed by lipase-immobilised magnetic nanoparticles is the
transesterification (alcoholysis) of short chain alkyl esters. The alcoholysis of ethyl butyrate
with n-butanol has been previously reported using CRL immobilised on surfactant-, fatty
acid- and polymer-coated magnetite nanoparticles® along with immobilised Mucor miehei

302 303

(Lipozyme®)®? and free rape-seedling lipase®® (among many others). The mechanism of the

reaction is shown in Figure 1.15.

Q) &
1 /_\* H—B—Enz @
C3H7 O Q Acyl-Enzyme
o -EtOH H Intermediate
o\ oo
@—Enz—B: @—Enz«BH+
-C3H,COOBU +BuOH
@)
\‘ (9
i n-Bu I
37
. cHfo %
+ ——————— | " H
_H ‘B—Enz—B
C|) Bu—O_ H4 @ ~/
@— Enz—B:

Figure 1.15: The mechanism of lipase-catalysed transesterification (alcoholysis) of ethyl
butyrate with n-butanol. NP denotes surface-functionalised, silica-coated magnetic
nanoparticles, Enz denotes enzyme, B denotes basic group and Bu denotes butyl group.
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1.10.1 Bio-catalysis with Supported Enzymes: Summary

A wide range of enzymes (particularly lipases) immobilised on various support materials
have been utilised successfully as bio-catalysts. Table 1.4 provides a comprehensive listing of
the main types of bio-catalytic reactions outlined in Section 1.9, along with the types of
support used.

Table 1.4: A summary of the main types of supports and enzymes used.

Support  Enzyme(s) Studied Reaction(s) and Reaction Ref.
type Class(es)
Silica Lipases, Various including oxidation, hydrolysis, 260
dehydrogenases, esterification and kinetic resolution.

peroxidases and

oxidases.
Agarose Carboxypeptidase A, Protein hydrolysis, 103,210-
beads Alcalase, Esterification. 213
Esterases,
Lipases.
Zeolites Trypsins, Peptide synthesis, alcoholysis, 214-216
Cutinases, hydrolysis, esterification.
Lipases.
Porous Apricot Hydrolysis of methoxyl groups of 218
glasses pectinesterase. methylated galacturonic residues in pectin
molecules.
Epoxy Lipases, Hydrolysis of dairy products, cancer 219-221
resins B-galactosidase, chemotherapy.

cytosine deaminase,

5-fluorocytosine.
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Table 1.4: Continued

Support  Enzyme(s) Studied Reaction(s) and Reaction Ref.
type Class(es)
Magnetic CRL Hydrolysis of p-nitrophenyl esters, 222,259,301
NPs esterification synthesis of ethyl
isovalerate, transesterification of ethyl
butyrate.
Silica- Lipases, Enantioselective esterification, 44,73,81,
coated Dehydrogenases, hydrolysis, isolation of bio-molecules, 217, 261-
magnetic Various others. extraction of nucleic acids, controlled 263,269,270
NPs drug delivery, water purification, 279,283,
fluorescence and magnetic resonance. 284,286,304

1.11 Introduction to Bio-separations and Bio-sensors Using Magnetic

Nanoparticles

1.11.1 Bio-separations

Bio-separation involves the selective separation and purification of target bio-molecules from

a mixture of biological components. Typical methods used in bio-separations are:*%

e Physical and mechanical methods such as various adsorption,®® filtration,®”’

centrifugation®*® and magnetic separation techniques.

e Chemical and thermal methods such as reverse osmosis,>

chromatography®*?

and electrophoresis

309,310

314 techniques.

1

ion-exchange, 2

Magnetic nanoparticles and functionalised magnetic nanoparticles have been widely used in

bio-separations for numerous applications, outlined below:

e Protein recovery and separation from protein mixtures.

e Immunomagnetic cell isolation and separation.

315,316

317,318

e Immunomagnetic assays, i.e. a chemiluminescence enzyme immunoassay for

sensitive and rapid detection of immunoglobulin G,**° a fluoroimmunoassay for the
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320

detection and removal of E.Coli** and an enzyme-linked immunosorbent assay

(ELISA) for detection of Staphylococcus spp. bacteria in milk.**

1.11.2 Bio-sensors

Bio-sensors are biological analytical devices that combine a biological recognition element
with a physicochemical detector (such as a transducer).**> They can be classified according to
the detection methods used and some examples using magnetic nanoparticles are explained in

detail below.

Optical bio-sensors: are powerful tools for detection and analysis that have many
applications in the bio-medical, pharmaceutical and military industries.**® Detection is
typically either fluorescence-based (binding of fluorescence-tagged target or receptor
molecules resulting in a measurable increase in fluorescence) or label-free (by measuring

changes in optical properties such as refractive index and optical absorption).

Optical bio-sensor systems incorporating magnetic nanoparticles have been used for the

detection of: drugs in human blood serum/plasma and saliva,3?*

325

antigens related to
Alzheimer’s disease,’® myocardial infarction diagnosis®®® and others,**’ food-borne
pathogens,®® DNA, RNA and protein molecules.*****! In 2010, Smith et al reported the
impact of using magnetic extraction using antibody-conjugated MNP’s labelled with
fluorescent proteins for both target pre-concentration and integration into immunoassays

leading to enhanced signal generation.

Electrochemical bio-sensors: are widely used as they can directly convert a biological
“event” to an electric signal, i.e. by measuring current (amperometric), charge accumulation
(potentiometric) or changes in conductive properties between electrodes in a medium
(conductometric).®?? They typically employ screen-printed electrodes as both the solid-phase
for the immunoassay and the electrochemical transducers. Specific enzyme-labelled
antibodies/antigens are directly immobilised onto the electrode surface and produce
electroactive products upon binding with their target which can be detected at the electrode
surface®**. However, this can lead to problems such as shielding of the surface by the bound

antibody-antigen complex.

The use of bio-ligand-functionalised magnetic nanoparticles as the solid phase for the
reaction leaves the electrode surface free and the product can diffuse onto the bare electrode

surface without steric hindrances. Typical detection methods are cyclic voltammetry (CV),
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chronoamperometry (CA), electrochemical impedance spectroscopy (EIS), potentiometry and

others.®?> Examples of magnetic nanoparticles being used for electrochemical bio-sensor

applications are outlined in Table 1.5 below.

Table 1.5: Examples of electrochemical bio-sensors and their applications.

Bio-sensor System Species Detected and Application Ref.

Screen-printed carbon electrodes Ethanol from fermentation and distillation 334

(SPCEs) coated with ferricyanide processes.

magnetite, yeast YADH and NAD"

cofactor.

Glucose oxidase layered on drop- Sensitive detection of glucose as a clinical 335

coated ferricyanide magnetite on indicator of diabetes and in the food industry.

SPCEs.

Laccase immobilised on core-shell Detection of hydroquinone in compost (due to 336

silica-magnetite nanoparticles, being hazardous and degradation-resistant in

attached to a carbon paste electrode. the environment).

Tyrosinase immobilised on magnetic Detection of phenol, a contaminant in ground 337

MgFe,0,4 nanoparticles, attached to a and surface water.

carbon paste electrode.

Glutathione oxidase immobilised on Detection of glutathione, a human health bio- 338

chitosan-functionalised  gold-coated marker overexpressed in tumour tissues and

magnetite nanoparticles, attached to a altered levels in plasma are implicated in

modified Pt electrode. diagnosis of  Alzheimer’s, Parkinson’s,
diabetes and HIV.

PEGylated arginine functionalised Detection of dopamine, a neurotransmitter 339

magnetite nanoparticles, coated on a

glassy carbon electrode.

that plays an important role in the function of

the central nervous, renal and hormonal
systems. Low or abnormal metabolisms of
dopamine are associated with Parkinson’s,

schizophrenia, epilepsy and others.
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The second aim of this project is to develop both bio-separation and bio-sensor systems for
the detection of pathogenic Listeria Monocytogenes (LM) in real food samples and
Escherichia Coli (EC) in both food and wastewater. In terms of bio-separation, LM- or EC-
specific oligonucleotides or antibodies will be covalently attached to functionalised magnetic
nanoparticles for the specific capture of LM or EC from a mixture of bacteria and nucleic
acids. In the case of oligonucleotide capture, the LM or EC bacteria captured on the
nanoparticles will be removed by dehybridisation and amplified and quantified using real-
time quantitative PCR. Hence, it is important to discuss why both LM and EC are of such

interest.

1.11.2.1 Listeria Monocytogenes (LM)

Listeria Monocytogenes (LM) is a Gram-positive, rod-shaped facultative anaerobic bacterium
and is widespread, with the ability to multiply at low temperatures (refrigeration
temperatures) and within a wide pH range (4.39-9.40).3*%%* |t can contaminate foods such as
cheeses, raw milk, ice cream, raw and cooked poultry and fish, raw vegetables and raw
sausages®* - causing listeriosis; a severely infectious disease known to cause meningitis,
septicaemia and spontaneous abortion, as well as fatality in around 30% of all cases.®****
Therefore, it is important to find suitable materials and processes in order to detect low levels
of LM in food samples in conjunction with the European quality of safety directly related to

human health.

1.11.2.2 Escherichia Coli (EC)

Escherichia Coli (EC) is a Gram-negative, rod-shaped facultative anaerobic bacterium
commonly found in the intestinal tract of animals.>*® Most strains of EC are harmless, but
some serotypes are inherently pathogenic, leading to infections including urinary tract

346

infection [uropathogenic (UPEC)],”™ meningitis in newborns [newborn-meningitis-causing

(NMEC)J** and enteric/diarrheal diseases [enterotoxigenic (ETEC), enteroinvasive (EIEC),
enterohemorrhagic (EHEC), enteropathogenic (EPEC) and enteroaggregative (EAEC)].%*"**
EC is serotyped according to its somatic (O), flagellar (H) and capsular (K) surface antigen
profiles. Enterohemorrhagic EC (EHEC) can be identified as pathogenic and dangerous as it
produces the major virulence factor, the Shiga toxin, which is cytotoxic.>*® These strains are
also known as Shiga toxin-producing Escherichia Coli (STEC) strains and well-known
outbreaks of contamination have been found to be caused by strains including Escherichia

Coli 0104:H4 (enteroaggregative — causing persistent diarrhea®®) and 0O157:H7

Page 58 of 250



(enterohemorrhagic — causing bloody diarrhea®°

), both found in undercooked ground beef,
raw milk, cheese, vegetables and water, amongst other things.>*¢3*9%1353 These are the
specific strains that this project will attempt to selectively isolate and detect from real

samples.

1.11.2.3 Typical Bacteria Detection Methods

Typical methods of detection involve placing the bacteria sample in an enrichment broth with
or without selective agents for around 48 hours. After 24 and 48 hours, the enriched cultures
are streaked onto Agar plates, which contain selective isolation media to only permit the
growth of a specific species. The plates are incubated at 30-35°C for 24-48 hours, depending
on the media present. The bacteria is then often isolated for analysis and identification®*"®>*,
Following enrichment and culturing, the sample can then be analysed using a range of
detection methods. There are three main methods of bacteria/microbe capture and detection

used in industry today.** They are:

1. Molecular whole-cell and surface recognition methods: This method
involves binding to molecular structures on the surface or interior structures of
the target microorganisms (bacteria, viruses, genetic materials). This is
typically carried out with immunoassay techniques, bacteriophages and

specific probes (for example ELISA assays and immunomagnetic separations).

2. Enzyme/substrate methods: Based on existing widely-used chromogenic or
fluorogenic substrate methods, or done by developing new enzyme-substrate
methods. This method is done by the capture of fluorophore- (or
chromophore-) tagged growth substrates by the enzyme. This is followed by
the substrate growth and subsequent enzymatic cleavage of the fluorophore,
causing an increase in fluorescence which can be detected. Examples include

agarose gel electrophoresis and Southern blotting.

3. Nucleic acid detection methods: These methods capture target specific
microorganism nucleic acid sequences, which are then amplified for detection.
Common methods of amplification include: Polymerase chain reaction (PCR),
reverse transcriptase PCR (RT-PCR), quantitative PCR (qPCR), nucleic acid

based amplification and microarrays.
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The primary method chosen for detection of both LM and EC (following bio-separation) in
this project is PCR, as it is possible to target specific nucleic acid sequences for amplification
and detection. It also has the advantage over typical microbiological detection methods as it
IS more sensitive, requiring the culture to be enriched for a shorter time. It can provide rapid,
accurate results and is a very widely used, efficient method commonly used for bacteria
detection. For specific LM detection, the virulence protein listeriolysin O, encoded by the

309,356,357

gene hlyA, is commonly the target of the primers in the PCR reaction, although

others can be targeted.*® For specific EC detection, targets include: B-galactosidase, encoded

B;3%° d:*° and the chromosonal

by the gene lam B-D-glucoronidase, encoded by the gene ui
gene, eae.*®® Initially separating the target species from a mixture can make detection much
quicker, efficient and more sensitive. For this reason, bio-separations with magnetic

nanoparticles for the specific detection of LM or EC will be discussed first.

1.11.3 Immobilisation of Bio-molecules for the Detection of Specific Target Bacteria

In PCR, Taq polymerase (a recombinant thermostable DNA polymerase used to catalyse
DNA synthesis) can suffer from inhibition in the presence of some components of food,
enrichment media, or particularly large amounts of DNA. As a pre-PCR step, immunological
techniques such as the enzyme-linked immunosorbent assay (ELISA) can be used alone to
detect and isolate specific bacterial cells or antigens within samples. However, as they require
a detection limit of 10°-10" colony-forming units per millilitre of reaction medium
(CFU/mL), they still require lengthy enrichment and plating steps.*®* Therefore, the use of
immunological methods combined with separation techniques is useful as a method of
isolating specific bacteria from enrichment broths and samples before PCR. Immunomagnetic
separation (IMS) is a commonly used technique that combines both methods; permitting
specific capture of bacteria/antigens from an enrichment broth, while concentrating the target
cells and removing PCR-amplification inhibiting species.®****® Immunomagnetic separation
(IMS) requires specific receptor molecules (typically antibodies) immobilised on magnetic

solid supports which bind to target molecules (antigens) within the sample. 3623

1.11.3.1 Using Immobilised Antibodies

Methods involving covalently immobilised antibodies on magnetic nanoparticles have been
previously reported by many groups>*®2*%® and when combined with PCR or qPCR, offer
increased sensitivity of detection over techniques such as classical microbiological

enrichment and culture plating, gel electrophoresis and Southern blotting. These methods are
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the basis of immunomagnetic procedures.*®® In 1993, Fluit et al first reported the use of
magnetic nanoparticles coated with LM-specific monoclonal antibodies for the detection of
LM in cheese.*®? Since this first reported use of immunomagnetic separation, many groups

have used this method.

For detection of Listeria, IMS has been popular due to the commercial availability of anti-
Listeria immunomagnetic beads, such as anti-Listeria Dynabeads® (Dynal Biotech
ASA).2**3% However, these beads capture all Listeria species and are not specific for LM
only. Yang et al reported that carboxyl-modified magnetic nanoparticles with covalently
immobilised rabbit anti-LM antibodies were used for the IMS and detection of LM in
artificially contaminated milk.*** Their findings confirmed that immobilised rabbit anti-LM
antibodies on functionalised magnetic nanoparticles afforded higher capture efficiency and
specificity for the target LM antigen. Reasons for these results could be that the magnetic
nanoparticles are much smaller (70-100 nm) than the commercial Dynabeads® (which are
~2.8 um diameter), having a higher surface-to-volume ratio and efficient diffusion properties,

facilitating the rapid binding kinetics to target cells within the milk.>*

For specific EC detection, IMS methods involving magnetic nanoparticles have been used

370,370

with classical microbiological plating as well as in combination with techniques such as

' electrochemiluminescence,*” ELISA*® flow cytometry*™* and

chemiluminescence,’
others.>>%"" A good example of IMS combined with another technique is reported by Yu
and Bruno,"? who combined immunomagnetic separation (with antibody-coated magnetic
beads) with electrochemiluminescent detection to target EC O157:H7 and Salmonella
typhimurium in both food and environmental water samples. Various IMS assays have also

310,364,378,379 380-383

been developed for the detection of Salmonella and others.

1.11.3.2 Using Immobilised Oligonucleotides

Nucleic acid bio-separation relies on the hybrid capture of a target oligonucleotide sequence
using a specific complementary oligonucleotide sequence covalently-immobilised on
functionalised magnetic nanoparticles. The immobilised captured target sequence can then be
washed to remove impurities from the system before being dehybridised and used for
amplification and detection using techniques such as qPCR. It is a modification of typical
IMS techniques and is much less common. By selectively isolating target DNA from a
complex sample mixture, time-consuming cultural enrichment steps can be avoided and

shorter specific nucleic acid enrichment periods can be implemented. Total detection time is
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decreased and PCR sensitivity can be increased due to removal of inhibiting species and non-
target DNA.

Initial techniques used biotinylated capture probes to capture target DNA from samples,
followed by immobilisation upon Streptavidin- or avidin-coated magnetic supports, which
were then actually used in the PCR reaction itself.****® One of the first reported applications
of this technique was in 1994, when Heerman et al used hepatitis B virus (HBV) DNA as a
template nucleic acid for hybrid capture, immobilisation and subsequent PCR amplification
and detection.®®* The first step was to chemically denature HBV proteins, the second step was
to hybridise biotinylated oligonucleotides to the HBV-DNA in the liquid-phase and then the
final step was to immobilise them onto Streptavidin-coated magnetic nanoparticles. The
samples were then analysed using PCR. Since this first reported use, the same method has
been used for capture and detection of chronic enteric pathogens,** mycobacterial DNA (for

386 388,389

the diagnosis of tuberculosis),**® poliovirus,®’ hepatitis C virus, and others.*®

More recently, methods that utilise capture oligonucleotides covalently-immobilised on
functionalised magnetic nanoparticles have started to gain popularity, particularly for the
detection of LM.***3¥ In 2006, Amagliani et al developed a rapid and sensitive method for
detecting LM in milk samples using a LM-specific, covalently immobilised (via imine bond)
oligonucleotide (capture probe) on functionalised core-shell silica-magnetite nanoparticles.***
The oligonucleotide sequence was selected from a highly conserved region of the listeriolysin
O gene (hlyA) and was located outside the desired specific PCR site to avoid cross-
contamination. The captured sequence was then dehybridised and gPCR was used for
amplification and detection. Scheme 1.11 provides a schematic representation of the

oligonucleotide capture and dehybridisation sequence.

G i) Glutaraldehyde @
NH, O e Olig
© i) 8’-NH,-Capture Oligo NH-CaptureOligo

iii) NaBH;CN

lTarget Oligo Hybridisation

Dehybridisation ] .
NH-Capture Oligo NH‘(-?“‘IPItI“II'f | ?Illlgo

+ Free Target Oligo Target Oligo

Scheme 1.11: Schematic representation of target sequence capture by an immobilised capture
oligonucleotide.
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In 2010, the same group developed a multiplex magnetic hybrid capture assay for
simultaneous detection of Salmonella spp. and LM DNA from seafood.**? They utilised a 1:1
mixture of immobilised Salmonella spp. and LM capture probes on functionalised silica-
magnetite nanoparticles for simultaneous and selective isolation of the target DNA sequences
from samples contaminated with both species. Following isolation of the target species, a
triplex real-time PCR (gPCR) was carried out in the presence of an Internal Amplification
Control (IAC) to simultaneously amplify, detect and quantify the amount of the target species
in each sample.

In 2012, Zhu et al developed a novel nanomagnetic primer based electrochemiluminescence-
PCR strategy for genome detection and analysis. The process relies on two in situ processes:
1) PCR on the magnetic nanoparticle surface and 2) Magnetic nanoparticle loading onto a
magnetic electrochemiluminescence readout platform.*** This method was used to rapidly
and selectively detect LM at limits of 500 fg/uL in 1 hour, a limit comparable to that of
qPCR.

Examples of similar methods that use capture oligonucleotides covalently-immobilised onto

functionalised nanoparticles in the detection of EC are less common than LM, but include:

e Detection of EC from stool samples using primer-immobilised magnetic nanoparticles
to detect enterotoxigenic EC (ETEC) using PCR.**

e Detection of EC O157:H7 using oligonucleotide-functionalised gold nanoparticles in
combination with piezoelectric bio-sensing.3*

e Detection of EC using gold nanoparticles and a thiolated capture oligonucleotide
(from EC) immobilised into a 3-dimensional mercaptosilane-based sol-gel polymeric
network, formed onto a screen printed gold electrode surface for electrochemical

detection.3%®

Further examples of target species that have been detected using oligonucleotide-grafted
nanoparticles include genetically-modified organisms,*® Alexandrium species that cause
harmful algal blooms in the Mediterranean Sea®*” and rotavirus (an enteric diarrhoea causing
pathogen).®*® It is interesting to note that most of the methods which used PCR as a detection
method, have used the hybridised capture and target sequences immobilised on the magnetic
nanoparticles directly in the PCR, without prior dehybridisation of the target sequence from

the support. This is in contrast to using dehybridised single-stranded DNA, which can avoid
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slight steric hindrances of DNA and primer target recognition on the nanoparticle surface in
the PCR reaction. Many new processes are using PCR combined with other detection
techniques such as electrochemiluminescence to afford quicker and more sensitive

results 31:3%

As has been mentioned previously in this section, following the selective isolation of the
target species from a sample, the purified or captured materials can then be amplified and
detected by a variety of methods, leading to accurate quantification of the target species. With
regards to this project, the most important of these detection methods is the polymerase chain

reaction (PCR), which will be discussed in detail in the upcoming section.

1.11.4 Polymerase Chain Reaction (PCR)

Initially developed in 1983 by Mullis®®

(later earning him the 1993 Nobel Prize in
Chemistry), PCR is an in vitro method used for the amplification of DNA. PCR uses two
oligonucleotides (short lengths of single-stranded DNA, also known as primers)
complementary to opposite strands of the target DNA, to specifically amplify the regions
between them in order to direct the target-specific synthesis of new DNA copies (amplicons).
The primers provide the initiation site for DNA synthesis, catalysed by a thermostable DNA
polymerase (such as the recombinant thermostable DNA polymerase from the Thermus

Aguaticus microorganism - Tag polymerase).

The new DNA which is synthesised by Taq polymerase is then used itself for further
replication, hence giving rise to a chain reaction in which the target DNA sequence becomes
exponentially amplified. PCR relies on a three-step thermal cycling method to synthesise new

DNA sequences from an original DNA template sequence:

1. Denaturation/melting: The original DNA is heated in order to separate the two
strands in its double helix. This step is typically around 95°C, time can vary from 30
seconds to 10 minutes.

2. Hybridisation/annealing: Specific oligonucleotide sequences (primers) to each
strand of the DNA are added in vast excess to the original DNA*® (due to the huge
amount of copies to be made) and are then hybridised (annealed) to the separated
single-strands at around 40-65°C for a short time (usually less than 1 minute). The
temperatures used can vary, but are usually just under the melting point (Tn) of the

primer-DNA complex. If the primer and DNA sequences are complementary, then
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stable bonds will form between them and the Tag polymerase then begins to attach
additional complementary nucleotides at these sites.

Extension/elongation: The temperature is increased to 70-75°C (typically 72°C) as
this is close to the optimum working temperature of Taq polymerase, which works by
adding complementary nucleotides to the developing DNA strands, forming a new
double stranded DNA molecule. Also, non-complementary bonds between the primer

and DNA sequence are broken in this step.

These steps 1-3 are then repeated with the newly formed DNA amplicons for 20-45 cycles.

The process is shown below in Figure 1.16.

5' Double-stranded DNA (target)

L]

v
‘
-

[
L

3
l 1 Denaturation

i 2 Primers annealing
> 1 Cycle
I
5’ 3 3 5
I
l 3 Extension (polymerisation)
— _______________________________________________________________________________ |
< S

Each new double-stranded
DMA acts as target for new cycle

Cycles repeated exponentially:
logarithmic amplification

Figure 1.16: Schematic representation of the PCR process. Step 1 is denaturation at around
95°C to separate double-stranded DNA to single-stranded DNA. Step 2 is the annealing of
primers to their complementary target sequences on the single-stranded DNA at around 60°C.
Step 3 is the extension phase using Taq polymerase to generate a new sequence of double-
stranded DNA. At the end of the first cycle, the newly formed double-stranded DNA
sequences are used as templates for subsequent cycles. Figure reproduced and adapted from
reference 401, which had mixed up the 3’ and 5’ ends of the primer bound to the upper strand
of the denatured double-stranded DNA.
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Following the first cycle, two new DNA amplicons (identical to the target) are formed, but
without a clearly defined 3’ end. They do, however, possess the precisely defined 5’ end and
as the number of cycles increases, newly formed amplicons with more defined lengths are
used as DNA templates and new DNA amplicons synthesised from these have clearly defined
lengths limited at either end by the 5’ group of the two primers (can be seen in Figure 1.16).
For example, in the second cycle, a discrete double-stranded product is formed which is
exactly the length between the primer ends on the original DNA template. Each of these
strands are complementary to the primers and are used as templates in subsequent cycles to
produce new double-stranded DNA amplicons with a precisely defined length. After 20
cycles, around 1 million molecules are cloned from a single segment of the original double-
stranded DNA. In the absence of any inhibiting species in the reaction mixture, the amount of
DNA copies will approximately double with every cycle.

1.11.4.1 PCR Optimisation

In order to work most effectively, PCR requires optimisation of the following:

e Template DNA sequence

e Specific primers

e Thermostable DNA polymerase (such as Taq polymerase)
e Deoxyribonucleotide triphosphate (ANTP) mixture

e MgqgCl,

e Specific PCR buffer (with K* ions, usually from KCI)

The template DNA should be purified and only a small amount is required (0.1-1 pg for
genomic DNA).*® Larger amounts can often contribute to the increased yield of non-specific
PCR products. Primers are used in great excess to the template DNA (typically around 10’
times) and should have similar melting temperatures (within 5°C of each other).*®%%? They
should not be self-complementary or complementary to other oligonucleotides in the reaction
mixture to prevent secondary structures from forming, such as primer-dimers and hairpins,
which lead to decreased availability, efficiency and ability to bind to the target sequence.*®
Formation of these undesirable secondary DNA structures competes with synthesis of the

target DNA and can drastically affect product yields.

Primers should also be short in length (18-30 nucleotides) and GC content should be 40-
60%*%°*% Melting temperature can be modified by changing the GC content, as guanine (G)
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and cyanine (C) share three hydrogen bonds, making the interaction between them more
stable than that between thymine (T) and guanine (G), which share just two hydrogen bonds.
Increasing the temperature can decrease non-specific primer annealing. Melting temperature

(Tm) can be simply estimated from Scheme 1.12 below:***

Tm=2(A+T) + 4(G+C)

Scheme 1.12: Estimate of melting temperature (Tr,) based on nucleotide composition.

MgCl, acts as a co-factor to Taq polymerase and also forms stabilising complexes with the
original DNA templates, primers and dNTP’s*® (K* also helps to stabilise the Tag
polymerase). Its concentration must be optimised (usually 1-3 mM) as too much will increase
the yield of non-specific products and too little will decrease the yield of specific PCR
products. The concentration of the Taq polymerase must be optimised as too much can lead
to the production of non-specific products, which is again undesirable.*® The buffer acts to
help the mixture retain constant pH and salt concentrations, so that the DNA polymerase can

retain maximum activity throughout the reaction.

1.11.4.2 Taqg Polymerase: Mechanism of Action

Primers, like DNA, have a 5’ and 3’ end and the Taq polymerase uses the original single
strands of DNA to add complementary deoxyribonucleotide triphosphates (ANTPs: better
known as nucleotide bases A, C, G and T) from the reaction mixture to the 3’ end of the
primer to synthesise a section of double-stranded DNA specific to the region of interest. The
5" end of the primer remains unchanged as, like in most DNA replication processes, Taq
polymerase only synthesises new DNA in the 5’ = 3’ direction (via the 3'-OH group on the
nucleotide at the end of the oligonucleotide sequence).””” It also possesses only 5= 3’
exonuclease activity- meaning that it cleaves 5’ terminal oligonucleotides of double-stranded
DNA and releases mono- and oligonucleotides.*® Without 3’ = 5’ exonuclease activity, Taq
polymerase lacks proofreading activity (the ability to reverse its direction of synthesis to
remove an incorrect base pair and replace it with the correct one) and can have a high error

rate, up to 1 in 10,000 nucleotide mutations per cycle.**%*!*

dNTP’s are added by the Tag polymerase to the 3’-OH end of the primer (forming a
phospodiester bond), resulting in the loss of a pyrophosphate group each time a new dNTP is
added to the extending chain.****® The active site of Taq polymerase features two metal ions

which facilitate the binding of dNTPs to the primer strand.*** The first metal ion is the
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nucleotide-binding ion and coordinates the a-, B- and y-phosphate oxygens of the incoming
dNTP. The second is the catalytic ion which coordinates the a-phosphate of the dNTP and the
3’-oxygen of the primer strand. The coordination of the catalytic metal ion to the 3'-oxygen
on the primer is what facilitates the chemical reaction, which is nucleophillic attack of the 3'-
OH on the dNTP.** The nucleotide-binding metal ion also assists the leaving of
pyrophosphate from the active site. The two metal ions are commonly Mg**.**® Figure 1.17
below demonstrates the two metal ion catalytic mechanism.
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Figure 1.17: The two-metal ion mechanism of DNA polymerase. The two conserved
aspartate residues D705 and D882 have the E.Coli DNA polymerase | numbers. Tag
polymerase is homologous to E.Coli DNA Polymerase 1,**° but in Taq polymerase, the
aspartate residues are numbered differently (Asp-610 and Asp-785).**% Metal ion A can be
seen to activate the 3'-OH group of the primer for nucleophillic attack on the a-phosphate on
the dNTP. Metal ion B stabilises the negative charge on the leaving oxygen and chelates the
B- and y-phosphates. The figure is reproduced from reference 413.

1.11.4.3 Post-PCR Processing

In the initial phases of a PCR, amplification is exponential and the number of amplicons will

double with every cycle (assuming 100% efficiency). As reagents are consumed and
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depleted, the PCR slows down and eventually plateaus. Traditionally, it is at this plateau

phase when traditional PCR can begin to detect the products. The amplified DNA products

from the PCR can then be analysed using techniques such as:

Gel electrophoresis (DNA electrophoresis): DNA molecules are placed into a gel
matrix and an electric field is applied, moving the anionic DNA molecules through
the gel matrix. Smaller molecules migrate further than large molecules as they can
move more easily throughout the pores within the gel matrix. This process is known
as sieving. The DNA molecules are typically stained with ethidium bromide (or
SYBR® Green | — an asymmetric fluorescent cyanine dye used for nucleic acid
staining) which fluoresces under UV light upon intercalation with DNA, making them
visible when UV light is applied. Common stabilising media used as gels today are
agarose and polyacrylamide.*"*'® “Ladders” are solutions of DNA molecules with
varying known length added into the gel matrix and are used to help approximate the
size of the DNA molecule of interest.

