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Abstract

Enzymes are promising stimuli for the development of responsive biomaterials for biomed-

ical applications. Enzymes are inherently present in the biological environment thus

cleverly designed materials for biomedical applications may require no external stimuli

to ellicit the required material response. They have been targeted as stimuli in self as-

sembly of bulk materials owing to the material changes in chemical composition a�orded

by the enzyme interaction. The �rst examples of autonomous self-regulated drug de-

livery systems have been reported via the development of reversible enzyme responsive

materials that undergo a material change regulated by the enzymes in their environ-

ment. Although enzyme responsive surfaces have been reported there are no examples

of reversible enzyme response surfaces.

The surface is the �rst point of contact between the biological environment and

a biomedical device/implant. Improving this interaction will improve the integration

of these biomaterials in biological systems and it has been proposed that biomimetic

surfaces are a promising method for full biomaterial integration in the biological en-

vironment. The body strives towards homeostasis and this is frequently achieved by

enzymatic activating and deactivation of proteins in the body. This process is repeat-

able and reversible. Herein we address the absence of reversible and repeatable synthetic

enzyme responsive surfaces towards the improvement of biomaterial integration. We aim

to develop a truly autonomous system wherein enzymes present in the environment can

interact with the modi�ed surface to mediate a reversible material response.

This goal was achieved by modifying surfaces with copolymers that contain the recog-

nition sequence for Casein kinase II and Alkaline phosphatase to undergo enzymatic

phosphorylation and dephosphorylation. Co and homo polymers of serine and glutamic

acid were synthesised in solution and conformation/composition relationship was deter-

mined by analysis with NMR, GPC and FTIR. Polymerisation from the surface with

NCA-Glu and NCA-Ser was achieved as characterised by FTIR, ToF SIMS, XPS and

WCA. Enzymatic mediated phosphorylation (CKII) and dephosphorylation (AP) was

monitored by surface analysis (ToF SIMS), by monitoring ATP to ADP conversion and

phosphate cleavage from the surface using luminescence and colorimetric assays. Con-

formational changes mediated by enzymatic interactions with the surface was monitored

indirectly using a FRET system incorporated in the surface modi�cation. The modi�ed

surfaces were able to support cell culture and osteogenesis.

This project has made advances in several �elds, 1) The use of NCA-ROP as a method

to modify surfaces with copolymers, in particular for a random/ alternating amino acid

sequence. 2) The use of NCA-ROP as a method to develop stimuli responsive surfaces,

speci�cally, this is the �rst report of an enzyme responsive surface prepared from NCA-

amino acid derivatives. 3) The use of enzymes as stimuli, speci�cally, this is the �rst

report of a reversible enzymatic responsive surface.
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In this system reversible phosphorlyation and dephosphorylation was monitored via

changes in �uorescence output indicative of induced conformational changes.
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Chapter 1

Introduction

1.1 Regenerative medicine

The restoration of damaged tissue and organs to their original function is known as the

�eld of regenerative medicine. It works towards harnessing the healing capabilities of

the body, sometimes with help from arti�cial biological material. It has become inter-

changeable with tissue engineering, which aims to maintain, restore or rebuild damaged

tissue or organs [2]. This �eld has grown into four main stems:

• Medical devices and arti�cial organs

• Cellular therapy

• Biomaterials

• Clinical translation

These areas all interlink and the �eld has seen some incredible advances in recent years

thanks to the introduction of techniques such as 3D printing, advances in gene editing,

for example CRISP-R [3] and T-Cell therapies [4], the discovery of induced pluripotent

stem cells (IPSC's) [5], advances in the sophistication of biomaterials and imparting

biological function to those biomaterials. It is this aspect that will be addressed in this

work. Speci�cally this is an investigation at the biointerface to enhance understanding

and function between the synthetic biomaterial and the biological environment.

1.2 Biointerfaces

The implantation of a material/device in a biological system is followed by immediate

interactions of cells, �uids and tissues with the surface of the implant. These interactions

are critical for obtaining the desired functionality and to determine the success of the

procedure [6]. This communication occurs at the biointerface, and it is the surface prop-

erties that dictate the success of this interaction. For instance, formation of avascular

�brous/collagenous shell around implants is a common reaction to implanted materi-

als/devices. This prevents further interactions between the implant and the body which
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can be detrimental for the implant requiring revision surgeries [7�9]. By enhancing the

interactions between the biological environment and the implant through the introduc-

tion of biological recognition sites, which can be achieved via topography, mechanical and

chemical cues, the success of the implant could be improved. Further understanding of

the interactions at the biointerface can aid the development of materials with improved

function and longevity.

