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Summary

Molecular recognition can be described as the §ipdoteraction between two or more
molecules by non-covalent means. Such interacttandoe seen in the human body where
they play an important role in vital biological fttions. The ability to selectively
recognise and bind to specific molecules is alsefulsfor various commercial and
industrial applications. As a result, numerousfiarél systems which possess molecular

recognition have been developed.

Molecular imprinting is a well-established techreédqio create synthetic binding sites on a
polymer matrix. Not only can the resulting imprititeolymer specifically recognise pre-
determined target molecules, they also possessuifable physical and chemical
properties, such as good mechanical strength, #&ed ability to withstand wide
temperature and pH ranges. Traditionally, molecirtgrinting has been widely used to
create synthetic receptors for smaller moleculddifmited success has been achieved for

larger molecules such as proteins.

In this work, we have synthesised protein-imprintethoparticles using miniemulsion
polymerisation, with methyl methacrylate and ethgleglycol dimethacrylate as the
functional and cross-linking monomers, respectivéiitially, ribonuclease A was chosen
as the template protein and the nanoparticles sthdwgh molecular selectivity for the
protein. However, when bovine serum albumin or zysee was used as the template,

molecular recognition was not successfully achievBue latter part of the work was

Vi



focused on understanding the mechanism involvedngiuhe imprinting in order to
explain why molecular imprinting was achieved withrying success depending on the

template protein.

vii
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Chapter 1

Chapter 1

Introduction

The ability to recognise molecules of a specifitur@and shape, or molecular recognition,
is a vital part of many chemical and biological ggsses. Various examples of molecular
recognition can be seen in the human body, for @l&menzyme catalysis, immuno-
response and ligand-receptor interaction. This pimamon has led to the development of
numerous artificial receptors which aim to mimice tlaffinity and specificities of

biomolecules which are found in nature.

Molecular imprinting is one such solution involvitige creation of binding sites on a
polymeric matrix which are complementary to thegéded molecule. In the past decade,
great advances have been made in this field dmakiestablished itself as one of the most
effective methods to create synthetic receptoreeOthan their high binding selectivity,
molecularly imprinted polymers (MIPs) offer manyvadtages over their biological
counterparts. MIPs can withstand high temperatack @essure, they are stable under a
wide range of pH, they are reusable and are relgtisimple to prepare. While much
success has been achieved for the imprinting ofllsmalecules, the imprinting of
proteins and other macromolecules remained a cigEleThe complex and flexible
structure of the protein poses problems such asmpatible polymerisation conditions,

unfavourable rebinding kinetics, and non-homoggn#ithe binding sites.
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In 2007, Tan C.J. and Tong Y.W. published a workLangmuir which provided an
effective method for the synthesis of protein stefamprinted nanoparticles.
Ribonuclease A (RNase A) was used as the templateip and the imprinting was
carried out via miniemulsion polymerisation with ttmg methacrylate (MMA) and
ethylene glycol dimethacrylate (EGDMA) as the fumcal monomer and the cross-linker,
respectively. The protein surface-imprinted nantglas were uniform, spherical, highly
monodispersed, and had an average diameter of »ap@tely 40 nm. Molecular
recognition was successfully achieved, and theltireguprotein-imprinted nanoparticles
showed a greater preference towards the target &RNaselative to the non-imprinted

polymer.

Tong's group had developed an efficient method timablved a simple one-step

miniemulsion polymerisation and the resulting scefamprinted nanoparticles possessed
excellent selectivity, as well as favourable rebgdckinetics. The method is also suitable
for industrial-scale production due to its good theansfer. Another advantage of the
method is the versatility of the nanoparticles eéouged in a wide range of applications due
to their size and uniformness. As a result, itfig@at interest to continue investigating
this method in order to obtain a deeper understgndf the imprinting process which

occurs during the miniemulsion polymerisation.

Hypothesis:

Tan’s method of one-step miniemulsion polymerisatimprinting could be used to
synthesise nanopatrticles with the ability to reésgrther proteins such as bovine serum

albumin and lysozyme. It also hypothesised that ithprinting mechanism involves
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interactions between the protein molecules and ntomomer-encapsulated surfactant

micelles.

Objectives:

In this research project, we aim to optimise thaiemulsion conditions of Tan’s method
in order to improve the selectivity of the nanodes and determine the factors which
play an important role in determining the imprigtiafficiency. Alternative proteins will
also be used as the template. The latter part isf rssearch will be focused on
understanding the imprinting mechanism involved imdyr the miniemulsion
polymerisation and a study on the interaction betwthe proteins and the surfactant in

the miniemulsion system will also be carried out.
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Chapter 2

Literature Review

This literature review introduces the phenomenonmafiecular recognition which is
evident in the basic functions of our body and howlecular imprinting has been
developed by science to imitate such process. Tdweergl principle of molecular
imprinting and its three approaches: covalent, cavalent, and sacrificial-spacer, are
studied here. Greater emphasis is placed on noal@uvimprinting because it is the most
common approach and is the approach adopted imabesarch project. The imprinting of
proteins is then discussed, with its inherent emgles and difficulties, and various

solutions that have been adopted by other resemotips to circumvent them.

2.1 Molecular recognition

All important functions in the human body involveet specific recognition between
biological molecules. For example: antibodies dpEadly bind to antigens to trigger the
immune response, and transcription factors bin@ tgpecific part of the DNA in the
transfer of information to RNA. Understanding timeractions between these molecules
and how they are able to specifically recognisehesber is thus vital in order to gain a
deeper understanding of the human body. Anothempbaof specific recognition in the
human body is the interactions between enzymessabdtrates. Enzymes are proteins
that catalyse various biochemical reactions anth eazyme is very specific in terms of

the reaction it catalyses and the substrates iedoim the reaction. They differ from
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conventional catalysts because of their specifigityich are highly dependent on the
surrounding environment (e.g. temperature, pH)s Bmables them to distinguish between
substrates which are in their correct shapes apgktivhich are in a slightly altered form.
The specificity is due to the presence of compleargrgeometric shapes in the enzymes
which allow substrates to fit exactly into them. eTHirst attempt to explain this
phenomenon was Emil Fischer’s ‘lock and key’ maddel894. In this model, the enzyme
acts as the lock and substrate as the key. Onlgdirect key, possessing a specific shape
and size and having correctly positioned teeth, fitain the keyhole and open the lock.
Specific recognition is also present in many chaingrocesses outside the body, both in
laboratories and chemical plants. For example:ouaribioassays in the development of
new drugs, and host receptors on membranes usedhéorseparation of specific
compounds. Other areas which require specific r@tiog may include: catalysis,
analytical chemistry, chemo- and biosensors. Thétyalto recognise molecules of a
specific nature and shape, or molecular recognit®thus a vital part of many biological
and chemical processes. Whitcombe and Vulfson (R@6fined this phenomenon as ‘the
preferential binding of a chemical entity to a ‘®ptor” with high selectivity over its close
structural analogues’. There are many technolotfiat have been developed to create
‘biomimics’ that imitate the molecular recognitioaf biological molecules. Each
technique has its own advantages and disadvantagdsmolecular imprinting is one

promising example with the potential to be used wide range of fields.
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2.2 Molecular imprinting

The phenomenon of molecular recognition has chgdldnscientists to imitate this
remarkable property which is so evident in our bo8ynthetic receptors have been
developed and these biomimics imitate the bioldgigatems with their specific affinity
and binding towards the target ligands. Molecutaprinting is an effective technique to
create one such biomimic. Nicholls and Rosengré®1p has precisely and concisely
described molecular imprinting as ‘a technique Whiavolves the formation of binding
sites in a synthetic polymer matrix that are of ptementary functional and structural
character to its “substrate” molecule’. The resgitproduct, or molecularly imprinted
polymers (MIPs), are formed by the copolymerisatdrthe functional and cross-linking
monomers in the presence of a template. In thgphgnerisation mixture, the monomer
and template are allowed to interact and a comggldgrmed between them. Depending
on their nature, the interaction between the two loa covalent or non-covalent (Ye and
Mosbach, 2008). Copolymerisation is then carrietvath the cross-linker, which ‘holds’
the functional monomers in place, preserving thatiap orientations of the functional
groups. Finally, the template is removed leavindhith@é binding sites which are
complementary to the target molecule in terms oé,sshape, and chemical functionality.
These binding sites, with strong specific recognitior the template molecules, are then

available for subsequent rebinding (Figure 2.1).
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Figure 2.1 Schematic of the molecular imprintinghieique.

Molecular imprinting has been used to produce stithreceptors to target molecules of
various nature and sizes. Great advancement angrgs® has been made for the
imprinting of relatively small, low molecular weigland well-functionalised molecules
such as sugars (Mayes et al., 1994; Parmpi anch&®fi2004; Sineriz et al., 2007), metal
ions (Rao et al., 2006; Shirvani-Arani et al., 20@8nino acids (Reddy et al., 1999; Zhu
and Zhu, 2008), and drugs (Alvarez-Lorenzo and Geimo, 2004; Hiratani et al., 2007).
However, less success has been achieved for langéies, such as peptides and proteins
(Kempe and Mosbach, 1995; Wulff, 2002; Turner et2004 and 2006), cells (Dickert et
al., 2001), viruses (Hayden et al., 2006), anddyac{Hayden and Dickert, 2001). This is
not surprising because for larger entities, therantion between the template molecule
and the functional monomers will be more complexciitould lead to the formation of
heterogeneous binding sites. Another difficulty@ntered is the mass transfer limitation
of the template molecules to the binding siteshagolymer matrix which would result in

unfavourable rebinding kinetics (Pang et al., 200B)this literature review, we will focus
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on the imprinting of proteins, its limitations archallenges, and the progress and

advancement in the field.

2.2.1 Advantages of M1 Ps

MIPs have many advantages compared to other symthietmolecule-based molecular
recognition techniques: they have higher physiodl @éhemical stability, and they are able
to withstand a wider range of temperature, pH, auwitl-base conditions without
displaying a loss in molecular recognition (Nickodnd Andersson, 1995). MIPs are
relatively simpler to prepare and therefore, areremcost-effective, and they can be
prepared into forms suitable for the desired apgibn, such as beads (Mayes and
Mosbach, 1996; Lu et al., 2003; Say et al., 2008)mbranes (Sergeyeva et al., 2003; El-
Toufalli et al.,, 2004), and films (Piletsky et al999; Miyahara and Kurihara, 2000).
MIPs, being solid, also have a much higher physstadngth and robustness than their
biological counterparts, and can easily be sepdrdtem the rebinding mixture.
Furthermore, their storage life is many years withthe loss of affinity for the targeted
molecule (Hillberg et al., 2005; Ramstrom et aB97). As a result, MIPs have great
potential in various areas such as bioseparationgmosensors, immunoassays, drug

screening, and catalysis (Mahony et al., 2005).