Southern Blotting: Single- or double-stranded DNA molecules undergo gel
electrophoresis, followed by transfer to a nylon membrane. Double stranded DNA is
often denatured to produce single-stranded, blotted DNA, which is then heated or
illuminated under UV light. Solutions that contain single-stranded labelled
hybridisation probes that are complementary to the target sequences are then added
under various conditions (i.e. changing temperature and salt concentration) and the
hybridised DNA-probe complex will remain attached to the nylon membrane
throughout multiple washing steps. The probes are often radio- or fluorophore-
labelled, allowing the detection of the target sequence by measuring fluorescence, for
example. This method is up to 100 times more sensitive than gel electrophoresis
419

alone, allowing the differentiation between specific and non-specific PCR products.

Colorimetric assays, dot-spot analysis, oligomer-restriction and many others.**°

Techniques such as gel electrophoresis and Southern blotting are relatively slow, non-

automated, require post-PCR processing, have low sensitivity and precision and rely on

discrimination of products by size or charge only. They provide qualitative analysis of PCR

products. Also, as these techniques analyse the amount of DNA following both the

exponential linear phase of amplification and the plateau phase, it is more difficult to

determine the original amount of template DNA. However, a technique known as real-time
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quantitative PCR (gPCR) allows the measurement and quantification of PCR products as they
accumulate. This permits quantitative analysis of the DNA amplicons at all phases of the

PCR amplification. This allows for more accurate determination of DNA concentration.*?%#%

Real-time PCR uses changes in fluorescence to quantify and detect the amount of DNA
amplicons that have been synthesised in the PCR. Intercalating fluorescent dyes such as
SYBR® Green | fluoresce when bound to double-stranded DNA, hence fluorescence will
increase as the number of DNA amplicons increases. This can be detected by the PCR
instrument which can also quantify the amount of fluorescence emitted. However, this
method can lack specificity as all DNA in the reaction causes fluorescence of the dye, not just
the specific required amplicon.*”? Another method of monitoring the gPCR is with
fluorescent probes, which are complementary to the target DNA sequence. These probes are
labelled at one end with a fluorescent reporter (donor) molecule on one end and a quencher
(acceptor) at the other. In their normal, unbound state, fluorescence of the probe is low as the
quencher is able to act upon the fluorescent reporter. During PCR, the probe binds to the
target sequence of interest and is cleaved from this site by the 5’ - 3’ exonuclease activity of
Taq polymerase during the elongation step.*®® At this point, the reporter and quencher
molecules become separated and fluorescence increases. As more copies of the DNA
amplicon are made, more of the fluorescent probe molecules bind to the target DNA
sequence and are cleaved by the Taq polymerase, resulting in an increase in fluorescence.**
A reference dye may also be used to normalise the signal within the instrument and correct
for any well-to-well changes.**! Examples of fluorescent probes are TagMan® probes and
molecular beacons.***?2 The mechanism of action of a Tagman® probe is shown below in
Figure 1.18.
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Figure 1.18: The mechanism of action of a Tagman® probe in real-time PCR. The probe
sequence is homologous to a region with the target sequence. When the probe is intact, the
reporter emission is quenched by the quencher molecule. During extension, the probe is
cleaved via the 5 exonuclease activity of the Tag polymerase, releasing the reporter and
quencher resulting in an increase in fluorescence, which can be detected and quantified in
real-time. As amplification continues, the strength of fluorescence will be proportional to the
amount of PCR product made. Figure reproduced from reference 413.
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1.12 Summary

With the current drive for ‘greener’ chemistry, magnetic nanoparticles functionalised with
bio-molecules can potentially provide the answer, in the fields of bio-catalysis, bio-medicine,
bio-separation and bio-sensors. Further strategies for immobilisation will emerge due to a
current emphasis on research into alternative support materials. In terms of enzymes, even
though extremely effective and applicable, methods that reduce activity such as cross-linking
could lose focus in the search for methods which can increase catalytic activity while keeping
the current advantages that enzymes possess.*® It is envisaged that strategies to enable
enzymes to be functional in more harsh conditions such as high/low temperature, pH and
pressure and various organic solvents will be researched heavily to make them applicable in
all fields. In the bio-medical industry, bio-functionalised magnetic nanoparticles are finding
increasing application in areas such as cancer diagnosis, chemotherapy, hyperthermia,
magnetic resonance imaging (MRI) and many more. In the areas of bio-separations and bio-
sensors, it seems that a combination of effective separation and detection methods could be
used together in order to provide more rapid and sensitive results. It is the aim of this project
to immobilise various useful bio-molecules onto silica-coated SPIONSs in order to produce
efficient materials for applications in bio-catalysis, bio-medicine, bio-separation and bio-

sensing with commercial viability.

Page 72 of 250



CHAPTER 2
MATERIALS AND METHODS
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2.1 Chemicals and Bio-molecules

All reagents employed in this study were available commercially, of highest purity grade and

used as purchased unless otherwise stated.

Specialist reagents were obtained as follows: 3-aminopropyl tri-ethoxysilane (APTS) was
obtained from Sigma-Aldrich, UK; 3-aminopropyl di-ethoxymethylsilane (APDS) and 3-
aminopropyl mono-ethoxydimethylsilane (APMS) were both obtained from ABCR Specialty
Chemicals, Germany. Lipases [Candida Rugosa (CRL) and Pseudomonas
Fluorescens(PFL)], bovine serum albumen (BSA), Bradford reagent, salmon sperm DNA,
glutaraldehyde solution (Grade I, 25% in H,0), 4-nitrobenzaldehyde (4-NBA), p-nitrophenyl
palmitate (PNPP), p-nitrophenol (PNP), sodium cyanoborohydride and chiral reagents [cis-
3,5-dihydroxycyclopentene,  cis-3,5-diacetoxy-1-cyclopentene, (1S,4R)-cis-4-acetoxy-2-
cyclopenten-1-ol and (1R,4S)-cis-4-acetoxy-2-cyclopenten-1-ol] were all purchased from
Sigma-Aldrich, UK. Ethanol (Absolute, 200 proof, Molecular Biology grade) was purchased
from Fisher Scientific, UK. Oligonucleotide sequences specific to Listeria Monocytogenes
(LM), shown in Table 2.1, were purchased from TIB-MOLBIOL, Germany.

Table 2.1: Single-stranded oligonucleotides specific to Listeria Monocytogenes (LM), used
in the project.

Name Oligonucleotide Sequence Concentration
of Stock
Solution
(nmol/mL)
C6-TINH2 1.0 0D 5'-NH,-dcs- GGTGGCAAACGGTATTTGGCAT 4.10
C6-T1INH2 5'-NH;-dcs- GGTGGCAAACGGTATTTGGCAT 41.1
C12-T1NH2 5'-NH;-dci,- GGTGGCAAACGGTATTTGGCAT 41.1
C6-T2NH2 1.0 OD 5'-NHj-dcg- CACATTTGTCACTGCATCTCCGTG 4.30
C6-T2NH2 5'-NH,-dcg- CACATTTGTCACTGCATCTCCGTG 43.1
C12-T2NH2 5'-NH,-dcio- CACATTTGTCACTGCATCTCCGTG 43.1
T1-Comp Seq. 5-ATGCCAAATACCGTTTGCCACC 44.3
T2-Comp Seq. 5-CACGGAGATGCAGTGACAAATGTG 35.8
6F-T1-Comp Seq. 5'-6FAM- ATGCCAAATACCGTTTGCCACC 4.40
1.00D
6F- T1-Comp Seq. 5'-6FAM- ATGCCAAATACCGTTTGCCACC 44.4
6F-T2-Comp Seq.  5'-6FAM- CACGGAGATGCAGTGACAAATGTG 3.60
1.00D
6F-T2-Comp Seq.  5'-6FAM- CACGGAGATGCAGTGACAAATGTG 35.9
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Oligonucleotide sequences specific to Escherichia Coli (EC), shown in Table 2.2, were also
purchased from TIB-MOLBIOL, Germany.

Table 2.2: Single-stranded oligonucleotides specific to Escherichia Coli (EC), used in the
project.

Name Oligonucleotide Sequence Concentration of
Stock Solution
(nmol/mL)
EC 541 FOR 5-NH,-dcs-GGTCATATCTCTAACGCCATCC 45.7
EC 637_REV 5-NH,-dce-TGGCGTCGTGCATTAGTT 54.9
Comp FOR 5-GGATGGCGTTAGAGATATGACC 40.0
Comp REV 5-AACTAATGCACGACGCCA 49.6

2.2 Solutions and Buffers

All solutions were made up using E-pure deionised water supplied from a Thermo Scientific
Barnstead Nanopure Water Deionisation System unless otherwise stated. All stock solutions

and buffers were typically made up as shown in Table 2.3.

Table 2.3: Description, use and storage information of solutions and buffers used in the
project.

Solution Description Use Storage
Coupling 1 litre of solution was prepared  UV-Visible 1 litre capped
solution containing 0.8% w/v acetic acid  colorimetric assays  clear glass
(glacial) in methanol and storage of NH,  bottle at 25°C
modified
nanoparticles
Hydrolysis 1:1 mixture of methanol and UV-Visible 1 litre capped
solution water containing 0.15% acetic colorimetric assays  clear glass
acid (glacial) bottle at 25°C
4-NBA 7 mg of 4-NBA was dissolved in  UV-Visible Centrifuge
solution (700 10 ml coupling solution colorimetric assays  tubes at 4°C in
ug/ml) the dark (used

on the day of
production)

Glutaraldehyde 10 ml stock solution was Conversion of Centrifuge
solution (5% typically prepared containing surface amine tubes at -18°C
wiv) 1.886 ml glutaraldehyde and groups to aldehydes

8.114 ml 20xSSC buffer
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Table 2.3; Continued.

Solution Description Use Storage
NaBH3;CN Stock solution was made by Reduction of Centrifuge
solution dissolving 3 mg NaBH3CN in 10 C-Nbond in tubes at 4°C
(0.03% w/v)  ml 1xSSC buffer oligonucleotide
grafting
BSA solution  Stock solution was made by Blocking solution Centrifuge
(0.05% wi/v)  dissolving 5 mg BSA in 10 ml used in hybridisation tubes at 4°C
13xSSC buffer reactions
Salmon DNA (10 mg) was dissolved and Salmon sperm DNA  Centrifuge
sperm DNA  sheared repeatedly with a syringe in  binding and elution  tubes at -18°C
solution (1 sterile distilled water (10 ml), assays
mg/ml) giving suspension density of 1
mg/mL
TEN buffer  Stock solution was made by mixing Salmon sperm DNA  Capped clear
Tris-HCI (100 mM), EDTA (50 binding and elution  glass bottle at
mM), NaCl (500 mM) and 100 ml  assays 4°C
distilled water
20% PEG/4  Stock solution was made by Salmon sperm DNA  Capped clear
M NacCl dissolving 40 g polyethylene glycol binding and elution  glass bottle at
solution (Mr 8000) in 200 ml NaCl (4 M) assays 4°C
20xSSC Stock solution was made by Conversion of Capped clear
stock buffer  dissolving 175.3 g NaCl and 88.2 g  surface amine glass bottle at
sodium citrate in 1 L water. The pH groups to aldehydes. 25°C
was adjusted to 7.4 Grafting and hybrid
capture of
oligonucleotides
1xSSC and 20xSSC stock buffer solution was  Conversion of Capped clear
13xSSC diluted respectively to produce 1x  surface amine glass bottle at
buffer and 13xSSC buffers groups to aldehydes.  25°C
solutions Grafting and hybrid
capture of
oligonucleotides
Reagent A Gum Arabic (0.0667g), sodium Hydrolysis of PNPP  Capped clear
deoxycholate (0.267g), Tris-HCI reaction solvent in glass bottle at
(12 mL, 250 mM) was added to 48  1:1 mixture with 25°C
mL deionised water isopropanol
PBS Buffer ~ 1xPBS tablet (136 mM NaCl, 3 Washing and storage Capped clear

mM KCI, 10 mM Na;HPQOy4, 2 mM
KH,PO,) dissolved in 200mL water

of lipase- materials.

glass bottle at
25°C
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2.3 Synthesis of Magnetite Nanoparticles, Fe;O,

2.3.1 Co-precipitation of Iron Chloride Solutions in Alkaline Media

Magnetite was prepared by the co-precipitation of ferrous and ferric chloride solutions in
alkaline media and was carried out as follows.*** Iron(111) chloride hexahydrate (10.8120 g,
0.04mol) was dissolved in 40 mL distilled, deionised water in a 1 litre round-bottomed flask
equipped with a magnetic stirrer. To this, iron(ll) chloride tetrahydrate (3.9762 g, 0.02 mol)
dissolved in 10 mL HCI (2 M) was added whilst stirring. The brown/orange solution was
stirred at room temperature whilst 500 mL of ammonium hydroxide solution (0.7 M) was
added slowly, turning the solution black. The reaction was allowed to proceed with stirring at
room temperature for a further 30 minutes. Following this, the reaction mixture was
transferred to a 1 litre conical flask and the black precipitate was washed to neutral pH with
distilled, deionised water via magnetic sedimentation and decantation using a slab magnet.
The product, named R1MA, was observed to be dark red-brown in colour, having a slow
response to the slab magnet. The supernatant was observed to be brown. The co-precipitation

reaction is represented by the following Scheme 2.1:%°

Fe’ +2 OH- ——— Fe(OH),
Fe**+3 OH  ——— Fe(OH);

Fe? +2 Fe*+ 8 OH- — > Fe;0,+ 4 H,O

Scheme 2.1: The co-precipitation of iron(ll) and iron(l11) chloride.

Due to the weak magnetic response, this material was not used for further silica-coating, or
for any bio-catalytic, bio-separation or bio-sensor applications.

2.3.2 Oxidative Hydrolysis of Iron Sulphate

This method involved the oxidative hydrolysis of iron(ll) sulphate heptahydrate as the iron
source under nitrogen at 90°C.2**?* |ron(I1) sulphate heptahydrate (23.60 g, 0.085 mol) was
dissolved in 220 mL degassed, deionised, distilled water in a 500 mL round-bottomed three-
necked flask equipped with a magnetic stirrer, nitrogen inlet, condenser and thermometer.
The solution was heated to 90°C whilst stirring under nitrogen. To the solution, potassium
nitrate (5.39 g, 0.053 mol) and potassium hydroxide (12.60 g, 0.225 mol) were added to the
green solution whilst stirring. The resulting jet-black mixture was kept at 90°C, with stirring

under nitrogen for a further 4 hours. Subsequently, the mixture was allowed to cool for one
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hour and was transferred to a 1 litre conical flask. The black precipitate was washed to
neutral pH with distilled, deionised water via magnetic sedimentation and decantation using a
slab magnet. The product, named R2MC, was observed to be black and had a strong affinity

for the slab magnet. The supernatant was clear during storage.

Large-scale magnetite was prepared using a scaled-up version of the method used to prepare

1. This method again involved the oxidative

R2MC, similar to that reported by Bruce et a
hydrolysis of iron(Il) sulphate heptahydrate as the iron source under nitrogen at 90°C%.
Iron(I1) sulphate heptahydrate (354.20 g, 1.27 mol) was dissolved in 3 litres degassed,
deionised, distilled water in a 5 litre round-bottomed three-necked flask equipped with a
magnetic stirrer, nitrogen inlet, condenser and thermometer. The solution was heated to 90°C
whilst stirring under nitrogen. Separately, potassium nitrate (80.90 g, 1.25 mol) was dissolved
into 1 litre of degassed, distilled, deionised water in a 2 litre conical flask and potassium
hydroxide (188.60 g, 3.36 mol) was added to the dissolved potassium nitrate solution whilst
stirring. This mixture was heated to 65°C and degassed with nitrogen for a further 5 minutes,
before it was added to the iron sulphate solution dissolved previously. The resulting jet-black
mixture was kept at 90°C, with stirring under nitrogen for a further 4 hours. Subsequently, the
mixture was allowed to cool for one hour and was transferred to a 5 litre conical flask. The
black precipitate was washed to neutral pH with distilled, deionised water via magnetic
sedimentation and decantation using a slab magnet. The method regularly yielded ~20 g of
product. The product, QBLSBM, was observed to be black and had a strong affinity for the
slab magnet. The supernatant was clear during storage.

The oxidative hydrolysis reaction is represented by Scheme 2.2:3

FeSO,+20H —> Fe (OH),
3Fe(OH),+ NOy —> Fe;04+ NO, +3H,0

3Fe(OH),+ 2NO;- —> Fe;04+ 2NO+ 2H,0 + 20H-
15Fe(OH)s+ 2NO —> 5Fe;04+ 2NH;+ 12H,0

Scheme 2.2: The oxidative hydrolysis of iron(ll) sulphate heptahydrate.
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2.4 Silica-Coating of Magnetite Nanoparticles

2.4.1 Small-scale Amorphous Coating

Silica-coated magnetite nanoparticles were prepared via the small scale deposition of silica
onto magnetite nanoparticles R2ZMC (see Section 2.3.2), from silicic acid solution at pH 10.%°
Aqueous sodium silicate solution, 20.75 g (13.80 mL, 27% SiO,) was dissolved in water to a
total volume of 500 mL with distilled, deionised water. A column containing 110 g of
Amberlite IR-120 ion-exchange resin was regenerated with 1 litre each of the following: Hot
water (70°C), 3 M HCI and cold water. Sodium silicate solution was passed down the
column, allowing the first 50 mL to pass uncollected. The subsequent 450 mL of the eluate
(now in the form of silicic acid) was taken and it’s pH was immediately raised to pH 12 with
aqueous TMAOH (25%) to prevent homogeneous silica nucleation.*?® In addition to this, 5 g
of magnetite suspension (R2MC) was mixed with 225 mL fresh distilled, deionised water and
titrated to pH 12 with aqueous TMAOH (25%). With continued stirring, the silicic acid eluate
(at pH 12) was added to the magnetite suspension. The mixture was then slowly titrated to pH
10.0 using 0.5 M HCI over approximately 1 hour. The mixture at pH 10.0 was stirred for
another 2 hours at room temperature before transferring to a 2 litre conical flask. The silica-
magnetite nanoparticles were washed once with 1 litre of TMAOH solution at pH 10.0 and
then many times with 1 litre distilled, deionised water (via magnetic sedimentation) until the
supernatant reached neutral pH. Four consecutive depositions (as described by the method
above) were carried out for each material. Between each deposition, the silica-magnetite was
washed with water until the supernatant reached neutral pH. An aliquot of suspension (20-50
mL) was retained for analysis following each deposition. The product, CR2MC, was
observed to be black and had a strong affinity for the slab magnet. The supernatant was clear

during storage.

2.4.2 Large-scale Amorphous Coating

Silica-coated magnetite nanoparticles were prepared via the large scale deposition of silica
onto magnetite nanoparticle sample QBLSBM (see Section 2.3.2), from silicic acid solution
at pH 10.2° Aqueous sodium silicate solution, 83.0 g (55.2 mL, 27% SiO,) was dissolved in
water to a total volume of 2 litres with distilled, deionised water. A column containing 110 g
of Amberlite IR-120 ion-exchange resin was regenerated with 1 litre each of the following:
Hot water (70°C), 3 M HCI and cold water. Sodium silicate solution was passed down the

column, allowing the first 100 mL to pass uncollected. The subsequent 1800 mL of the eluate

Page 79 of 250



(now in the form of silicic acid) was taken and its pH was immediately raised to pH 12 with
aqueous TMAOH (25%) to prevent homogeneous silica nucleation. In addition to this, 20 g
of magnetite suspension (QBLSBM, see Section 2.3.2) was mixed with 900 mL fresh
distilled, deionised water and titrated to pH 12 with aqueous TMAOH (25%). With continued
stirring, the silicic acid eluate (at pH 12) was added to the magnetite suspension. The mixture
was then slowly titrated to pH 10.0 using 0.5 M HCI over approximately 1 hour. The mixture
at pH 10.0 was stirred for another 2 hours at room temperature before transferring to a 5 litre
conical flask. The silica-magnetite nanoparticles were washed once with 2 litres of TMAOH
solution at pH 10.0 and then many times with 2 litres distilled, deionised water (via magnetic
sedimentation) until the supernatant reached neutral pH. Four consecutive depositions (as
described by the method above) were carried out for each material. Between each deposition,
the silica-magnetite was washed with water until the supernatant reached neutral pH. An
aliquot of suspension (20-50 mL) was retained for analysis following each deposition. The
product, QBLSSM, was observed to be black and had a strong affinity for the slab magnet.
The supernatant was clear during storage. The silicic acid deposition process used for coating
the magnetite nanoparticles is represented by Figure 2.1.
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Figure 2.1: Representing the mechanism of the silica-coating process using the silicic acid
deposition method. Step 1 involves the acidification of sodium silicate using an ion-exchange
resin (Amberlite IR-120), followed by raising the pH to 12 using TMAOH to avoid
nucleation of the silicic acid, forming A. Step 2 raises the pH of magnetite nanoparticles
(forming B) in solution to around 12 so that when they are mixed with the silicic acid
solution, the deposition and polycondensation of the silica can be controlled. When the
magnetite nanoparticles and the silicic acid solutions are mixed at pH 12 and the pH is slowly
adjusted to 10, the controlled and orderly deposition of silica onto the magnetite surface (via
the Fe-O™ groups) takes place, forming product C. As the materials are allowed to mix further,
polycondensation and polymerisation of silica takes place on the surface via the Si-OH
groups, as shown by the formation of product D, producing a silica core-shell around the
magnetite nanoparticles. Products are not drawn to scale and the figure is a schematic
structural representation.

Page 81 of 250



2.5 Surface Functionalisation of Silica-Magnetite Nanoparticles

2.5.1 ‘Classical’ Silanisation of Silica and Silica-Magnetite Nanoparticles (Water
Method)

Surface modification (silanisation) of silica-magnetite nanoparticles using various
aminosilanes was performed as follows, using a modified method from that developed by
Bruce et al.® Silica-magnetite nanoparticles (150 mg) were added to a freshly prepared
solution of 30 mL of aminosilane in water (APTS, APDS or APMS, 2% w/v) in a 50 mL
screw-capped centrifuge tube. The mixture was allowed to react at 50°C for 20 hours in an
incubator with end-over-end rotation at 40 rpm. Silanised silica-magnetite nanoparticles were
washed with 3x10 mL coupling solution (0.8% v/v glacial acetic acid in methanol) and re-
suspended in 10 mL of the solution at 5°C. The products TWQB, DWQB and MWQB were
all prepared from QBLSSM using APTS, APDS and APMS as the aminosilane sources,
respectively. Surface amine densities were determined by colorimetric assay using 4-
NBA.%4%" |t was observed in a detailed study by De Waterbeemd*?® that surface amine
density suffered substantial decreases after prolonged storage and as a result, fresh batches of

surface-functionalised nanoparticles were produced every month.

2.5.2 Tri-phasic Reverse Emulsion (TPRE) Silanisation of Silica and Silica-Magnetite
Nanoparticles (TPRE method)®"®

Surface modification (silanisation) of silica-magnetite nanoparticles using various
aminosilanes was performed as follows, using a modified method from Sen and Bruce.®
Silica-magnetite nanoparticles (150 mg) were collected in a 50 mL screw-capped centrifuge
tube via magnetic separation and to these, 30 mL of toluene and 5 g Triton X-100 were
added. The mixture was shaken to form a tri-phasic reverse emulsion (TPRE). To this, the
appropriate aminosilane (APTS, APDS or APMS, 2% wi/v) was added to the emulsion and
the mixture was allowed to react at 50°C for 20 hours in an incubator with end-over-end
rotation at 40 rpm. Functionalised silica-magnetite nanoparticles were washed with 3x10 mL
coupling solution (0.8% v/v glacial acetic acid in methanol) and re-suspended in 10 mL of the
solution at 5°C. The products TTQB, DTQB and MTQB were all prepared QBLSSM using
APTS, APDS and APMS as the aminosilane sources, respectively. Surface amine densities
were determined by colorimetric assay using 4-NBA.#4%" See Figure 1.5 in Section 1.6 for a
representation of the ideal surface functionalised materials. It was observed in a detailed

study by De Waterbeemd*?® that surface amine density suffered substantial decreases after
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prolonged storage and as a result, fresh batches of surface-functionalised nanoparticles were

produced every month.

2.6 Covalent Immobilisation of Lipase on the Functionalised Silica-
Magnetite Nanoparticle Surface for Bio-catalytic Applications

2.6.1 Conversion of Surface Amine Groups to Aldehyde Groups Using
Glutaraldehyde®

SSC buffer (20x) was prepared by dissolving sodium chloride (175.3 g) and sodium citrate
(88.2 g) in 1 litre distilled, deionised water (final pH 7.4). SSC buffer (1x) was prepared by
diluting 50 mL 20xSSC buffer to 1 litre with distilled, deionised water. Glutaraldehyde
solutions were prepared immediately prior to their use. Aminosilane-modified silica-
magnetite nanoparticles (50 mg) were washed 3 times with 10 mL 1xSSC buffer and the
supernatant removed. Subsequently, 4 mL of a 5% wi/v glutaraldehyde solution (in 20xSSC
buffer) was added and the suspension was incubated for 3 hours at 18°C with end-over-end
rotation (40 rpm). After 3 hours, the nanoparticles were collected magnetically and the
supernatant was removed. The nanoparticles were washed 3 times with 5 mL 1xSSC buffer
to remove excess glutaraldehyde and then washed 3 times with 5 mL of PBS buffer (pH 7.2)

before immobilisation of lipase.

2.6.2 Immobilisation of Enzymes

50 mg of non-functionalised (leading to physical adsorption) or glutaraldehyde-modified
(covalent immobilisation) nanoparticles were magnetically collected and the supernatant
removed. To these nanoparticles, 4 mL of lipase solution (CRL or PFL, 1 mg/mL in PBS
buffer) was added and the reaction mixture was incubated at 18°C overnight with end-over-
end rotation (40 rpm). The amount of lipase in solution before and after immobilisation was
calculated by measuring absorption at 595 nm using UV-Visible spectrophotometry using a

modified version of the Bradford Assay (see Section 2.9.3 for details).?20429:4%

The entire process, from surface functionalisation, to glutaraldehyde surface modification and

enzyme immobilisation is demonstrated in Scheme 2.3.
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Scheme 2.3: A schematic diagram of surface functionalisation, glutaraldehyde surface
modification and enzyme immobilisation on core-shell silica-magnetite nanoparticles (see

Appendix Il as reference).

2.6.3 Model Catalysis Reaction: Ester Hydrolysis: PNpp100:431:432

Hydrolysis of p-nitrophenyl palmitate (PNPP) was performed using 500 pg of either free
(crude powder) or immobilised lipase (on non-functionalised (physical adsorption) or
glutaraldehyde modified surface-functionalised (covalent immobilisation) nanoparticles
reacting with 1 mL of ester solution (3.74 umol/mL). The ester solution was prepared ina 1:1
mixture of isopropanol and reagent A (0.0667 g Gum Arabic + 12 mL of 250 mM Tris-HCI
buffer, pH 7.8 + 48 mL of deionised water + 0.267 g of sodium deoxycholate) and the
reaction was incubated for 1 hour at 25°C with end-over-end rotation (40 rpm). After 1 hour,
the supernatants were analysed for their absorbance at 410 nm using UV-Visible
spectrophotometry (see Section 2.9.5 for details). Lipase-immobilised nanoparticles were
then washed 3 times with 1 mL of the 1:1 mixture of isopropanol and reagent A. The washed
materials were further used for the hydrolysis of PNPP under identical conditions as above, in
order to test the catalytic efficiency and re-usability of lipase-immobilised nanoparticles for
further catalytic cycles. The reaction is demonstrated in Section 1.10.

2.6.4 Bio-catalytic Application: Transesterification of Ethyl Butyrate

Initial Method

This reaction was carried out using a modification of the method described by Solanki and
Gupta.*® Ethyl butyrate (60 mM) and n-butanol (120 mM) were taken in a 1.5 mL screw-cap
centrifuge tube containing 1 ml of hexane followed by the addition of 500 pg free lipase or

lipase immobilised nanoparticles containing 500 pg of immobilised lipase. The reaction

Page 84 of 250



mixture was incubated for 24 hours at 37°C with end-over-end rotation (40 rpm). A 5 uL
aliquot of the reaction mixture was withdrawn and analysed by GC and GC-MS (see Section
2.9.6 for details). The remaining reaction supernatant was removed from the lipase
immobilised nanoparticles by magnetic separation and the nanoparticles were washed 3 times
with 1 mL distilled, deionised water and the reaction was repeated for further cycles under
identical conditions as above, in order to test the catalytic efficiency and re-usability of
lipase-immobilised nanoparticles. A control experiment was run in which the non-modified
nanoparticles (without any lipase) were added. The amount of transesterification product
(butyl butyrate) resulting from the reaction was calculated from a calibration curve
constructed from the peak areas, obtained using a series of standard butyl butyrate solutions
prepared in hexane (see Section 2.9.6). The reaction mechanism is demonstrated in Figure
1.15 in Section 1.10.

Optimised Method

This reaction was carried out using a modification of the method described by Liaquat et
al®***% and was necessary due to poor results obtained using the initial method above. Ethyl
butyrate (600 mM) and n-butanol (100 mM) were taken in a 1.5 mL screw-cap centrifuge
tube containing 1 ml of 10% water/hexane followed by the addition of 500 ug free lipase or
lipase immobilised nanoparticles containing 500 pg of immobilised lipase. The reaction
mixture was incubated for 24 hours at 37°C with end-over-end rotation (40 rpm). A 5 uL
aliquot of the reaction mixture was withdrawn and analysed by GC and GC-MS (see Section
2.9.6 for details). The remaining reaction supernatant was removed and the lipase-
immobilised nanoparticles were washed 3 times with 1 mL distilled, deionised water and the
reaction was repeated for further cycles under identical conditions as above, in order to test
the catalytic efficiency and re-usability of lipase-immobilised nanoparticles. A control
experiment was similarly run in which the non-modified nanoparticles (without any lipase)
were added. The amount of transesterification product (butyl butyrate) resulting from the

reaction was calculated following the same method described in the initial method.