1.3 The extracellular environment

The extracellular environment is constantly delivering information to the cell via sig-

nalling pathways which dictate cell activities. The environment outside the cell is com-

municated inside the cell via transmembrane receptors that fall into three main cate-

gories: G-protein (via protein interactions), ion channel reporters (via channel opening)

and enzyme linked receptors (via enzyme interactions) [10].

Integrins that are mechanosensitive membrane spanning receptors that link the ex-

tra cellular matrix (ECM) to the cytoskeleton thus transmit information from outside

the cell into the nucleus a�ecting gene transcription [11]. Once the receptor protein

receives a signal it alters conformation which in turn induces a series of biochemical re-

actions in the cell. Integrins respond to recognition motifs detected on the material. The

most commonly found integrins are α5β1 and αvβ3 for �bronection and vitronectin re-

spectively. Fibronectin contains the recognition sequence arginine-glycine-aspartic acid

(RGD) which is a highly speci�c motif recognised by many integrins [12].

Even with the required motif present in the protein (for example RGD in �bronectin)

for cell-material interactions, the conformation of the integrins has to be so, that the

binding site is available. This conformational change can be instigated by soluble factors

or the surface itself [13, 14]. Both biochemical and mechanical cues in the ECM a�ect

cell behaviour. These cues have been explored in the synthesis of synthetic materials

in understanding how they interact with the biological environment and what responses

they can elicit.

1.3.1 Mechanical cues

Mechanical cues such as material topography and sti�ness can in�uence cell behaviour.

Mechanotransduction is the mechanism whereby cells convert mechanical stimuli into

electrical or chemical activity. It has been investigated in the �eld of stem cell research

to encourage stem cells down a particular lineage. Nanotopographical in�uence has been

demonstrated as an e�ective method in in�uencing stem cell behaviour [15]. Dalby et

al. reported mesenchymal stem cell's (MSC) multipotent phenotype can be retained

through using square lattice symmetry [16]. Directed osteogenesis of MSCs has been

demonstrated with micro-patterned features on biomaterials [15, 17, 18]. Furthermore,
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Engler et al. cultured MSCs on materials with varying degrees of sti�ness with all

other conditions remaining consistent. Sti�ness was shown to directly a�ect stem cell

di�erentiation, with lower sti�ness directing cells to a neuronal phenotype and higher

sti�ness directing cells down an osteogenic lineage. [19]. Surface e�ects on absorbed

�brinogens and their subsequent e�ect of cell attachment was investigated. Polyurethane

surfaces were modi�ed with di�erent concentrations of silica nanocages. This a�ected

the conformation of absorbed �brinogens and the availabilty of the RGD sequence which

in turn a�ected cell adhesion [20].

1.3.2 Biochemical cues

Biochemical cues have long been accepted as e�ective ways in which to in�uence cell

behaviour and interactions with materials [21�23]. An important milestone in regenera-

tive medicine was achieved in the discovery of Induced Pluripotent stem cells, where the

addition of 4 factors Oct3/4, Sox2, c-Myc, and Klf4 to the culture medium of somatic

mouse cells lead to the induction of pluripotency akin to embryonic stem cells [5]. VEGF,

BMP-2 IGF-2, IGF-2 are examples of growth factors that have been found to in�uence

the induction of osteogenesis and bone formation from various stem cell types [24�26].

Optimising the availability of these cues, in terms of concentration and frequency, re-

mains a challenging hurdle [27].

The introduction of biochemical cues on the surface is an essential way to improve

the functionality of a material in a biological environment. Roach et al. investigated the

e�ect of surface coating with Poly-L-Lysine and Laminin (PLL-LN) to support primary

central nervous system (CNS) neurones alongside topographical cues. Neuronal adhe-

sion was enhanced compared to non coated material. This enhancement was explained

by the positive charge generated on the substrates from PLL-LN creating electrostatic

interactions with the negatively charged membranes of the neurites [28].

Surface wettability and its e�ect on cell adhesion has been systematically investigated

by seeding osteosarcoma cells on a surface with a range of water contact angles from 12°

to 155°. Optimal cell adhesion was observed at around 64° on the siloxane substrates [29].