2.2.2 Types of molecular imprinting

One of the most important considerations in thagesf MIPs is the interaction which

will occur between the functional monomer and #raglate. The choice of the monomer
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will depend on the nature of the template as wslltlee environment in which the
rebinding of the target molecule will be taking qgda(for example: agqueous or organic).
Molecular imprinting is therefore classified intd main approaches according to the
chemical bonds involved in the rebinding of thegétrmolecule; covalent and non-
covalent. Covalent imprinting was the main approdehing the 1970s when MIPs were
first being studied by Wulff's group (Sellergre@). However, since its development in
the 1980s by Mosbach’s group, the non-covalentagubr has become more common and
it is the most widely used approach today (Selergand Allender, 2005). A third and
less common type of imprinting is the sacrificipgser approach which combines the

benefits of the previous two approaches (Whitcoanm Vulfson, 2001).

2.2.2.1 Covalent

In the covalent approach, a reversible covalentdbisnformed between the functional
monomer and the template (Figure 2.2B). Examplebhede bonds are: ester, acetal/ketal,
Schiff-base, and metal coordination (Takeuchi anagirlaka, 1999). The resulting
template derivative is copolymerised with the cHislser and the subsequent removal of
the template requires cleavage of the covalent $amklng hydrolysis, for example

(Whitcombe and Vulfson, 2001).

One of the advantages of this approach is thatstb&hiometric ratio between the
template and the monomer is determined, resultinrbe homogeneity of the binding sites
(Sellergren and Allender, 2005). The rebindingls® avery selective and stable, since the

binding cavities are an ‘exact fit' (Whitcombe andilfson, 2001). However, the
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rebinding kinetics of the MIPs is often not favduedue to the slow reformation of the
covalent bonds and is therefore unsuitable for iegpbns such as chromatographic
separations. Another problem is that there arematdd number of covalent linkages

available that can readily cleave and rebind (Takeand Haginaka, 1999).

2.2.2.2 Non-covalent

In the non-covalent approach, the functional mormsmeomplex with the template
molecule through non-covalent interactions, such eéectrostatic and hydrophobic
interactions or hydrogen bonding (Figure 2.2A). Tpeparation of the complex is
relatively easier since it only involves mixing theonomer with the template and the
isolation of the resulting complex is not requir@tie rebinding kinetics of MIPs prepared
by the non-covalent approach is also much moreuialde and only mild conditions are
required for the removal of the template moleculakguchi and Haginaka, 1999).
However, due to the weaker nature of the functionahomer-template interaction, the
stability of the complex is lower, resulting in @ier concentration of the complex. The
functional monomer is usually added in excess @eoto obtain the maximum complex
concentration but this may cause many differentiggeof the complex to form in the
polymerisation mixture. Consequently, the bindintess of the MIPs are no longer

homogeneous in terms of affinity (Takeuchi and iHaga, 1999).

One solution to this problem is the introduction ‘sécond generation’ functional
monomers which are able to bind much more strotwBpecific functional groups on the

template. Examples of the targeted groups areoggliites and phosphonates, carboxylic

10
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acids, peptide backbones, amines and barbiturdddstqombe and Vulfson, 2001).
Another popular solution is the template immobtima method. In this method, the
synthesis of the MIPs involves two distinct stegemplate immobilisation, and
polymerisation. First, the template molecules armobilised covalently to a support and
the polymerisation is subsequently carried-outigsal, in the presence of the functional
monomers and cross-linker. The benefits of thisep-gmprinting and its examples will be

discussed further on in this review.

11
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Figure 2.2 Schematic of: A) Non-covalent imprintBigCovalent imprinting.
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2.2.2.3 Sacrificial-spacer

This approach was introduced by Whitcombe et al.1895, which combined the
advantages of covalent and non-covalent imprintiikgandimalla and Ju, 2004;
Whitcombe et al., 1995; Zhang and Ye, 2006). ieeebn covalent bonding between the
functional monomer and the template prior to polgisation, and uses non-covalent
interactions for the subsequent rebinding. Thigoissible due to the presence of a ‘spacer’
group on the monomer-template complex which isdosing the removal of the template,
leaving behind a binding site available for nonalewt interactions. One of the
advantages of this approach is that it is able 9@ weak hydrogen bonds during the
rebinding of the imprinted molecule. This propegyllustrated in the following example
(Figure 2.3). Diurea is used as a template for tingprinting of 2,3,7,8-
tetrachlorodibenzodioxin (TCDD) and two urea brislget as sacrificial-spacers between
the chlorine atom of the dioxin and the polymer+teamine groups. During the template
removal after copolymerisation, the 2,8-diamino-@ighlorodibenzodioxin is removed by
hydride reduction, leaving behind two amine grobpsnd to the polymer. These are then
able to form hydrogen bonds with the chlorine atomfisthe targeted TCDD during

subsequent rebinding (Sellergren, 2001; Whitconmuke\&ulfson, 2001).

Perez et al. (2000) also used the sacrificial-apaggproach for their synthesis of
cholesterol-imprinted submicron beads. Carbonaer @gms used as the sacrificial-spacer
and the core-shell beads were prepared by two-gelymerisation. The first
polymerisation step involved the emulsion polymeien of methyl methacrylate or

styrene monomers to produce an inner core-shek fEBmplate cholesterol was then

13
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covalently linked with the functional monomer torrfo chloresteryl (4-vinyl) phenyl
carbonate (CVPC) which acted as the sacrificiatspaThe second polymerisation step
was then carried out with CVPC and ethylene glytiohethacrylate (EGDMA) as the
cross-linker. The template was removed using hydie| which allowed the subsequent

rebinding of cholesterol to the MIP via non-covalemeractions.

O o L
8

copolymerize with DVB
and z-complexing
monomer

S LY
OCI 8] '[:IO

1. LiAlH4 in THF
2. TCDD (2nM in nonane)

H H
IO
C o Cl

Figure 2.3 Imprinting 2,3,7,8-tetrachlorodibenzoxiio (TCDD) via the sacrificial-spacer
approach (Whitcombe and Vulfson, 2001).

14
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2.2.3 MIP beads

As mentioned earlier, one of the attractive prapsrof MIPs is that they can be prepared
into various shapes and forms (beads, membrane§n®) suitable for the chosen

application. In earlier preparations of MIPs, bg&lymerisation was used to produce
monolithic imprinted polymers that were subsequeatushed, ground and sieved to the
desired size. This conventional approach was noy efficient since it was time-

consuming and produced irregular particles wittarge size-distribution which are not
favourable for applications like chromatography aotid-phase extraction (Mahony and
Nolan, 2005; Kempe and Kempe, 2006). Bulk polynaios is also unsuitable for

scaling-up industrially due to the poor thermalpéision during polymerisation. As a
result, alternative methods of polymerisation hbeen proposed that would allow more
control over the morphology of the imprinted pdes; and which would also allow better

heat dissipation during polymerisation.

There are many techniques to create MIPs with owumishape and size, and many
researches focus on the synthesis and optimisafidfiPs in the spherical form such as
beads and spheres. The desirable properties @& MHB2s are: their uniform size with low
polydispersity, their large specific surface araag their potential to be applied at an
industrial-scale. MIP beads and spheres, partigularthe micro- and nano-scales, are
very suitable for the application of surface imging because of their large specific
surface area available for the creation of bindsitgs. Another advantage is that the
polymerisation involved in their synthesis, suctsaspension (Mayes and Mosbach, 1996;

Ansell and Mosbach, 1997; Flores et al., 2000), Isim (Yoshida et al., 1999), or
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miniemulsion (Vaihinger, 2002; Tan and Tong, 2000dfers very good heat dissipation
which enables them to be used on an industriakséalrther on in this literature review,

we will discuss the application of MIP beads footprn surface imprinting.

2.3 Imprinting of proteins

Molecular imprinting is an effective technique teate artificial receptors which are able
to specifically recognise target molecules. A laagaount of literature could be found on
the imprinting of small molecules, such as amindsalrugs, and ions. The imprinting of
macromolecules like proteins, however, is less comaiue to many inherent difficulties

due to the larger and complex structure of the tatepnolecules.

Proteins are large and complex biomacromoleculesdi@lly with molecular weights of
10° to 10' Da) made up from amino acids which are linked togetn a linear form by
peptide bonds between the carboxyl and the aminapgof adjacent residues. In the
human body, proteins have a wide range of roledliprocesses within the cell and many
of them are enzymes which catalyse various biocteneactions and are a key part of
the metabolic system. Other proteins have mechlaaré structural functions such as
those which make up the cytoskeleton. Other vidés in which proteins play an

important part include: cell signalling, immunepesses, cell adhesion, and the cell cycle.

Proteins fold into a specific conformation as aulesf intramolecular non-covalent

interactions, such as hydrogen and ionic bondingaarder Waals and hydrophobic forces.
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To be able to perform their biological functionspteins must conserve their folded three-
dimensional structures, or their ‘native’ stateakifig an earlier example, enzymes are
highly selective and only catalyse specific biocleain reactions in our body. This
specificity is due to the shape of the enzyme mdés; held together by the
intramolecular bonds which can be disrupted by ghann the surrounding conditions,
such as the pH and temperature. This changesdhapes and as a result, the catalytic

function of an enzyme is highly dependent on itaremment.

The motivation behind protein imprinting is to iaté the ability of biomolecules, such as
enzymes, to recognise molecules of a specific shkpea ‘lock and key'. The current
technology for the recognition of proteins for extion, purification, and biosensing,
greatly rely on binding assays of the target proteith antibodies. However, the
disadvantages of this method include the high obsthese antibodies and their low
stability which allows them to be used only undgueous conditions. Another drawback
which contributes to the high cost is that antiesdassays are only suitable for single use.
MIPs, in contrast, are inexpensive, robust, andsable, making them a suitable
alternative to be used for selective protein bigdifiurner et al., 2006; Ye and Mosbach,

2008).

2.3.1 Challengesin protein imprinting

There are many challenges associated with the mtipgi of proteins compared to the
imprinting of simpler and smaller molecules (Sejten, 2000). The complex and flexible

structure of proteins can lead to the non-homodggrtdithe binding sites which would
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result in low specificities of the MIPs (BergmanmdaPeppas, 2008; Gai et al., 2008). In
the pre-polymerisation mixture, a wide range oétattions between the monomers and
various sections of the template protein are ptessibhis is due to the presence of
numerous functional groups on the amino acids, lwbiters a large number of potential
recognition sites over a relatively large surfaceeaa Another difficulty is the
incompatibility of the polymerisation conditions thvithe template protein, where the
challenge is to conserve the native structure eftémplate so as to imprint the ‘correct’
conformation of the target protein. However, thiéidilty lies in the fact that the structure
of the protein can be easily modified and the pnotan even be denatured due to the pH,
temperature, ionic, or organic conditions of théypwrisation mixture, before or during
polymerisation (Turner et al., 2006). In the systheof protein-imprinted polymers, one
must study the structure of the protein throughbet entire process, especially making
sure that the protein experiences no significarange in conformation during the

polymerisation (Tan and Tong, 2007a).