2.6.5 Bio-catalytic Application: Partial and Selective Hydrolysis of Cis-3,5-diacetoxy-
1-cyclopentene to (1S,4R)-cis-4-acetoxy-2-cyclopenten-1-ol and its Enantiomer

Cis-3,5-diacetoxy-1-cyclopentene (50 umol) was taken in a 1.5 mL screw-cap centrifuge tube

containing 800 pL hexane and 200 puL water (20% water concentration) followed by addition

of 500 ug free lipase or lipase immobilised nanoparticles containing 500 pg of immobilised
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lipase. The reaction mixture was typically incubated for up to 48 hours at two different
temperatures (25°C and 37°C) with end-over-end rotation (40 rpm). During the reaction, a 10
uL aliquot of the reaction mixture (water layer) was withdrawn and analysed by GC and GC-
MS (see Section 2.9.7 for details) at 1 h, 24 h and 48 h for kinetic experiment. The amount of
hydrolysis reaction products (cis-3,5-dihydroxycyclopentene, (1S,4R)-cis-4-acetoxy-2-
cyclopenten-1-ol and its enantiomer) resulting from the reaction were calculated from pre-
constructed calibration curves using a series of standard solutions (cis-3,5-
dihydroxycyclopentene, (1S,4R)-cis-4-acetoxy-2-cyclopenten-1-ol and its enantiomer)
prepared in water (see Section 2.9.7). The hexane layer was also analysed to calculate initial
concentrations of cis-3,5-diacetoxy-1-cyclopentene. The reaction is depicted in Scheme 1.10,
Section 1.10. The reaction was also repeated using 50% water/hexane (500 pL hexane and

500 uL water) as the solvent system at 25°C.

2.7 Oligonucleotide Grafting and Hybrid Capture Assay for Bio-sensor
and Bio-separation Applications

2.7.1 Conversion of Surface Amine Groups to Aldehyde Groups Using Glutaraldehyde

SSC buffer (20x) was prepared by dissolving sodium chloride (175.3 g) and sodium citrate
(88.2 g) in 1 litre distilled, deionised water (final pH 7.4). SSC buffer (1x) was prepared by
diluting 50 mL 20xSSC buffer to 1 litre with distilled, deionised water. Glutaraldehyde
solutions were prepared immediately prior to their use. Aminosilane-modified silica-
magnetite nanoparticles (50 mg) were washed 3 times with 10 mL 1xSSC buffer and the
supernatant removed. Subsequently, 4 mL of a 5% wi/v glutaraldehyde solution (in 20xSSC
buffer) was added and the suspension was incubated for 3 hours at 18°C with end-over-end
rotation (40 rpm). After 3 hours, the nanoparticles were collected by magnetic separation and
the supernatant was removed. The nanoparticles were washed 3 times with 5 mL 1xSSC
buffer to remove excess glutaraldehyde. The reaction can be seen in Scheme 2.3, above in
Section 2.6.2.

2.7.2 Oligonucleotide Grafting on Functionalised Nanoparticle Surface

This method is similar to one previously employed by Bruce et al.** Immediately following
glutaraldehyde surface modification, a 3.3 uM solution (0.5 mL, 1.65 nmol total) of 5'-
amine-modified oligonucleotides in 1xSSC coupling buffer solution (corresponding to the
oligonucleotides in Table 2.1 or Table 2.2) was added and the mixture was left incubating

overnight at 18°C with end-over-end rotation (40 rpm). The oligonucleotide-modified
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nanoparticles were then washed once with 1 mL 1xSSC coupling buffer and placed in 0.8 mL
of NaBH3;CN solution [0.1% (w/v) in 1xSSC coupling buffer] for 30 minutes at 18°C with
end-over-end rotation (40 rpm). The materials were then washed 3 times with 0.8 mL of

1xSSC coupling buffer and finally re-suspended in 200 pL of the same.

2.7.3 Model Assay: Hybrid Capture of Complementary Oligonucleotide Sequence
from Solution (Initial Method)

This method is again similar to one previously employed by Bruce et al.*® Oligonucleotide-
grafted particles (1 mg equivalent to 100 pL suspension) were washed twice with 0.5 mL of
water and heated to 80°C for 4 minutes. The water was removed and a solution of
complementary oligonucleotide sequence containing 200 pL (equivalent to 1.65 nmol total)
in 13xSSC coupling buffer / 0.05% BSA at the required concentration (see Table 2.3, Section
2.2) was added and the suspension was incubated with end-over-end rotation (40 rpm) for 30
minutes at 18°C. The supernatant was removed and their absorbance at 260 nm was analysed
by UV-Visible spectrophotometry. After the nanoparticles were washed 3 times with 1 mL of
13xSSC coupling buffer, 200 pL of water was added and the nanoparticle suspension was
heated to 85°C for 4 minutes to disassociate the annealed complementary/captured
sequences. The supernatant was removed and their absorbance at 260 nm was analysed by

UV-Visible spectrophotometry (see Section 2.9.4 for details).

2.7.4 Model Assay: Hybrid Capture of Complementary Oligonucleotide Sequence
from Solution (Revised Method in Consultation with Q-Bioanalytic GmbH,
Germany)

The oligonucleotide sequences which we used for grafting and capture / dehybridisation were
specially designed for use in PCR by Q-Bioanalytic GmbH. Oligonucleotide-grafted particles
(1 mg equivalent to 100 pL suspension) were washed twice with 0.5 mL of water and heated
to 95°C for 10 minutes. Water was removed and a solution of complementary oligonucleotide
sequence containing 200 pL (equivalent to 1.65 nmol total) in 13xSSC coupling buffer /
0.05% BSA at the required concentration (see Table 2.3, Section 2.2) was added and the
suspension was incubated with end-over-end rotation (40 rpm) for 1 minute at 60°C. The
supernatant was removed and their absorbance at 260 nm was analysed by UV-Visible
spectrophotometry. After the nanoparticles were washed 3 times with 1 mL of 13xSSC

coupling buffer, 200 uL of water was added and the nanoparticle suspension was heated to
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95°C for 10 minutes to disassociate the annealed complementary/captured sequences. The
supernatant was removed and their absorbance at 260 nm was analysed by UV-Visible
spectrophotometry (see Section 2.9.4 for details). The assay can be represented using the
following Scheme 2.4.

1) Glutaraldehyde
NH; — - — NH-C apture Oligo
1) S-NHy-Capture Oligo

) NaBH;CIN ;
ISaEts li) Stretching at 95°C

1) Target Oligo Hybridisation at 60°(

) Dehybridisation
NH-Capture Oligo <— NH-C'apture Oligo
95°C I
Target Oligo

+Free Target Oligo

Scheme 2.4: Schematic representation of hybrid capture of target oligonucleotide sequence
by an immobilised nucleotide of pre-defined sequence and subsequent dehybridisation of the
captured oligonucleotide. The black spheres represent surface-functionalised core-shell silica-
magnetite nanoparticles.

2.7.5 Extraction of DNA Protocol (Bio-separation)

1 mL of pre-enrichment culture (in this case either LM, EC, a 1:1 mixture of LM: EC, or
water as control) was transferred to a sterile 1.5 mL centrifuge tube. The mixture was
centrifuged at 10,000 rpm for 10 minutes and the supernatant was discarded. 400 uL of lysis
buffer (100 mM Tris-HCI, 10 mM EDTA, 1 M NacCl, pH 8.0) and 10 uL Proteinase K was
pipetted onto the centrifuged bacteria pellet and the solution was mixed well. The mixture
was then incubated for 20 minutes at 65°C on a thermal mixing block. The mixture was then
centrifuged again at 10,000 rpm for 5 minutes to remove the matrix and cell debris. The
clarified supernatant containing the DNA was transferred to a new sterile 1.5 mL centrifuge
tube. 400 pL of binding buffer [20% PEG (M, 8000) in 4M NaCl] and 25 pL (equivalent to
0.5 mg) of silica-magnetite nanoparticles (QBLSSM, suspension density of 20 mg/mL) were
added to the DNA-containing mixture, which was incubated at room temperature for 5
minutes. The nanoparticles were magnetically immobilised and the supernatant was removed
and discarded. The nanoparticles were then washed with 400 pL washing buffer (75%
ethanol in water). The nanoparticles were magnetically immobilised and the washing buffer
was removed and discarded. The centrifuge tube containing the nanoparticles was left open at

room temperature to evaporate the ethanol (but not to complete dryness). The nanoparticles
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were then re-suspended in 100 uL elution buffer (distilled, deionised water) and incubated for
5 minutes at 65°C on a thermal mixing block. Finally, the nanoparticles were magnetically
immobilised and the supernatant (100 pL, containing eluted DNA) was transferred to a new

sterile 1.5 mL centrifuge tube for use in the next step (specific capture of bacterial DNA).

2.7.6 Bio-sensor and Bio-separation Application: Selective detection and
determination of LM and EC in food samples

A series of solutions of Listeria Monocytogenes (LM) in peptone water; Escherichia Coli
(EC) in peptone water and a 1:1 mixture of Listeria Monocytogenes (LM) and Escherichia
Coli (EC) in peptone water were prepared. The extraction of DNA from the bacterial samples
was carried out using the DNA Extraction Protocol (see Section 2.7.5), which employs the
silica-magnetite nanomaterial QBLSSM. The extracted DNA was used for selective detection

and determination of either LM or EC from inoculated food samples.

Selective Detection and Determination of Either LM or EC in Food Samples (One-step

Assay)

Oligonucleotide-grafted nanoparticles (10 pL equivalent to 100 pg suspension) with specific
primer sequences (forward and reverse related to PCR) with Cg or Cy, spacers were mixed
with each other (Cs-spacer forward primer attached nanomaterials were mixed with Cg-spacer
reverse primer attached nanomaterials only and Cip-spacer forward primer attached
nanomaterials were mixed with Cj,-spacer reverse primer attached nanomaterials only),
providing a total of 200 pg of oligonucleotide-grafted nanoparticles. When amine-
functionalised (TTQB) and un-modified silica-magnetite (QBLSSM) nanoparticles were used
for comparison, 200 pg of each was also used. The nanoparticles were washed once with 0.5
mL water and 100 uL of extracted bacterial DNA solution obtained from the extraction step

was added (see Section 2.7.5).

The mixture containing bacterial DNA and nanoparticles was first incubated for 5 minutes at
95°C on a thermal mixing block. The mixture was then instantly transferred to a thermal
mixing block set at 65°C for 5 minutes for hybridisation of the complementary sequences in
the mixture to the oligonucleotide-grafted nanoparticles, or physical adsorption to other
nanoparticles. The nanoparticles were then magnetically immobilised and the supernatant
discarded. The nanoparticles were washed twice with 0.5 mL 13xSSC coupling buffer and

100 pL of distilled / deionised water was added to the washed nanoparticles. The suspension
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was heated to 95°C for 10 minutes on a thermal mixing block to disassociate the annealed
complementary/captured sequences. The nanoparticles were then magnetically immobilised
and the supernatant taken for analysis by quantitative real-time PCR (gPCR) (see Section
2.9.8 for details).

Sensitivity of Detection Limits of Either LM or EC in Food Samples (One-step Assay)

A series of diluted solutions of Listeria Monocytogenes (LM) or Escherichia Coli (EC) in
peptone water were prepared and the extraction of DNA from the bacterial samples was

carried out using the protocol described earlier.

Oligonucleotide-grafted nanoparticles (10 pL equivalent to 100 pg suspension) with specific
primer sequences (forward and reverse, see Table 2.1 and Table 2.2, Section 2.1) were mixed
with each other and used for hybrid capture followed by gPCR analysis.

Two Step Hybrid Capture Assay

The reaction protocols for selective detection of LM or EC from a mixture (see Section 0)
and determining the sensitivity of detection of LM or EC (see Section 0) were modified
slightly by adding the forward and reverse primer-immobilised nanoparticles separately for
hybridisation, followed by de-hybridisation and gPCR analysis of complementary sequences

separately.

2.8 Chemical and Physical Characterisation Methods

2.8.1 Surface Area Analysis (BET)

Nanoparticles (500 to 1000 mg) were dried overnight in an oven at 80°C. Prior to analysis,
bare magnetite and core-shell silica-magnetite nanoparticles were degassed at 100°C for 24
hours. Analysis was performed using a Micromeritics ASAP 2010 (Accelerated Surface Area
and Porosimetry System).

2.8.2 Nanoparticle Size Analysis - Transmission Electron Microscopy (TEM)

Images of magnetite nanoparticles were obtained by TEM using a JEOL JEM-2000 EX
electron microscope at 200 kV. Images were processed using Gatan Digital Micrograph
Software. Prior to analysis nanoparticles suspensions were diluted 50 times in ethanol and
approximately 2 pL of diluted suspension was placed on a carbon coated copper grid (400

mesh, Agar Scientific, UK) which was then dried in air for 10 minutes.
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2.8.3 Iron Oxide Phase Analysis - X-Ray Diffraction (XRD)

X-ray diffraction (XRD) was used for the confirmation of the identity of magnetite and silica-
coated magnetite nanoparticles. Nanoparticles were dried overnight in an oven at 80°C and
then ground to fine powder which was pressed into a clear silicon single crystal low
background holder (size: 24.5 mm diameter, 1 mm depth). The holder was then mounted in
the spinning auto sampler of a Bruker D2 Phaser desktop X-ray diffractometer and scanned
continuously between 5-80° at a scan axis 20 measuring 3715 steps at 0.9 seconds per step

(each step size was 0.02°) with a 5° detector window.

2.8.4 Magnetic Measurements — Vibrating Sample Magnetometry VSM)

The saturation magnetisation and magnetisation curve measurements were carried out using a
7 kOe vibrating sample magnetometer (VSM) at room temperature (298 K). Samples of bare
and silica-coated magnetite nanoparticles were crushed into a fine power before being packed
into plastic tubes of length ~10 mm and internal diameter ~1.9 mm. This geometry ensures

that any demagnetisation effects are kept low.**

2.9 Analytical Methods

2.9.1 Silica Coating Homogeneity Analysis

Salmon sperm DNA binding and elution assays were used to confirm silica coating on
magnetite nanoparticles and the method® was as follows. Salmon sperm DNA solution (50
ML, see Table 2.3, Section 2.2) was mixed with TEN buffer (400 pL, see Table 2.3, Section
2.2) and PEG/NaCl (400 pL, see Table 2.3, Section 2.2) and its absorbance at 260 nm was
measured by UV-Visible spectrophotometry using a Jenway 7315 Spectrophotometer (Bibby
Scientific Limited, Stone, Staffordshire, UK). The solution was then added to either bare or
silica-coated magnetite nanoparticles [2 mg, previously washed in sterile water (3x1 mL)]
and the suspension was incubated in a sterile centrifuge tube (1.5 mL capacity) for 5 minutes
at room temperature with end-over-end rotation (40 rpm). The nanoparticles were then
collected magnetically, the supernatant retained and analysed at 260 nm and the nanoparticles
were then washed in 70% aqueous ethanol (1 mL) for 5 minutes to remove any un-bound
DNA. Adsorbed DNA was subsequently eluted by incubating the nanoparticles in sterile
water (500 pL) for 5 minutes at room temperature with end-over-end rotation (40 rpm). This
elution was then repeated one more time and each 500 pL aliquot was assayed independently
for its absorbance at 260 nm to estimate its DNA content. The amount of DNA present in

both aliquots was added together to calculate total elution of DNA. The DNA concentrations
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were determined using a calibration curve constructed from a range of standard DNA
solutions prepared in water and 1:1 TEN buffer: PEG/4M NaCl solution.

Figure 2.1 presents two standard curves constructed using a series of dilutions of salmon
sperm DNA in a 1:1 TEN:PEG solution (see Table 8, Section 2.2) to assess initial and
adsorbed DNA concentrations and then in water, to assess the eluted DNA concentration.

Absorbance was measured by UV-Visible spectrophotometry at 260 nm.

Salmon Sperm DNA Calibration Curves
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Figure 2.1: Salmon sperm DNA calibration curves constructed in a 1:1 mixture of TEN
buffer: 20% PEG in 4M NaCl (top) and water (bottom).

Figure 2.1 shows that linearity is observed over the entire range of 0-70 pg/mL in both cases.
New standard curves were produced every six months using fresh samples to maintain

reliability and reproducibility.

2.9.2 Surface Amine Density Assay

This assay was used for the detection and quantification of surface amine groups on
aminosilane-functionalised nanoparticles. The method used is a modified version of that

previously described by Moon et al®***’

and is similar to the method used by Bruce and
Sen.®® Aminosilane-functionalised nanoparticles (5 mg) were placed in a 1.5 mL centrifuge
tube and washed 4 times with 1 mL of coupling solution [0.8% (v/v) glacial acetic acid in dry
methanol]. Then, 1 mL of 4-NBA (0.7 mg/mL in coupling solution) was added to the
nanoparticles and the suspension was allowed to react for 3 h with gentle end-over-end
rotation at room temperature. The supernatant was then magnetically removed from the
particles and its absorbance was measured at 282 nm by UV-Visible spectrophotometry using

a Jenway 7315 Spectrophotometer (Bibby Scientific Limited, Stone, Staffordshire, UK).
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After removal of the supernatant and washing 4 times with 1 mL of coupling solution, 1 mL
of hydrolysis solution (composition: 75 mL of water, 75 mL of methanol and 0.2 mL of
glacial acetic acid) was added to the nanoparticles and the tube was incubated for a further
hour with end-over-end rotation (40 rpm) at room temperature. The supernatant was then
magnetically removed from the nanoparticles and its absorbance was measured at 282 nm.
The amount of 4-NBA in the hydrolysis solution was calculated using a calibration curve
previously constructed from a range of standard 4-NBA solutions prepared in hydrolysis
solution (see Table 2.3, Section 2.2). Figure 2.2 presents the standard curve constructed using

a series of dilutions of 4-NBA in hydrolysis solution.

4-Nitrobenzaldehyde Calibration: Hydrolysis Solution Y = 0-033x
R?=0.9856
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Figure 2.2: Calibration curve for 4-NBA in hydrolysis solution.

Figure 2.2 shows that linearity is observed over the entire range of 0-75 nmol/mL. For further
accuracy, samples with Azg, nm > 1.500 were diluted for measurement. New standard curves
were produced every six months using fresh samples to maintain reliability and
reproducibility. This had to be done because surface amine density has been shown to

decrease during longer term storage.*?® The assay can be represented by Scheme 2.5.
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Scheme 2.5: Schematic representation of the 4-NBA colorimetric surface assay.
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2.9.3 Bradford Assay for Determination of Adsorbed Lipase on Nanoparticles

This project employed a modified version of the Bradford Assay for quantitative protein

429430 that was used by Sen et al*® in 2010. For lipase immobilised via

determination
chemical conjugation, following glutaraldehyde surface modification of materials, 4 mL of a
1000 pg/mL solution of free lipase in PBS buffer was added to 50 mg of the glutaraldehyde-
modified materials and the mixture was incubated overnight for 20 hours at 25°C with end-
over-end rotation at 40 rpm. For lipase immobilised via physical adsorption, 4 mL of a 1000
pg/mL solution of free lipase in PBS buffer was added to 50 mg of silica-magnetite
nanoparticles and the mixture was incubated overnight for 20 hours at 25°C with end-over-
end rotation at 40 rpm. Following the 20 hour incubation period, the amount of lipase
remaining in the supernatant was calculated using UV-Visible spectrophotometry; by
measuring it’s absorbance at 595 nm and subtracting the amount remaining in solution from
the initial amount of lipase added (4000 pg) using standard curves produced from a set of

standard free lipase solutions of known concentration.

Standard curves were constructed using a series of dilutions of lipases in PBS buffer (1 mL)
mixed with Bradford Reagent (1.2 mL). Absorbance was measured by UV-Visible
spectrophotometry at 595 nm. Figure 2.3 below presents the curves produced for both CRL
and PFL. In the case of PFL, the entire standard curve obtained was split into 3 separate

graphs as it remained linear in these sections.

Lipase Calibration Curve : CRL Lipase Calibration Curve : PFL

¥ y = 0.0006x + 0.4196 0-1000 pg/mL
0-1000 pg/mL S ng/

o 200 400 600 800 1000 0 200 400 600 800 1000 1200
Concentration (ug/mL) Concentration (ug/mL)

Figure 2.3: Calibration curves for CRL (left) and PFL (right).

Figure 2.3 shows that in the case of CRL, linearity is observed over the entire range of 0-
1000 pg/mL, with the line equation y = 0.0006x + 0.4196. In the case of PFL, the curve
produced from the entire range is non-linear, but contains 3 distinct regions of linearity, from
which concentration could be calculated based on absorbance. The linear range of 0-200
ug/mL for PFL has the line equation y = 0.0054x +0.4565. The linear range from 200-600
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ug/mL has the line equation y = 0.0009x + 1.288 and the linear range between 600-1000
ug/mL has the line equation y = 0.0002x + 1.7057. Hence, in order to calculate the amount of
lipase present in solution, the correct curve had to be selected depending on the absorbance
value produced at 595 nm. New standard curves were produced every six months using fresh
samples to maintain reliability and reproducibility. These curves were used to calculate the
amount of lipase that had been immobilised on glutaraldehyde-modified nanoparticles (see
Section 3.8).

2.9.4 UV-Visible Assay for Determination of Oligonucleotide Concentration

The heterocyclic bases present in nucleic acids are aromatic and absorb light in the UV
region. The Amax Value for these bases lies between 250-280 nm (values provided with the
oligonucleotides by TIB-MOLBIOL, Germany), therefore by measuring the absorbance of a
series of aqueous oligonucleotide solutions of known concentration at 260 nm, a set of
calibration curves was produced. Absorbance was measured by UV-Visible
spectrophotometry at 260 nm. Figure 2.4, Figure 2.5 and Figure 2.6 below present the curves
constructed using a series of dilutions of oligonucleotides in water for oligonucleotide

sequences specific to both Listeria Monocytogenes and Escherichia Coli.

Calibration Curves for Oligonucleotide Primers Specific to Listeria Monocytogenes

Calibration Curve: ¥ =0.2428x Calibration Curve: y=0.2226x
Cs-TIBINH, 10 OD R?=0.9987 C4-TIB2NH, 10 OD R2=0.9909
1.200 ‘* 1.200 T -
1.000 1.000 + —
_ 0.800 ‘ - 0800 -
S o500 S 05600
0.400 ‘ 0.400 ‘
0.200 } 0.200
0.000 T d 0.000 -+
o : - 2 3 4 5 o] 1 2 3 4 5
Concentration (nmol/mL) Concentration (nmol/mL)
Calibration Curve: y=0.1928x Calibration Curve: y=0.1787x
C;,-TIBINH, 100D R2=0.9917 Cy,-TIB2NH; 10 OD R2=0.9744
0.900 T 0.900
0.800 3 0.800
0.700 / 0.700 + /
0.600 - 0.600 -+
& 0500 20500 1
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<« 0400 ‘ / < 0.400 /
0.300 0.300 -
0.200 o 0.200 :
0.100 / 0.100 —%
0.000 - : s . . , 0.000 +- . . . . .
o] 1 2 3 4 5 0 1 2 3 4 5
Concentration (nmol/mL) Concentration (nmol/mL)

Figure 2.4: Calibration curves for Listeria Monocytogenes-specific forward (top-left with Cg-
spacer, bottom-left with Cy,-spacer) and reverse (top-right with Cs-spacer and bottom-right
with Cjp-spacer) oligonucleotides. See Table 2.1, Section 2.1, for the full oligonucleotide
sequences. Values are mean + S.E.M., n = 3.

Page 95 of 250



Calibration Curves for Complementary Oligonucleotide Primers Specific
to Listeria Monocytogenes

Calibration Curve: y=0.2068x Calibration Curve: y—0.2607x
TIB1 Comp 100D R2=0.9965 TIB2 Comp 100D R2=0.9986
1.000 1.000
0.900 » 0.900 o
0.800 0.800
0.700 0.700
< 0.600 = 0.600
€ 0.500 €10.500
< 0.400 /( < 0.400 /
0.300 0.300
0.200 A 0.200 »
0.100 e/ 0.100 e/
0.000 T T T T 1 0.000 T T T 7
o] 1 2 3 4 5 (o] 1 s 3 4
Concentration (nmol/mL) Concentration (nmol/mL)

Figure 2.5: Calibration curves for complementary forward (bottom-left) and reverse (bottom-
right) oligonucleotides. See Table 2.1, Section 2.1, for the full oligonucleotide sequences.
Values are mean £ S.E.M., n =3.

Calibration Curves for Oligonucleotide Primers Specific to Escherichia Coli

Calibration Curve: v =0.228x Calibration Curve: y_—(.1874x
E Coli 541 FOR R2=0.9968 E Coli 637 REV R2=0.996
1.200 1.200
1.000 - 1.000 4
P 0.800 - 0.800
:Pl 0.600 :91 0.600
e // - o //
0.200 & 0.200 e
0 2 4 2 3 4 5 (o] 1 2 3 4 5 6
Concentration (nmol/mL) Concentration (nmol/mL)
Calibration Curve: y=0.2637x Calibration Curve: y=0.1982x
COMP FOR Rz=0.9989 COMP REV R2=0.9983
1.200 1.200
P |
1.000 1.000
0.800 0.800 /
=3 [—
ﬁ 0.600 g 0.600
0.400 /./ 0.400 /
0.200 j’./ 0.200 0"//
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Figure 2.6: Calibration curves for Escherichia Coli-specific forward (top-left) and reverse
(top-right) oligonucleotides and complementary forward (bottom-left) and reverse (bottom-
right) oligonucleotides. See Table 2.2, Section 2.1, for the full oligonucleotide sequences.
Values are mean + S.E.M., n = 3.

Figure 2.4 and Figure 2.5 show that for the oligonucleotides used in the specific Listeria

Monocytogenes assays, linearity is observed over the entire range of 0 to 5 nmol/mL. Figure
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2.6, showing the oligonucleotides used in the specific EC assays, shows that linearity is

observed over the entire range of 0 to 5 nmol/mL.

2.9.5 UV-Visible Assay for Determination of p-nitrophenol (PNP) Concentration

A model catalysis reaction was used for the characterisation of lipase immobilised
nanoparticles as a test for their performance: Hydrolysis of PNPP to produce palmitic acid
and PNP (see Section 2.6.3). PNP is an UV-Visible active molecule and its absorbance can be
measured at 410 nm. Hence, standard curves were constructed using a series of dilutions of
PNP dissolved in a 1:1 mixture of reagent A (see Table 8, Section 2.2) and isopropanol.
Absorbance was measured by UV-Visible spectrophotometry at 410 nm. Figure 2.7 presents
the curve constructed using a series of dilutions of PNP in a 1:1 mixture of reagent A:
isopropanol.

PNP Calibration Curve in reagent A: y - 6.1933x
Isopropanol R*=0.996

Concentration (pnmol/mL)

Figure 2.7: Calibration curve for PNP in a 1:1 mixture of reagent A: Isopropanol.

Figure 2.7 shows that linearity is observed over the entire range of 0-7 umol/mL for the entire
range of solutions. As the PNP is UV-active, amounts as low as 1 pmol/mL required dilutions
up to 20 times. New standard curves were produced every six months using fresh samples to
maintain reliability and reproducibility. The calibration curve was used to calculate the
amount of PNP hydrolysed by lipase-immobilised nanoparticles.
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2.9.6 Gas Chromatography (GC) and Gas Chromatography-Mass Spectrometry (GC-
MS) for the Detection and Quantification of Ethyl Butyrate, n-Butanol and Butyl
Butyrate in the Transesterification Reaction

The second bio-catalytic application carried out using lipase-immobilised nanoparticles was
the transesterification of ethyl butyrate using n-butanol. In similar studies, GC and GC-MS
have been used to identify and quantify the reaction products.****% Starting materials and
products were quantitatively determined using gas-chromatography (GC) on a Varian
Chrompack CP-3380 Gas Chromatograph using nitrogen as the carrier gas (California, USA)
and chromatograms were interpreted using Varian Star Integrator software version 4.51. The
method of analysis involved injecting a 1 pL aliquot of reaction mixture (hexane layer) into
the GC using a temperature program starting at 50°C, increasing to 100°C at 5°C per minute.

The column was flushed with hexane after every third sample.

Selected reaction products were also analysed (where specified) by gas-chromatography -
mass spectrometry (GC-MS) on a Thermoscientific Trace GC ultra (Milan, Italy), with DSQ
Il Mass Spectrometer (Texas, USA) and a Triplus AS auto-sampler, using helium as the
carrier gas. Chromatograms were interpreted using Xcalibur software version 2.0.7. The
method of analysis involved injecting a 1 pL aliquot of reaction mixture (the water layer) into
the GC using a temperature program starting at 50°C, increasing to 200°C at 10°C per minute.

The column was flushed with hexane after every third sample.

The techniques employed a PerkinElmer® Elite-5MS capillary column (length = 30 m,

internal diameter = 0.25 mm, film thickness 0.25 um).

Standard curves were constructed using a series of dilutions of ethyl butyrate, n-butanol and

butyl butyrate, with hexane chosen as the solvent for the reaction.
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Calibration Curves for Transesterification Reactants and Products
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Figure 2.8: Calibration curves for ethyl butyrate (top left), n-butanol (top right) and butyl
butyrate (bottom) in hexane. Peak area (%) is calculated from GC chromatograms.

Figure 2.8 shows that linearity is observed over the appropriate concentration ranges for each
compound involved in the transesterification reaction. All samples were prepared in

duplicate; hence the average peak area is presented in the curves.

2.9.7 Gas Chromatography (GC) and Gas Chromatography-Mass Spectrometry (GC-
MS) for the Detection of Chiral Products in the Partial and Selective Hydrolysis
of Cis-3,5-diacetoxy-1-cyclopentene

In similar studies, GC and GC-MS have been used to identify and quantify the reaction

products; hence this method was chosen for this reaction too. Following preliminary

experiments into lipase activation (using water) in the transesterification of ethyl butyrate

(Section 4.3), varying mixtures of water and hexane were chosen as the solvent system for

the reaction.
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Starting materials and products were quantitatively determined using GC on a Varian
Chrompack CP-3380 Gas Chromatograph using nitrogen as the carrier gas (California, USA)
and chromatograms were interpreted using Varian Star Integrator software version 4.51. The
method of analysis involved injecting a 1 pL aliquot of reaction mixture (the water layer) into

the GC using a temperature program starting at 50°C, increasing to 200°C at 10°C per minute.

Selected reaction products were also analysed (where specified) by GC-MS on a
Thermoscientific Trace GC ultra (Milan, Italy), with DSQ Il Mass Spectrometer (Texas,
USA) and a Triplus AS auto-sampler, using helium as the carrier gas. Chromatograms were
interpreted using Xcalibur software version 2.0.7.

Both techniques employed a Supelco BETA DEX™ 110 fused silica capillary column (length
= 30 m, internal diameter = 0.25 mm, film thickness 0.25 um), which is specifically produced

to separate chiral compounds.***

Calibration curves were constructed using a series of dilutions of cis-3,5-
dihydroxycyclopentene, (1S,4R)-cis-4-acetoxy-2-cyclopenten-1-ol and its enantiomer and
cis-3,5-diacetoxy-1-cyclopentene.