The e�ect of surface chemistry on protein absorption and subsequent cell attach-

ment was investigated by modifying gold surfaces with di�erent functional molecules

and measuring protein and cell adhesion via an antibody based assay. It was found that

di�erent chemistries a�ected the exposure of binding sites in the absorbed proteins (Fi-

bronectin), which inturn a�ected cell adhesion with the trend of chemical functionalities

OH > COOH =NH2 > CH3 for integrin binding and cell adhesion, with OH exhibiting

highest binding [30].

When designing biomaterials it is important to consider how both mechanical and

chemical cues can interact with the biological environment. The introduction of these

cues has the potential to enhance the function of the biomaterial. This will be discussed
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in the following section.

1.4 Biomaterials

A biomaterial is de�ned as a natural or synthetic material (such as a polymer or a

metal) that is suitable for introduction into living tissue especially as part of a medical

device [31].

The �eld of biomaterials was established in the 1960s leading to many advances in-

cluding pacemakers, hip replacements, knee replacements and stents [32]. The materials

chosen for these devices were so, due to their inert properties, ie. they had little interac-

tion with the biological environment which was bene�cial in avoiding any adverse e�ects.

With the advancement of new materials such as Larry Hench's bioglass and hydrogels,

which in�uenced cell behaviour, research began to move in the direction of materials

that could provide interactions through biological cues in the biological environment to

further enhance their function (Figure 1.1) [33,34].

Figure 1.1: Evolution of biomaterials from bioinert: a material that exhibits no interaction

with the biological envrionment, bioactive: a material that has bioactive or biophysical cues to

interact with the biological environment, biodynamic: a material that undergoes a response on

action of a stimulus and autonomous: a material that undergoes reversible physical/chemical

changes on action of stimulus present in the biological environment
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1.4.1 Dynamic materials

Tissue engineering was a �eld born in the 1990s creating actual biological materials

that can be used for repairs and replacements in the body [35]. There was a shift to

more sophisticated material design including the exploration into stimuli response or

smart materials. In the present context, smart materials shall be de�ned as materials

that undergo a physical/chemical change on exposure to a stimulus [36,37]. Advances in

polymer chemistry aided the synthesis of polymers and hydrogels that undergo responsive

behaviour whilst being biocompatible. Applications include biosensors, drug delivery

and biomedical implants [38�40]. Thermo-responisve polymers have found applications

in drug delivery, enzyme free cell passaging and controlling cell behaviour. Polymers

can be tuned to have a lower critical solution temperature (LCST) of around body

temperature which stimulates a morpholigical change in the polymer [41] [42]. Thermo

responsive behaviour has also been investigated for injectable hydrogels that gel at 37°C,

avoiding the need for surgical implantation of the biomaterial. pH changes throughout

the body, and is therefore an e�ective stimulus particularly in drug delivery for a target

area of the body. The biomaterial can be designed to undergo changes at a speci�c

pH to release a payload in the desired location [43]. Photoresponsive materials can be

bene�cial with the introduction of light labile linkers into the material enabling cleavage

that could release/ alter chemistry read by the biological environment, resulting in a

biological response [44].

Figure 1.2: Representation of one directional biomaterial response to common stimuli, includ-

ing light, pH, electricity and temperature, which causes an irreversible material response

All the above examples share a common theme in that the material responds to a
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stimulus that causes a physical or chemical change. This is a one directional change that

causes the desired change in material properties (Figure 1.2). The biological environ-

ment does not function in such a sequential (one stimulus eliciting one material change)

and unidirectional manner, but is a truly dynamic environment continuously striving to-

wards homeostasis, whereby conditions are maintained for optimal function. Therefore,

autonomous materials could better mimic and interact with the biological environment

through a reversible, self-regulating material responsive system.

1.4.2 Autonomous biomaterials

Autonomous biomaterials can be de�ned as materials that undergo a repeatable and

reversible response on action of two stimuli within a self-regulated system (Figure 1.3).

Autonomous feedback loops have been investigated for applications in self regulated

drug release systems, whereby the drug release is controlled by a stimulus present in the

system. An example of which is an insulin delivery vehicle. Cheng et al. developed an

insulin loaded hydrogel composed of a glucose responsive material that forms a gel at low

concentrations and a solution at high concentrations. Therefore unlike a passive release

system, this dynamic system releases insulin when it is needed (high concentrations of

glucose) and then returns to a gel at low concentrations stopping insulin release through

this feedback loop [45].