Another problem linked to the incompatibility of eth proteins with the
polymerisation/imprinting environment is the fadbat proteins are water-soluble
compounds. Most imprinting systems rely on orgasulvents in order to maximise the
interaction, such as hydrogen bonding, betweeriuhetional monomer and the template
molecule (Bossi et al., 2006; Janiak and Kofin@972. The low solubility of proteins in
non-polar solvents would limit the interaction beem the functional monomer and the
template as well as compromise their structureciipaecognitions of biomolecules in
the body, however, occur in an aqueous environnidm.presence of water would greatly

disrupt the formation of hydrogen bonds betweenhineling sites on the MIPs and the
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protein. As a result, there is a need for MIPs Wlace able to be used for the recognition

of proteins in an aqueous media.

Protein imprinting shares one drawback common ¢artiprinting of all macromolecules;
MIPs suffer from unfavourable rebinding kineticsedio the slow diffusion of protein
molecules to the binding sites. This problem is trs®vere in the conventional bulk
imprinting method where the binding sites are ledateep inside the polymer matrix. The
low mass transfer of the large protein moleculesugh the matrix would render the

rebinding kinetics unfavourable (Turner et al., 00

There are many successful methods adopted by waresearch groups to tackle the
difficulties in protein imprinting. Surface impring and template immobilisation are two
popular solutions and quite often these two teascgare employed together to optimise
MIPs’ specific recognition of proteins. They werestf used for the targeting of smaller

molecules but their usefulness was extended torthenting of macromolecules.

2.3.2 Surfaceimprinting

One of the major challenges faced in molecular inmtiprg, especially for the imprinting
of macromolecules like proteins, is the ability foe target molecules to reach the binding
sites of the MIP. In the conventional method of kbihprinting, binding sites are
produced within the 3D polymer matrix and as a ltgeshie rebinding kinetics is often
unfavourable due to steric hindrances, and limd#tlsion and mass transfer. Another

problem raised is the difficulty of template rembveom the binding sites after
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polymerisation. Inadequate washing of the newlyried MIP to remove the template
would leave the binding sites ‘occupied’ and tlresdering them unavailable to the target

molecules for subsequent rebinding.

Surface imprinting is a popular technique to cireent these problems and significantly
improve the effectiveness of MIPs. In surface imfnig, binding sites are created on the
surface of the MIP rather than in the interiorlod polymer matrix, making them exposed
and very accessible to the target molecules (Nistawld Rosengren, 2001; Tan and Tong,
2007b). There are many approaches which have beestigated for the application of

protein surface imprinting. Protein-imprinted fills one method with considerable

success (Bossi et al. 2001; Piletsky et al., 2B&nanaviciene and Ramanavicius, 2004;
Chou et al., 2005) but such MIPs are limited inirtla@plication and cannot be used in
areas such as chromatography. MIP beads have bseussked earlier in this chapter

(Section 2.2.3) and their numerous advantages, asidheir large specific surface area,

make them a suitable candidate for protein surfapeinting.

A classic example of MIP beads which were usedpfotein surface imprinting is the
work by Kempe et al. (1995). Methacrylate groupgenmitially functionalised to the
surface of silica beads and polymerisation wasesylpesntly carried out in the presence of
a metal chelating monomeN-(4-vinyl)-benzyl iminodiacetic acid, copper ionand
RNase A as the template. The resulting MIP bealiisdren metal coordination for the
rebinding of RNase A and were used at the statjophase in high-performance liquid

chromatography (HPLC).
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Hirayama et al. (2001) carried out the imprintifgysozyme on surface-modified silica
beads (0.025-0.040 mm) wusing a combination of aomde or N,N-

dimethylaminopropylacrylamide with acrylic acid &se functional monomers. The
resulting polymer pellet was then grounded and ggh$lsrough a 0.15 mm sieve. In the
rebinding tests, the two MIPs showed selectivitwdals lysozyme over haemoglobin.
Although the grinding of the pellet was required tlee synthesis of the MIPs, Hirayama’s
work is not strictly a bulk imprinting approach digethe presence of the modified silica

beads and the polymer layer which was formed oin sheface.

Not only silica was utilised as the core partiote the synthesis of protein-imprinted
beads but other supports, such as polystyrene, alsoeused. In the work by Yan et al.
(2007), lysozyme and haemoglobin were successfuttprinted onto polystyrene

microspheres. The styrene particles were first gnegh by suspension polymerisation,
after which the functional monomer, 3-aminophenytinic acid, was grafted onto them

in the presence of the template protein.

2.3.3 Template immobilisation

In the earlier discussion of the non-covalent apphoto molecular imprinting, we have
mentioned that despite of the favourable rebindimgtics offered by this approach, one
of its major drawbacks is the non-homogeneity & ktinding sites. This is due to the
relatively weaker interactions (non-covalent) bedswehe functional monomers and the
template molecules which cause less stable conplémebe formed in the pre-

polymerisation mixture. This problem is exacerbaigdhe fact that proteins are complex
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molecules which allow a wide range of interactigostake place with the functional

monomers.

A popular solution to improve the homogeneity aé thinding sites for the non-covalent
imprinting of proteins is the immobilisation of themplate molecule to a support before
carrying out the polymerisation. There are many aatkges of the template
immobilisation approach. Templates which are inslgun the polymerisation mixture
and would not interact with the functional monomexuld be imprinted since the
immobilised protein molecules could be brought intontact with the functional
monomers during polymerisation. Another advantagéhat this approach prevents the
aggregation of protein molecules which in turn vebuicrease the homogeneity of the
binding sites and increase the selectivity for rtharget molecule (Yilmaz et al., 2000;

Bonini et al., 2007).

Shi et al. (1999) combined this approach with stafemprinting by immobilising various
protein templates (albumin, immunoglobin G, lysoeymibonuclease and streptavidin)
onto a mica surface. Disaccharide molecules weare tised to coat the protein molecules,
followed by the plasma deposition of hexafluoropdepe forming a 10-30 nm
fluoropolymer thin film. After the removal of theica and template protein, binding sites
were left on the disaccharide layer which had themglementary shape of the template

protein.

Silica beads were also used by Shiomi et al., 28808 support to covalently immobilise

haemoglobin before surface imprinting was carriat with two kinds of organic silane
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(3-aminopropyltrimethoxysilane and trimethoxypragldne) as functional monomers.
Batch rebinding tests were carried out and the M#ads prepared with template
immobilisation exhibited higher binding specificitthan their conventional non-
immobilised template counterparts. The results seeno indicate that template
immobilisation has helped to produce binding sitdsch were more homogenous and

possessed higher selectivity for the template prote
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Chapter 3
Optimising the preparation of protein surface-imprinted

nanoparticles

3.1 Introduction

Molecular imprinting is an established technique deeate biomics with specific
recognition for the target molecule. Traditionallyhas been successfully applied to small
molecules such as ions, amino acids, and smallsdrbgwever, its application for
macromolecules, like proteins, has been limited d¢woeseveral inherent problems.
Challenges in protein imprinting include: low rethimg kinetics, heterogeneity of binding
sites due to the size and complexity of the prot@olecule, incompatibility of the

proteins with the solvents, and the entrapmentatigin molecules in the polymer matrix.

As mentioned earlier in the introduction, Tan andnd (2007a) had developed an
effective technique to prepare RNase A surfacedimgul nanoparticles using
miniemulsion polymerisation. In this part of thesearch, we aimed to optimise Tan’s
method and determine the factors and conditionsclwiplay an important part in
determining the protein recognition efficiency. Bo serum albumin (BSA) was used as
the template protein rather than RNase A since thieaper and many batches of MIPs

had to be synthesised.
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3.2 Preparation of protein surface-imprinted nanoparticles via

miniemulsion polymerisation

The following section is a detailed discussion afious aspects in the synthesis of RNase

A surface-imprinted nanoparticles via miniemulspmymerisation based on Tan’s work.

3.2.1 Template: Ribonuclease A

RNase is a relatively small enzyme which catalybesdegradation of RNA into smaller
components. RNase A is the main form of RNase foaride pancreas @os Taurusand
consists of 124 amino acid residues (~13.7 kDa)séjuence of amino acid residues was
discovered in 1963 by Smyth et al., making it tingt £nzyme and the third protein whose
sequence was correctly determined. Its chemistryctsire and functions have been
extensively studied since its discovery and it besn widely used as the model system in

various studies of proteins, enzymology, and mdéaevolution (Carter and Ho, 1994).
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N-terminus

" Tyrlls

) Tyr73

Figure 3.1 Ribbon diagram of RNase A showing threrd@sidues and the disulphide bonds
(Stelea et al., 2001).

The stability of the template is an important factehich must be considered for
successful imprinting. This is especially true fmomolecules such as proteins, since
denaturation will cause a change in the structiréhe template. The protein must be
sufficiently stable to not unfold under the polyimsation conditions (Cormack and Elorza,
2004). In the work of Stelea et al. (2001), RNasevas shown to have significant
denaturation between 5C and 70°C in the presence of phosphate at neutral pH. Chen
and Lord (1976) reported that a significant numifethe alpha helices and the beta sheets

remain in a solution of 0.1 M NaCl at 70 and pH 5.

3.2.2 Functional monomer: Methyl methacrylate

The choice of the functional monomer is of utmogportance and will directly affect the
specificity of the MIPs. The monomer must be alolddrm a stable complex with the
template so as to maximise the concentration otdmeplex in the polymerisation mixture.

The rebinding environment for the intended appicaimust also be kept in mind while
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choosing the monomer. Biological systems are gégerharacterised by the dominating
presence of water in the surrounding media andrwatdecules will significantly impair
the ability of the target molecule to interact witte MIPs since they will compete to form

hydrogen bonds with the binding sites (Ramstrom/Amskll, 1998).

Methyl methacrylate (MMA) is commonly used for n@mulsion polymerisation but not
for protein imprinting. Methacrylic acid (MAA), hosver, is more popular as the
functional monomer for non-covalent protein impngtbecause the hydrogen atom of its
carboxyl group can participate in hydrogen bondmith the template protein molecule.
Very good separations have been achieved in noeeaguenvironments where there were
no water molecules to disrupt the interactions betwthe MAA and the amino acids of
the target protein. However, it would be more bemafif molecular recognition could be
achieved in the presence of water since many aiits for protein separation occur in
the aqueous environment of biological systems. MMaAs chosen because it is more
hydrophobic than MAA and does not form hydrogendsom aqueous solutions. As a
result, hydrophobic binding cavities are formed the surface of the imprinted
nanoparticles where hydrophobic interactions td&egbetween the target protein and the

shape-complementary binding sites in an aqueousoamvent.
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Figure 3.2 Structure of methyl methacrylate (MMA).
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3.2.3 Cross-linker: Ethylene glycol dimethacrylate

Ethylene glycol dimethacrylate (EGDMA) is a comnmmnoss-linker and is often used for
copolymerisation with MMA.The cross-linker plays three main roles: it comstrtie
morphology of the MIPs, it holds the functional moamers in the positions
complementary to the template and finally, it giviee imprinted polymer matrix
mechanical strength. The cross-linker must be caibipawith the imprinting system and
must also be able to copolymerise with the funeianonomer (Ramstrom and Ansell,

1998).

:"'P#/W"D l"‘-\.\_“.'_.r"-.-\ﬂ\"'\tD.r' ..-"'-'.

O

Figure 3.3 Structure of ethylene glycol dimethaatgl(EGDMA).