Calibration curves were constructed in water for (1S,4R)-cis-4-acetoxy-2-cyclopenten-1-ol
and cis-3,5-dihydroxycyclopentene, as they are both insoluble in hexane. A calibration curve
for cis-3,5-diacetoxy-1-cyclopentene was constructed in hexane to calculate the exact amount
of starting material at time = 0 minutes and to monitor the conversion. In the case of the
compounds calibrated in water, the data were plotted as absolute peak area against
concentration, instead of the standard peak area % against concentration. This is because
water does not appear on the chromatogram as a solvent, as in the FID, (which ionises all
compounds that pass through the hydrogen/air flame), the water is ionised to hydrogen and
oxygen, which are the components of the flame; hence, they are not detected. As a result of

this, there is no solvent peak to use as a reference point.
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Calibration Curve: cis-3,5-dihydroxy-1- Calibration Curve: (1S,4R)-cis-4-acetoxy-2-
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Figure 2.9: Calibration curves for (1S,4R)-cis-4-acetoxy-2-cyclopenten-1-ol (left) and cis-
3,5-dihydroxycyclopentene (right) in water. Peak area (%) is calculated from GC
chromatograms.

Figure 2.9 shows that linearity is observed over the appropriate concentration ranges for both
compounds. The calibration curve constructed for (1S,4R)-cis-4-acetoxy-2-cyclopenten-1-ol
was also used for (1R,4S)-cis-4-acetoxy-2-cyclopenten-1-ol; peak areas were found to be

equal when a 1:1 mixture of both was injected in water.

Calibration Curve: cis-3,5-diacetoxy-1-

. y =0.0936x
cyclopentene in Hexane R2=0.9964
10
9 /
8 /
&
m O
Z. -
a2 4 >
3
o 3
2
ol /
" ' , : , :
0 20 40 60 80 100 120

Concentration (umol/ml)

Figure 2.10: Calibration curve for cis-3,5-diacetoxy-1-cyclopentene in hexane.

Figure 2.10 shows that linearity is observed over the entire concentration range for cis-3,5-

diacetoxy-1-cyclopentene. The data is presented as peak area (%) against concentration.
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2.9.8 Polymerase Chain Reaction (PCR) Analysis of Selective Isolation, Determination

and Enrichment of LM and EC in Food Samples

The detections of LM from food samples and EC from food and wastewater samples were
carried out using real-time quantitative PCR (qPCR) using a Roche LightCycler® 480 and all
data were interpreted using the Light Cycler® 480 Software version 1.5.0. The temperature
program used was as follows: an initial heating phase for 60 seconds at 95°C, followed by 45
seconds of denaturation for 20 seconds at 95°C, annealing for 30 seconds at 60°C and
extension for 20 seconds at 72°C. The qPCR premaster mixtures were made up as follows: 2
ML of the extracted DNA sample was added to 15 pL of this mixture for each reaction. Table
2.4 presents a complete list of components of the qPCR premaster mixes used to analyse
extracted LM and EC DNA.
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Table 2.4: Components of the premaster mixes used for the gPCR analysis of extracted LM
and EC DNA.

Component of Mixture (LM- Quantity Component of Mixture (EC- Quantity

specific) per specific) per
Reaction Reaction
(ML) (ML)
Forward primer (See T1INH; in 0.075 Forward primer (See 0.070
Table 2.1, Section 2.1) (no EC_541 FOR in Table 2.2,
spacer or NH;) 100 pmol/uL Section 2.1) (no spacer or NHy)
100 pmol/pL
Reverse primer (See T2NH; in 0.075 Reverse primer (See 0.070
Table 2.1, Section 2.1) (no EC 637 REV in Table 2.2,
spacer or NH2) 100 pmol/uL Section 2.1) (no spacer or NHy)
100 pmol/pL
LM-specific fluorescence probe 0.075 EC-specific fluorescence probe 0.070
20 pmol/pL 20 pmol/pL
Internal Amplification Control 0.04 Internal Amplification Control 0.015
(1AC) primers (forward and each (IAC) primers (forward and each
reverse) 100 pmol/pL each reverse) 100 pmol/pL each
0.015

IAC fluorescence probe 10 0.04 IAC fluorescence probe 10 0.015
pmol/uL pmol/uL
dUTP’s 0.12 dUTP’s 0.12
Glycerin 0.12 Glycerin 0.14
MgCl; (25 mM) 0.48 MgCl; (25 mM) 0.38
pUC19 (Vector-DNA) 0.20 pUC19 (Vector-DNA) 0.20
Uracil-N-glycosylase (UNG) 0.12 Uracil-N-glycosylase (UNG) 1 0.12
1U/uL U/uL
Tagman® Fast Universal PCR 7.50 Tagman® Fast Universal PCR 7.50
Master Mix (2x) (contains Master Mix (2x) (contains
dNTP’s and Taq Polymerase) dNTP’s and Taq Polymerase)
Water 6.115 Water 6.285

Total 15.00 Total 15.00
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CHAPTER 3
CHARACTERISATION OF
NANOPARTICLES
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3.1 Characterisation and Analytical Methods

The techniques employed in this project have all been commonly used in other studies related
to this work and are suitable for the physical and chemical characterisation of magnetic
nanoparticles.

Transmission Electron Microscopy (TEM) is widely used to determine both the size and
shape of the nanoparticles.?"?334244%4% | this project, it has been used to determine the
size and shape of both bare and silica-coated magnetite nanoparticles.

X-Ray Diffraction (XRD) is also widely used to study and confirm the crystalline structure of
nanoparticles.?3424422436-438 Thjq project has employed XRD on both bare and silica-coated
magnetite nanoparticles.

Vibrating Sample Magnetometry (VSM) is less commonly used, but provides saturation
magnetism and magnetisation curve measurements.**“%*# This method was used on both
bare and silica-coated magnetite nanoparticles in this project.

Brunauer—-Emmett-Teller (BET) surface area analysis is a technique used to determine the
surface area of a sample using the adsorption and desorption of known amounts of nitrogen
gas at low temperatures.*" #8441 Again, this method was used on both bare and silica-coated
magnetite nanoparticles in this project.

UV-Visible spectrophotometry-based assays have been used for calculating the surface amine
density,®**® DNA binding and elution efficiency of bare- and silica-coated magnetite
nanoparticles,”®®  amount of lipase immobilised on  surface-functionalised
nanoparticles, amount of PNP hydrolysed during model catalysis reactions*** and the
amount of oligonucleotides covalently coupled to surface-functionalised nanoparticles and
their efficiency in capturing complementary sequences in hybrid capture assay experiments.®

429,430

Gas Chromatography (GC) and Gas Chromatography-Mass Spectrometry (GC-MS) have
both been used to calculate the product conversion in the transesterification and chiral
compound hydrolysis reactions.

Table 3.1 provides an outline of the magnetite and silica-coated magnetite materials that have
been characterised using each method. The best functionalised materials were then used for
further applications, shown in Table 3.2.
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Table 3.1: Materials Produced and Characterisation Methods Used.

Name Details Characterisation Method Application Used For
TEM BET XRD VSM DNA Binding Bio-catalysis  Bio-sensor
and Elution

R1IMA Small-scale magnetite (see N N N N N Not used Not used
Section 2.3.1) further further

R2MC Small-scale magnetite (see \ \ \ \ \ Not used Not used
Section 2.3.2) further further

QBLSBM  Large-scale magnetite (see \ \ \ \ \ V \
Section 2.3.2) used for
applications

CR2MC  Small-scale amorphous silica- \ \ \ \ \ Not used Not used
coated magnetite (see Section further further
2.4.1)

QBLSSM  Large-scale amorphous silica- V \ \ \ \ \ \

coated magnetite (see Section
2.4.1) used for applications

Table 3.2 below provides a list of functionalised silica-magnetite nanoparticles, the characterisation techniques used and how they have been
used for further applications.
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Table 3.2: Modified and functionalised nanoparticles, characterisation techniques and their uses for further applications

Name Details Characterisation Method Used Application Used For
DNA Binding UV Colorimetric  Bio-catalysis Bio-sensor
and Elution Assay of Surface

Amine Density

TTOB Amine-functionalised QBLSSM using APTS N N N N
and TPRE method (see Section 2.5.2)

TWQB Amine-functionalised QBLSSM using APTS \/ \ \ \
and water method (see Section 2.5.1)

DTQB Amine-functionalised QBLSSM using APDS \ \ \ N/A
and TPRE method (see Section 2.5.2)

DWQB Amine-functionalised QBLSSM using APDS \ \ \ N/A
and water method (see Section 2.5.1)

MTQB Amine-functionalised QBLSSM using APMS \ \ \ N/A
and TPRE method (see Section 2.5.2)

MWQB Amine-functionalised QBLSSM using APMS \ \ \ N/A

and water method (see Section 2.5.1)

Note: The letters T, D and M represent the aminosilane used (APTS, APDS and APMS respectively). The next letter T or W represents the surface-functionalisation method
used: T = TPRE, W = water. QB represents the shortened name of the silica-coated material QBLSSM.
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3.2 Nanoparticle Size and Surface Coating Homogenity Analysis

Samples were prepared and images produced using transmission electron microscopy
according to methods explained in Section 2.8.2. Images for bare magnetites (RIMA, R2MC
and QBLSSM) and amorphous silica-magnetites (CR2MC and QBLSSM) are presented

below.

Bare Magnetite Materials

Figure 3.1: TEM images of the bare magnetite material RIMA.

Figure 3.1 shows the bare magnetite RIMA, prepared by the small-scale co-precipitation of
ferrous and ferric chloride solutions in alkaline media. The nanoparticles are shown to be
spherical and around 10 nm diameter. The size and shape are similar to those reported by Sen
etal in 2006***.

Figure 3.2: TEM images of bare magnetite material R2ZMC.
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Figure 3.2 shows the bare magnetite R2ZMC, prepared by the small-scale oxidative hydrolysis
of ferrous sulphate. The nanoparticles are shown to be rhombic and quite polymorphic, with
diameters ranging from 30-200 nm. The size and shape are similar to those reported by Bruce
et al®® in 2004 and again, by Sen et al*** in 20086, although some are slightly larger than those
reported previously. The needle-like structure seen in the top left image is thought to be

goethite; its presence is also confirmed in the XRD pattern, Figure 3.7, Section 3.3.

Figure 3.3: TEM images of bare magnetite material QBLSBM.

Figure 3.3 shows the bare magnetite QBLSBM, prepared by the large-scale oxidative
hydrolysis of ferrous sulphate. The nanoparticles are shown to be rhombic and polymorphic,
with sizes ranging from 25-200 nm. The size and shape are similar to those reported by Bruce
et al® in 2004. The images also confirm that scaling-up the synthesis does not significantly

alter the morphology of the nanoparticles.
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Amorphous Silica-Coated Magnetite Materials

Figure 3.4: TEM images of small-scale amorphous silica-coated magnetite material CR2ZMC.

Figure 3.4 shows the silica-coated magnetite CR2MC, prepared by coating R2MC via silicic
acid deposition. The larger image on the left of the figure shows a large area of aggregated
rhombic magnetite nanoparticles (darker), coated by a thin layer of silica (lighter). The upper
right image shows an enlarged view of the area in the box in the larger image on the left and
shows a relatively large (80-100 nm size) rhombic magnetite nanoparticle coated with a thin
silica shell, underneath a much larger spherical silica particle. The silica shell can also be
seen clearly surrounding a single magnetite nanoparticle (68.5 nm size) in the image in the
bottom left of the figure. The nanoparticles are shown to be polymorphic in size, ranging
from 30-200 nm, although larger aggregates can be present due to sample preparation
techniques involved with TEM. As with R2MC, the size and shape are similar to those
reported by Bruce et al*® in 2004 and Sen et al*** in 2006.
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Figure 3.5: TEM images of large-scale amorphous silica-coated magnetite material
QBLSSM.

Figure 3.5 shows the silica-coated magnetite QBLSSM, prepared by coating QBLSBM via
silicic acid deposition. The nanoparticles are shown to be rhombic and polymorphic, with
sizes ranging from 25-200 nm, the same as bare QBLSBM, suggesting a thin silica-coating
around the nanoparticles. The size and shape are similar to those reported by Bruce et al*® in
2004, who also employed a scaled-up version of producing silica-coated magnetite. The
upper left corner of the image shows the rhombic morphology of the nanoparticles has not
changed during silica-coating. The other three images show the rhombic magnetite core
(dark) surrounded by the thin silica-shell (lighter), which is measured to be around 5-15 nm
from the TEM images. The lower right image shows the silica-coated magnetite nanoparticle

underneath another nanoparticle.
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3.3 lron Oxide Phase Confirmation

Samples were prepared and X-ray diffraction data were produced according to methods

explained in Section 2.8.3.

Bare Magnetite Materials

R1MA Powder XRD Pattern
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Figure 3.6: Powder XRD Pattern for RIMA. Peaks are labelled with Miller Indices using
DIFFRAC.EVA V3.0 Software.

Figure 3.6 shows the XRD pattern for bare magnetite RIMA. The peaks obtained are in
accordance with those expected of pure magnetite when compared to standard XRD data for
magnetite (JCPDS No. 19-0629, from Yu and Kwak**? (ESI)) and are also in accordance with
those reported in the literature.>*®®424443 Many peaks present in hematite can overlap with the
ones in magnetite, for example (110) in hematite is present at almost the same 260 value as the
(311) peak in magnetite. Other peaks that could overlap are the broad (018) peak in hematite,
present at the same 20 value as the (511) peak in magnetite and also the (116) peak in
hematite at the same 20 value as the (422) peak in magnetite.*****> The red-brown colour of

the nanoparticles confirms the presence of an impurity of hematite in the sample.
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R2MC Powder XRD Pattern
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Figure 3.7: Powder XRD Pattern for R2ZMC. Peaks are labelled with Miller Indices using
DIFFRAC.EVA V3.0 Software. Peaks denoted with a * represent peaks corresponding to
goethite, FeO(OH).

Figure 3.7 shows the XRD pattern for bare magnetite R2ZMC. The peaks obtained are in
accordance with those expected of pure magnetite when compared to standard XRD data for
magnetite (JCPDS No. 19-0629, from Yu and Kwak** (ESI)) and are also in accordance with
those reported in the literature.>*®®#2443 However, peaks denoted with a * represent peaks
arising from goethite, FeO(OH)**. Hence, it can be concluded that R2MC contains an

impurity of goethite in magnetite.
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QBLSBM Powder XRD Pattern
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Figure 3.8: Powder XRD Pattern for QBLSBM. Peaks are labelled with Miller Indices using
DIFFRAC.EVA V3.0 Software. Peaks denoted with a * represent peaks corresponding to
goethite, FeO(OH) and peaks denoted with a ** represent peaks corresponding to maghemite,
Y-F9203.

Figure 3.8 shows the XRD pattern for bare magnetite QBLSBM. The peaks obtained are in
accordance with those expected of pure magnetite when compared to standard XRD data for
magnetite (JCPDS No. 19-0629, from Yu and Kwak*#? (ESI)) and are also in accordance with
those reported in the literature.>**®42*443 However, peaks denoted with a * represent peaks
arising from goethite, FeO(OH) and those denoted with a ** represent peaks corresponding to
maghemite, Y-Fezog_MB Hence, it can be concluded that R2MC contains a mixture of
magnetite, goethite and maghemite. However in this case the goethite and magnetite peaks
are much smaller than the goethite peaks present in sample R2MC and many goethite and
maghemite peaks are missing, indicating that the sample is primarily magnetite with just a

small amount of goethite and maghemite impurities.

Due to the amorphous nature of the silica coating on the silica-magnetite nanoparticles
CR2MC and QBLSSM, the XRD pattern remains identical to that obtained from the pure
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magnetite materials used for coating (R2ZMC and QBLSBM respectively). Hence, the XRD

patterns for these materials are not shown.

3.4 Magnetic Properties of Nanoparticles Analysis

Samples were prepared and magnetic data were obtained using vibrating sample

magnetometry according to methods explained in Section 2.8.4.

Bare Magnetite Materials
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Figure 3.9: Magnetic susceptibility data of small-scale bare magnetite materials RIMA (left)
and R2MC (right).

Figure 3.9 shows the magnetisation data for small-scale bare magnetite materials. RIMA,
prepared by the small-scale co-precipitation of ferrous and ferric chloride solutions in
alkaline media, exhibits close to no hysteresis, with saturation magnetisation (Ms) of 60
emu/g. R2ZMC, prepared by the small-scale oxidative hydrolysis of ferrous sulphate, exhibits
a small amount of hysteresis, with Ms = 52 emu/g. The low Msof RIMA and R2MC could
be explained due to the presence of hematite and goethite in the samples respectively, as seen
in the XRD patterns (see Figure 3.6 and Figure 3.7, Section 3.3). Hematite and goethite are
both antiferromagnetic**’**® with Ms values less than 1 emu/g;****%° therefore its presence
leads to a decrease in saturation magnetisation of the sample, as the typically reported Ms

value for bulk magnetite of 92 emu/g.>>***

The slight hysteresis present in RZMC may arise from the various sizes of the nanoparticles
present in the sample. It is well-known that large magnetic particles are multi-domain
structures; each domain containing regions of uniform magnetisation,® separated by domain

walls. As the size of the particle decreases towards the nanometre range, it becomes
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energetically unfavourable to create a domain wall and at this point, the particle becomes a
single magnetic domain. This is known as the single-domain limit (or critical diameter, D¢),
at which point the particle is uniformly magnetised; all spins aligned in the same direction
and the material exhibits superparamagnetic properties. It has been reported that magnetite
has a single-domain size of around 128 nm.*® This can explain the superparamagnetic
behaviour exhibited by RIMA, which is around 10 nm in diameter; well below the single-
domain limit. However, the critical diameter values can only be strictly applied to spherical
particles; particles of different shapes generally have higher coercivity and significantly
different D¢ values. The nanoparticles present in R2ZMC are rhombic and between 30-200 nm
in size, hence, most of the nanoparticles present fall below the critical diameter and the
material exhibits mostly superparamagnetic behaviour. Larger nanoparticles with diameter >
D¢ are the cause for the slight hysteresis in the magnetisation curve and hence will exhibit

ferrimagnetic behaviour instead of superparamagnetic behaviour.
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Figure 3.10: Magnetic susceptibility data of large-scale bare magnetite QBLSBM.

Figure 3.10 shows the magnetisation data for large-scale bare magnetite QBLSBM, prepared
by the large-scale oxidative hydrolysis of ferrous sulphate. The material exhibits a higher
saturation magnetisation than the magnetite materials made on the small-scale, Ms = 67
emu/g. Again, there is slight hysteresis, due to the size distribution of the nanoparticles
present in the sample (25-200 nm size). The presence of other iron oxides in the sample (as
seen in the XRD pattern, Figure 3.8, Section 3.3) leads to reduced saturation magnetisation

449

due to the lower Ms values (goethite = less than 1 emu/g™™, maghemite is around 74-80
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emu/g.****** The presence of iron oxide impurities is possible as magnetic measurements
were carried out on QBLSBM that had been synthesised months earlier and stored in water,
hence some oxidation of the magnetite is possible.

Amorphous Silica-Coated Magnetite Materials
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Figure 3.11: Magnetic susceptibility data of small-scale amorphous silica-magnetite CR2MC
(left) and large-scale amorphous silica-magnetite QBLSSM (right).

Figure 3.11 shows the magnetisation data for amorphous silica coated magnetite materials
(core-shell nanoparticles) made using the small- and large-scale deposition of silicic acid on
bare magnetite nanoparticles. Small-scale silica-magnetite CR2MC shows reasonably high
saturation magnetisation (66 emu/g), which is unexpectedly higher than the bulk magnetite
(R2MC, Mg = 52 emu/g). The same phenomenon is seen in the case of large-scale silica-
magnetite, which again has a higher saturation magnetisation (73 emu/g) than bare magnetite,
QBLSBM (Ms = 67 emu/g). This could be because silica-coating of the nanoparticles

protects the magnetite core against oxidation during the drying step and whilst in solution.

The Ms values for all materials are lower than the typically reported Ms value for bulk

magnetite of 92 emu/g®***

and are slightly lower than those reported by Bruce et al*® (82
emu/g at 300 K). This can be previously explained partly due to the presence of other iron
oxides such as hematite, goethite and maghemite as impurities, which have lower Ms values

than magnetite.

3.5 Surface Area Analysis

Samples were prepared and surface area analysis data were obtained via nitrogen adsorption

techniques using Brunauer-Emmett-Teller surface area measurements according to methods
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explained in Section 2.8.1. Due to the amorphous nature of the materials, it is only relevant to

present the overall BET surface area values.

Table 3.3: BET surface area data for bare- and silica-coated magnetite nanoparticles used in
this project.

Material Scale Silica Coating BET Surface Area (m?/ g)
R1IMA Small None 109.30
R2MC Small None 27.01
QBLSBM Large None 15.73
CR2MC Small Amorphous 23.26
QBLSSM Large Amorphous 14.66

The bare magnetite RIMA, prepared by the co-precipitation of ferrous and ferric chlorides,
has a surface area of 109.30 m?/g, which is consistent with the value reported by Bruce et al:
108.81 m?/g.*® The surface area of 27.01 m?/g obtained for R2MC in this study is slightly
higher than that reported in the same study by Bruce et al: 21.30 m%g. When scaling up the
preparation of R2MC, to the synthesis of QBLSBM, surface area decreased to 15.73 m%/qg.
This is also in agreement with Bruce et al’s results, where scaling-up the synthesis led to the
surface area decreasing from 21.30 m%/g to 14.66 m?/g. This is possibly due to an increase in
aggregation of the nanoparticles as a result of scaling-up the process, arising from a slight

decrease in precise control over the synthetic conditions.

Slight decreases are seen in surface area following silica-coating in both the small- and large-
scale. Small-scale silica-magnetite CR2ZMC decreases from 27.01 m?/g as bare magnetite to
23.26 m?/g following silica-coating. Large-scale silica-magnetite QBLSSM decreases from
15.73 m%/g as bare magnetite to 14.66 m?/g following silica-coating. A small change in
surface area is an indication that the materials were un-affected by silica coating and did not

aggregate upon silica-coating.

3.6 Surface Amine Density Analysis

An optimised version of Moon’s assay® (developed for flat surfaces), later used by Del
Campo et al®*’ for nanoparticles, was employed in this study (see Section 2.9.2) in order to
assess the surface amine density of aminosilane-surface-functionalised silica-magnetite
nanoparticles. The assay involves the coupling of a UV-sensitive molecule (4-NBA) to the
amine functionality on the nanoparticle bonds to a single surface amine group, the amount of
surface amine groups can be calculated from the amount of 4-NBA present in solution

following hydrolysis.
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Table 3.4 shows a range of materials used to study DNA binding and elution.

Table 3.4: Surface-functionalised silica-magnetite nanoparticles used in the surface amine
density assay.

Material Description

TTQB QBLSSM surface-functionalised via the TPRE-method using APTS as
the aminosilane source (see Section 2.5.2)

TWQB QBLSSM surface-functionalised via the water-method using APTS as
the aminosilane source (see Section 2.5.1)

DTQB QBLSSM surface-functionalised via the TPRE-method using APDS as
the aminosilane source (see Section 2.5.2)

DWQB QBLSSM surface-functionalised via the water-method using APDS as
the aminosilane source (see Section 2.5.1)

MTQB QBLSSM surface-functionalised via the TPRE-method using APMS as
the aminosilane source (see Section 2.5.2)

MWQB QBLSSM surface-functionalised via the water-method using APMS as

the aminosilane source (see Section 2.5.1)

Note: The letters T, D and M represent the aminosilane used (APTS, APDS and APMS respectively). The next
letter T or W represents the surface-functionalisation method used: T = TPRE, W = water. QB represents the
shortened name of the silica-coated material QBLSSM.

The 4-NBA assay was carried out (as explained in Section 2.9.2) on all materials made via
aminosilane surface-functionalisation. Absorbance was measured by UV-Visible

spectrophotometry at 282 nm.

Chart to Show the Surface Amine Density of Various Aminosilane-
Functionalised Materials
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Figure 3.12: Surface amine density of materials made using various aminosilanes (APTS,
APDS and APMS) via two different methods of surface functionalisation (TPRE and water
method). The materials are explained in Table 3.4. Values are mean £ S.E.M., n = 3.
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Figure 3.12 shows that materials made using APTS exhibit a much higher surface amine
density than both APDS and APMS materials. This may be due to more regular condensation
mechanism as the alkoxy groups can also interact with each other, permitting a more dense
aminosilicate layer on the surface and thus a higher number of surface amine groups. TPRE
materials show a higher surface amine density than water materials in all cases, indicating
that the condensation of the aminosilanes onto the surface silanol groups is more controlled
using TPRE conditions, whereas self-polymerisation and condensation is harder to control
using the water method.

Using the surface area value for the silica-coated magnetite, QBLSSM, which was used to
prepare all of the surface-functionalised nanoparticles, it is possible to represent the surface
amine density in terms of NH,-molecules per nm?, as it is a standard unit reported by
others.?*#8428454 The syrface amine density values are presented as averages of multiple
batches of the materials made in the same way each time. As the methods of surface-

d,428

functionalisation are the same as those reported by De Waterbeem the values can be

directly compared.

Table 3.5: A comparison between surface amine density values obtained in this study with
those obtained by De Waterbeemd.*?®

Surface Amine Density (NH,-
molecules/ nm?)

Surface Literature Value
Aminosilane  Functionalisation (De

Material* Used Method My Value  Waterbeemd**®)
TTQB APTS TPRE 4.34 ~4.1
TWQB APTS Water 4.06 15
DTQB APDS TPRE 3.28 ~4.1
DWQB APDS Water 1.39 3.4
MTQB APMS TPRE 0.49 N/A
MWQB APMS Water 0.54 0.2

Note: The letters T, D and M represent the aminosilane used (APTS, APDS and APMS respectively). The next
letter T or W represents the surface-functionalisation method used: T = TPRE, W = water. QB represents the
shortened name of the silica-coated material QBLSSM. *See Table 3.4 for material details.

As can be seen from Table 3.5, in terms of TPRE-functionalised materials, surface amine
density values are similar. The decrease in surface amine density seen from APTS to APDS
in my results could be due to more regular ordering leading to a smaller amount of
sequestration. As can also be seen, De Waterbeemd did not attempt the TPRE surface
functionalisation using APMS; therefore no comparison can be made. In terms of water-

functionalised materials, a decreasing trend in surface amine density can be seen from APTS
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to APDS to APMS. The low surface amine density given by APMS materials was observed
to be similar in both studies. For APTS materials made using both methods and APDS
materials made using the TPRE method, surface amine density is similar to that of a
monolayer on a flat surface, reported to be 4.0-5.3 NHx-molecules/nm? by Moon et al.?® In
both studies, materials made using the TPRE-method exhibit higher surface amine density
than those made using the water-method, possibly due to the more regular condensation onto
the nanoparticle surface using the more controlled TPRE synthesis — leading to fewer
sequestered groups. This is apparent in the significant difference between the surface amine
density values of DTQB (3.28 NH»-molecules per nm?) and DWQB (1.39 NH,-molecules per
nm?). Values are similar for materials made using APMS as there is only a single ethoxy

group present to make inter-aminosilane condensation possible.

3.7 Silica Coating Homogenity on Magnetite Nanoparticles Analysis

Salmon sperm DNA binding and elution was used to analyse the surface of bare magnetite,
silica-magnetite and amine-surface-functionalised silica-magnetite nanoparticles. Both
magnetite and silica-magnetite nanoparticles possess surface hydroxyl groups that are
partially ionised at physiological pH values in chaotropic (high salt concentration) conditions.
At near-neutral or basic pH, the surface of silica is negatively charged due to weakly acidic
silanol groups. The point of zero charge (pzc, also known as isoelectric point), is the pH at
which the surface density of positive and negative charges are equal.”® For silica, this value
is around pH 2-3,%°4%°4% and for magnetite, it is around pH 6.4-7.3,%%*° therefore both will
carry a negative charge at pH 7-8, although that of silica will be much greater than that of
magnetite. Hence, negatively charged Fe-O or Si-O" groups will become shielded by positive
counter-ions from the salt solution (Na*), giving an overall slightly positive surface charge, to
which the negative-charge-holding phosphate di-ester groups of the DNA backbone are
attracted. Water can be used to break the electrostatic bond formed via the “cation bridge”,
eluting the DNA as the corresponding salt species as the silica surface and DNA backbone
electrostatically repel each other. Under the same physiological pH conditions, amine-
functionalised nanoparticles are in equilibrium between the NH, and NH;" species which can
electrostatically attract the negatively-charged phosphate backbone of the DNA.8*® |n
addition, the silica surface that remains un-functionalised by the aminosilane remains
negatively charged above pH 7, hence can interact electrostatically with the DNA via the

“cation bridge”.**®
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Table 3.6 below shows which materials were used to study DNA binding and elution.

Table 3.6: Small- and large-scale bare, silica-coated and surface-functionalised silica-
magnetite nanoparticles used in the DNA binding and elution study.

Material Description

QBLSBM Large-scale rhombic magnetite (see Section 2.3.2)

QBLSSM 2 Coats Large-scale silica-magnetite coated 2 times with amorphous silica via
silicic acid deposition (see Section 2.4.2)

QBLSSM 4 Coats Large-scale silica-magnetite coated 4 times with amorphous silica via

(QBLSSM) silicic acid deposition (see Section 2.4.2)

R2MC Small-scale rhombic magnetite (see Section 2.3.2)

R2MC 2 Coats Small-scale silica-magnetite coated 2 times with amorphous silica via
silicic acid deposition (see Section 2.4.1)

R2MC 4 Coats Small-scale silica-magnetite coated 4 times with amorphous silica via
silicic acid deposition (see Section 2.4.1)

TTQB QBLSSM surface-functionalised via the TPRE-method using APTS as
the aminosilane source (see Section 2.5.2)

TWQB QBLSSM surface-functionalised via the water-method using APTS as
the aminosilane source (see Section 2.5.1)

DTQOB QBLSSM surface-functionalised via the TPRE-method using APDS as
the aminosilane source (see Section 2.5.2)

DWQB QBLSSM surface-functionalised via the water-method using APDS as
the aminosilane source (see Section 2.5.1)

MTQB QBLSSM surface-functionalised via the TPRE-method using APMS as
the aminosilane source (see Section 2.5.2)

MWQB QBLSSM surface-functionalised via the water-method using APMS as

the aminosilane source (see Section 2.5.1)

Note: The letters T, D and M represent the aminosilane used (APTS, APDS and APMS respectively). The next
letter T or W represents the surface-functionalisation method used: T = TPRE, W = water. QB represents the
shortened name of the silica-coated material QBLSSM.