3.2.4 Miniemulsion polymerisation

Early preparations of MIPs relied on bulk polymatisn which produced monolithic

imprinted polymers that were subsequently brokemrdand crushed. This was not a very
effective method since it was time-consuming anddpced irregular particles with a
large size-distribution which were not favourabbte &pplications like chromatography
(Mahony et al., 2005). As a result, alternative hods of polymerisations have been

proposed that allowed more control over the morpinpbf the imprinted particles.
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Miniemulsion polymerisation is a method which prods regularly-sized spherical
particles, typically in the range of 50-500 nm. g technique is similar to the conventional
emulsion polymerisation but involves sub-micronio#water dispersions, as well as the
addition of a co-surfactant or co-stabiliser. ltypical set-up, the polymerisation mixture
consists of water, monomer, co-stabiliser, andsiiméactant and initiator systems (Asua,
2002). The important step in this method is théntigear emulsification to produce sub-
micron monomer droplets which are encapsulatechbystrrfactant micelles. This can be

accomplished by devices such as a sonicator or geniger.

In Tan’s method, sodium dodecyl sulphate (SDS) ol¢ (vinyl alcohol) (PVA) were

used as the surfactant system in the miniemulf@spite the denaturing effects of the
SDS, RNase A managed to retain its native confoomatue to the presence of the PVA.
Nagaranjan (2001) reported that non-ionic polymsuidactants tend to interact with ionic
surfactants micelles to form polymer-bound micell8ections of the polymer partially
penetrate the polar surface of the micelles wrapmmound them, and one polymer
molecule could be associated with several surfactaicelles. As a result, this

significantly decreases the critical micellar camtcation (CMC) of the surfactant.

To start the polymerisation, Tan relied on redoitidtion in order to minimise the

denaturation of the protein. Sodium bisulphite antmonium persulphate were used as

co-initiators.

29



Chapter 3

3.25 Factorial design

Factorial design is a common method used to desigreriments which have several
independent variables by examining simultaneoustyetffects of these variables (factors)
and their interactions. It is an efficient methddirovestigation and is, therefore, widely
used when then number of experiments that can bedaut is limited. For example:
this can be due to the high cost associated with aan of the experiment or the amount
of the time available is limited. In most factorg@signs, each of the factors are studied at
2 levels, high (+) and low (-), and the experimentas are carried out by varying these
factors at all possible combinations. A total bfeXperimental runs are performed, where
n is the number of factors. In a half-fraction ta@l design, only ' experimental runs
are performed with the assumption that higher-ondégractions are neglected, thus

allowing the number of runs required to be haluedehl, 1994; Mitchell, 2001).

In the preparation of the protein surface-imprintednoparticles via miniemulsion
polymerisation, it is hypothesised that the impngtefficiency of the resulting MIP is

chiefly dependent on the following variables:

I) The ratio between the functional monomer andctioss-linker.
i) The amount of template protein required.

iil) The polymerisation temperature.

Half-fraction factorial design was carried out witiree independent variables (n = 3):

functional monomer to cross-linker molar ratio (fé&cA), amount of template protein
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(Factor B), and polymerisation temperature (Fa€prAs a result, MIPs and NIPs were
synthesised under four different polymerisation dibons based on the half-fraction

factorial design (Table 3.1a, b).

Treatment A B

T2 - - +
T3 + - -
T5 - + -
T8 + + +

Table 3.1a Half-fraction factorial design table Wwithree factors (A, B, and C) and four
treatments (T2, T3, T5, and T8). +/- representshigé and low levels, respectively.

A: MMA:EGDMA molar ratio

B: amount of BSA

C: polymerisation temperature

The table below shows the corresponding valueseohigh and low levels of each factor.

Factor (+) (-)

A) MMA:EGDMA lto25 1to35
B) BSA (umol) 1 0.5

C) Temperature ( °C) 45 40

Table 3.1b Values of the high and low levels (fidf)the three factors.

3.3 Experimental section

3.3.1 Materials

Bovine serum albumin (BSA), methyl methacrylate (MM99%), ethylene glycol

dimethacrylate (EGDMA, 98%), sodium dodecyl sulghéSDS, minimum 98.5% GC),
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sodium bicarbonate (99.7-100.3%), sodium bisulpiit@nimum 99%), ammonium
persulphate (98%), and trifluoroacetic acid (TFA%9 were purchase from Sigma-
Aldrich (USA). Poly (vinyl alcohol) (PVA, 80 mol%yhrolyzed, MW 6000) and ethanol
(absolute grade for analysis) were purchased fraolysBiences, Inc. and Merck
(Germany), respectively. Acetonitrile (HPLC gradapd acetic acid (Glacial) were
purchased from FisherChemicals (USA). The chemieae used as is without further

purification.

3.3.2 Preparation of BSA-imprinted nanoparticles

The experimental protocol for the synthesis of Mi®s was modified from the work of
Tan and Tong (2007a). The experiment was scalechdwoyva factor of two (i.e. the
amount of the reactants was halved), allowing gpEmexperimental setup and therefore,
many batches of MIPs were prepared in a shortee.tiilne amount of chemicals and

conditions used for the four batches of MIPs isestan the following tables.

Treatment Temperature (°C) EGDMA (ul) MMA (ul) BSA (mg)

T2 45 2100 339.88 34.38
T3 40 2100 475.84 34.38
T5 40 2100 339.88 68.75
T8 45 2100 475.84 68.75

Table 3.2a Variations of the three factors acrdssfour treatments.

Sodium
PVA (g) SDS (mg) Bicarbonate (mg) DI Water (ml)
0.1875 28.85 23.45 10

Table 3.2b Composition of the first aqueous phase.
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PVA(g) SDS (mg) DI Water (ml)
0.0400 40.00 80

Table 3.2acComposition of the second aqueous phase.

Sodium Ammonium
bisulphite (g) persulphate (g)
0.115 0.126

Table 3.2d Amount of initiators.

The first aqueous phase was prepared by dissoRNA SDS and sodium bicarbonate in
10 ml of deionised (DI) water. The second aquedwsse was prepared by dissolving only
PVA and SDS in 80 ml of DI water. The functional meoner and cross-linker, MMA and
EGDMA, were added to the first aqueous phase aadrixture was sonicated (Sonics
Vibracell VCX 130) at 70% amplitude for 60 secortdsobtain a miniemulsion. The
template protein, BSA, dissolved in 8QDof DI water, was added to the miniemulsion
and stirred magnetically for 30 minutes to allowifisient template-monomer interactions.
The miniemulsion was then added drop-wise to tloersd aqueous phase while stirring.
The reaction mixture was pre-purged for 15 minwtéh nitrogen gas and each of the
initiators, sodium bisulphite and ammonium persatphwere dissolved in 15Q0 of DI
water before being injected to the reaction mixtéelymerisation was carried-out for 24
hours at the specified temperature, with mecharstiating at 300 rpm (RW20, Ika

Labortechnik, Germany).
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mechanical stirrer
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Figure 3.4 Polymerisation reactor setup.

The resulting MIP solution was then washed 5 timets DI water, and 5 times with
SDS:Acetic acid solution (10 w/v%:10 v/v%) to remothe template protein. Finally, it
was washed 4 times with ethanol and 6 times furtkiéh DI water to remove the
remaining surfactant and any unreacted monomers. eBoh washing, the polymer
solution was centrifuged at 9000 rpm for 60 minytésiversal 32R, Hettich Zentrifugen,

Germany). The final MIP was stored in DI water.

3.3.3 Preparation of non-imprinted nanoparticles

The preparation was identical except for the additf the protein and the NIPs were
washed in the similar manner with DI water, SDS##cacid solution (10 w/v%:10 v/v%),

and ethanol.
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3.3.4 Batch rebinding tests

To study the specificity of the MIPs, batch rebnglitest with 1.8 mg/ml BSA solution

was carried out. The same test was repeated wRis Bi$ a control.

A stock BSA protein solution of 4 mg/ml was prephrgé ml was drawn from it and added
to 1 ml of DI water to obtain the first standardusion of 2.0 mg/ml. DI water was then
added to the stock solution to decrease its coretént to 3.6 mg/ml. Another 1 ml was
drawn and added to 1 ml of DI water, like befooegpbtain the second standard solution of
1.8 mg/ml. For the batch rebinding, 2 ml of the B1§/ml stock solution was drawn and
added to 2 ml of the well-mixed polymer solutiohid was repeated two more times to
obtain three tubes of rebinding mixture. The tlandi fourth standard solutions of 1.6 and
1.4 mg/ml respectively were prepared in the simm@nner. This method of preparation
was designed to minimise the systematic and randoors in the preparation of the

standard protein solutions for the plotting of dadibration curve.

Volume remaining

Concentration of Volume of after 1 ml protein DI Water added to
stock solution stock solution solution is drawn stock solution
(mg/ml) (ml) (ml) (ml)

4.0 15.00 14.00 1.556

3.6 15.56 8.56* 1.069

3.2 9.63 8.63 1.232

2.8 9.86 8.86

Table 3.3 Preparation of the stock solution for Hach rebinding test of one set of MIP.
*A total of 7 ml of stock solution of 3.6 mg/ml wrawn (1 ml for the standard solution
and 3x2 ml for the batch rebinding).
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The rebinding mixtures were then mixed using a Rotg RKVS, ATR Inc., Japan) and
after 24 hours, it was centrifuged at 9000 rpm 60r minutes. The supernatant was
withdrawn with a syringe and then filtered throwg@.2um filter unit into an HPLC valve.
The four standard solutions were also filtered kirtyi and their protein concentrations

were determined via HPLC analysis.

A reversed-phase column (Agilent Zorbax 300SB-Ci8,x 150 mm, fum, USA) was
used on an Agilent 1100 series (USA) HPLC systemo Bolvents were used for the
mobile phase; A: 0.1% trifluoroacetic acid (TFA)dah00% water, and B: 0.09% TFA,
80% acetonitrile, and 20% water. The UV detectos s@t at 220 nm absorbance and the
injection volume was 5@l. The mobile phase flow rate was 1 ml/min and sotvB was

changed from 25% to 70% in 40 minutes in orderéai® a linear gradient elution.