Figure 3.13 and Figure 3.14 below show the DNA binding and elution properties of small-
and large-scale bare and amorphous silica-coated (2 and 4 times) magnetite nanoparticles.
Figure 3.13 presents the data in terms of pg used, adsorbed and eluted, while Figure 3.14

presents the same data as percentages of the initial amount of DNA used.
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Small- and Large-scale Bare and Silica-coated Magnetite Materials
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Figure 3.13: The amount of DNA initially used, adsorbed and eluted, in pg. The materials
used are explained in Table 3.6 above. The blue bars represent initial amount of DNA used,
the red bars represent the amount of DNA adsorbed and the green bars represent the amount
of DNA eluted. Values are mean + S.E.M., n = 3.
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Chart to Show Salmon Sperm DNA Binding and Elution Properties of
Small- and Large-scale Bare and Silica-coated Magnetite Materials
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Figure 3.14: The amount of DNA adsorbed and eluted, as percentages of the initial amount
of DNA used. The materials used are explained in Table 3.6 above. The blue bars represent
initial amount of DNA used, the red bars represent DNA adsorbed and the green bars
represent the eluted DNA. Values are mean = S.E.M., n = 3.
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Figure 3.13 and Figure 3.14 indicate that adsorption of DNA is high in the case of all
materials (89-97%), indicating that adsorption to these materials occurs via a similar
mechanism, i.e. the “cation-bridge” under chaotropic conditions. Adsorption is slightly higher
in the case of bare magnetite nanoparticles, possibly because the DNA is adsorbed by a
different mechanism, as the magnetite surface will not be fully ionised at the neutral pH
conditions used. Hence, the ““cation-bridge” adsorption mechanism may not be as strong in
the case of bare magnetite and the magnetite surface groups may interact with the DNA via
other mechanisms such as hydrogen bonding, or by direct electrostatic attraction with
functional groups present in the DNA. The low elution values of bare magnetite compared to
those of silica-coated magnetite again may be explained due to the different adsorption
mechanisms, discussed above. As a result, with less “cation-bridge” interactions occurring in
the chaotropic conditions, the adsorbed DNA may not be disrupted by altering the ionic
strength of the system and more of the DNA will remain adsorbed on the magnetite surface.
However, it can clearly be seen that coating with silica drastically changes the elution

properties of the material.

In the case of amorphous silica-coated materials, both small-and large scale materials show
an increase in elution with further silica-coatings. This follows trends observed by Bruce et
al,* who reported that DNA can be successfully eluted from silica surfaces due to the
electrostatic repulsion between ionised silanol groups (Si-O") and the negatively-charged
phosphate backbone of DNA at low ionic strength, i.e. in water.2’ Hence, it is shown that
magnetite coated 4 times produces a more complete core-shell of silica around the magnetite

nanoparticle.

Figure 3.15 and Figure 3.16 show the effect that surface-functionalisation using various
aminosilanes has on the DNA binding and elution properties of the nanoparticles. Figure 3.15
presents the data in terms of pg used, adsorbed and eluted, while Figure 3.16 presents the

same data as percentages of the initial amount of DNA used.
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Chart to Show Salmon Sperm DNA Binding and Elution Properties of Surface-
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Figure 3.15: The amount of DNA initially used, adsorbed and eluted, in pg. The materials
used are explained in Table 3.6 above. The blue bars represent initial amount of DNA used,
the red bars represent the amount of DNA adsorbed and the green bars represent the amount
of DNA eluted. Values are mean + S.E.M., n = 3.
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Figure 3.16: The amount of DNA adsorbed and eluted, as percentages of the initial amount
of DNA used. The materials used are explained in Table 3.6 above. The blue bars represent
initial amount of DNA used, the red bars represent DNA adsorbed and the green bars
represent the eluted DNA. Values are mean = S.E.M., n = 3.

Page 125 of 250



Figure 3.15 and Figure 3.16 show that materials functionalised using APTS and APDS both
adsorb more than silica-coated magnetite, but have very low elution values (lower than bare
magnetite in both cases). Materials made using APTS and the TPRE-method of surface-
functionalisation elute only 8% of adsorbed DNA, while those made using the water-method
elute 3 times more DNA at 26%. For APDS materials, there is little difference between the
DNA elution values of materials made via the TPRE-(15%) or the water-method (18%).
However, APMS materials, have slightly lower adsorption than other materials, but have high
elution values. The lower adsorption may be due to a lower surface amine density permitting
fewer sites for the DNA to interact with. For APMS materials made via the TPRE- method,
85% of the DNA adsorbed was then eluted. APMS materials made via the water-method have
moderately high elution values of 63% compared to APTS and APDS functionalised

materials.

High adsorption values of DNA to the amine-surface-functionalised nanoparticles may be

due to the fact that the aminosilanes are positively charged at pH 7,804

mediating adsorption
via electrostatic interactions between positively charged —NHs;" groups on the surface and the

negatively-charged phosphate backbone of DNA.

Due to decreasing steric hindrance on the silica-coated magnetite surface with a decreasing
number of alkoxy groups (from APTS to APDS to APMS) (see Figure 1.5, Section 1.6); it
was shown that APTS gives the greatest density of surface amine groups (see Section 3.6).
Due to the increased surface amine density provided by APTS, materials made using it can
adsorb more DNA groups via direct electrostatic attraction to the —\NH3" surface groups. This
can explain why elution is the lowest for APTS materials (the electrostatic interaction is
unaffected by the change in ionic strength when water is used as an eluent). APDS possesses
one methyl group and two alkoxy groups and as a result is slightly less ordered around the
silica surface due to the methyl group blocking some of the inter-aminosilane Si-O-Si bonds.
In addition to this, oxygen atoms present in the Si (surface)-O-Si (aminosilane) bond will
electrostatically repel other similar oxygen atoms around the nanoparticle surface; this means
that the aminosilane molecules cannot pack as closely together. Despite adsorption remaining
as high as APTS materials, this could be due to there being more space on the silica-surface
for the DNA to interact via the “cation-bridge” mechanism directly to the silica-surface,
hence the slightly higher elution values than APTS. In the same trend, APMS has two methyl
groups and just one alkoxy group, eliminating inter-aminosilane Si-O-Si bonds and greatly

increasing the amount of space between each group on the surface, as there is no chance to
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interact with other aminosilanes. Coupled with lower surface amine density values than
APTS and APDS materials, more DNA could interact via the “cation-bridge” mechanism
directly to the silica-surface, explaining the high adsorption values and the much higher
values for elution. The results of the surface amine density assay shown in Section 3.6 help to

validate these assumptions.

3.8 Lipase Immobilisation on Amine Functionalised Silica-Magnetite
Nanoparticles

For lipase immobilised on surface-functionalised silica-magnetite nanoparticles (see Section
2.6 for method of immobilisation), enzyme loading was calculated using standard curves
produced from a set of standard free lipase solutions of known concentration (see Section
2.9.3). Table 3.7 (see the next page) provides a comprehensive list of all lipase-immobilised

materials produced for this project and their bio-catalytic applications.
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Table 3.7: Immobilised and Physically Adsorbed Lipase Materials and their Use in Bio-catalytic Applications

Name Details Bio-catalytic Application Used For

Model Catalysis Transesterification  Hydrolysis of

(Hydrolysis of of Ethyl Butyrate cis-3,5-

PNPP) diacetoxy-1-

cyclopentene

PFLITTQB PFL immobilised on TTQB (see Section 2.5.2) N N
PFLITWQB PFL immobilised on TWQB (see Section 2.5.1) \ \ N/A
PFLIDTQB PFL immobilised on DTQB (see Section 2.5.2) \ \ N/A
PFLIDWQB PFL immobilised on DWQB (see Section 2.5.1) \ \ N/A
PFLIMTQB PFL immobilised on MTQB (see Section 2.5.2) \ \ N/A
PFLIMWQB PFL immobilised on MWQB (see Section 2.5.1) \ \ N/A
CRLITTQB CRL immobilised on TTQB (see Section 2.5.2) \ \ N/A
CRLITWQB CRL immobilised on TWQB (see section 2.5.1) \ \ \
CRLIDTQB CRL immobilised on DTQB (see Section 2.5.2) \ \ N/A
CRLIDWQB CRL immobilised on DWQB (see Section 2.5.1) \ \ N/A
CRLIMTQB CRL immobilised on MTQB (see Section 2.5.2) \ \ N/A
CRLIMWQB CRL immobilised on MWQB (see Section 2.5.1) \ \ N/A
PFLIQBLSSM  PFL physically adsorbed on QBLSSM (see Section 2.6.2) \ \ N/A
CRLIQBLSSM  CRL physically adsorbed on QBLSSM (see Section 2.6.2) \ \ N/A

Note: PFLI and CRLI represent materials made using PFL and CRL. The letter T, D and M represent the aminosilane used (APTS, APDS and APMS respectively). The next
letter T or W represents the surface-functionalisation method used: T = TPRE, W = water. QB represents the shortened name of the silica-coated material QBLSSM.
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Figure 3.17 shows the average enzyme loading data for lipase-immobilised materials made
using amorphous silica-coated magnetite nanoparticles functionalised by a variety of
aminosilanes; APTS, APDS and APMS.

Chart to Show Lipase Loading on Amine Functionalised Materials
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Figure 3.17: Lipase (Pseudomonas Fluorescens Lipase: PFL; Candida Rugosa Lipase: CRL)
loading data for magnetite nanoparticles coated with amorphous silica and functionalised
using a variety of aminosilanes by water and TPRE methods. See Table 3.7 for explanations
of the names of materials. Values are mean, = S.E.M., n >3 in all cases.

From Figure 3.17, the first comparisons to be made were between the water and TPRE
methods of surface functionalisation. It can be seen that among materials functionalised using
APTS, there is no significant difference in enzyme loading values between materials made
using the water (PFLITWQB, CRLITWQB) or TPRE (PFLITTQB, CRLITTQB) methods.
This can be explained by the similar values for surface amine density of the amine-
functionalised materials made using APTS: TPRE = 4.34 NH,-molecules per nm? and water
= 4.06 NH,-molecules per nm?. For materials functionalised using APDS, in the case of PFL
immobilisation, the TPRE method produces materials (PFLIDTQB) with around 50% higher
enzyme loading values than the water method (PFLIDWQB). For CRL, loading values are
slightly higher than those achieved using APTS-functionalised materials, with no clear
difference between loading values achieved using the TPRE (CRLIDTQB) or water
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(CRLIDWQB) method. It was expected that the loading for APDS materials made via the
TPRE method would be higher than those made by the water method due to the higher
surface amine density (3.28 NH,-molecules per nm? compared to 1.39 NH,-molecules per
nm?). Finally, for materials functionalised using APMS, in the case of PFL, loading values
decrease, following the same trend of TPRE-functionalised materials (PFLIMTQB) having
higher loading than water-functionalised materials (PFLIMWQB). For CRL loaded materials
functionalised using APMS, loading values decrease significantly compared to APTS- and
APDS-functionalised materials: by 15-22% in the case of TPRE-functionalised materials
(CRLIMTQB) and 30-35% in the case of water-functionalised materials (CRLIMWQB).
Again these lower lipase-loading results for materials functionalised using APMS correlate
with a decrease in surface amine density due to a lack of inter-aminosilane cross-linking
around the nanoparticle surface. As a result, there are fewer total surface amine groups where

the lipase can bind.

For the physical adsorption of lipases, loading values were much lower for PFL than with
amine functionalised materials. For CRL, physical adsorption gave similar loading values to
those obtained using APMS and the water method, which was the lowest loading value
obtained for all CRL materials. The general trend is that physical adsorption gave much

lower loading values on average than those immobilised using chemical conjugation.
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CHAPTER 4
BIO-CATALYTIC APPLICATIONS OF
LIPASE-IMMOBILISED SILICA-
MAGNETITE NANOPARTICLES
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4.1 Introduction

This section of the thesis will outline three bio-catalytic reactions that have been explored in

this project.

1. The first application was a model catalysis reaction; the hydrolysis of p-nitrophenyl
palmitate (PNPP) to palmitic acid and p-nitrophenol (PNP). The hydrolysis of long-
chain p-nitrophenyl esters has been used widely as a model reaction as it can be
followed easily by UV-Visible spectrophotometry; directly following the hydrolysis
of PNP by measuring the absorbance at 410 nm.?’"*** The amount of PNP hydrolysed
was calculated using calibration curves produced from a set of standard PNP solutions
of known concentration (see Figure 2.7, Section 2.9.5).

2. The second application was the transesterification of ethyl butyrate using n-butanol to
produce butyl butyrate. The reaction is also known as alcoholysis and many studies
investigating the effect of varying water concentration, solvent conditions and
enzymes to produce flavour esters in this way have been reported.***® The reaction
products were monitored using GC and GC-MS and the conversion of ethyl butyrate
to butyl butyrate was calculated using calibration curves produced from a set of
standard solutions of ethyl butyrate, n-butanol and butyl butyrate of known
concentration (see Figure 2.8, Section 2.9.6).

3. The final bio-catalytic application was the partial and selective hydrolysis of cis-3,5-
diacetoxy-1-cyclopentene to produce the chiral optical isomer (1S,4R)-cis-4-acetoxy-
2-cyclopenten-1-ol and its enantiomer, with cis-3,5-dihydroxycyclopentene produced
as a by-product. This reaction has not been reported much in the literature, but the
chiral products are important pharmaceutical compounds used in the synthesis of
prostaglandins and thromboxanes.?®*?%® The reaction products were monitored using
GC and GC-MS and the conversion to (1S,4R)-cis-4-acetoxy-2-cyclopenten-1-ol and
its (1R,4S)-enantiomer was calculated using calibration curves produced from a set of
standard solutions of cis-3,5-diacetoxy-1-cyclopentene, (1S,4R)-cis-4-acetoxy-2-
cyclopenten-1-ol and cis-3,5-dihydroxycyclopentene of known concentration (see
Figure 2.9 and Figure 2.10, Section 2.9.7).

All of the bio-catalytic applications have been carried out using lipases (both CRL and PFL),
immobilised on surface-functionalised silica-magnetite nanoparticles as efficient, re-usable

catalysts, see Section 3.8.
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4.2 Bio-catalytic Application: Model Catalysis Reaction - Hydrolysis of
PNPP

The reaction was carried out according to the method outlined in Section 2.6.3. The amount
of lipase-immobilised nanoparticles (variable amount, in mg) corresponding to 500 ug
immobilised lipase was used in each case, except when free lipase was used as catalyst, 500
pg was used directly as catalyst. This type of reaction has been carried out numerous times
with both free?””#14% and immobilised lipases (mainly commercial supports).?®%*® The
reaction has also been carried out using lipase immobilised on surface-functionalised

magnetic nanoparticles'®4¢+4%2

(mainly using APTS), however, to the best of my knowledge
this reaction has not been carried out in a comparative study using lipase immobilised on
APTS, APDS and APMS surface-functionalised nanoparticles. Wang et al**® have
investigated the effect of the alkyl chain length of three alkoxy silanes (trimethoxypropyl
silane, trimethoxyoctyl silane and trimethoxyoctadecyl silane) on immobilised enzyme
activity using CRL. However, the enzyme was immobilised via hydrophobic interaction and
not via chemical cross-linking. This study also compares the activity of lipase-immobilised

materials prepared using both the TPRE and water methods of surface functionalisation.

The reaction was carried out using two lipases (PFL and CRL) immobilised on TPRE- and
water-method surface-functionalised nanoparticles using three different aminosilanes: APTS,
APDS and APMS. Physically adsorbed PFL and CRL on silica-coated magnetite

nanoparticles and free lipases were used as comparison for the study.

The main focus of this part of the study is to compare the activity of lipase-immobilised
nanoparticles made using various aminosilanes and surface-functionalisation methods. The

first materials to be discussed are the PFL materials. The results are shown in Figure 4.1.

Page 133 of 250



Chart to Show Average Data for the Hydrolysis of PNPP to PNP Using
Free, Physically Adsorbed and Immobilised PFL as Catalyst and
Reusability for 3 Catalytic Cycles
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Figure 4.1: The catalytic activity (in pmol PNP produced per gram of enzyme used) of free,
physically adsorbed and chemically conjugated PFL on various surface-functionalised silica-
magnetite nanoparticles. The re-usability of the materials was also tested and the blue bars
represent catalytic activity for the first one hour cycle, the red bars represent activity for the
second one hour cycle and the green bars represent activity for the third one hour cycle. See
Table 3.7 (Section 4.1) for explanations of the names of materials. Values are mean, *
S.E.M., n >3 in all cases.

PFL materials made using APTS show similar activity values, regardless of the surface
functionalisation method. PFLITTQB is shown to retain 84% of its initial activity over 3
cycles, whilst PFLITWQB retains 78%. PFL materials made using APDS (and show very
similar trends and activity values, with no real difference between materials made using the
TPRE (PFLIDTQB) and water (PFLIDWQB) method. However, for PFL materials made
using APMS, two interesting trends can be observed. The first is that PFLIMTQB is by far
the most effective catalyst for this reaction, producing 3424 pg of PNP per gram of support,
which is 1.6-1.75 times more catalytically active than PFL-immobilised on APTS
(PFLITTQB and PFLITWQB) or APDS (PFLIDTQB and PFLIDWQB) functionalised
nanoparticles and 1.37 times more active than PFLIMWQB. The second is that there is a
large, noticeable difference between materials prepared by the TPRE (PFLIMTQB) and water
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(PFLIMWQB) method. Both materials retain around 80% of their initial activity over 3
cycles, but PFLIMTQB shows much higher activity over the 3 cycles than PFLIMWQB
(37% higher for cycle 1 and 41% higher for both cycles 2 and 3). This could be due to lower
enzyme loading values of materials made using APMS for surface functionalisation leading
to a decrease in steric hindrance which could be a factor with higher loading values. This may
also lead to the active site of PFL being more accessible at low enzyme loading under

hydrophobic surfaces (due to the presence of neighbouring methyl groups).

Another interesting observation is that the activity of PFL materials made using APMS
decreases by the largest percentage between the 1% and 2" cycles (activity decreases 19-21%
from cycle 1 to cycle 2). This could be due to a decreased steric hindrance around the
nanoparticle surface permitting a small amount of physical adsorption directly on the silica-
magnetite core-shell, which is then leached into solution in subsequent cycles. This could
also explain why activity remains almost equal in cycles 2 and 3, when the physically
adsorbed lipase has leached into solution leaving just the chemically conjugated (covalently-
linked) PFL. Another possible explanation is that the high loading of PFL on APTS and
APDS surface-functionalised nanoparticles leads to the formation of the bi-molecular form of
PFL. As immobilisation leads to activation of the lipase and PFL is known to form bi-

molecular aggregates®>*?3*

via the hydrophobic regions surrounding its active sites in its open
form, high loadings could lead to the simultaneous activation and aggregation of PFL due to
the presence of the hydrophilic surfaces on the nanoparticles, leading to a reduction in
activity due to competition between the reaction occurring in the active sites and formation of
the bi-molecular structure with neighbouring PFL active sites. The catalytic activity of
physically adsorbed PFL (PFLIQBLSSM) was shown to be considerably lower than that of
chemically conjugated PFL in all cases. This could be caused by the PFL being adsorbed to

the nanoparticle surface in a manner that inhibits efficient catalytic activity.

The results of the reaction performed by CRL materials are presented in Figure 4.2.
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Chart to Show Average Data for the Hydrolysis of PNPP to PNP Using
Free, Physically Adsorbed and Immobilised CRL as Catalyst and
Reusability for 3 Catalytic Cycles
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Figure 4.2: The catalytic activity (in pmol PNP produced per gram of enzyme used) of free,
physically adsorbed and immobilised CRL on various surface-functionalised silica-magnetite
nanoparticles. The re-usability of the materials was also tested and the blue bars represent
catalytic activity for the first one hour cycle, the red bars represent activity for the second one
hour cycle and the green bars represent activity for the third one hour cycle. See Table 3.7
(Section 4.1) for explanations of the names of materials. Values are mean, = S.E.M., n >3 in
all cases.

With regard to CRL materials, APTS surface-functionalised materials made by the TPRE
method (CRLITTQB) show markedly higher activity over 3 cycles than those made using the
water (CRLITWQB) method. They both retain around 80% of initial activity over 3 cycles,
but CRLITTQB shows between 44-53% higher activity per cycle. For materials made using
APDS, the same trend can be seen, with CRLIDTQB giving up to 93% higher activity per
cycle than CRLIDWQB. An interesting trend is seen in CRL materials made using APMS.
CRLIMTQB shows increasing activity over all 3 cycles and higher activity than all other
CRL materials. CRLIMWQB also shows increased activity compared to other CRL
materials, retaining 92% of its initial activity over 3 cycles. This could again be due to the
decreased steric hindrance due to lower enzyme loadings seen in materials prepared using
APMS. It is possible that in the case of CRLIMTQB, the lower loading enabled the physical
adsorption of some CRL and as it was leached into the solution over the cycles, the
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chemically conjugated (covalently linked) CRL became less sterically hindered and more

active sites become accessible, similar to PFL.

The final observation that can be made from the results is that all PFL materials (free,
physically adsorbed and chemically conjugated) exhibit higher activity than all forms of CRL
materials for this reaction. Free lipases (only run for one cycle due to difficulties in isolating
the lipase from the reaction mixture) show that PFL is over 2.5 times more active for this
reaction than CRL. For physically adsorbed materials, again PFL materials give higher
activity than CRL materials. However, in the case of physically adsorbed materials, activity
for both materials decreases dramatically for each consecutive cycle. For PFLIQBLSSM,
activity during the 3" cycle drops to 65% that of the 1% while for CRLIQBLSSM, activity
drops to just 34% during the 3™ cycle. This is possibly due to the lipase being leached into

solution over time during the reaction, as suggested by Sen et al.'®

Brief Conclusions

There are various conclusions which can be drawn from this section of the study. The first is
that PFL (free, physically adsorbed or chemically conjugated) is a much more catalytically
active lipase than CRL (all forms) for this particular application. The second is that for
physically adsorbed lipases (both PFL and CRL), activity decreases by a large margin over a
number of cycles, possibly due to the lipase leaching into solution. For PFL-immobilised
(chemically conjugated) nanoparticles, activity for APTS and APDS materials is similar,
regardless of the surface-functionalisation method used. However, when APMS is used,
catalytic activity is increased greatly and a big difference can be seen in materials made using
the TPRE and water methods. This increase could be due to decreased steric hindrances
leading to more accessible active sites. For CRL-immobilised materials, APTS, APDS and
APMS surface-functionalised materials made using the TPRE method give higher activity
than the same materials made using the water method. This could be due to a more ordered
orientation of the CRL around the nanoparticle surface due to the more ordered amine groups
given by the TPRE method.®"

These conclusions can be enhanced by Figure 3.12, Section 3.6, which shows that for APTS
and APDS materials in particular, the TPRE method affords a higher surface amine density
than the water method. For APMS materials’, loading is similar for both methods, but the
values are much lower than both APTS and APDS materials. The physically adsorbed
enzyme can be leached into solution and will then exhibit behaviour of the free lipase, which
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for PFL is higher than APTS and APDS functionalised nanoparticles, but lower than those
made using APMS. For CRL, free lipase exhibits higher activity than all materials. Hence,
the increased activity of APMS materials in all cases could be due to a combination of
covalently immobilised lipase benefiting from less steric hindrance than APTS and APDS
materials (hence having more accessible active sites and higher activity) and physically
adsorbed lipase being gradually leached into the reaction (exhibiting the increased activity of
free lipase). This combination can account for the higher activity values obtained and also the
increase in activity over 3 cycles for CRLIMTQB.

4.3 Bio-catalytic Application: Transesterification of Ethyl Butyrate

The amount of lipase-immobilised nanoparticles (variable amount, in mg) corresponding to
500 pg immobilised lipase was used in each case, except when free lipase was used as
catalyst, 500 pg was used directly as catalyst. Initially, the reaction was carried out using

identical conditions to Solanki and Gupta,®™

who employed surfactant-coated
superparamagnetic nanoparticles with immobilised CRL for the transesterification of ethyl
butyrate using n-butanol and anhydrous hexane. As in the transesterification carried out by
Solanki and Gupta, | initially used a 1:2 ratio of ethyl butyrate (60 mM) to n-butanol (120
mM), but with the regular 500 pg total lipase, instead of the 1000 pg used in their study. For
this initial study, the following materials were used as catalysts: PFLITTQB, CRLITTQB,
PFLIQBLSSM, CRLIQBLSSM, free PFL and free CRL. However, results obtained showed
almost no butyl butyrate present after 1 hour and 24 hours of reaction time, for any of the
catalyst materials. It was observed that there was no miscibility between the nanoparticles
(with just a surface water layer) and the hexane layer. The reaction was repeated in THF, with

no results either.

It was later during a literature search | found that lipases are only active in water-immiscible
solvents, as water miscible solvents extract the water of hydration layer from the enzymes,
rendering them inactive, hence this was the reason that no reaction had taken place. I also
learned that esterification success is dependent on water concentration in the system and
lipase hydration is important, as a minimum amount of water is required to keep it in its’

464

active form.™" Also, when hydrophobic solvents are used, they can limit enzyme flexibility,

so the lipase should be in its active conformation prior to addition of the organic solvent, i.e.
the lipase should be dissolved in water prior to hexane addition. Finally, it has been

464
d

reporte that lipase stability can also be improved by covalent attachment of PEG to free
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amino-residues on the lipase, giving them amphiphillic properties and allowing their
dissolution in organic solvents.*** By coating the nanoparticles in surfactants, Solanki and
Gupta got the transesterification reaction to work without the addition of extra water, hence, |
decided to investigate the effects of varying water concentration and PEG in order to allow
the lipase to be in its active conformation throughout the reaction and act as an efficient bio-
catalyst. The investigation into optimising the water concentration is reported in the

following section.

4.3.1 Investigation into Varying Water Concentration

The initial study was to compare the efficiency of the reaction by adding 0.5 and 1% water to
the system. In order to reduce wastage of my own materials, free lipases (free PFL and free
CRL) and a commercial supported lipase (PFL immobilised on Immobead support) were used
for this initial reaction, until the best conditions could be found. Reaction conditions [1:2
ratio of ethyl butyrate (60 mM) to n-butanol (120 mM) with the regular 500 pg total lipase at
37°C] were kept the same as before.

Transesterification of Ethyl Butyrate:
1 Hour/ 0.5-1% Water/Hexane
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Figure 4.3: Conversion of ethyl butyrate to butyl butyrate after 1 hour using free lipases and
commercially available PFL immobilised on Immobead 150 (Product number 90678, Sigma-
Aldrich, UK) with 0.5% and 1% water/hexane solvent.

Figure 4.3 above shows that after 1 hour, conversion is extremely low, with around 0.25%
being the maximum. It can also be seen that 1% water/hexane gives slightly higher
conversion values than 0.5% and hence, reactions in 1% water/hexane were decided to be

continued for a further 21 hours. Note that commercially available PFL immobilised on
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Immobead 150 did not produce any reaction products (0% conversion) after 1 hour under
identical reaction conditions.

Transesterification of Ethyl Butyrate:
22 Hours/ 0.5-1% Water/Hexane
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Figure 4.4: Conversion of ethyl butyrate to butyl butyrate after 22 hours using free lipases

and commercially available PFL immobilised on Immobead 150 with 1% water/hexane
solvent.

Figure 4.4 above shows much higher conversion values for 22 hours reaction time. Free PFL
shows product conversion of 32.5%, almost 200 times more than that produced after just 1
hour. Free CRL shows 14.4% conversion, over 50 times the amount of product produced. No
reaction took place when the reaction was performed without the presence of lipase catalysts
(blank reaction). As the reaction was more successful using a higher water concentration, 1
decided to perform the reaction using 10% water/hexane as the solvent system. Conditions

were kept the same as before (1:2 ratio of ethyl butyrate (60 mM) to n-butanol (120 mM),
with 500 pg total lipase at 37°C).
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Transesterification of Ethyl Butyrate:
24 Hours/ 10% Water/Hexane
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Figure 4.5: Conversion of ethyl butyrate to butyl butyrate after 24 hours using lipase-
immobilised materials PFLITTQB and CRLITTQB, as well as free lipases with 10%
water/hexane solvent.

Figure 4.5 shows that transesterification of ethyl butyrate increases to 50.2% and 23.8% for
free PFL and CRL respectively when water concentration is increased to 10%. Lipase
Immobilised materials PFLITTQB (2.2%) and CRLITTQB (3.3%) both showed small
conversion figures, but the increase in water concentration definitely provided better
conversion results for free lipases. | decided that 10% water/hexane would be used as the best
solvent system. As the water content of the system had been decided upon, the next step was

to investigate the effect of adding PEG as a stabilising agent for the lipase.

4.3.2 Investigation into Using PEG as Stabilising Agent

The first step in this case was to test the system using a small amount of PEG in the 10%
water/hexane system to see if it could improve the conversion. A solution of 1% PEG in
water was made, to give a final solvent system of 0.1% PEG in 10% water/hexane. The
reaction was first carried out with free lipases to reduce wastage of lipase-immobilised
materials. Reaction conditions were kept the same as before (1:2 ratio of ethyl butyrate (60

mM) to n-butanol (120 mM), with the regular 500 ug total lipase at 37°C).
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Transesterification of Ethyl Butyrate:
24 Hours/ 0.1% PEG/10% Water/Hexane
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Figure 4.6: Conversion of ethyl butyrate to butyl butyrate after 24 hours using free lipases
and commercially available PFL immobilised on Immobead 150 with 0.1% PEG in 10%
water/hexane solvent. Values are mean, = S.E.M., n =2,

Figure 4.6 shows conversion for both free PFL (64.6%) and CRL (38.1%) has been improved
by the addition of PEG. A reasonable conversion (6%) for PFL immobilised on Immobead
150 was obtained in the presence of PEG. Following the successful results, | decided that this
solvent system would be used to test the lipase-immobilised nanoparticles. The reaction was
repeated for a further 3 identical catalytic cycles, with the lipase-immobilised nanoparticles
washed magnetically with 3x1 mL PBS buffer and re-dispersed in fresh 0.1% PEG in 10%
water before addition of a fresh hexane layer and new reactants between cycles. Free lipases
and the water layer were centrifuged and re-dispersed, before addition of a fresh hexane layer

and new reactants between cycles.
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Transesterification of Ethyl Butyrate:
4 Cycle: 24 Hours/ 0.1% PEG/10% Water/Hexane
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Figure 4.7: Conversion of ethyl butyrate to butyl butyrate over 24 hour reaction (3-4 re-
usable cycles) using lipase-immobilised materials PFLITTQB and CRLITTQB, lipase-
adsorbed materials PFLIQBLSSM and CRLIQBLSSM, free lipases (PFL and CRL) and
commercially available PFL immobilised on Immobead 150 with 0.1% PEG in 10%
water/hexane solvent. The blue bars represent cycle 1 conversion values, the red bars
represent cycle 2, the green bars represent cycle 3 and the purple bars represent cycle 4. See
Table 4.2, Section 4.3.4 for material names.