The loading (amount of BSA adsorbed per amountobfrper) of the MIPs and NIPs is

calculated using the formula below:

Q = [& Ce] x4 ml

m

Q : Amount of adsorbed BSA (mg) / amount of polyrfgr
C,: Initial BSA concentration (mg/ml)
Cr: Final BSA concentration (mg/ml)

m : Mass of polymer in 2 ml of polymer solution (g)
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The amount of MIP present in 2 ml of polymer sauativas determined by adding 2 ml of
the well-mixed polymer solution to a 2 ml Eppendoitfe. The tube was then freeze-dried
for 24 hours and weighed. The difference betweenrttass and the mass of the empty
Eppendorf tube gave the amount of MIP present. Was repeated five times and the

average mass was taken.
3.3.5 Deter mination of the swelling ratio

2 ml of well-mixed polymer solution was added ta2aml Eppendorf tube and was
centrifuged at 9000 rpm for 60 minutes. The supgantawas pipetted out and the tube
was weighed to obtain the swollen weight of thetipl@s (Wyey). The tube was then

freeze-dried for 24 hours and weighed to obtaindttyeweight of the particles (\W). The

swelling ratio (SR) was calculated from the follogiequation:

SR = Wet- Wdry

Wary
3.3.6 Deter mination of the particle size using field-emission scanning microscope
The particles were observed under FESEM (JSM-670&9L, USA) with platinum

coating and a total of a hundred particles from whfferent areas were measured to

determine their average diameter.
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3.4 Results and discussion

3.4.1 Size and mor phology of the MIPsand NIPs

The FESEM images (Figure 3.5A, B) show that nartopes were successfully
synthesised in the miniemulsion polymerisation. Tg@eticles were spherical, highly
uniform and monodispersed with diameters rangimgnfrd0 nm to 50 nm under the
different treatments (Figure 3.6). These partiglese therefore suitable for the imprinting
of large macromolecules like proteins since they &darge surface area available for the
creation of binding sites which are easily accdsedib the target molecules. The particles
were also suitable for applications in chromatogyadue to their monodispersity and

uniformness.

The diameters of the nanoparticles obtained inwsk were slightly larger than those
reported in the work of Tan and Tong (MIP: 37.6 #n5.3, NIP: 41.0 nm_46.4). This
may be due to the difference in the method usddrto the miniemulsion. In this work, a
sonicator was used rather than a homogeniser, whashused in Tan’s work. Another
possible cause is the difference in the volumimraétween the first and second aqueous
phases; 1:8 compared to 1:20 from Tan’s work. Ttight have affected both the stability

of the miniemulsion and subsequently, the sizénefparticles.
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Figure 3.5 FESEM images of: (A) MIPs and (B) Nigler treatment T2.

There were no significant differences between the and morphology of the MIPs and
the NIPs (Figure 3.5A, B). This would mean that ahfference in the BSA loading

during the batch rebinding tests of the MIPs andPdNtannot be contributed to the
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difference in particle size and morphology. Therasvalso no significant trend in the

particle diameters under the different treatments.

60.00 - O MIP B NIP
50.00 -

40.00 -
30.00 -
20.00 -
10.00 -
0.00

Diameter (nm)

T2 T3 T5 T8
Treatment

Figure 3.6 Diameter of the nanoparticles from tharftreatments.

The swelling ratios (SR) of the MIPs and NIPs vatietween 20 and 45 (Figure 3.7). No
significant trend was observed but the NIPs orhadltreatments seemed to have a higher
SR on average than the MIPs (treatment T5 in pdatiz This was unexpected because
the MIPs and NIPs were synthesised in the sameewegpt for the addition of the protein.

This discrepancy was most likely due to the follogvexperimental errors:

)] The microbalance was very old and did not give itest readings.
Significant variations were observed in spite @er@ted weighing.

1)) The pipetting of the supernatant to leave behing wWet polymer after
centrifuging was probably the biggest cause ofreftowas very difficult to
pipette the supernatant and not draw up any pastidf particles were drawn

up with the supernatant, the mass of the swollehdig polymer (Wet and
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Wary respectively) would have been smaller than the walee. This problem
can be avoided by not pipetting all of the supemtabut the W would be
higher than the true value. Decanting was not effecespite centrifuging at
10000 RPM for 60 minutes.

iii) The inaccuracy in obtaining theWMwas further amplified due to the fact that
the total mass of the Eppendorf tube and the pestiovas small. The
percentage error was quite large because of théwaly small samples being
measured. In Tan’s work, 5 ml of polymer solutiomswadded to 15 ml
centrifugal tubes. As a result, the resulting petage error due to the above

problem was smaller.

Polymer swelling plays an important role in thefpanance of the MIPs and therefore, it
is beneficial to study the SR of the MIPs (Piletgkyal., 2004). The SR shows the extent
of cross-linking within the particle; the smalléret SR, the greater level of cross-linking
achieved during polymerisation. Thus it indicates/Hirmly the functional monomers are
held in the 3D matrix (Lu et al., 2006). This ispiantant since the selectivity of the MIPs
depends on how well the orientations of the fumztlanonomers in the binding sites are
preserved after the template is removed. Howevenalls adjustments may be
advantageous since it may help accommodate the flaxgjble protein molecule when it
binds to the imprinted sites (Sellergren, 2001)e BRR values obtained in this work were
much higher than those obtained in Tan’s work (3:4t4s possible that the cross-linking
during the polymerisation was not extensive buthiglh SR values observed might have

been caused by the errors mentioned earlier.
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Figure 3.7 Swelling ratios of the nanoparticlesrfrohe four treatments.

3.4.2 Batch rebinding tests

Batch rebinding tests of the MIPs and NIPs wer@@amout with 1.8 mg/ml BSA protein
solution. Figure 3.8 shows the protein loadingle hanoparticles prepared under the 4

treatments.
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Figure 3.8 Batch rebinding tests of BSA for MIP atié of the 4 treatments. Student’s t-
test, *: p < 0.05.

The loading for the NIPs was significantly highlean that of the MIPs for treatments T2,
T3, and T5. This was unexpected since the MIPs wapmposed to show preferential
binding towards BSA which was the template molecated the NIPs were expected to
display only a limited loading due to non-specificlsorptions. Therefore, specific
adsorption was not achieved and imprinting was ceessful in the above treatments. The
NIPs loadings were in the range of 100 to 180 md@\/B& polymer which were much
higher than the value of 55 mg/g reported in Tamsk for an initial BSA concentration
of 1.6 mg/ml. Higher loading will be observed faglrer initial BSA concentration of the
rebinding protein solution but this was insuffidign explain the much greater loading
observed when the initial BSA concentration wasmg@ml. The difference could not also
be explained by looking at the particle size sititeeNIPs in Tan’s work were similar in

size (41.0 nm) to the ones in this work (42.6 nm).
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Only treatment T8 showed preferential binding tadgaBSA with MIPs loading of 124.55
mg/g and NIPs loading of 102.28 mg/g. The relaloaeling (MIPs loading / NIPs loading)
for treatment T8 is equal to 1.22. Treatment T8esponds to the condition where all the

3 factors are in their ‘high’ state:

a) MMA:EGDMA ratio = 1:2.5
b) Amount of BSA added to the pre-polymerisatiomigrinulsion = 1 pmol

c) Polymerisation temperature = %5

In the work of Fish et al. (2005), it was propodédt increasing the number of the
functional monomers and template will maximise ititeractions between the two species
and yield more selective binding sites on the MHadwever, the use of excessive
functional monomers will encourage the formation main-specific sites. An optimal
functional monomer-template ratio is achieved wadralance is reached in the monomer-
template equilibrium during the polymerisation.tiis experiment, the increased number
of MMA present may have improved the extent of tetgsfunctional monomer complex
formation. As a result, the number of binding sifesmed on the surface of the
nanoparticles was increased and therefore, leadiraghigher specific BSA adsorption.
Increasing the amount of BSA during the imprintgsigp would also have a similar effect

of increasing the template-functional monomer caxpbrmation.

The increase in temperature may have improved tteneof polymerisation and cross-
linking. However, raising the temperature to anessive level would cause the protein to

lose its native structure. BSA is a very stabletgiro which could withstand high
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temperatures before denaturing and it was repdstedPoole et al. (1987) that BSA

experiences negligible conformational changesmapezatures below 58°C.

The loading for the MIPs prepared with treatmentWas much smaller than the value
reported in Tan’s work. The ribonuclease A (RNageimprinted nanoparticles prepared
by Tan achieved a maximum loading of 744.9 RNasagh polymer g (~54.3 RNase A
umol/ polymer g) whereas our BSA-imprinted nanogéet had a loading of 125 BSA
mg/ polymer g (1.52 BSAmol/ polymer g). Care must be taken while compatiregtwo
values since the MIPs were synthesised differeanily the template protein was different.
RNase A is a smaller protein with only 124 aminaaesidues whereas BSA has 583
residues and so we would expect the nanopartidesdsorb and accommodate large
molecules less readily than smaller ones. Howethes, alone will not be sufficient to

explain the dramatic decrease in the protein lgadin

As mentioned earlier, the swelling ratio is a diredication of the cross-linking and how
well the orientations of the functional monomers preserved in the imprinted sites. The
large SRs of the nanoparticles in treatments T2,aR8 T5 might have explained why
preferential binding was not achieved, and onlyattreent T8 showed a significant
selectivity for the target protein. On averageatimeent T8 produced nanoparticles (MIPs
and NIPs) with the smallest SR of 27.8 whereasStRe for T2, T3, and T5 are 29.9, 34.7,
and 32.2, respectively. Furthermore, the SRs ofnidn@oparticles synthesised with this
modified protocol are nearly 10 times larger thhe values reported in Tan’s work,
indicating that the modified protocol produced MIiRgdich were not cross-linked

extensively. Molecular imprinting relies on shameaplementary binding sites in order to
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selectively bind to the target molecule and thuf?$possessing binding-sites which are

not well-defined and well-preserved would displayited or no specific recognition.

3.5 Conclusion

3.5.1 Summary

In this work, using a modified protocol based om$awork, BSA surface-imprinted
nanoparticles were synthesised by the redox-iedianiniemulsion polymerisation of
MMA and EGDMA. The resulting particles were mongaissed uniform spheres with
diameters ranging from 40 nm to 50 nm. Four differsets of MIPs and NIPs were
prepared under conditions which were varied acogrdd a three-factor half-fraction
factorial design. The three factors were: the MMBMEMA molar ratio, the amount of
BSA used for imprinting, and the polymerisation parature. The MIPs in the first three
treatments did not display any recognition propentythe aqueous rebinding tests but
molecular recognition was exhibited in the las@atneent (treatment T8) when all the
factors were in the ‘high’ state. Factorial dateswat able to be generated and analysed
because only one treatment showed measurable ispesmibgnition for the BSA. As a

result, the factorial design optimisation analysisld not be completed.

One plausible explanation for the MIPs’ failure eéwhibit any preferable uptake of the

BSA is that their swellings ratios were nearly ifiegs higher than the values in Tan’s

work. On the other hand, MIPs from treatment T8 Hael lowest SR and were able to
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specifically recognise the protein. The high polyisegtion temperature had increased the

extent of reaction and the amount of cross-linkinghich preserved the shape-

complementary binding sites on the surface of threoparticles. Furthermore, the high

MMA:EGDMA ratio and the large amount of protein haided the formation of protein-

monomer complexes, promoting the creation of sjgebihding sites. As a result, all of

the 3 factors played an important role in this @irosurface imprinting technique.

3.5.2 Recommendations

ii)

Several batches could be synthesised in order néiroo the batch-to-batch
reproducibility of results.

The batch rebinding tests should be carried out dorange of BSA

concentrations in order to study the dependendleoimprinting efficiency on

the protein concentration.

The surface areas of the MIPs and NIPs prepareadebdfour treatments should
be determined in order to study their effects anithprinting efficiency.

This work was carried out with the assumption thah’s protocol could be
successfully applied to an alternate template pro®SA, rather than RNase
A, which was the original protein used. An addiabrcontrol must be

performed which involves the synthesis of BSA-imped nanoparticles using
the original protocol to verify whether moleculangrinting can be achieved

with Tan’s method when BSA is used as the temgdedeein.
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Chapter 4
I nvestigating protein-surfactant interactionsin the preparation

of protein surface-imprinted nanoparticles

4.1 Introduction

In the previous chapter, we looked at bovine sealbumin (BSA) surface-imprinted
nanoparticles prepared via miniemulsion based onisTarotocol (Tan and Tong, 2007a).
In order to determine the principle factors whidifeet the imprinting efficiency, an

optimisation analysis was carried out. Below aeettiree variables which were chosen:

I) The ratio between the functional monomer (MMAahe cross-linker (EGDMA).
i) The amount of template protein (BSA) required.

lif) The polymerisation temperature.

The optimisation analysis was not complete becaugeof the four sets of treatment
conditions, only one condition resulted in BSA-immped particles which displayed

significant molecular recognition.
Following the recommendations of the previous stualyfollow-up investigation was
carried out to determine whether molecular recogmitcould be achieved with an

alternative template protein using the unmodifigdt@col from Tan’s work for the
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synthesis of ribonuclease A-imprinted nanoparticlBise chosen template protein was
bovine serum albumin (BSA) which was the proteirecusn the previous chapter.
Lysozyme (Lys) was also used as an alternativeeprdtecause it is similar in size to the
original template protein, ribonuclease A (RNase M)e morphological features (size,
surface area, and swelling ratio) of the nanopadiwere characterised and various batch
rebinding tests were carried out to compare thativel imprinting efficiencies of the
imprinted particles using the three template prateFurthermore, circular dichroism (CD)
spectropolarimetry was employed to study the nedaiinteractions of the three template
proteins and the surfactant in the miniemulsionyp@risation system in order to gain a

deeper understanding of the mechanisms involveidgitine imprinting process.

4.2 Experimental section

421 Materials

The same materials were used as the previous chapie Lys from chicken egg white

and RNase A from bovine pancreas were purchased$igma (USA).

4.2.2 Preparation of RNase A-, BSA- and Lysimprinted and non-imprinted

nanoparticles

The protocol to synthesise RNase A-, BSA- and Imprinted nanoparticles (RMIP,

BMIP, and LMIP) was directly taken from Tan's wofkan and Tong, 2007a). The
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procedure was similar to the one used in the puosvichapter but different amount of
chemicals were used and the polymerisation wasedaout at 40 degrees Celsius. To
synthesise the imprinted nanoparticles, 1870l of the template protein was added.

Table 4.1 summarises the amount of chemicals used.

Temperature EGDMA MMA RNase A BSA Lys
{9) (ml) (ml) (mg) (mg)  (mg)
40 4.2 0.8 25.6 123.2 27.4

Table 4.1a Composition of the oil phase.

Sodium
PVA(g) SDS (mg) Bicarbonate (mg) DI Water (ml)
0.375 57.7 46.9 20

Table 4.1b Composition of the first aqueous phase.

PVA(g) SDS (mg) DI Water (ml)

0.2 200 400

Table 4.1c Composition of the second aqueous phase.

Sodium Ammonium
bisulphite () persulphate (g)
0.23 0.252

Table 4.1d Amount of initiators.

The washing steps were identical to the previoaptgr. As before, the non-imprinted
particles (NIPs) were synthesised in the same wag@MIPs except for the addition of

the template protein.
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4.2.3 Elemental analysis

To demonstrate the complete removal of the templateein from the imprinted polymer
after the extensive washing, elemental analysiN&/ Analyzer Series Il 2400, Perkin

Elmer, USA) was carried out on Ribonuclease A-imigd nanoparticles.
4.2.4 Deter mination of mor phological features

The sizes of the particles were determined, asréefoy direct observation under the
FESEM. Specific surface area was measured usingitittggen sorption method (NOVA
3000 series, Quantachrome Instruments, USA) angint-Brunauer-Emmett-Teller (BET)
calculation. The swelling ratio (SR) of the MIPsdaNIPs were calculated from the

equation below where \¥ and Wy are the wet and dry polymer mass, respectively.

SR = Wet- Wdry

\Ndry
4.2.5 Batch rebinding tests

The batch rebinding tests were carried out on thesMand NIPs in a similar method to
the previous chapter but on a larger scale. 5 nthefimprinted polymer solution was
added to 15 ml centrifuge tubes followed by 5 mistdck protein solution of different
concentrations to make up rebinding mixtures ofril(at various protein concentrations

(0.8,1.0, 1.2, 1.4, 1.6 mg/ml). Six tubes weregpred for each final protein concentration.
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The same procedure was repeated for the NIPs. A®iprevious chapter, the tubes were
then mixed for 24 hours and centrifuged. The fipaitein concentration was analysed
using a HPLC, as before, in order to determinepitedein loading of the polymer using

the equation below:

Q = [¢Celx10ml

m

Q : Amount of adsorbed protein(mg) / amount of pudy (g)
C: Initial protein concentration (mg/ml)
Cr: Final protein concentration (mg/ml)

m : Mass of polymer in 5 ml of polymer solution (g)

To determine m, an empty 15 ml centrifuge tube wagyhed and 5 ml of well-mixed
polymer solution was added to the tube. The salutvas then freeze-dried and the tube

was weighed again to obtain the weight difference.

4.2.6 Competitive batch rebinding tests

The selectivity of the MIPs and the NIPs were farthnvestigated in competitive
rebinding tests where the rebinding solution cor@dimore than one type of protein. In
the binary batch rebinding test, 5 ml RibonucleAsgolymer latex (RMIP) were added
into 15 ml centrifuge tubes and a rebinding prosatution containing both RNase A and

BSA were added in order to achieve an initial gromoncentration in the tube of 1.2
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mg/ml for each protein. The rebinding was theniedrout as before and the final protein
concentration was then measured. This was repdatedhe NIPs. The following

parameters were then calculated in order to chenigetthe selectivity of the RMIPs:

C
K =-_P
D CS

Kp: Static distribution coefficient (ml/g)
Cp : Amount of ligand adsorbegrfiol/g)

Cs : Free ligand concentratioprfiol/ml)

a : Separation factor
Kps : Static distribution coefficient of template molge (ml/g)

Kpz : Static distribution coefficient of control molde (ml/g)

B : Relative separation factor
ay : Separation factor of MIP

ay: Separation factor of NIP

The ternary rebinding test was carried out in ailammmanner for the four batches of

polymer synthesised; NIP, RMIP, BMIP, and LMIP. Thebinding protein solution
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containing RNase A, BSA, and Lys was added to th® polymer latex in a 15 ml tube in
order to achieve an initial protein concentratiorthe tube of 1.8 mg/ml for each of the

protein. All of the rebinding tests were done iplicates.

4.2.7 Kinetics study

The adsorption kinetics of the RMIP and NIP werglgd as follow. 5 ml RMIP solution
was added into a 15 ml centrifuge tube followedbhyl of RNase A solution, giving an
initial protein solution of 1.8 mg/ml in the tub&he tube was then attached to a rotamix
and adsorption was carried out under room temperatnd 1 ml sample was drawn at

various intervals and sent to the HPLC to deterntsprotein content.

4.2.8 Desor ption study

In a 15 ml centrifuge tube, 5 ml RMIP solution wakled to 5 ml of RNase A solution,
giving an initial protein solution of 1.8 mg/ml. Adrption was allowed to take place
under room temperature for 24 hours after whichatmunt of RNase A adsorbed was
analysed like before. The protein-loaded RMIP whent isolated after 1 hour of
centrifugation at 9000 rpm and redispersed in fedght types of solvent, pure water and
acetonitrile/water (1:1). Desorption was carried far 24 hours on a Rotamix and the

concentration of the desorbed protein was detemnivith a HPLC.
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4.2.9 CD study

The interactions between the surfactant in the enmilsion polymerisation mixture and
the 3 proteins were investigated using CD spectespoetry. Protein was added to a
surfactant solution of SDS (10 mM) and to anothemsisting of SDS (10 mM)/PVA
(1.5% wl/v). The samples were analysed in a 5-mmdouauvette using the CD
spectropolarimeter (JASCO J-810, UK) with continsiouode, at a scan speed of 50

nm/min and wavelength ranging from 180 nm to 300 nm

4.3 Resaults and discussion

4.3.1 Size and mor phology of the MIPsand NIPs

The miniemulsion polymerisation reaction was susftesn synthesising nanoparticles
which were uniform, spherical, and highly monodisped. From the FESEM images
(Figure 4.1), there was not any noticeable diffeeem morphology between the 4 sets of
polymer and the diameter was approximately 40 romparable to those in the previous

chapter.

The swelling ratio (SR) reflects directly the exteh cross-linking in the polymer matrix
and how well the functional monomers conserve tbeantations in the binding sites (Lu
et al., 2006). The SR of the particles ranged fBBiwhich were similar to those shown

in the work of Lu et al. (2006) and were much serathan the ones in the previous
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chapter (~30). This showed that the imprinted aod-imprinted polymers were cross-

linked effectively.

There was not any significant difference in thecd#pesurface areas of NIP, RMIP, and
LMIP (~26 nf/kg) calculated from the nitrogen sorption BET gsi. On the other hand,
the value for the BMIP was much lower at 14/kg which was unexpected because the
polymers were all synthesised in the same way.ekaet reason for this difference is not
known but it is hypothesised that it was due todH&erence in interaction between the
protein and the monomer during the polymerisatidrictv will be explained further in
detail in Section 4.3.7. The surface areas obtaingtiis work were much smaller than
those synthesised by Vaihinger et al. (2002) (~58%kg), despite the fact that our
particles were approximately 5 times smaller. Thesy have been due to the fact that the
nanoparticles in Vaihinger's work were much moreops and the presence of the pores
would have greatly increased the specific surfaea.aOur particles, however, did not
appear to have pores from the FESEM images. Funtirey, they were lyophilised before
the nitrogen sorption measurement was carried wdttlais would have caused extensive
agglomeration, resulting in a much lower appargcgic surface area. Large surface
area on the imprinted polymer is beneficial becamsse binding sites could then be
situated on the surface of the polymer matrix, #mas improving the adsorption and
desorption kinetics. However, having a surface areigh is too large may be detrimental

due to the larger non-imprinted area availablenfor-specific loading.
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NUS_CHBE SEI 100nm 7.9mm

Figure 4.1 FESEM images of: (A) NIP, (B) BMIP, @WIP, and (D) LMIP.
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4.3.2 Elemental analysis

As mentioned in earlier, one of the main challengegsrotein imprinting is the complete

removal of the bulky template protein molecule frotme polymer matrix after

polymerisation, in order to vacate the bindingssite that they will be available for the
subsequent rebinding with the target moleculesddmonstrate that the imprinted protein
molecules were totally removed from the MIP’s scefafter the extensive washing steps,
elemental analysis was carried out on the RMIP reefmd after washing, and using NIP
as a control. The results from the elemental arml{i@ble 4.2) showed that the protein

was completely removed after the washing.