Figure 4.7 above shows the multi-cycle transesterification reaction using a variety of
materials. Firstly, it can be seen that for free lipases, catalytic activity decreases slightly with
each cycle, but the overall activity of free lipases is much greater than lipase-immobilised
materials. However, free lipases proved difficult to recover and re-disperse because of the
loss of some of the water layer between each cycle. Free PFL retains over 82% of its initial
catalytic activity in the third cycle of the reaction, dropping from 52.5% conversion to 44.9%
in cycle 2 and 43.1% in cycle 3. For free CRL, conversion drops from 32.6% in cycle 1 to
26.1% in cycle 2 and 24.3% in cycle 3, retaining around 74% of its initial activity. The
activity of PFL immobilised on Immobead 150 actually increased steadily over 3 cycles.

With regard to lipase-immobilised nanoparticles, conversion is low over all 4 cycles and quite
irregular. Both PFLITTQB and CRLITTQB exhibited their highest conversion values of 10-
12% in the second cycle, before decreasing for the third cycle. For PFLITTQB, activity was
the same in cycles 3 and 4, while for CRLITTQB, activity increased again in cycle 4. As with
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the model catalysis reaction, increases in activity could be due to the enzyme leaching into
solution after it is washed between cycles. For physically-adsorbed lipase materials,
PFLIQBLSSM displayed the lowest activity out of all materials for every cycle and steadily
decreased in activity over all 4 cycles (from 4.8% in cycle 1 to 2.3% in cycle 4).
CRLIQBLSSM displayed some interesting behaviour, increasing in activity from cycle 1
(6.0%) to cycle 2 (10.3%) and then increasing a large amount to cycle 3 (29.8%). The large
conversion exhibited in cycle 3 was higher than free CRL in the same cycle, suggesting
leaching of the lipase from the support into the solution during the reaction. The activity

decreased to just 6.3% in cycle 4.

Due to the somewhat irregular and unexpected erratic nature of the results obtained using the
PEG/water/hexane system, | attempted to find an explanation in the literature, but found no
relevant results as the system has not been used (to the best of my knowledge) for this
application with these types of catalytic materials. However, |1 came across an interesting

article by Liaquat et al*®

who reported the transesterification of ethyl butyrate to butyl
butyrate catalysed by rape seedling lipase. They also studied the effect of water concentration
and found that transesterification yield was best with water concentrations between 0.5 and
20%, decreasing outside of these limits (although the reaction was carried out a 5 mL scale).
It is worth mentioning that increasing the water concentration from 1% to 20% did not have
much of an effect on transesterification yield in their study, hence 10% was decided as the
maximum concentration for this study. They tested the effect of ethyl butyrate to n-butanol
ratio, concluding that the optimal system was using a 6:1 ratio of ethyl butyrate (600 mM) to
n-butanol (100 mM). Hence, the next part of the transesterification reaction investigation has

been focussed on the effect of reactant ratio using the best solvent system.

4.3.3 Optimising the Solvent System Using a 6:1 Ratio of Ethyl Butyrate to n-Butanol

With the new ratio of starting materials for the reaction, it was important to decide on the
correct solvent system to further optimise the reaction for the best results. Therefore, the
reaction was performed for 24 hours and a variety of solvent systems using free PFL and free
CRL.
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Transesterification of Ethyl Butyrate:
24 Hours/ Various Solvent Conditions — New 6:1 Reactants Ratio

100

B Free PFL

Conversion %

® Free CRL

0.5% Water/Hexane 10% Water/Hexane 0.1% PEG/10% Water/ Hexane
Solvent Conditions

Figure 4.8: Conversion of ethyl butyrate to butyl butyrate after 24 hours using free PFL (blue
bars) and free CRL (red bars) and 3 different solvent systems: 0.5% water/hexane, 10%
water/hexane and 0.1% PEG in 10% water/hexane. The blue bars represent conversion given
by free PFL and the red bars represent free CRL. Reactant ratio (ethyl butyrate to n-butanol)
of 6:1.

Figure 4.8 shows that 0.5% water/hexane is by far the most ineffective solvent system for the
reaction and will not be used any further. It can also be seen that PEG does not have a
considerable effect on the conversion of ethyl butyrate to butyl butyrate. It is worth
mentioning that the 6:1 ratio of starting materials leads to much higher conversion values for
free PFL (around 90%) and free CRL (around 65%), compared with the 1:2 ratio and equal

solvent conditions.

Table 4.1: Ethyl butyrate to butyl butyrate conversion values given using different ratios of
ethyl butyrate to n-butanol. Conditions = 10% water/hexane solvent, 37°C, 24 hours.

Catalyst Material Conversion of Ethyl Butyrate to Butyl Butyrate (%)

1:2 ethyl butyrate : n-butanol 6:1 ethyl butyrate : n-butanol
Free PFL (500 pg) 50.15 88.60
Free CRL (500 ug) 23.84 64.61
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4.3.4 Results: Detailed Study on Re-usability and Activity of Lipase-Immobilised
Nanoparticles for Transesterification of Ethyl Butyrate Using Optimised 6:1
Ratio of Ethyl Butyrate to n-Butanol and Solvent System

The reaction was performed as explained in Section 2.6.4. Ethyl butyrate (600 mM) and n-
butanol (100 mM) were added to the amount of lipase-immobilised nanoparticles
corresponding to 500 pg total lipase. The solvent system used was 10% water/hexane.
Materials made using a variety of aminosilanes (APTS, APDS and APMS) for surface
functionalisation followed by lipase (PFL and CRL) immobilisation. Table 4.2 shows the

materials used for this reaction.

Table 4.2: Materials used for the transesterification of ethyl butyrate.

Name Details* Name Details*

PFLITTQOB PFL immobilised on TTQB CRLITTQB CRL immobilised on TTQB
PFLITWQB PFL immobilised on TWQB  CRLITWQB CRL immobilised on TWQB
PFLIDTQB PFL immobilised on DTQB  CRLIDTQB CRL immobilised on DTQB
PFLIDWQB PFL immobilised on DWQB CRLIDWQB CRL immobilised on DWQB
PFLIMTQB PFL immobilised on MTQB  CRLIMTQB CRL immobilised on MTQB
PFLIMWOQB PFL immobilised on MWQB CRLIMWQB CRL immobilised on MWQB

Note: PFLI and CRLI represent materials made using PFL and CRL. The letters T, D and M represent the
aminosilane used (APTS, APDS and APMS respectively). The next letter T or W represents the surface-
functionalisation method used: T = TPRE, W = water. QB represents the shortened form of the silica-coated
material QBLSSM. *See Table 3.7, Section 4.1 for material details.

The reaction was carried out for a total of 24 hours and 3 re-cycles. Lipase-immobilised
nanoparticles were washed magnetically with 3x1 mL PBS buffer and re-dispersed in fresh

water before addition of fresh hexane and reactants between cycles.
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Transesterification of Ethyl Butyrate:
3 x 24 Hour Cycles/10% Water/Hexane 6:1 Reactants Ratio

60.00 4

ECyclel1

Conversion %

m Cycle 2

mCycle 3

Materials

Figure 4.9: Conversion of ethyl butyrate to butyl butyrate over 3x24 hour cycles using
lipase-immobilised materials in 10% water/hexane solvent. See Table 4.2 above for details on
the materials used. Values are mean, + S.E.M., n =3 in all cases.

Results and discussion on PFL-immobilised materials: For materials made using APTS as the
aminosilane, the trend of increasing activity over all three cycles can be observed for both
TPRE- (PFLITTQB: 13.8% cycle 1, 15.4% cycle 2, 19.5% cycle 3) and water- (PFLITWQB:
10.0 % cycle 1, 13.1% cycle 2, 21.0% cycle 3) functionalised materials. For materials made
using APDS as the aminosilane, water-functionalised (PFLIDWQB) materials show a
markedly higher activity (45.7% cycle 1, 33.2% cycle 2, 35.2% cycle 3) over all three cycles
than TPRE-functionalised (PFLIDTQB) materials (17.9% cycle 1, 26.4% cycle 2, 21.8%
cycle 3). For materials made using APMS as the aminosilane, again materials made using the
water-method (PFLIMWQB) show a much higher activity (42.3% cycle 1, 51.0% cycle 2,
31.4% cycle 3) over all three cycles than those made via the TPRE-method (PFLIMTQB: 30.
5% cycle 1, 31.4% cycle 2, 26.9% cycle 3).

For APTS-functionalised materials, those made using TPRE-method perform slightly better
than those made using the water method over the first two cycles, with similar conversions
for the third. For APDS-functionalised materials, the water-method has a much higher
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activity over all 3 cycles and is the most suitable for this application. For APMS-
functionalised materials, materials made using the TPRE-method provide more consistent
activity over the 3 cycles, but materials made using the water-method show much higher

activity over all 3 cycles.

Results and discussion using CRL-immobilised materials: As with PFL, for materials made
using APTS as the aminosilane, the trend of increasing activity over all 3 cycles can be
observed for both TPRE-(CRLITTQB: 18.4% cycle 1, 38.3% cycle 2, 42.7% cycle 3) and
water-functionalised (CRLITWQB: 19.0% cycle 1, 27.1% cycle 2, 34.0% cycle 3) materials.
It can be concluded that in the case of CRL materials made using APTS as the aminosilane,
that TPRE is the most effective method of surface functionalisation to produce better
catalytic materials for the transesterification of ethyl butyrate. For materials made using
APDS as the aminosilane, materials made by the TPRE-method (CRLIDTQB) have some of
the highest activity out of all of the materials used (37.4% cycle 1, 44.8% cycle 2, 44.6%
cycle 3). Materials made by the water-method using APDS (CRLIDWQB) are much less
catalytically active (12.9% cycle 1, 27.2% cycle 2, 24.3% cycle 3). Finally, CRL-
immobilised materials made using APMS as the aminosilane; water-method (CRLIMWQB)
materials produced higher activity for cycles 1 and 3, but for cycle 2, the materials
functionalised using the TPRE approach (CRLIMTQB) have the highest activity out of any

materials used in any cycle (52.7%).

Brief Conclusions

Preliminary investigations and a thorough literature search led to initial experiments into
finding and optimising a suitable solvent system for the reaction. With regard to solvents,
initial reactions using hexane and THF gave no successful results, which | later found out was
due to enzyme inactivation. Water was introduced to the system and various water
concentrations in hexane were tested, with 10% water/hexane (maximum amount of water)
providing the best results due to successful interfacial activation of the enzyme permitting
exposure of the active site. Next, PEG was investigated as a stabilising agent for the reaction,
but conversion of ethyl butyrate to butyl butyrate was not improved significantly, hence, it
was left out of the later reactions. The final parameter in my study was the ratio of ethyl
butyrate to n-butanol. Two systems were used: A 1:2 ratio of ethyl butyrate: n-butanol (as

301

used by Solanki and Gupta®™" and a 6:1 ratio of ethyl butyrate: n-butanol (as used by Liaquat

et al®®). It was clear to see (see Table 4.1) that the 6:1 ratio of ethyl butyrate to n-butanol led
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to a dramatic increase in conversion values (at least in the case of free lipase) and hence these
conditions were used for the detailed investigation into the transesterification using PFL and

CRL immobilised materials.

The activity of PFL- and CRL-immobilised materials cannot be compared accurately due to
the differing trends observed in the results and their different structures. For PFL materials
made using APTS as the aminosilane, those made using the TPRE method perform slightly
better over the first two cycles than those made using the water method, while for the third
cycle, the conversion values are very similar. For APDS-functionalised materials, those made
using the water method give much higher average conversion values for all three cycles, but
the values fluctuate a lot between cycles and error is relatively high. For APMS-
functionalised materials, again, those made using the water method provide higher
conversion values than those made by the TPRE method, but the values fluctuate a lot
between cycles and error remains relatively high. Also, every material shows at least one
instance of conversion increasing between cycles, possibly due to leaching of the enzyme into
solution over the course of the reaction. Interestingly, none of the conversions given by any

material were as high as that given by free PFL.

For CRL-immobilised materials, APTS-functionalised materials obtained by the TPRE and
water method show similar activity in the first cycle, but in the second and third cycles, those
made using the TPRE-method give higher conversions. In the case of APDS-functionalised
materials, those made using the TPRE method show drastically higher conversion values (for
all cycles) than those made using the water method. Finally, for APMS-functionalised
materials, those made using the water method show slightly higher conversions than those
made using the TPRE method in the first and third cycles, but both materials show a
significant increase in conversion for the second cycle, with the TPRE-functionalised
material giving the higher value. Again, every material shows at least one instance of
conversion increasing between cycles, possibly due to leaching of the enzyme into solution
over the course of the reaction. As was the case with PFL, none of the conversions given by
any material were as high as that given by free CRL, but the values were closer than they
were with PFL-materials. A possible reason for the fluctuations in catalytic activity between

cycles is possibly due to leaching of the enzyme into solution.
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4.4 Bio-catalytic Application: Partial and Selective Hydrolysis of Cis-3,5-
diacetoxy-1-cyclopentene to Synthesise Pharmaceutically Important
Chiral Intermediates

The reaction was carried out according to the method outlined in Section 2.6.5. The amount
of lipase-immobilised nanoparticles (variable amount, in mg) corresponding to 500 pg
immobilised lipase was used in each case, except when free lipase was used as catalyst, 500
Kg was used directly as catalyst. Initially, the reaction was carried out using THF as reaction
solvent, but yielded no products (data not included). The reaction was put on hold, until work
on the transesterification of ethyl butyrate was completed (Section 4.3). It was later decided
to employ similar solvent conditions for this reaction, in order to activate the immobilised
lipase and the free lipase in solution. The reaction was carried out using three separate
conditions: 20% water/hexane solvent system at 25°C, 20% water/hexane solvent system at
37°C and 50% water/hexane solvent system at 25°C. In this way it was possible to manipulate
both water concentration and reaction temperature to gain the best results. 20% water in 1 mL
of total reaction volume was used as a minimum concentration because small aliquots (1 uL)
of the water layer were to be injected into the GC or GC-MS for analysis at various times,
hence it was important that enough water should be available to inject for analysis. Due to the
slight evaporation of low boiling organic solvent (hexane) during the reaction, it proved
difficult to analyse the reaction conversion using the remaining reactants present in the
hexane layer. The starting material cis-3,5-diacetoxy-1-cyclopentene is mostly soluble in
hexane and sparingly soluble in water, whereas the products; (1S,4R)- and (1R,4S)-cis-4-
acetoxy-2-cyclopenten-1-ol and cis-3,5-dihydroxy-1-cyclopentene were only soluble in
water. Hence | have calculated conversion percentages based on the concentration of the
reaction products in the water layer.

During initial experiments, it was found that when PFL was used as catalyst, a single peak is
observed at the retention time (Rt) corresponding to (1S,4R)-cis-4-acetoxy-2-cyclopenten-1-
ol along with cis-3,5-dihydroxy-1-cyclopentene and the reactant cis-3,5-diacetoxy-1-
cyclopentene. Figure 4.10 presents a scanned GC-MS chromatogram of the reaction products

after 48 hours using immobilised PFL as catalyst.

Page 150 of 250



Relative Abundance

100
953
903

RT: 8.27 - 14.26

(1S,4R)-cis-4-acetoxy-
2-cyclopenten-1-ol
Ry =11.15 mins ——>

cis-3,5-dihydroxy-1-

cyclopentene

Ry =10.69 mins

cis-3,5-diacetoxy-1-
cyclopentene
Ry =12.32 mins

/

e ~4:j\7ﬂm 3 \Ar"r"—/»‘»—\»»ﬁJﬁ"\ A e A AN
LRA R RS R A Ay R B RO Rl RAMS LA RS RASE AR RAny A

10 1

12 13 14

Time (min)

Figure 4.10: Scanned GC chromatogram of the reaction products after 48 hours using

PFLITTQB as catalyst. Retention time is indicated by Rr.

However, when CRL was used as catalyst, two peaks were seen at the retention time
corresponding to (1S,4R)-cis-4-acetoxy-2-cyclopenten-1-ol and (1R,4S)-cis-4-acetoxy-2-
cyclopenten-1-ol and the reactant cis-3,5-diacetoxy-1-cyclopentene, shown in Figure 4.11

below.
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Figure 4.11: Scanned GC chromatogram of the reaction products after 48 hours using

immobilised CRL as catalyst. Retention time is indicated by Rr.
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Using GC-MS, the compound corresponding to the peak at 11.27 mins was found to have the
same mass as (1S,4R)-cis-4-acetoxy-2-cyclopenten-1-ol. In order to confirm that the peak
was the (1S,4R)-form, a small amount (~5 pmol) of pure (1S,4R)-cis-4-acetoxy-2-
cyclopenten-1-ol (Sigma-Aldrich cat. No. 446041) was added to the mixture, it was observed
that only the area of the peak at 11.15 mins (i.e. (1S,4R)-cis-4-acetoxy-2-cyclopenten-1-ol)
was seen to increase. Similarly, when a small amount (~5 pumol) of pure (1R,4S)-cis-4-
acetoxy-2-cyclopenten-1-ol (Sigma-Aldrich cat. No. 00848) was added to the mixture and it
was observed that only the area of the peak at 11.27 mins (i.e. (1R,4S)-cis-4-acetoxy-2-
cyclopenten-1-ol) was seen to increase. Hence, it was concluded from this and the GC-MS
data, that the peak at 11.27 mins did correspond to (1R,4S)-cis-4-acetoxy-2-cyclopenten-1-ol.
In later experiments, PFL materials were seen to produce the (1R,4S)- enantiomer in minute
quantities (0-3% conversion). The enantioselective nature of PFL was expected, as

161

Pseudomonas lipases are renowned for their enantioselectivity;™" previously used for the

synthesis of chiral intermediates in drug development.*3046°

Following this discovery, it was now possible to calculate conversion to both the (1S,4R)-
and (1R,4S)-forms of the product, as well as the dihydroxy by-product to provide total
conversion values. As the enantiomers are of equal molecular weight and functionality, the

same calibration curve can be used to calculate concentration for each.

A final point of interest is that acetic acid is formed as a by-product of the reaction following
further hydrolysis of the hydrolysed acetoxy groups. With the increasing concentration of
acetic acid in the reaction mixture, it is possible that this leads to the acid-catalysed
hydrolysis of the newly formed mono-acetoxy products to the dihydroxy by-products. This
process coupled with the further lipase-catalysed hydrolysis of the mono-acetoxy product
could be an explanation for the increasing amount of undesired dihydroxy by-products

present in the reaction mixture with time.

4.4.1 Results: Reaction Using 20% Water/Hexane Solvent System at 25°C

Figure 4.12 shows the conversion of cis-3,5-diacetoxy-1-cyclopentene to the three products,

as well as total conversion over 48 hours.
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Conversion of Cis-3,5-diacetoxy-1-cyclopentene to Products: 20% Water/Hexane 25°C
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Figure 4.12: Results of the partial and selective hydrolysis of cis-3,5-diacetoxy-1-
cyclopentene using 20% water/hexane at 25°C for 48 hours. The red squares represent
conversion to (1S,4R)-cis-4-acetoxy-2-cyclopenten-1-ol, green triangles represent conversion
to (1R,4S)-cis-4-acetoxy-2-cyclopenten-1-ol, purple crosses represent conversion to cis-3,5-
dihydroxy-1-cyclopentene and the blue crosses represent total conversion to products. Values
are mean, = S.E.M., n =2 in all cases.

From Figure 4.12 it can be seen that CRL materials are successful at producing both
enantiomers of cis-4-acetoxy-2-cyclopenten-1-ol. Over all timeframes, free CRL provides a
higher conversion than immobilised CRL. Maximum total conversion is seen at 24 hours
(57%) for free CRL, plateauing after this. Immobilised CRL reaches the highest conversion
(14%) after 48 hours. The products are obtained in approximately a 2:1 ratio of the (1S,4R)-
enantiomer to the (1R,4S)-enantiomer, giving roughly 40% enantiomeric excess (ee) of
(1S,4R)-cis-4-acetoxy-2-cyclopenten-1-ol. As the reaction continues over 24 hours, it can be
seen that conversion of the mono-acetoxy products to the dihydroxy by-product occurs in
small amounts (17% of total products for free CRL and 2% for immobilised CRL).

From Figure 4.12 it can also be seen that initial conversion (after 1 hour) for free PFL is
much higher than immobilised PFL. Free PFL gives 39% total conversion and immobilised

PFL gives 2%. For free PFL, maximum conversion to the desired product is seen after 24
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hours, with overall conversion decreasing after 48 hours. The high maximum total conversion
value (76%) is due to the increased conversion to the dihydroxy by-product, which becomes
the most abundant product at 24 hours. The highest conversion to the desired (1S,4R)-
enantiomer is highest at 1 hour (35%) and decreases steadily at 24 and 48 hours as a result of
its further hydrolysis to the dihydroxy by-product. For immobilised PFL, conversion to the
desired products increases steadily up to a maximum of 25% to 48 hours. Immobilised PFL
offers the advantage of producing relatively small amounts of the dihydroxy by-product: 7%
of total products compared to free PFL, which produces the dihydroxy by-product as 75% of
the total products at 48 hours. For both free and immobilised PFL, the (1R,4S)- enantiomer is

produced as less than 1% of total products in the reaction.

In terms of comparing CRL and PFL, free CRL offers higher conversion to the desired
products and lower conversion to the dihydroxy by-product, at 24 and 48 hours. The highest
conversion to the desired products (24 hours, (1R,4S) = 33%, (1S,4R) = 17%), is higher than
that given by free PFL at any reaction time. CRL materials (both immobilised and free)
produce the (1S,4R)-form in roughly 40% ee (around two (1S,4R) molecules to one (1R,4S)
molecule). In contrast, PFL materials produce the (1S,4R)- enantiomer in 93-100%
enantiomeric excess (ee) and free PFL achieves its maximum conversion to the desired
products after just 1 hour [(1R,4S) = 35%)]. However, after this, it produces an increasing
amount of the undesired dihydroxy by-product. For immobilised lipases, PFL and CRL
provide similar initial conversion values after 1 hour, but PFL-immobilised nanoparticles
exhibit higher maximum conversion, higher enantioselectivity and both materials give low
amounts of the undesired dihydroxy by-product. Larger error bars observed in the case of free
lipases could be due to issues such as dissolving the lipase in water prior to the reaction and
also re-dispersing the lipases following centrifugation prior to removing aliquots of the water

layer for analysis.

As applications for the (1S,4R)-form of the product are numerous,?%%46%-468

those of the (1R,4S)-form (only one could be found in the literature search®®), the (1S,4R)-

compared with

form is the desired reaction product and the (1R,4S)-form can be considered a by-product,
hence enhancing the effectiveness of PFL over CRL for this application. Additionally, the
reasonable activities of immobilised lipases coupled with their re-usability and removability

from the reaction mixture makes them suitable candidates for catalysing the reaction.
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4.4.2 Results: Reaction Using 20% Water/Hexane Solvent System at 37°C

Figure 4.13 shows the conversion of cis-3,5-diacetoxy-1-cyclopentene to the three products,

as well as total conversion over 48 hours, at 37°C.

Conversion of Cis-3,5-diacetoxy-1-cyclopentene to Products: 20% Water/Hexane 37°C
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Figure 4.13: Results of the partial and selective hydrolysis of cis-3,5-diacetoxy-1-
cyclopentene using 20% water/hexane at 37°C for 48 hours. The red squares represent
conversion to (1S,4R)-cis-4-acetoxy-2-cyclopenten-1-ol, green triangles represent conversion
to (1R,4S)-cis-4-acetoxy-2-cyclopenten-1-ol, purple crosses represent conversion to cis-3,5-
dihydroxy-1-cyclopentene and the blue crosses represent total conversion to products. Values
are mean, = S.E.M., n =2 in all cases.

CRL materials results and discussion: As previously seen in the reaction at 25°C, CRL
materials produce both enantiomers of cis-4-acetoxy-2-cyclopenten-1-ol, in roughly a 2:1
ratio of the (1S,4R)-enantiomer to the (1R,4S)-enantiomer, giving around 30-40% (ee).
Again, over the entire reaction, free CRL provides a higher conversion than immobilised
CRL. Maximum conversion is again seen at 48 hours in both cases (92% for free CRL and
33% for immobilised CRL). Compared to the reaction at 25°C, free CRL exhibits similar
activity after 1 hour (8%), as does immobilised CRL (1% in both cases). This is indicative of
increased activity of the lipase at higher temperature. In terms of maximum conversion, much
higher values are obtained at 37°C (92% free CRL, 33% immobilised CRL) than 25°C (57%
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free CRL, 14% immobilised CRL). The dihydroxy by-product was formed in similar
quantities to those obtained at 25°C: 19% of the total conversion for free CRL and 4% for
immobilised CRL. At 25°C, the values were 17% and 2% respectively. It has been reported

C, %472 \whilst it is somewhat

that free CRL has optimum activity at temperatures of 35-40°
higher for immobilised CRL (around 45-55°C, depending on the support type and method of

immobilisation)*”**". This can explain the increase in catalytic activity from 25°C to 37°C.

PFL materials results and discussion: Both free and immobilised PFL reached maximum
conversion after 48 hours (96% for free PFL, 33% for immobilised PFL). As was the case at
25°C, free PFL exhibits high initial conversion to the desired products, but also suffers from
an increasing amount of undesired dihydroxy by-product over time, which eventually
becomes the dominant product in the reaction mixture (73% of total products). The highest
conversion to desired products for free PFL was after 1 hour (25% conversion, 84% of total
products). Immobilised PFL affords more control over synthesis of the desired product,
resulting in 33% total conversion with just 11% of total products being the dihydroxy by-
product. Compared to 25°C, immobilised PFL gives 8% higher total conversion and free PFL
gives 22% higher maximum conversion, at 37°C. Free PFL shows optimum activity in
literature of around 30-40°C,*"**" increasing to 60-70°C when immobilised.?***"* This can
again be used to explain the increase in catalytic activity when temperature is increased from
25°C to 37°C.

To compare results between CRL and PFL, free CRL and PFL offer similar maximum
conversion values (92 and 97% respectively) at 48 hours. Both free and immobilised PFL
produce the (1S,4R)- enantiomer in 94-100% ee, while both free and immobilised CRL

produce the (1S,4R)- enantiomer in 30 and 40 % ee, respectively.

The conclusions to this part of the study are very similar to those where the reaction was
carried out at 25°C. PFL materials remain highly enantioselective (94-100% ee) and CRL
materials produce the (1S,4R)-form 60-70% (roughly 30-40% ee). However, in this case (at
37°C), conversions were much higher and over the entire 48 hour reaction, free PFL proved
to be the most effective catalyst, giving an overall conversion of 97%. Free CRL gave 92%
conversion after 48 hours and both free lipases gave high amounts of the undesired dihydroxy
by-product. This could be due to increasing amounts of acetic acid in the system, as

explained in the previous section. Increases in activity were seen in both immobilised lipases
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coupled with low amounts of the dihydroxy by-product; immobilised PFL provided the

highest conversion values.

It is possible that activity of the immobilised lipases is lower than free lipases because the
optimum temperatures for immobilised lipases are slightly higher than those for free lipases
(explained earlier in this section).

4.4.3 Results: Reaction Using 50% Water/Hexane Solvent System at 25°C

Figure 4.14 shows the conversion of cis-3,5-diacetoxy-1-cyclopentene to the three products,
as well as total conversion over 48 hours, at 25°C.

Conversion of Cis-3,5-diacetoxy-1-cyclopentene to Products: S0% Water/Hexane 25°C
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Figure 4.14: Results of the partial and selective hydrolysis of cis-3,5-diacetoxy-1-
cyclopentene using 50% water/hexane at 25°C for 48 hours. The red squares represent
conversion to (1S,4R)-cis-4-acetoxy-2-cyclopenten-1-ol, green triangles represent conversion
to (1R,4S)-cis-4-acetoxy-2-cyclopenten-1-ol, purple crosses represent conversion to cis-3,5-
dihydroxy-1-cyclopentene and the blue crosses represent total conversion to products. Values
are mean, £ S.E.M., n =2 in all cases.

CRL materials results and discussion: As was the case in the reactions employing 20%
water/hexane solvent conditions, CRL materials produce both enantiomers of cis-4-acetoxy-
2-cyclopenten-1-ol, in roughly a 2:1 ratio of the (1S,4R)-enantiomer to the (1R,4S)-
enantiomer, giving roughly 40% ee. After 1 hour, total conversion is 22% for free CRL, 2
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times higher than using 20% water/hexane at the same temperature. Immobilised CRL is
similar to that obtained at 20% water/hexane (1-1.7%). The maximum conversion values are
achieved at 24 hours for free CRL (88%), but immobilised CRL reaches its maximum (42%)
at 48 hours. Total conversion for free CRL drops to 69% between 24 and 48 hours. In terms
of production of the undesired dihydroxy by-product, both free and immobilised CRL
produce less than 2% of total products. Maximum conversion for free CRL is much higher
than at 20% water/hexane at the same temperature. For immobilised CRL, 50% water/hexane
produces the highest maximum conversion (42%), compared to 20% water/hexane at 25°C
(14%) and 37°C (33%).

PFL materials results and discussion: Free PFL reaches its maximum after 24 hours (91%)
and decreases slightly thereafter to 79% after 48 hours. Immobilised PFL has reasonably high
initial activity (11% total conversion after 1 hour) and increases to its maximum (48% total
conversion) at 48 hours. After 48 hours, free PFL produces the dihydroxy by-product as 40%
of the total products, whereas immobilised PFL produces it as 14%. The highest conversion
to the desired products [(1S,4R)-cis-4-acetoxy-2-cyclopenten-1-ol and (1R,4S)-cis-4-acetoxy-
2-cyclopenten-1-ol] was 24 hours (66%) for free PFL and 48 hours for immobilised PFL
(42%). Hence, it could be beneficial to stop the reaction using free PFL after 24 hours to
obtain the maximum amount of desired product with the minimum amount of undesired by-
product. Again, PFL materials are more enantioselective in this reaction, producing the
(1S,4R)-enantiomer in 97-98% ee.

Higher conversions given using 50% water/hexane compared to 20% water/hexane at 25°C
could be due to a higher interfacial area produced between the water and hexane and also due
to the lipase being able to dissolve more easily.

4.4.4 Results: Testing the Re-usability of Lipase-Immobilised Nanoparticles Using
20% Water/Hexane Solvent System at 25°C

CRL- and PFL-immobilised nanoparticles were used to assess their re-usability for the
reaction using 20% water/hexane at 25°C. The reaction was carried out as described in
Section 2.6.5; a single aliquot was withdrawn from the water layer after 24 hours for analysis.
The lipase-immobilised nanoparticles were then washed with 3x1 mL distilled/deionised
water and the reaction was repeated for 4x24 hour cycles.
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Testing the Reusability of Lipase-Immobilised Nanoparticles for the Conversion of Cis-3,5-
diacetoxy-1-cyclopentene to Products: 20% Water/Hexane 25°C, 4X24 Hour Cycles
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Figure 4.15: Testing the re-usability of lipase-immobilised nanoparticles for the partial and
selective hydrolysis of cis-3,5-diacetoxy-1-cyclopentene using 20% water/hexane at 25°C for
4x24 hour cycles. Red bars represent the conversion (1S,4R)-cis-4-acetoxy-2-cyclopenten-1-
ol, green bars represent conversion to (1R,4S)-cis-4-acetoxy-2-cyclopenten-1-ol and purple
bars represent conversion to cis-3,5-dihydroxy-1-cyclopentene.

Figure 4.15 shows that for both CRL- and PFL-immobilised materials, activity is highest in
the first 24 hour cycle. CRL-immobilised materials give 12% conversion of cis-3,5-
diacetoxy-1-cyclopentene to (1S,4R)- and (1R,4S)- cis-4-acetoxy-2-cyclopenten-1-ol in cycle
1, decreasing slightly to 9% in cycle 2, 7% in cycle 3 and 8% in cycle 4. The (1S,4R)-
enantiomer is produced in 70-74% ee. Small amounts of the dihydroxy by-product are seen in
cycles 2, 3 and 4 (less than 0.2%). It is possible that the first cycle exhibits higher total
conversion than subsequent cycles as in cycles 2, 3 and 4 some of the active sites may
become blocked, or some lipase can be washed away from the nanoparticle surface during
either the reaction or washing steps between cycles. In total, CRL-immobilised materials

retained 63% of their activity after 4 catalytic cycles of the reaction.

For PFL-immobilised materials, a similar trend is seen in that initial conversion is highest and
subsequent cycles show slightly decreasing total conversion values. The (1S,4R)- enantiomer
is produced in 98-99% ee and the dihydroxy by-product is produced as less than 0.7% of total
products. The activity in cycles 1, 2 and 3 is almost equal (15, 14 and 14% respectively),
suggesting that PFL-immobilised materials possibly do not suffer from leaching of the lipase
into solution during the reaction or washing steps. Cycle 4 sees total conversion decrease to

12%, which is the same as the maximum total conversion achieved by CRL-immobilised
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materials in cycle 1. PFL-immobilised materials retained 80% of the their activity after 4

catalytic cycles of the reaction.

Brief Conclusions

In terms of temperature, when 20% water/hexane was used as solvent, 37°C provided higher
conversion values than 25°C for both free and immobilised lipases, as this is within the
optimal activity temperature range for free lipases and closer to the optimal range for
immobilised lipases, which is slightly higher on average.

For immobilised lipases, 50% water/hexane proved to be the most successful solvent system,
giving highest activity values for both PFL and CRL. For free lipases, 20% water/hexane at
37°C proved to be the most optimal conditions, as conversion increased to the maximum
values obtained in the study at 48 hours for both PFL and CRL.

PFL was shown to be more enantioselective bio-catalyst, producing the desired (1S,4R)-
enantiomer of the product in roughly 93-100% ee, but suffered from relatively high
production of the undesired dihydroxy by-product due to further hydrolysis of the mono-
acetoxy product (possibly due to production of acetic acid, leading to acid-catalysed
hydrolysis of the mono-acetoxy product). At both temperatures and solvent conditions, CRL
was shown to produce both enantiomers in roughly a 2:1 ratio [(1S:4R): (1R,4S)] and
produced less of the dihydroxy by-product.

Free lipases provided much higher conversions than immobilised lipases, but immobilised
lipases produced much higher ratios of the desired products to by-products; it can be said that
immobilised lipases afforded more control over the formation of the desired products. In
addition, free PFL reached its maximum conversion to desired products typically after 24
hours (48 hours at 37°C); predominantly producing the dihydroxy by-product after this.
Hence, it can be concluded that immobilised lipases gave reasonable conversion values with
excellent control over the desired products, along with re-usability and easy separability from

the reaction mixture.

In terms of re-usability, both CRL- and PFL-immobilised materials were shown to retain
most of their activity over 4x24 hour cycles at 25°C using 20% water/hexane as solvent.
CRL-immobilised materials retained 63% and PFL-immobilised materials retained 80% of
their activity over 4x24 hour cycles. It can be concluded that lipase-immobilised

nanoparticles are suitable and re-usable catalysts for this application.
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High amounts of the dihydroxy by-product obtained in the reactions can be explained by the
reasonably high water concentrations used. The hydrolysis of the diacetoxy starting material
to the desired mono-acetoxy product is catalysed by the lipase active site.*”® However, the
hydrolysed acetoxy group remains bound to amino acid residues in the active site as an acyl-

enzyme intermediate complex (see Scheme 4.1).

Enz

Tetrahedral Intermediate Acyl-enzyme Intermediate

Scheme 4.1: Hydrolysis of cis-3,5-diacetoxy-cyclopentene to (1R,4S)-cis-4-acetoxy-2-
cyclopenten-1-ol (as an example). Enz denotes the enzyme active site. The reactants and
products are marked in red. Figure expanded and adapted from reference 476.

The cis-3,5-diacetoxy-cyclopentene forms a tetrahedral intermediate complex with the
catalytic triad of the lipase active site (Asp/Glu-His-Ser) and the mono-acetoxy product is
hydrolysed from the active site. The hydrolysed acetoxy group from the diacetoxy reactant
remains bound to the serine residue in the active site as an acyl-enzyme intermediate
complex. After the acyl-enzyme intermediate is formed, water hydrolyses the acetoxy group,
forming acetic acid in the reaction mixture, which enables the acid-catalysed hydrolysis of

the mono-acetoxy product to the dihydroxy by-product.
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CHAPTER 5

BIO-SEPARATION AND BIO-SENSOR
APPLICATIONS OF
OLIGONUCELOTIDE-GRAFTED
SILICA-COATED MAGNETITE
NANOPARTICLES
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5.1 Introduction

The following section will present the bio-separation and bio-sensor applications that have
been explored as part of the project. The first section involved the bio-separation application
of silica-coated core-shell nanoparticles (QBLSSM). The nanoparticles were used to extract
DNA (via non-specific physical adsorption) from real food samples and the extraction
efficiency was compared with a classical thermal lysis extraction technique. The silica-coated
nanoparticles were subsequently employed by Q-Bioanalytic GmbH as part of their
commercial DNA Extraction Kit.

The second section focussed on Listeria Monocytogenes (LM) and the use of a previously-
established model hybrid capture assay.?>®® The assay employed in this project utilised LM-
specific amine-modified oligonucleotides (primers) grafted onto surface-functionalised silica-
coated magnetite nanoparticles using glutaraldehyde as a coupling reagent. The
oligonucleotide-grafted nanoparticles were used to capture LM-specific complementary
oligonucleotides from a buffer solution (bio-separation), which were then dehybridised at
high temperature. The capture and dehybridisation of the complementary sequence was
followed using UV-Visible spectrophotometry, measuring absorbance at 260 nm (bio-
sensing). Following optimisation of the hybrid capture assay to produce the best results, the
oligonucleotide-grafted nanoparticles were then used at Q-Bioanalytic, Germany, for the
specific detection of LM in real food samples and then finally to explore the sensitivity of
detection of LM.

The third section of this application focussed on Escherichia Coli (EC) and again the initial
use of a hybrid capture assay. EC-specific primers were grafted in the same way as the LM-
specific amine-modified primers onto the functionalised nanoparticles. The EC-grafted
materials were then used in the previously optimised hybrid capture assay conditions and
complementary sequence capture and dehybridisation was monitored using UV-Visible
spectrophotometry, measuring absorbance at 260 nm. Again, samples were used at Q-
Bioanalytic, Germany for the specific detection of EC in food samples, to explore the
sensitivity of detection of EC and were also used in collaboration with Fudan University,

China, for the detection of EC in wastewater samples.

Table 5.1 below presents the materials used in this part of the project and the applications

they were used for.
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Table 5.1: Materials used in bio-separation and bio-sensor applications.

Name Details Bacteria Application
Detected  DNA Hybrid Specific Sensitivity
Extraction  Capture Detection  of
Assay from a Detection

Mixture Limits
TTQB-Cs- TTQB with oligonucleotide sequence Ce-T1INH, covalently LM N/A N N N
T1INH; attached to the surface*
TTQB-Cy,- TTQB with oligonucleotide sequence C1,-T1INH, covalently LM N/A \ \ \
T1INH; attached to the surface*
TTQB-Cs- TTQB with oligonucleotide sequence Ce-T2NH, covalently LM N/A \ \ \
T2NH, attached to the surface*
TTQB-Cy,- TTQB with oligonucleotide sequence C1,-T2NH, covalently LM N/A \ \ \
T2NH, attached to the surface*
TTQB- TTQB with oligonucleotide sequence EC_541_FOR EC N/A \ \ \
EC 541 FOR covalently attached to the surface**
TTQB- TTQB with oligonucleotide sequence EC_637_REV EC N/A \ \ \
EC 637 _REV covalently attached to the surface**
QBLSSM Large-scale silica-coated core-shell magnetite nanoparticles  N/A \ N/A N/A N/A

*See Table 2.1, Section 2.1 for LM-specific oligonucleotide sequences.
**See Table 2.2, Section 2.1 for EC-specific oligonucleotide sequences.
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5.2 Bio-separation Application: DNA Extraction Using Silica-Coated
Core-Shell Nanoparticles

DNA extraction was carried out according to the method in Section 2.7.5. DNA concentration
was calculated using a NanoDrop 2000 UV-Visible spectrophotometer (Thermo Scientific,
Germany).

Comparison of DNA Extraction Methods

® QBLSSM Extraction
80.0 - Thermal Lysis Extraction
60.0 -

40.0 -

DNA Concentration (ng/pL)

20.0 -

0.0 -
Extraction Method

Figure 5.1: Comparison of total DNA extracted from a real food sample using silica-coated
core-shell nanoparticles (QBLSSM) and a classical thermal lysis method. Values are mean,
S.E.M., n=6in all cases.

Figure 5.1 shows that silica-coated core-shell nanoparticles (QBLSSM) provide similar
values of total DNA extracted compared to the thermal lysis method. As the thermal lysis
method uses high temperature to lyse the nucleic acids from the matrix, it can be considered
that thermal lysis extracts 100% of total nucleic acids present. Hence, in this experiment,
QBLSSM was shown to extract around 91% of total DNA from the matrix. However, nucleic
acids extracted using thermal lysis may be contaminated with PCR-inhibiting species. Prior
to extraction using the nanoparticles, the sample is enzymatically pre-digested in Proteinase
K and lysis buffer to lyse the nucleic acids from the sample. The nanoparticles are then
introduced to extract the DNA in the presence of a binding buffer. The bound DNA is
purified by washing with aqueous ethanol (70% v/v) and eluted in distilled / deionised water.
The purified DNA can then be used directly for g°PCR. Small error bars demonstrate the
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reliability of the materials for the application. The silica-coated nanoparticles (QBLSSM)

were subsequently employed by Q-Bioanalytic GmbH as part of their commercial DNA

Extraction Kit.

5.3 Bio-separation and Bio-sensing Applications of Nanoparticles Grafted

with Listeria Monocytogenes-Specific Primers

5.3.1 Coupling of 5’-amine-modified oligonucleotides to Nanoparticles

5’-amine-modified LM-specific oligonucleotides (primers) (see Table 2.1, Section 2.1) were
grafted (or coupled) onto the glutaraldehyde-modified nanoparticle surface according to the
method in Section 2.7. Figure 5.2 and Figure 5.3 below present the average coupling data of
forward (T1NH,) and reverse (T2NH;) primers (with different spacers: Cs and Ci,) on
functionalised nanoparticles.

Chart to Show the Average Coupling of Oligonucelotides onto Functionalised
Nanoparticles
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Figure 5.2: Average coupling values of LM-specific oligonucleotides to surface-
functionalised nanoparticles, in nmol of oligonucleotide coupled per mg of nanoparticles.
Values are mean, £ S.E.M., n >6 in all cases.
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Figure 5.2 shows that primers functionalised with a C;,-spacer have a higher coupling (via
chemical conjugation between surface —-CHO groups with 5'-NH, groups of oligonucleotide
primers) than those functionalised with the Cg-spacer. However, it can be seen from Figure
5.3 that there is no major difference in the percentage of oligonucleotide coupled. However,

coupling efficiency in all cases is high, ranging from 78-85%.

Chart to Show the Average Coupling of Oligonucelotides onto Functionalised
Nanoparticles
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Materials

Figure 5.3: Average amount of LM-specific oligonucleotide coupled to surface-
functionalised nanoparticles, as a percentage of initial oligonucleotide concentration. Values
are mean, £ S.E.M., n >6 in all cases.

The initial amount of oligonucleotide used for coupling was supposed to 1.65 nmol, however,
fresh solutions were made up prior to each batch and the concentration calculated using UV-
Vis spectrophotometry (see Section 2.9.4), hence a small deviation in initial oligonucleotide
concentration has been observed. As a result of the high coupling efficiency, this method was
used on every batch of new primer-grafted nanoparticles that were made for either hybrid
capture testing (model assay) or real-world applications (microbial detection in food at Q-
Bioanalytic GmbH, Germany).

5.3.2 Hybrid Capture Assay

The hybrid capture assay was used to capture complementary oligonucleotides from a
solution in the same way as PCR. The hybrid capture assay consisted of three key stages that
are similar to those used in PCR. The first was the stretching phase (used to denature double-
stranded DNA to produce single-stranded DNA in PCR), where the sample was placed at
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high temperatures to ensure that the primers were not bound to each other or forming
secondary structures (such as primer-dimers or hairpins). The second stage was the
capture/hybridisation (known as annealing in PCR), performed at lower temperatures than the
stretching/denaturation phase (a few degrees lower than the melting point of the primers),
where the grafted-oligonucleotides hybridised to the complementary oligonucleotides in
solution. The amount of oligonucleotide captured was determined by measuring the
absorbance at 260 nm of the initial solution and the solution after hybridisation. In order to
reduce the non-specific binding of both complementary primers and other species in the
solution to surface aldehyde groups (which would be a problem in the specific capture of
DNA from a mixture), BSA was used as a blocking agent; acting as a competitor by blocking
the surface-modified aldehyde groups.’® The captured complementary sequence (now in
duplex form with the grafted oligonucleotide) was then washed with buffer solution to
remove the BSA and weakly bound non-specific species. The third and final stage of the
hybrid capture assay was the dehybridisation step, performed again at high temperature to
denature the double-stranded oligonucleotides formed via the hybridisation of the
complementary sequence. The amount of oligonucleotide dehybridised was again calculated
by measuring the absorbance at 260 nm. The amount of oligonucleotide dehybridised was
also used to calculate the hybrid capture efficiency of the material, as the oligonucleotide that
was dehybridised was assumed to have been captured specifically. Glutaraldehyde-modified
materials without grafted-oligonucleotides were used to calculate the non-specific capture of

complementary oligonucleotides.

5.3.3 Initial Conditions

The reaction was carried out according to the method outlined in Section 2.7.3. Figure 5.4
presents the results of the using just TTQB-Cs-T1NH,. Capture was found to be high at
around 55%, but dehybridisation was shown to be low, with only 27% of the hybridised

oligonucleotides being dehybridised.
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Initial Hybrid Capture Assay Results for TTQB-C4-T1NH,
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Figure 5.4: Initial hybrid capture assay using just TTQB-Cs-T1NH, and identical conditions
to Bruce and Sen®. Values are mean, + S.E.M, n =2.

As 1.65 nmol was the maximum amount of 5’-NH; oligonucleotides which could have been
coupled (conjugated) to the glutaraldehyde-modified nanoparticles in the grafting step,
capture (%) has been calculated as a percentage of the total complementary oligonucleotides

available for capture in the solution (1.65 nmol).

Due to the low dehybridisation values, | decided to repeat the dehybridisation stage a number
of times to determine if more of the hybridised primer and non-specifically physically
adsorbed primers could be dehybridised in this way. Figure 5.5 below presents the results of a

further 5 consecutive repeats of the dehybridisation step.
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Chart to Show the Cumulative Dehybridisation of Complementary Sequence over
Successive Cycles Using TTQB-C4-T1NH,
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Figure 5.5: Overall dehybridisation of the complementary oligonucleotide sequence captured
by TTQB-Cs-T1NH, using successive cycles of heating at 85°C for 4 minutes in water.

From Figure 5.5 it can be seen that it took 6x4 minute dehybridisation cycles at 85°C to
remove almost 100% of the hybridised complementary oligonucleotide. Following on from
this, it could therefore be concluded that the assay was not currently optimised for the
materials and primers being used in this study. The following conditions have later been
adopted based on the suggestion of Q-Bioanalytic GmbH, Germany as a part of PCR
analysis: stretching/denaturation at 95°C for 5 minutes with stirring, capture/hybridisation at
60°C for 5 minutes with stirring and dehybridisation at 95°C for 5 minutes with stirring. Due
to unavailability of a thermomixer at UCLan to stir the samples whilst maintaining a high
temperature, | have decided to increase the stretching and dehybridisation steps to 10 minutes
each, including a 10 second vortex step halfway through each phase. The
capture/hybridisation at 60°C has been carried out using a rotator within an incubator
(maximum temperature 70°C).
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5.3.4 Optimised Conditions

The hybrid capture assay was carried out from this point forward using the new conditions as
described above (see details in Section 2.7.4). The first set of results is the capture of
complementary oligonucleotides from solution, representing the second stage of the hybrid

capture assay (following initial stretching).

Chart to Show the Capture of Complementary Oligonucelotide Sequences in
Hybrid Capture Assay
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Figure 5.6: Capture of complementary oligonucleotide sequences from solution during the
hybrid capture assay, in terms of nmol oligonucleotide captured per mg of LM-specific
oligonucleotide-grafted nanoparticles. Values are mean, + S.E.M, n =3.

Figure 5.6 shows the amount of complementary oligonucleotides captured in nmol mg™ of
oligonucleotide-grafted nanoparticles. Materials TTQB-Blank + T1Comp and TTQB-Blank +
T2Comp represent the non-specific capture of glutaraldehyde-modified nanoparticles in the
assay. As can be seen, there is no significant difference between materials possessing the Ci»-
spacer or the Cg-spacer. The values for all oligonucleotide-grafted nanoparticles are quite
close, between 0.43 — 0.46 nmol mg™, except for the material TTQB-CsT2NH,, which has a

low capture value of 0.33 nmol mg™. The non-specific capture of the blank materials is 0.22
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nmol mg™ for T1Comp and 0.11 nmol mg™ for T2Comp. Table 5.2 shows the capture as a

percentage of the covalently coupled oligonucleotide concentration.

Table 5.2: Capture of complementary oligonucleotides from solution as a percentage of the
covalently coupled LM-specific oligonucleotide concentration (see Table 5.1, Section 5.1 for
material names).

Oligonucleotide- Complementary Capture Capture % (in Specific
Grafted Material Oligonucleotide (nmol mg™) terms of nmol Capture
Captured captured per (%)
nmol coupled)

TTQB-CsT1NH, T1Comp 0.46 70.29 52.17
TTQB-CsT2NH, T2Comp 0.33 47.57 33.33
TTQB-C;,TINH, T1Comp 0.46 65.90 52.17
TTQB-C1,T2NH, T2Comp 0.43 55.93 48.84
TTQB-Blank-F T1Comp 0.22 12.47 0
TTQB-Blank-R T2Comp 0.11 7.29 0

Note: Specific capture (%) is calculated from the difference between capture (%) using
oligonucleotide-grafted materials and capture (%) using glutaraldehyde-modified materials without
grafted-oligonucleotides. TTQB-Blank-F is the blank glutaraldehyde-modified material used to
capture the forward complementary oligonucleotide and TTQB-Blank-R is the blank glutaraldehyde-
modified material used to capture the reverse complementary oligonucleotide.

In terms of percentages, oligonucleotide-grafted nanoparticles were shown to capture
between 47% and 70% of complementary oligonucleotides from the solution. The
glutaraldehyde-functionalised materials gave non-specific capture values of 12% and 7% for
T1Comp and T2Comp respectively. This was calculated as a percentage of total
oligonucleotides available for capture in the solution. The reasonably high non-specific
capture values may be because the BSA was not used at quite a high enough concentration to
block all of the surface aldehyde groups in the blank materials and is something that could be
evaluated in future experiments. From these values, it can be deduced that all of the
nanoparticles grafted with oligonucleotides captured around 33-52% specifically by the
hybridisation mechanism. The spacer group used did not exhibit any effect on the capture
efficiency. The final stage of the hybrid capture assay was the dehybridisation step, where the
complementary oligonucleotide that was captured in the previous step is removed at high

temperature.
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Chart to Show the Dehybridisation of Complementary Oligonucleotide
Sequences in the Hybrid Capture Assay
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Figure 5.7: Total dehybridisation of captured oligonucleotides (in nmol) per mg of LM-
specific oligonucleotide-grafted nanoparticles (top) and the dehybridisation as a percentage of
total captured oligonucleotides (bottom). Values are mean, + S.E.M, n =3.
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In terms of total dehybridisation, it can be seen from Figure 5.7 that dehybridisation of both
specifically- and non-specifically-captured oligonucleotides is high: oligonucleotide-grafted
nanoparticles dehybridised 72-97% of captured oligonucleotides and glutaraldehyde-
modified materials without grafted-oligonucleotides dehybridised 59-100% of physically
adsorbed (non-specifically captured) oligonucleotides. Oligonucleotide-grafted materials
possessing the Cg-spacer show higher dehybridisation of captured oligonucleotides. Figure

5.8 presents a summary of the hybrid capture assay data.
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Figure 5.8: Summary of the materials used in the Listeria Monocytogenes hybrid capture
assay and the complementary oligonucleotides they have captured and dehybridised. The blue
bars represent the initial LM-specific oligonucleotide present on the nanoparticles after the
glutaraldehyde coupling reaction, the red bars represent the total amount of complementary
oligonucleotides captured/physically adsorbed during the hybridisation step and the green
bars represent the total amount of captured oligonucleotides dehybridised (specific capture by
hybrid capture mechanism). Values are mean, + S.E.M, n =3.

In conclusion, it can be seen from the above results of the hybrid capture assay that all
materials exhibit high coupling values, typically over 80% of the initial oligonucleotide
concentration present in the solution during the coupling reaction. Oligonucleotide-grafted

nanoparticles exhibit both specific and non-specific capture of complementary
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oligonucleotide sequences from solution. Dehybridisation is shown to be high for both

specifically captured (72-97%) and non-specifically adsorbed (59-100%) oligonucleotides.

5.4 Bio-separation and Bio-sensing Applications of Nanoparticles Grafted
with Escherichia Coli -Specific Primers

5.4.1 Coupling of 5’-amine-modified oligonucleotides to Nanoparticles

5’-Amine-modified EC-specific oligonucleotides (primers) (see Table 2.2, Section 2.1) were
grafted (or coupled) onto the glutaraldehyde-modified nanoparticle surface according to the
method in Section 2.7.2. Figure 5.9 below presents the average coupling data of forward
(EC_541 FOR) and reverse (EC_637_REV) primers with Cg-spacers on functionalised

nanoparticles.
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Figure 5.9: Average coupling values of EC-specific oligonucleotides to surface-
functionalised nanoparticles, in nmol of oligonucleotide coupled per mg of nanoparticles
(left) and the average amount of oligonucleotide coupled to surface-functionalised
nanoparticles, as a percentage of initial oligonucleotide concentration (right). Values are
mean, = S.E.M., n=3 in all cases.

Figure 5.9 shows that coupling is very high for both forward (EC_541 FOR) and reverse
(EC_637_REV) primers, over 96% and 97% respectively. Hence, it can be concluded that
glutaraldehyde-modified surface-functionalised materials are very efficient for the grafting of
these particular EC-specific primers. Due to the high coupling efficiency, these materials
were then used for the hybrid capture assay, using the same optimised conditions from the
LM hybrid capture assay in Section 2.7.4.
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5.4.2 Hybrid Capture Assay

The conditions for the hybrid capture assay were kept the same as those used for the LM-

specific hybrid capture assay.

Chart to Show the Capture of Complementary Oligonucleotide Sequences in
Hybrid Capture Assay

o
8

o
w
]

o
w
o

©
N
n

0.20

0.15

Average Capture of Complementary Sequence (nmol/mg)
o
&

-
=]
]

0.00 - T
TTQB_EC_541_FOR + Comp_FOR TTQB_EC_637_REV +Comp_REV TTQB-Blank+Comp_FOR TTQB-Blank + Comp_REV

Materials + Sequence Captured

Figure 5.10: Capture of complementary EC-specific oligonucleotide sequences from solution
during the hybrid capture assay, in terms of nmol oligonucleotide captured per mg of
oligonucleotide-grafted nanoparticles. Values are mean, + S.E.M, n =3.

Figure 5.10 shows the amount of complementary oligonucleotides captured in nmol mg™ of
oligonucleotide-grafted nanoparticles. Materials TTQB-Blank + Comp_FOR and TTQB-
Blank + Comp_Rev represent the non-specific capture of glutaraldehyde-modified
nanoparticles in the assay. It can be seen that oligonucleotide-grafted nanoparticles capture
much more (0.40 nmol mg™ for forward primer immobilised nanoparticles and 0.34 nmol
mg* for reverse primer immobilised nanoparticles) than the glutaraldehyde-modified
materials (0.16 nmol mg™ for non-specific capture of the forward complementary sequence
and 0.14 nmol mg™ for non-specific capture of the reverse complementary sequence),
confirming the specific capture of the complementary oligonucleotides from the solution.
Table 5.3 below shows the capture as a percentage of the covalently coupled oligonucleotide
concentration.

Page 176 of 250



Table 5.3: Capture of complementary oligonucleotides from solution as a percentage of the
covalently coupled EC-specific oligonucleotide concentration (see Table 5.1, Section 5.1 for
material names).

Oligonucleotide- Complementary Capture Capture % (in Specific

Grafted Material Oligonucleotide (nmol mg™) terms of nmol Capture
Captured captured per (%)

nmol coupled)

TTQB_EC 541 FOR Comp FOR 0.40 54.95 60.00

TTQB_EC_637_REV Comp Rev 0.34 48.80 58.82

TTQB-Blank-F Comp FOR 0.16 10.60 0

TTQB-Blank-R Comp Rev 0.14 8.94 0

Note: Specific capture (%) is calculated from the difference between capture (%) using
oligonucleotide-grafted materials and capture (%) using glutaraldehyde-modified materials without
grafted-oligonucleotides. TTQB-Blank-F is the blank glutaraldehyde-modified material used to
capture the forward complementary oligonucleotide and TTQB-Blank-R is the blank glutaraldehyde-
modified material used to capture the reverse complementary oligonucleotide.

For the immobilised forward primer (TTQB_EC_541_FOR), 60% of the capture is specific.
For the immobilised reverse primer (TTQB_EC _637_REV), around 59% of the capture is
specific. As with LM-specific materials, capture is reasonably high, 55% and 49% for

forward and reverse oligonucleotide-grafted nanoparticles respectively.

The final stage of the hybrid capture assay was the dehybridisation step, where the
complementary oligonucleotide that was captured in the previous step is removed at high
temperature. Figure 5.11 presents total dehybridisation of captured EC-specific
oligonucleotides in nmol mg™ oligonucleotide-grafted nanoparticles.
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Chart to Show the Dehybridisation of Complementary Oligonucleotide
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Figure 5.11: Total dehybridisation of captured EC-specific oligonucleotides (in nmol) per mg
oligonucleotide-grafted nanoparticles. Values are mean, + S.E.M, n =3.

Figure 5.12 presents total dehybridisation of captured EC-specific oligonucleotides in nmol

mg™ oligonucleotide-grafted nanoparticles as a percentage of total captured oligonucleotides.

Page 178 of 250



Chart to Show the Percentage Dehybridisation of Complementary
Oligonucleotide Sequences in the Hybrid Capture Assay
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Figure 5.12: Total dehybridisation of captured EC-specific oligonucleotides as a percentage
of total captured oligonucleotides. Values are mean, £ S.E.M, n =3.

Figure 5.12 shows that dehybridisation of specifically captured sequences is highly efficient;
87% for forward oligonucleotide-grafted nanoparticles and 86% for reverse oligonucleotide-
grafted nanoparticles. In comparison, only around 28-42% of non-specifically adsorbed
oligonucleotides are dehybridised, making this assay efficient at specific hybrid capture and
dehybridisation. Figure 5.13 presents a summary of the EC hybrid capture data.
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Chart to Show the Coupling of Oligonucleotides and the Capture and
Dehybridisation of Complementary Sequences
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Figure 5.13: Summary of the materials used in the Escherichia Coli hybrid capture assay and
the complementary oligonucleotides they have captured and dehybridised. The blue bars
represent the initial EC-specific oligonucleotide present on the nanoparticles after the
glutaraldehyde coupling reaction, the red bars represent the total amount of complementary
oligonucleotides captured during the hybridisation step and the green bars represent the total
amount of captured oligonucleotides dehybridised (specific capture by hybrid capture
mechanism). Values are mean, + S.E.M, n =3.

In conclusion, it can be seen from results of the hybrid capture assay that all materials exhibit
very high coupling values, typically over 96% of the initial oligonucleotide concentration.
Oligonucleotide-grafted nanoparticles exhibit both specific and non-specific capture of
complementary oligonucleotide sequences from solution, but the majority (over 59% in all
cases) is specific. Dehybridisation of specifically captured oligonucleotides is especially high
(85-88%) compared to non-specifically adsorbed oligonucleotides (28-42%), suggesting that
those adsorbed non-specifically may be bound to the surface functional groups and that the
interaction is not fully disrupted by dehybridisation in water at 95°C.
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5.5 Bio-sensor Application: Selective Determination of Listeria
Monocytogenes (LM) from a mixture of LM and EC in collaboration
with Q-Bioanalytic GmbH, Germany

Initially the reaction has been carried out using LM-specific oligonucleotide-grafted
nanoparticles (using Cs or Cji, spacers), aminosilane-functionalised nanoparticles (TTQB)
and silica-coated core-shell nanoparticles (QBLSSM) for the specific capture of LM from a
1:1 mixture of LM and EC, as described in Section 2.7.6. In the amplification curve, there is a
horizontal line (corresponding to a certain fluorescence value, not shown) called the crossing
threshold, that when passed, confirms the presence of amplified DNA within the sample. The
point at which the amplification plot crosses the crossing threshold is called the crossing
point (C,) and is presented as a cycle number (see Figure 5.14). A lower C, value signifies a
higher amount of amplified DNA in the sample. Due to the nature of the PCR amplification
process, each cycle produces approximately double the amount of previously amplified DNA,
therefore a sample with C, = 23 will contain 32 times (2°) more DNA than a sample with Co=
28.
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Figure 5.14: gPCR amplification curves for selective capture of LM from a mixture of LM
and EC (first testing of materials).
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Figure 5.14 presents the gPCR amplification curve for LM-specific materials, aminosilane-
functionalised nanoparticles (TTQB) and silica-coated core-shell nanoparticles (QBLSSM).
The green lines represent the background experiments ran using only water. Table 5.4 shows
the C, values for the materials used in the reaction. Experiments performed using water as the
target mixture are omitted as fluorescence does not exceed the crossing threshold in all cases,

except where contamination has taken place.