Polymer N composition (w%)

NIP (before removal) | 0*

NIP (after removal) 0*

RMIP (before removal) 0.659

RMIP (after removal) | 0*

Table 4.2 Results of the Elemental Analysis. *Belosvdetection limit of the elemental
analyser.

4.3.3 Batch rebinding tests

Batch rebinding tests involving single protein smns were carried out on the imprinted
(MIP) and the non-imprinted particles (NIP) to dersiwate whether molecular
recognition has been achieved. In Figure 4.2A, bhasbinding tests at various initial

RNase A concentrations were carried out (0.8-1.6nm)gand by comparing the amount of
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RNase A adsorbed by the RMIP and the NIP, it carlbarly seen that the RNase A-
imprinted particles display a preferential uptak&kdlase A. On the other hand, the other
imprinted particles, BMIP and LMIP, did not exhil@hy preference for the RNase A
relative to the NIP. This demonstrated that molacukcognition for RNase A was
imparted only to the RMIP during the miniemulsiaslymerisation. Additionally, higher
protein loadings for the RMIP were generally obsdrvat higher initial protein
concentrations. Figure 4.2B shows the resultstferrebinding of the 4 types of particles
with BSA solutions at various initial concentratsooriooking at the amount of adsorbed
protein by the BMIP and NIP, it came as a surpiiise the BSA-imprinted particles did
not display any preferential binding to the BSA andact, the NIP displayed a much
higher BSA uptake. Furthermore, the BSA loadingthy BMIP were much less (<2
pmol/g) than the RNase A loading by the RMIP (10gg6@ol/g) in the previous batch
rebinding test. This result is consistent with gnff®m the previous chapter. This may be
due to the fact that BSA is a much larger moletiiden RNase A. Like previously, higher
protein loadings were observed for BMIP at a higimétial protein concentration. Lys
batch rebinding test was then carried out with LM#iAd NIP at 3 initial Lys
concentrations (Figure 4.2C). Even though the LMliBplayed higher averaged Lys

loadings than the NIP, the difference was notiatlly significant.
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Figure 4.2 Results of batch rebinding tests in: RNase A, (B) BSA, and (C) Lys protein
solutions. Statistical significance (*) was detemed using one-way ANOVA with Tukey
HSD post hoc analysis with p < 0.01.

4.3.4 Competitive batch rebinding tests

The particles were subjected to rebinding testhépresence of more than one type of
protein in order to investigate if the imprintedtpaes could exhibit specific recognition
for the template protein in a competitive enviromteBinary batch rebinding test was
conducted on the RMIP and NIP using a rebindingtswi containing RNase A and BSA
(both at an initial concentration of 1.2 mg/ml) ahe results are displayed in Figure 4.3.
The RNase A and BSA loadings on the NIP were 12@5 0.394 umol protein/g NIP,
respectively. The NIP and RMIP particles displaygedilar BSA loading (0.412imol
RNase A/g polymer) but there was a significant @ase of about 80% in the RNase A

loading between the two. This was expected sinee RMIP had already exhibited
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excellent molecular recognition for RNase A in tpesvious single protein batch
rebinding test. The comparable BSA loadings betwiben2 sets of particles could be
attributed to non-specific binding of the BSA malkxs on the surface of the particles.
The static distribution coefficient,d{the separation factos, and the relative separation
factor, B, for the RMIP and NIP were calculated and dispiaye Table 4.3. The RMIP
has a separation factor nearly twice as large @adtR and this is another demonstration

that molecular imprinting has been successfullyedd.

I RNaseA [ 1BSA

Amount adsorbed / pmol g

NIP RMIP

Polymer

Figure 4.3 Results of the binary protein compeatitbatch rebinding test. Student’s t-test,
*
' p<0.12.
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RNase A BSA Kp1 Kp2 o B
(ml/g) (ml/g)
Cp CS Cp CS
(umol/g) (umol/ml) (umol/g) (umol/ml)
RMIP 2.268 0.08569 0.4124 0.01783 26.5 23.1 1.147 1.82
NIP 1.205 0.08642 0.3935 0.01780 13.9 221 0.630

Table 4.3 Calculated separation factors of the el RMIP nanopatrticles based on the
competitive binary rebinding test.

Another batch rebinding test was carried out onttadl particles in a more competitive
environment where 3 proteins were present in tH@ndeng solution at an initial
concentration of 1.8 mg/ml for each protein (Figdtd). The presence of 2 additional
proteins competing for adsorption on the surfacehef particle has caused the protein
loadings to be limited to less than 1.6 pmol/g. RMIP, like before, has a higher RNase
A loading than the NIP but the specific recognition RNase A was less pronounced, as
expected in a much more competitive environmenh tthee single and binary protein
batch rebinding tests. The BMIP did not exhibit gregferential binding towards BSA
relative to the NIP, which is consistent with tlesults from the earlier batch rebinding
test. The LMIP displayed a higher average Lys ilmgdhan the NIP but the difference
was not statistically significant. Taking into acob the results from the above rebinding
tests (single, binary, and ternary) conducted @nrnanoparticles, it could be concluded
that molecular imprinting was successfully achiéwethe RMIP, whereas the LMIP and
BMIP displayed only limited and no recognition fibre template protein, respectively.
It is interesting to note that the RNase A loadimigthe LMIP was higher than that for the

RMIP in the ternary batch rebinding test. The exaason for this result is not known but
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the explanation could perhaps be found in the dson of the imprinting mechanism in

the latter part of this chapter.
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Figure 4.4 Results of the ternary protein compeatitbatch rebinding test. Student’s t-test,
*
. p <0.06.

4.3.5 Rebinding kinetics

One of the challenges in protein imprinting is ghew rebinding kinetics due to the large
and bulky size of the protein molecules and thdiicdlty in reaching the imprinted
binding sites. The miniemulsion polymerisation agwh in this work has reduced this
problem by producing imprinted nanoparticles witdrge specific surface areas and
binding cavities which were located at the surfatéhe particles. A rebinding kinetics
study was thus carried out on the RMIP and NIProteoto verify this. The rebinding
profiles of the RMIP and NIP were generally vergngar (Figure 4.5). In the first 150

minute, the RMIP exhibited a high rate of adsomptand up to 80% of the maximum
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adsorption was achieved. The adsorption then slaedh significantly and equilibrium
was reached approximately 100 minutes later. Atbénginning of the kinetics rebinding
test, all the binding sites on the imprinted nambglas were readily available and the
protein was adsorbed at a high rate. As more bgnsdites were occupied, the adsorption
rate decreased significantly until equilibrium smached. The rebinding profile and the
time to reach equilibrium are similar to the onggarted by Pang et al. (2006) and Fu et al.
(2007). The imprinted nanoparticles which were Bgnaised in this work displayed
favourable rebinding kinetics and, thus, are sistdbr suitable for applications in the

areas of analytical chemistry, biosensors, andragpas.
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Figure 4.5 RNase A adsorption profiles of the Nitel &®MIP nanoparticles.

4.3.6 Desor ption study

Imprinted polymers have many advantages when cadptrr the traditional synthetic

biomolecule-based molecular recognition techniqliégy are able to withstand various
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conditions and are able to be reused many timds mator little loss of affinity for the
target molecule, making them economically prefexaln this section, a preliminary study
was carried out on the RMIP in order to investigetadesorption ability after it has been
subjected to rebinding with RNase A. The resultsild@lso provide a better insight into
the type of bonding involved between the RMIP ahd protein. Two solvents with
different non-polarity were used and the resulesdisplayed in Table 4.4. Initially, water
was used as a solvent but only 38% of the RNasea# adesorbed. However, this value
increased to 62.3% when a solution of water antbadele (in equal amounts) was used.
Water was not effective in desorbing the proteid #rus, in can be inferred that hydrogen
bonding did not play an important part in the iat#ion between the protein and RMIP.
When acetonitrile was added, the hydrophobicityhef solvent was increased and more
protein was desorbed. This shows that the intenastinvolved in the uptake of the
protein were hydrophobic and non-polar solvents$ el more effective in removing the
adsorbed protein. However, depending on the apitathe correct solvent must be
chosen with care in order to prevent the proteomfrbeing denatured as well as to

preserve the imprinted particles for reuse.

Solvent Amount of RNase A desorbed (%)

Water 38.0

Water:ACN (1:1) | 62.3

Table 4.4 Results of the desorption study usirfgreifit solvents.
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4.3.7 Protein-surfactant interactions and their effects on theimprinting efficiency

In this work, spherical, highly monodispersed natiples have been synthesised via
miniemulsion polymerisation and molecular imprigtiwas carried out for 3 different
template proteins. When RNase A was used as th@atenthe RMIP displayed excellent
specific recognition for the template. However, wheys and BSA were used as
alternative templates, the LMIP exhibited only lied molecular recognition, whereas the
BMIP showed no recognition for the template. Instisiection of the report, we will
investigate the reason why molecular imprinting was achieved with relative success
when Lys and BSA were used as the template proteiis hypothesised that the
interaction between the protein molecules and tirastant micellar system plays an
important role in the success of protein imprintiigvas proposed by Moore et al. (2003)
in his work on surfactant-protein interactions thatan aqueous solution, dissolved
proteins tend to bind onto the surfactant micelleem this, we can propose a mechanism
which takes place during the imprinting of protewia miniemulsion polymerisation.
When the template protein is added to the pre-pefisation mixture, the protein
molecules bind onto the surfactant micelle contagrthe monomers and are partitioned
across the boundary of the oil and water phasess i§hpossible because protein is a
flexible molecule containing both hydrophobic anditophilic moieties. Polymerisation
is then in carried out with the protein moleculespped on the surface of the monomer-
encapsulated micelles. Following the completiothef polymerisation, the removal of the
template protein leaves a hydrophobic cavity complatary to the shape of the template
protein. During the subsequent rebinding, the tatepprotein preferentially binds via

hydrophobic interactions to the shape-complementsitg on the surface of the
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nanoparticle (Figure 4.6). Hydrophobic interactioosupled with a binding site which
complements the shape of the protein molecule,igeca suitable bonding for molecular

imprinting in an aqueous environment.

Water phase
Miniemulsion
? ? P polymenzatnon Template removal

Oil phase j/CO)

Rebmdlng

Figure 4.6 (a?Adsorption of template pt))rotein malecto the micellcc:a; (b) molecular
imprinting on the surface of the nanoparticles; ¢(emoval of the template RNase A
molecules frees the imprinted cavities.