Table 5.4: C, values for LM-specific oligonucleotide-grafted nanoparticles for specific
detection of LM from a 1:1 mixture of LM and EC.

Sample Details Target Mixture Cp,  Positive/Negative
Value Result (P/N)

TTQB-CsTINH, + TTQB-CsT2NH; LM only 28.69
28.60
34.52
33.95

TTQB-CsTINH, + TTQB-CsT2NH; 1:1 mixture LM/EC ~ 24.92
24.87
22.64
22.71

TTQB-C1,TINH, + TTQB-C1,T2NH, LM only 26.66
26.83
26.87
26.96

TTQB-C12,TINH, + TTQB-C12,T2NH,  1:1 mixture LM/EC ~ 25.10
25.10
26.92
27.00

U U U U0 TUTUTUUTUVTUVTUTUVTUVTTVTO

Table 5.4 shows that LM-specific oligonucleotide-grafted nanoparticles are successful at
capturing LM from a solution containing LM only and also from a solution containing LM
and EC.

The reaction was also performed using a two-step hybrid capture assay (see Section 0) where
the forward-specific oligonucleotide-grafted nanoparticles were used first for hybridisation
and the reaction mixture was subsequently added to reverse-specific oligonucleotide-grafted
nanoparticles. The captured complementary sequences were then dehybridised separately and

amplified separately for qPCR.

For the capture of LM from the 1:1 mixture of LM and EC, no capture was observed at all

using LM-specific materials. For the capture of EC from the mixture using EC-specific
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materials, only the material grafted with the reverse-specific oligonucleotide exhibited
positive results (C, = 39.80).

5.6 Bio-sensor Application: Determining the Sensitivity of Detection of
LM from a Dilution Series using LM-specific oligonucleotide-grafted
nanoparticles in collaboration with Q-Bioanalytic GmbH, Germany

The hybrid capture reaction was performed using real food samples inoculated with either
LM or EC as described in Section 2.7.6. For LM-specific oligonucleotide-grafted
nanoparticles, capture was shown to be successful for detecting LM in an undiluted mixture
(see Table 5.4). The reaction was performed with new batches of oligonucleotide-grafted

nanoparticles using a 2-step hybrid capture assay (see Section 2.7.6).
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Figure 5.15: qPCR amplification curves for determining the sensitivity of detection for
capture of LM from a dilution series of LM in peptone water using the two-step hybrid
capture mechanism.

Figure 5.15 shows that for the two-step hybrid capture assay using LM-specific nanoparticles,
no detection was observed within the dilution series. The only positive results obtained were

for blank glutaraldehyde-modified TTQB nanoparticles, which detected LM at standard
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concentration (without dilution), giving Cp values of 27.70 and 27.41. The curves appearing

with Cp values of around 19 correspond to positive control samples of LM.

5.7 Bio-sensor Application: Determining the Sensitivity of Detection of EC
from a Dilution Series using EC-specific oligonucleotide-grafted
nanoparticles in collaboration with Q-Bioanalytic GmbH, Germany

The hybrid capture reaction was performed using real food samples inoculated with either
LM or EC as described in Section 2.7.6. The reaction was performed with new batches of

oligonucleotide-grafted nanoparticles using a 2-step hybrid capture assay (see Section 2.7.6).
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Figure 5.16: gPCR amplification curves for determining the sensitivity of detection for
capture of EC from a dilution series of EC in peptone water using the two-step hybrid capture
mechanism.

Error! Reference source not found. shows that for EC-specific nanoparticles positive
esults were obtained for nanoparticles grafted with the forward oligonucleotide
(EC_541 FOR) at standard concentration (without dilution), Cp = 38.78 and 35.13. The
curves appearing with Cp values of around 15 correspond to positive control samples of EC.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK
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The work presented in this thesis has been carried out in order to explore the various
applications of functionalised magnetic nanoparticles with bio-molecules on the surface. The
materials were then used to investigate their applications in two main areas: Bio-catalysis and
bio-separation/bio-sensing.

6.1 Synthesis and Characterisation of Magnetite and Silica-Magnetite
nanoparticles

Magnetite nanoparticles were produced using two popular synthetic methods: the chemical
co-precipitation of ferrous and ferric chloride solutions in alkaline media and the oxidative
hydrolysis of ferrous sulphate. Magnetite nanoparticles made via the co-precipitation method
were found to be spherical, around 10nm in diameter, with reasonably high saturation
magnetisation (Ms) and high surface area. However, they were dark red-brown possibly due
to the presence of hematite and had seemingly slow response to a bar magnet and hence were
not used for further applications. Nanoparticles made via the oxidative hydrolysis method
were jet-black in colour with rhombic (25-200 nm size) morphology. The synthesis method
was scaled up successfully to produce the materials in a larger amount with no significant
change in the size, shape or magnetic response. Surface areas for the nanoparticles made on
the small-scale were around two times greater than that observed for large-scale materials,

perhaps due to the aggregation of the nanoparticles during storage.

Following the production of silica-coated core-shell nanoparticles, TEM images show an
amorphous silica-coating surrounding both individual nanoparticles and small aggregates of
nanoparticles. Magnetic measurements show an interesting trend; silica-coated nanoparticles
have higher saturation magnetisation than bare magnetite nanoparticles. BET surface area
results show that the surface area of silica-coated nanoparticles is slightly lower than those
obtained from bare magnetite. The homogeneity of the silica core-shell coating was proven
using a salmon sperm DNA binding and elution assay. Binding was shown to be high in all
materials (bare magnetite and silica-coated magnetite) whereas elution behaviour was
different depending on the number of silica coating steps or bare magnetite. Elution was
shown to increase with an increase in silica-coatings hence proving the homogeneity of the
silica shell on core-magnetite due to the presence of a “cation-bridge” bonding system
between the surface silanol groups, sodium cations present in the salt buffer and the

negatively charged phosphate groups on the DNA backbone.
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6.2 Surface Functionalisation of Silica-Coated Magnetite Nanoparticles

Following silica-coating, the nanoparticles were functionalised using a variety of
aminosilanes (APTS, APDS and APMS) and two different functionalisation methods — a
classical method in water and a recently-developed TPRE method using toluene and a non-

ionic surfactant.

Materials made using TPRE methods gave higher surface amine density values than those
made using the classical water method, when the same aminosilane was used. Also, surface
amine density was highest using APTS and decreased when APDS and APMS were used.
This is possibly due to APTS molecules forming a more ordered monolayer around the silica-
coated surface, with less steric hindrances than the other aminosilanes (due to the presence of
‘capped’ methyl groups in APDS and APMS). The surface amine density values given by
APTS- and APDS-functionalised materials are comparable to the values obtained for that of a

monolayer on a flat surface, reported by Moon et al.?®

Glutaraldehyde was used as a cross-linking reagent to attach the surface amine groups of the
aminosilane-functionalised nanoparticles covalently to the amine groups on the bio-molecule

surface — lipases for bio-catalysis and amine functionalised oligonucleotides for bio-sensing.

6.3 Bio-catalytic Applications of Lipase-Immobilised Nanoparticles

Enzyme Loading

Two lipases — CRL and PFL — were immobilised onto various glutaraldehyde-modified
surface-functionalised nanoparticles for use as bio-catalysts; on average, PFL materials
showed slightly lower loading values than CRL materials. APTS and APDS-functionalised
materials exhibited higher loadings (65-80 pg/mg) than those made using APMS (35-60
ug/mg) for both CRL and PFL. One of the reasons for this is possibly that APTS and APDS
materials have higher surface amine density values than APMS materials on average and
have more possible binding sites. Physical adsorption of both lipases onto silica-coated non-
functionalised nanoparticles was also performed, giving lower loading values when compared
to immobilisation via chemical conjugation. In addition, physically adsorbed lipases could
also leach into solution during a reaction, whereas immobilised lipases remained attached to

the nanoparticle surface.
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Model Catalysis Reaction: Hydrolysis of PNPP to PNP and Palmitic Acid
The hydrolysis of p-nitrophenyl palmitate (PNPP) to p-nitrophenol (PNP) and the

corresponding acid is a widely used reaction to determine the hydrolytic activity of lipases

and lipase-immobilised materials.

For PFL-immobilised materials, those made using APTS and APDS showed no significant
differences in activity over three catalytic cycles, regardless of whether the TPRE or water
method was used for surface functionalisation. When APMS was used for surface
functionalisation, catalytic activity increased greatly and was higher than when free PFL was
used. There was also a significant difference in activity of materials made using the TPRE
and water methods; activity of the TPRE materials being much higher. Free PFL gave higher
activity than PFL-immobilised materials made using APTS and APDS for surface

functionalisation, but was lower than those made using APMS.

For CRL-immobilised materials, APTS, APDS and APMS surface-functionalised materials
made using the TPRE method give higher activity than the same materials made using the
water method. Free CRL was seen to have higher activity than all CRL-immobilised
materials. Materials made using APMS were seen to exhibit the highest catalytic activity
values again, despite having the lowest loading values.

For both lipases, the increased activity of APMS functionalised materials over the others is
possibly due to lower surface amine density leading to decreased steric hindrance around the

nanoparticle surface and therefore more accessible active sites.

In the case of physically adsorbed lipases, activity was seen to be much lower, initially, than
that of immobilised-lipases and activity decreased greatly with subsequent cycles, due to the
lipase leaching from the nanoparticle surface into the reaction mixture. For free lipases, PFL
was notably more catalytically active than CRL, producing around 2.5 times more PNP than
CRL.

Transesterification of Ethyl Butyrate and n-Butanol to Butyl Butyrate

The first step of this application involved testing various reaction conditions to optimise the
reaction. For PFL-immobilised materials, those made using the water method of surface
functionalisation gave higher conversion values than those made using the TPRE method,
except when APTS was used as the aminosilane, in which case the conversion values were

similar regardless of the method used. This trend is opposite to that observed in the model

Page 188 of 250



catalysis reaction, where PFL materials made using the TPRE and water methods had similar
catalytic activity. This suggests that the PFL reacts differently to the different reaction
conditions and performs differently for hydrolysis and transesterification reactions. For CRL-
immobilised materials, those made using the TPRE method performed slightly better on
average than those made using the water method. Materials made using APMS as the
aminosilane source provided the highest conversion values overall. These trends for CRL
materials were similar to those observed in the hydrolysis of PNPP reaction, suggesting that
CRL performs in a similar way for both reactions. Both free lipases gave higher conversion
values than all of the corresponding lipase-immobilised materials, with free PFL giving the

highest overall conversion at around 90% and free CRL at around 65% conversion.

Partial and Selective Hydrolysis of Cis-3,5-diacetoxy-1-cyclopentene to Synthesise

Pharmaceutically Important Chiral Intermediates

A variety of temperatures and solvent conditions were investigated for this reaction in order
to produce the best results. PFL- and CRL-immobilised nanoparticles made using APTS as
the aminosilane source and the TPRE method were used for the reaction due to their high
enzyme loading and reproducibility of results in other applications. Free lipases were also

used for comparison.

For free lipases, the highest total conversion values were given at 37°C using 20%
water/hexane as the solvent. For immobilised lipases, the highest conversions were obtained
at 25°C using 50% water/hexane as the solvent. This could be because 50% water/hexane
permits a larger interfacial area for the reaction to take place. When free lipases are used in
50% water/hexane, maximum conversion to desired products is reached after 24 hours. After
this, conversion to the desired products is seen to decrease and production of the dihydroxy
by-product increases significantly. At 25°C and 37°C using 20% water/hexane and free PFL,
the dihydroxy becomes the dominant product at 24 hours, suggesting that the desired mono-

acetoxy products are hydrolysed further.

In all cases, immobilised enzymes reach maximum conversion values at 48 hours and
conversion to the dihydroxy by-product is always very low (under 5% of total products). It
can be concluded that the re-usability and separability advantages offered by lipase-
immobilised nanoparticles coupled with low amounts of by-products formed makes them

suitable catalysts for this reaction.
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6.4 Bio-sensor Applications of Oligonucleotide-Grafted Nanoparticles

Oligonucleotide Grafting

Amine-functionalised oligonucleotide sequences specific to either LM or EC were conjugated
onto glutaraldenyde-modified nanoparticles. LM-specific forward and reverse
oligonucleotides modified with Cg or Cy, spacers were used; conjugation was high in all cases
(78-85%) and no significant differences were seen, regardless of the spacer group. For EC-
specific primers (with only Cg spacer group), conjugation for the forward and reverse primers

was extremely high at 96-97%.

Hybrid Capture Assay: Capture of Complementary Oligonucleotide Sequences Using
LM-Specific Oligonucleotide-Grafted Nanoparticles

Initial conditions led to reasonable capture values of 58%, but only 27% of those captured
oligonucleotides were dehybridised. The assay conditions were then optimised based on

actual qPCR conditions used by Q-Bioanalytic GmbH and the results were improved.

Using the optimised conditions, capture was observed to be relatively high as a percentage of
nmol complementary sequence captured per nmol of sequence grafted for materials
containing both Cgs and Cjy, spacers (48-70% capture). Non-specific capture using
glutaraldehyde modified nanoparticles was found to be low (7 to 12%) for the
complementary forward and reverse sequences. Of the oligonucleotides captured using
oligonucleotide-grafted nanoparticles, 33-52% were deemed to be via specific hybridisation.

There was no significant difference in dehybridisation values for oligonucleotide-grafted
materials possessing the Cg-spacer and the Cyp-spacer group (72-97%). Dehybridisation of
non-specifically adsorbed sequences using glutaraldehyde modified nanoparticles was also
high at 59-100%. Optimising the conditions to suit the oligonucleotides used in the assay led
to a significant increase in capture and dehybridisation efficiency and it can be concluded that
the oligonucleotide-grafted nanoparticles are efficient for the specific capture and

dehybridisation of complementary oligonucleotides from a buffer solution.

Hybrid Capture Assay: Capture of Complementary Oligonucleotide Sequences Using
EC-Specific Oligonucleotide-Grafted Nanoparticles

Again, capture using the new, optimised conditions was observed to be relatively high as a
percentage of nmol complementary sequence captured per nmol of sequence grafted (coupled

via glutaraldehyde modification): 55% and 49% for forward and reverse oligonucleotide-
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grafted nanoparticles respectively. Capture was observed to be low (9-11%) for the materials
without attached primers (only glutaraldehyde modified nanoparticles). Of the total capture,
59-60% was determined to be via specific hybridisation between the grafted and

complementary oligonucleotides.

In terms of dehybridisation, oligonucleotide-grafted nanoparticles dehybridised 85-88% of
captured complementary sequences, whereas glutaraldehyde-functionalised nanoparticles
without the primers (only glutaraldehyde modified nanoparticles) dehybridised only 28-42%
of physically captured sequences. It can be concluded that the oligonucleotide-grafted
nanoparticles are efficient for the specific hybrid capture from a buffer solution.

In terms of hybrid capture efficiency for both LM and EC specific primer functionalised
nanoparticles, a better negative control would be to test the capture of non-specific
oligonucleotide sequences from solution, rather than using glutaraldehyde-functionalised
nanoparticles. The glutaraldehyde functional groups on the nanoparticles’ surface may
promote capture of the non-specific nucleotide sequences, giving a less accurate indicator of
non-specific capture from the solution.

6.5 DNA Extraction Using Silica-Coated Core-Shell Nanoparticles

Silica-coated core-shell nanoparticles (QBLSSM) were shown to exhibit similar efficiency
for extraction of DNA from a food matrix when compared to total DNA extracted using a
classical thermal lysis method. However, DNA extracted using the nanoparticles can be
purified by washing and then eluted for direct use in qPCR, whereas DNA extracted from the
thermal lysis method can contain many PCR-inhibiting species. The silica-coated
nanoparticles (QBLSSM) were subsequently employed by Q-Bioanalytic GmbH as part of
their commercial DNA Extraction Kit.

6.6 Selective Determination of Listeria Monocytogenes or Escherichia Coli
from a Mixture of Both

Using a one-step hybrid capture mechanism (see Section 2.7.3) involving LM-specific
forward and reverse oligonucleotide-grafted nanoparticles, the nanoparticles (containing both
Cs and Cy, spacers) were shown to be successful for the detection of LM from mixtures

containing a 1:1 mixture of LM and EC.
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Later, in testing a two-step hybrid capture mechanism in which forward and reverse
oligonucleotide-grafted nanoparticles were employed separately for capture and
dehybridisation, only the material grafted with the EC-specific reverse-oligonucleotide was

successful for detection of EC.

6.7 Determining the Sensitivity of Detection of Listeria Monocytogenes
from a Dilution Series

Using a one-step hybrid capture mechanism (see Section 2.7.6), LM-specific forward and
reverse oligonucleotide-grafted nanoparticles were successful at detecting LM in undiluted
samples. The capture and detection was unsuccessful using the two-step hybrid capture

mechanism.

6.8 Determining the Sensitivity of Detection of Escherichia Coli from a
Dilution Series

Using only a two-step hybrid capture mechanism ((see Section 2.7.6), EC-specific forward
oligonucleotide-grafted nanoparticles were successful at detecting EC in undiluted samples.
EC-specific reverse oligonucleotide-grafted nanoparticles were unsuccessful at detecting EC

in the samples.

6.9 Future Work

This work has presented the synthesis and characterisation of rhombic magnetite and silica-
coated magnetite nanoparticles, on the small and large scale, and their subsequent uses for
immobilising bio-molecules for further applications. In future, it would be worth comparing a

range of morphologies with a narrow size distribution.

In terms of bio-catalytic applications such as (i) the transesterification of ethyl butyrate and
(if) the partial and selective hydrolysis of cis-3,5-diacetoxy-1-cyclopentene, it would be
interesting to scale-up the reaction to investigate a wider range of water concentrations; to
avoid issues dissolving the free lipase in minute quantities of water. This is more of an issue
in the partial and selective hydrolysis of cis-3,5-diacetoxy-1-cyclopentene as the products are
formed in the water layer, from which aliquots are withdrawn for analysis. In this reaction, as
the by-products become the predominant product in some cases, it would be interesting to
carry out a full kinetic study to pinpoint the exact moment when the production of desired

products is highest compared to undesired products. Due to the formation of acetic acid in the
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reaction leading to hydrolysis of the desired reaction products, addition of small amounts of
base to the reaction to neutralise the acid could lead to higher ratios of desired products to

undesired by-products.

For bio-sensor applications, optimising the protocols for the specific capture of bacteria from
real food samples is a priority. A two-step protocol could be employed, where nanoparticles
grafted with the forward-specific oligonucleotide could be used for capture first, followed by
those grafted with the reverse-specific oligonucleotide. The dehybridisation of captured
complementary sequences could be carried out separately and the two could be mixed before
amplification by PCR. This would overcome problems associated with non-specific capture
of sequences from the mixture. Incorporating BSA into the buffer system during the specific
capture of bacteria from real food samples would also help to block the non-specific nucleic
acids from binding to the un-grafted glutaraldenyde groups on the surface of the
nanoparticles. Also, assessing the capture of non-specific oligonucleotides using
oligonucleotide-grafted nanoparticles would be a better negative control experiment as the
glutaraldehyde-functionalised nanoparticles possess different surface properties to
oligonucleotide-grafted nanoparticles and may facilitate the non-specific capture. Due to
some successful results, with some assay optimisation, the nanoparticles could be grafted
with oligonucleotides specific to other strains of pathogenic bacteria and also allergens in
food.
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Abstract. Superparamagnetic iron oxide nanoparticles (SPIONs) have been fabricated and modified
with silica shell followed by functionalization with aminosilanes. The non-functionalised core-shell
and amino-functionalized SPIONs were used for the immobilisation of lipase enzymes (Candida
Rugosa Lipase:CRL and Pseudomonas Fluorescens Lipase:PFL). The materials have been used for
the hydrolysis of p-nitrophenyl palmitate (PNPP) to palmitic acid and p-nitrophenol (PNP) under the
heterogeneous condition. PFL immobilised SPIONs were observed to be highly reactive compared to
CRL immobilised SPIONs. Similarly chemically conjugated lipases via glutaraldehyde modification
to the amino-functionalised SPIONs were reactive and stable up to 3 recycles compared to physically
adsorbed lipase immobilised SPIONs.

Introduction

Enzymes are widely used in the chemical industry for homogeneous catalysis as a result of their
high chemo-, regio- and enantioselectivity [1]. Since mid-to-late 1990’s, bio-catalysis using enzymes
has been extensively used in the pharmaceutical industry due to increased demand for new, more
potent drugs and medicines [2]. It is also important to mention that enzymes typically require mild
reaction conditions and produce much less waste and harmful by-products than other catalysts,
making them an even more attractive option for chemical synthesis. However, the use of free enzymes
presents a problem such as they can’t be recycled or reused once introduced into the reaction system.
Also, enzymes are fairly expensive so being able to reuse them is cost effective and would make the
system more commercially viable. Another problem is that most organic compounds that are of
commercial interest are often insoluble/partially soluble in water. A way around this is to use organic
solvents, which leads to high substrate solubility, higher reaction rates and increased ease of recovery
of the enzyme from the system. However, a disadvantage of using lipases in organic solvents is that
catalytic activity can decrease dramatically compared to aqueous systems [3], due to diffusional
limitations, enzyme destabilisation and changes in protein flexibility [4,5].

A solution to these problems is to immobilise the enzymes onto a solid support, which would
create a heterogeneous system where the supported enzyme can be introduced into the reaction
mixture. The enzyme immobilised solid supports can be recovered by simple filtration and reused for
further reactions. It is also well documented that enzyme activity increases when immobilised on solid
supports matrix [4] especially when interfacially adsorbed on hydrophobic supports [6]. This occurs
because the hydrophobicity of the support surface promotes interfacial activation of the lipase. The
strong adsorption on the hydrophobic surfaces produces conformational changes that favour the more-
stable “open” form of the enzyme i.e. catalytically active centres are more exposed, leading to
greater catalytic activity.

Immobilisation of enzymes on magnetisable solid supports has added advantage as they can be
separated by applying an external magnetic field. Dyal et al [7] first reported the immobilisation of
candida rugosa lipase (CRL) on magnetic (maghemite) nanoparticles for the hydrolysis of p-
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nitrophenyl palmitate. Sen et al [8] have later reported a novel materials “hierarchically ordered
porous magnetic nanocomposites” for the same reaction under heterogeneous medium. Netto et al [9]
have reported superparamagnetic silica-coated nanoparticles for immobilisation of Candida
Antarctica lipase (CAL) for enantioselective transesterification reactions. In the context of our
manuscript, both Candida Rugosa lipase (CRL) and Pseudomonas Fluorescence lipase (PFL) were
employed under homogeneous condition for the enantiomeric synthesis of citronellyl butyrate, a
flavouring agent i.e. a fruity and floral aroma [10].

Herein we report the immobilisation of CRL and PFL on the silica coated superparamagnetic iron
oxide nanoparticles (SPIONs) by (i) physical adsorption and (ii) chemical conjugation via surface
functionalisation using aminosilanes for the hydrolysis of p-nitrophenyl palmitate (PNPP) to p-
nitrophenol and palmitic acid under heterogeneous condition and efficient reusability by simple
magnetic separation.

Materials and methods

All chemicals were purchased from Sigma-Aldrich and used without further purification.
Superparamagnetic iron oxide nanoparticles (SPIONSs) were synthesised by earlier published protocol
[11]. In an actual process ferrous sulphate (23.60 g), potassium nitrate (5.39 g) and potassium
hydroxide (12.60 g) were mixed and dissolved in 220 mL deionised water. The mixture was stirred
for 4 hours under nitrogen atmosphere at 90°C. The black materials obtained were washed with
deionised water by magnetic separation using a bench top flat magnet until the pH 7. The core
SPIONs were coated with a thin layer of amorphous silica by reported protocol [11] using silicic acid
at alkaline pH.

The silica coated magnetite nanoparticles were used for the immobilisation of CRL and PFL by two
different methods:

Physical adsorption: Silica-coated SPIONs (50 mg) and 4 mL of a 1 mg/mL solution of either
CRL or PFL in PBS buffer were mixed in 25 mL falcon tubes and the reactions were allowed to
proceed for 20 hours at 25 C (temperature programmed incubator) with gentle end-over-end rotation.

Chemical conjugation: Silica coated magnetite nanoparticles were functionalized using
aminopropyl triethoxy silane (APTS) in water at 50°C for 24hrs following the reported protocol [12].
The surface amine density was

determined by standard OET e o

colorimetric assay [13] before R ar Bl

treatment with glutaraldehyde for aprs

the conversion of surface amine to l ey

aldehyde (see Fig.1). The -

glutaraldehyde modified SPIONSs ‘(HE, e - e esaer oo

(50 mg) were used for 5 | ‘ — 3

immobilisation of lipase enzymes ——

following the same protocol bz “5"

described earlier in the physically

adsorption route. Fig.}l chctlon scheme for the immobilisation of enzymes onto SPIONs by chemical
Analysis of enzymes UEOTIONE

immobilisation on the surface of SPIONs: 1 mL of the supernatant from each reactions were removed
(using magnetic separator) and recorded the absorbance at Asgsom (Asgs) by UV-Vis
spectrophotometer. The amounts of CRL and PFL immobilised on SPIONs were determined by
calculating the concentrations using a pre-established standard curves (data not shown). The lipase-
immobilised nanoparticles were then washed with PBS buffer (4x5mL) and finally resuspended in
PBS buffer for use as bio-catalysts.

Bio-catalysis: The required amount of enzyme immobilised SPIONs containing 500 ug lipases
were used for each reaction. A 3.74 pmol/mL (1 mL total volume) solution of para-nitro phenyl
palmitate (PNPP) in a 1:1 mixture of reagent A (0.0667 g Gum Arabic, 0.267 g sodium deoxycholate,
12 mL of 250 mM Tris-HCI buffer at pH 7.8 + 48mL deionised water) and isopropanol was added to
the lipase-immobilised nanoparticles. The reactions were allowed to proceed with gentle end-over-end
rotation at 25°C for 1 hour. After 1 hour, the absorbance at Asionm (As10) Was recorded by UV-Vis
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spectrophotometer to calculate the concentration of para-nitrophenol (PNP) in solution using a pre-
established standard curve (data not shown). The lipase-immobilised nanoparticles were then washed
in PBS buffer (4x1mL) and the reactions were repeated for 3 cycles in total to assess catalytic
efficiency and reusability over time.

Chemically conjugated

Fig.2 presents the reaction scheme N\ V4
. . . . > 2
with magnetic separation of reaction _..,;-
products. 31N :
P L o o L SSCCUNSNRPSNN SRS 5

o Reagent A:isopropanol (1:1)

Results and Discussion Kokt gl paeita -
B

P-nitro phenol

The silica coated SPIONs were
rhombic in morphology of sizes
around 30 to 150nm from
Transmission Electron Microscope Migmeticsmparation ol redcsionpiodict
(data not shown). The materials 5 oyl T Mo s e aed e cnme
were observed to be "
superparamagnetic in nature with saturation magnetization of ~80 Emu/G (see Fig.3). Fig.4 presents
the amount of lipase immobilised by physical adsorption and chemically conjugated routes.
Chemically conjugated route produced highest lipase immobilisation for both CRL and PFL
compared to physically adsorbed route. PFL immaobilisation was lowest (~4pg/mg of solid) in value
when physically adsorbed on SPIONs. The highest values of PFL immobilisation was ~70ug/mg of
solid when chemically conjugated route was used. Similarly the value of CRL immobilisation
was~65ug/mg of solid when the chemically conjugated route was used.

When the materials were used for bio-catalysis, the chemically conjugated PFL immobilised
SPIONSs exhibited the highest catalytic activity (see C1 to C3 in Fig.5) compared to other materials
including the free enzymes. It is noteworthy to mention that free PFL also exhibited a high catalytic
activity however we could not reuse for cycles 2 and 3 due to the difficulty involved in separation
from the reaction mixture. In was clearly observed that PFL immobilised SPIONs exhibited nearly 6
folds increase in catalytic activity (see C1 in Fig.5) compared to CRL immobilised SPIONs (see Al in
Fig.5). Free CRL exhibited 3 folds higher catalytic activity (see D1 in Fig.5) compared to chemically
conjugated (see Al in Fig.5) or physically adsorbed (see Bl in Fig.5) CRL immobilised SPIONSs.
Both PFL and CRL immobilised SPIONs by physically adsorbed route showed a gradual reduction in
catalytic activity during reusable cycles (1 to 3) however, the catalytic activity nearly unchanged (in
case of CRL) or increased in values (in case of PFL) when chemically conjugated route was used for
the immobilisation. The loss of catalytic activity for physically adsorbed lipases could be due to the
leaching of enzymes from the surface of SPIONs to the reaction mixture. However, enzymes
immobilised by chemically conjugated route produced a stable catalyst for the hydrolysis of PNPP
with efficient reusability. The increase in catalytic activity in the case of chemically conjugated PFL
immobilised SPIONs could be due to the exposure of active sites of the enzymes with different cycles.

Physically adsorbed

2.5x10°

80
g
s & 2.0x10°1
E 604 ]
o
g 501 3 1.5¢10°
2 g
- T oo
1.0x10°
8 = S
i o
% 2 Z 5.0x10°
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CRL-Chem CRL»IthS PFL-Chem FFL-IPhys ! 2 3
Methods and types of enzymes immobilisation Reaction cycle
Fig.3 Magnetic data of silica coated SPTONs Fig.4 Immobilisation of CRL and PFL. ~ Fig-5 Bio-catalysis of PNPP using enzyme
on SPIONs by chemical conjugation [mmobilised magnetic nanoparticles: chemically
and physical allsorptmn ’ conjugated CRL on SPIONs (A): physically

adsorbed CRL on SPIONs (B); chemically
conjugated PFL on SPIONs (C). physically
adsorbed PFL on SPIONs (D); free CRL (E); free
PFL (F1).
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Summary

Both PFL and CRL enzymes were successfully immobilised on the surface of superparamagnetic iron
oxide nanoparticles (SPIONs). Chemical conjugation route produced novel enzyme immobilised
magnetic nanoparticles which exhibited a high catalytic activity with an efficient reusability. We have
also identified that PFL is the best enzyme for hydrolysis of PNPP.
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