However, surfactants are known for their denatudfigcts on proteins and cause them to
lose their native conformations. It is vital forsaccessful imprinting that the protein
molecules preserve their native conformation ireoitd prevent the wrong ‘shape’ from
being imprinted. This is important since proteing anolecules which are large and
flexible. As a result, we have carried out an inigagion using CD spectropolarimetry to
study the effects of the surfactant solution ugethé miniemulsion on the conformations
of the 3 different types of protein. Figure 4.7 wiahe spectra of the BSA in deionised
water and two surfactant solutions: SDS and SDS/PVAe native BSA spectrum
(without any surfactant) shows two negative sigral209 and 222 nm, characteristic of
the absorption by the-helices of the BSA. However, when either SDS D68VA was

added, there was no significant difference in th2 €pectra. The conformation of the

BSA was thus preserved despite the addition ofastaht and it can be deduced that the
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interactions between the surfactant and the BSAeWierited. In a paper published by
Ding et al. (2007), it was proposed that the intkoms between SDS and BSA occurred in
various steps with increasing surfactant conceaotratAt low SDS concentrations,
individual SDS molecules bind to the protein viaicand hydrophobic interactions but
do not cause denaturation. When the concentratiorcieased, more SDS molecules bind
to the protein and begin to cause conformationaingks on the protein. Micelle-like
clusters are also formed between the SDS monomeds tlae protein. When the
concentration increases to the critical micellecamration (CMC), most of the protein is
fully denatured. The interaction between SDS andA BS thus, a stepwise process
(Takeda et al., 1987). In our protocol, the BSA vealkled directly to the SDS/PVA
surfactant system (at a concentration above the C@ this prevented the surfactant
from interacting with the BSA in a step-wise manmear described above. The initial
complexation between the SDS monomers and theipnatéch aids the unfolding of the
protein did not take place and it may have beeficdif for the BSA to interact directly
with the surfactant micelles. As a result, the actdnt-protein interaction was limited

causing the BSA to remain in its native conformatio

The electrical charge on the protein could alswiga plausible explanation for the lack
of surfactant-protein interaction. The isoelecpant (pl) for BSA is 4.7 and this gives
the protein a net negative charge when added tpréxpolymerisation solution which has
a pH of about 7.2. As a result, the electrostagipulsion between the anionic SDS
surfactant and the negatively charged BSA wouldt lime interaction between the two
species. From our hypothesis, it is proposed thraimolecular imprinting to be achieved,

a certain amount of interaction between the monesneapsulated surfactant micelle and
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the template protein must occur. The lack of inteoam between the BSA and the
surfactant would prevent the BSA from being pamigd across the oil-water phase
boundary and thus explain why molecular imprintings not achieved for the BMIP

nanoparticles, as reflected in the rebinding teBtss theory is also consistent with the
results from rebinding tests of the RMIP and LMEhaparticles. The pls of RNase A and
Lys are 9.45 and 11.0, respectively, and this wgilé both of the proteins a net positive
charge in the pre-polymerisation solution during imprinting process. The resulting
electrostatic attraction would then promote inteéaacbetween the surfactant micelle and

the protein and thus, molecular imprinting is migkely to be achieved.

In contrast, the Lys showed extensive interactigitis the surfactant and its conformation
was modified to a large extent, as shown by thedpectra (Figure 4.8). In the near-UV
region (Figure 8A), the tertiary structure of thgslcaused a positive ‘head-and-shoulders’
peaks at 290 nm (head), 283 nm, and 293.5 nm @&m)lin the spectra of the native
protein (Goux and Hooker, 1980). However, the padikappeared after the addition of
surfactant, reflecting the unfolding of the protedenaturation was also observed in the
far-UV region (Figure 4.8B), signalled by the demipg of the negative peak at around
235 nm. Lys interacted significantly with the swatint causing its shape to be altered
from its native form and therefore, the LMIP nantigées only achieved limited

molecular selectivity. Furthermore, the loss of thys native conformation would have

caused the “incorrect template” to be imprinted #nsl might have be the reason why the
RNase A loading for the LMIP nanoparticles was bkighhan that for the RMIP

nanopatrticles in the ternary batch rebinding t€kts explanation is made more likely by

the fact that Lys is very similar in size and mallac weight to RNase A.
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The CD spectra of the RNase A are shown in Figu8eespite the addition of the SDS
and PVA surfactants, the RNase A spectra retagnariginal shape but the characteristic
peak at 218 nm experiences a moderate ‘red-shftontrast to the BSA and Lys, which

showed limited and extensive surfactant-proteireranttions, the RNase achieved an
optimal level of interaction with the surfactantoaling the RNase A to partition across
the micelle interface and at the same time, préwvegrat large degree of protein unfolding.
As a result, the RMIP nanopatrticles exhibited ahhsglectivity for RNase A in the

rebinding tests which were carried out previously.

Native BSA
| ! ——BSA in SDS
1 e BSA in SDS/PVA

BS3t+———T 77T T 7T T T
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Figure 4.7 Solvent-corrected CD spectra of BSAiifeent types of surfactant systems,
illustrating the lack of protein-surfactant intertaan.
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Figure 4.8 Solvent-corrected (A) near-UV and (B}f&/ CD spectra of Lys, illustrating
the change in the protein structure in the presesfcaurfactants.
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Figure 4.9 Solvent-corrected far-UV CD spectra dfidRe A in surfactant solutions,
illustrating an optimum level of protein-surfactamtteraction for protein imprinting
through miniemulsion polymerisation.

4.4 Conclusions

In this work, redox-initiated miniemulsion polymsaiion was used to synthesise protein
surface-imprinted nanoparticles following Tan’s toaml. Three different proteins were
chosen as the template: RNase A, Lys, and BSA.hén dingle- and multi-protein
rebinding tests, the RMIP nanoparticles exhibitégh hmolecular recognition for the
RNase A with favourable rebinding kinetics. Howeverolecular selectivity was only
modest for the LMIP nanoparticles and totally ab$enthe BMIP nanoparticles. In order
to understand the results, further investigationgrew carried out using CD
spectropolarimeter to observe the conformationahges experienced by the proteins in
the SDS/PVA surfactant system which reflect thefagiant-protein interactions in the
pre-polymerisation mixture. It was proposed that thteraction between the monomer-

encapsulated surfactant micelles and the templateip plays an important role in the
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imprinting process in the miniemulsion polymerisatisystem. An optimal protein-
surfactant interaction must be achieved whichnsngt enough to allow the protein to be
partitioned across the oil-water phase boundaryabthie same time, not too extensive to

prevent any drastic unfolding of the protein.
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Chapter 5

Conclusions

In this research project, further investigationsTam and Tong’s protein imprinting work,
which was published in 2007, have been carried ioubrder to obtain a deeper
understanding of the imprinting process involvedtheir work. Tan had successfully
synthesised uniform spherical nanoparticles with dbility to recognise and bind target
protein molecules using molecular imprinting. A ple;n one-step miniemulsion
polymerisation had been employed, with methyl metylate (MMA) and ethylene glycol
dimethacrylate (EGDMA) as the functional monomed d&hne cross-linker, respectively.
The use of the MMA had allowed molecular recognitio be achieved in an aqueous
environment principally via hydrophobic interactiobetween the binding cavities on the
imprinted particle surface and the protein molesule this final chapter, the findings and
conclusions of the different investigations whichrev carried out in this research project
are described. Furthermore, future investigatiomsclv could be carried out are also

mentioned.

5.1 Determining the principal factors which affect the imprinting

efficiency

The objective of this investigation was to optimisan’s method and determine the
principal factors and conditions which affect thmlity of the imprinted nanoparticles to

specifically recognise the target protein. Fourchas of MIPs under different conditions
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were synthesised using a modified protocol basedlrams work using BSA as the
template. Three different factors were chosen:NWA:EGDMA ratio, the amount of
BSA added, and the polymerisation temperature. Nliiés and NIPs synthesised were
uniform and spherical with diameters ranging frodnrdn to 50 nm. Batch rebinding tests
were carried out to test their imprinting efficigrniaut only one set of MIPs (condition T8)
exhibited any molecular recognition for the tarB&A and the optimisation analysis was
not completed. At condition T8, the higher polyrsation temperature had increased the
extent of polymerisation, decreasing the swelliaipr(SR) and improving the imprinting
efficiency. The higher concentrations of the fuogél monomer and the template protein
(MMA and BSA, respectively) had also improved tipedfic recognition of the MIP by

increasing the extent of formation of binding sib@sthe MIP’s surface.

5.2 Investigating protein-surfactant interactions and their role in

successful imprinting

In Chapter 4, Tan’s method was used without anyifitadion to synthesise RNase A-,
BSA, and Lys-imprinted nanoparticles. The resultpayticles were of similar size as
previously but had a much smaller SR. The RNasengrinted nanoparticles displayed
excellent specific recognition, whereas the Lys-d aBSA-imprinted nanoparticles
displayed limited and no molecular selectivity,pestively. It was hypothesised that in
the miniemulsion, the partitioning of the proteicr@ss the oil-water phase boundary of
the monomer-encapsulated surfactant micelle waponssble for the creation of

imprinted sites on the nanoparticles surface. Assalt, CD spectropolarimetry analysis
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was carried out to study the interactions betw&enproteins and the surfactant micelles.
It was observed that the BSA experienced no cordtanmal changes in the surfactant
solution, reflecting the lack of interactions beémethe protein molecules and the
surfactant micelles. In contrast, the Lys interdctagnificantly with the surfactant

micelles and experienced a drastic change in cordton. It was concluded that the lack
of surfactant-protein interaction was responsibletfie failure of the BMIP nanoparticles

to exhibit any molecular selectivity. However, egladegree of interaction would result in
the lost of the protein’s native conformation aralise the ‘incorrect template’ to be
imprinted, as shown by the LMIP particles. An ol interaction must be reached for
molecular imprinting to be successful, as in theecaf RMIP particles, so that the protein

is partitioned across the oil-water interface withimsing its native conformation.

5.3 Suggestionsfor futurework

5.3.1 Further investigation on the protein-surfactant interaction

To confirm the results of the CD spectropolarimednalysis, dynamic light scattering
(DLS) measurements could also be used to studsizkeof the micelles in the presence of
the proteins. An increase in the micelle’s size Mdue expected when there is a large

degree of interaction between the protein and staiféa micelles.

In Section 4.3.7, one of the possible explanationghe lack of interaction was the net

electrical charge of the protein. This hypothessld be tested by replacing the SDS,
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which is an anionic surfactant, by a cationic sttdat (e.g. cetyl trimethylammonium
bromide) and DLS could be used to observe the @dwmmgthe sizes of the micelles. BSA,
being negatively charged at neutral pH, would extemore with CTAB than SDS, and

conversely, lower interactions would be observed_fe and RNase A.

5.3.2 Modification of the BSA to improveitsinteraction with the surfactant micelle

It was demonstrated in this research project tlaat'sTmethod for protein imprinting was
only effective in synthesising imprinted nanopdetsicwhen RNase A was chosen as the
template protein. The failure of the BMIP partickesexhibit any molecular selectivity
was attributed to the lack of interactions betwé®n BSA molecules and the surfactant
micelles. This interaction could be improved byreasing the hydrophobicity of the
protein which in turn, would aid the partitionin§ the protein across the oil-water phase
boundary. Moderate chemical modifications of theAB®uld be carried out to increase
its hydrophobicity without altering its native comnmation. BSA possesses a single
sulphhydryl group (Cys-34) located near the surfzfdde protein which could be targeted
for alkylation (Carter and Ho, 1994; Peters Jr93)9 Haloacids and their amides readily
alkylate the free cysteine residue in preferend@eother functional groups in the protein
and their reactions could be restricted largelyerclusively to the SH group under
appropriate conditions, such as short reaction tame low excess reagent (Torchinskii,

1974).
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