In another hydrogel based system aimed at regulating blood coagulation, heparin is

bonded to a thrombin sensitive moiety. In the presence of thrombin, heparin is mobilised

and reacts with thrombin to render it inactive, thus reducing thrombin in the environ-

ment, preventing further heparin release [46]. Drug overdose can lead to increased CO2

concentration in the blood. Researchers developed a feedback loop system whereby car-

bonic anhydrase is released from a hydrogel triggered by CO2 which reversibly hydrates

CO2 and simultaneously releases an antidote naloxone [47].

These systems are cleverly designed for drug release, and follow a similar pathways

whereby a hydrogel undergoes dynamic changes to release a payload which interacts

with a biological substance to cause a reversal in the dynamic change of the hydrogel

preventing further release. This paves the way for self regulating drug release systems.

To date, there are no examples of autonomous systems with reversible self regulating

interactions with a surface. As exploited in some of these examples dynamic processes

in the biological system are almost exclusively controlled by enzymes.

1.5 Introduction to Enzymes

Enzymes are biological catalysts. They are proteins that drive chemical reactions in

living organisms for a speci�c action or nutrient by instigating or speeding up the reaction

rate. The chemicals that react with enzymes are called substrates and they react at the
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Figure 1.3: Representation of autonomous biomaterial drug delivery systems with feedback

loops, whereby the stimuli is released by the biological cell, this causes a material response and

a release of a payload which deactivates the stimuli that was released by the cell, thus stops any

further material response.
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active site of an enzyme. The active site of the enzyme recognises protein sequences.

Enzymes have non-speci�c recognition sites whereas others are highly speci�c requiring

a particular amino acid sequence to activate the enzyme. Once they have released the

substrate after a reaction the enzyme is free to react with another substrate. Enzymes

can catalyse the formation or the destruction of chemical bonds. As the body is striving

for homeostasis there is frequently an enzyme for a certain bond formation and another

enzyme that is able to break this bond. This balance is often disturbed in diseased states,

notably cancer. The absence of even one enzyme can cause fatal diseases in humans.

They have been a target for many life saving drugs, including penicillin which inhibits

enzymes in bacteria, destroying their ability to survive [48].

Enzymes typically operate in reversible systems inherent to their function to regulate

the presence of certain chemicals. Some enzymes are linked to speci�c areas of the body

whereas others are ubiquitous throughout the body. Certain environmental conditions

can cause the upregulation of certain enzymes including stressed and diseased states.

1.5.1 Enzyme responsive materials (ERM)'s

The essential role enzymes play in homeostasis makes them an advantageous target for

stimuli in responsive biomaterials. They are inherently present in the body, therefore are

an advantageous target stimulus in responsive systems as they do not require an external

stimuli to illicit a material response and can be extremely speci�c to their substrate. As

they are involved in homeostasis and reversible reactions, they are a sensible target for

the development of an autonomous biomaterial.

Enzyme-responsive materials are a young class of materials and have been de�ned

as materials that change their functionality on action of an enzyme on the material

[49]. In diseased states the cell niche environment changes, this includes changes in the

concentrations and types of enzymes which are secreted; e�orts have been made towards

developing a system where the response of the biomaterial is a result of action of up-

regulated enzymes in the diseased states. Chien et al. developed a system for more

targeted drug delivery of cisplatin, via a hydrogel which underwent supramolecular self-

assembly in environments with high Alkaline phosphatase (AP) enzyme, associated with

certain tumour environments [50]. Additionally, Gianneschi et al. developed an animal

model test using �uorescently labelled amphiphilic micelles composed of nanoparticles

[51]. Their retention was monitored in xenograft tumours, the mechanism of retention

proposed being that enzyme action of Matrix metalloproteinases (MMP) secreted by

tumour cells, resulted in the formation of micron scale aggregates, kinetically trapping

the micelles in the tumour site. Controlling conformation and inducing conformational

changes in biomaterials has been accomplished through enzymatic action. Chien et

al synthesised shape shifting micelles which on the action of DNAzyme altered their

physical properties leading to a change in micelle conformation and shape [52]. Enzyme
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responsive surfaces have been synthesised for drug release on action of targeted Cathepsin

D, a protease involved in cancer pathology and apoptosis [53].

Based on these studies it is clear ERMs are forecast as having promising applications

as alternative drug delivery methods. The potential speci�city achievable makes ERMs

a promising class of materials for this function. Enzyme responsive surfaces will be

discussed in detail in subsequent sections.

1.5.2 Kinases and Phosphatases

Phosphatases partake in approximately 30% of intra and extracellular activities, they

form an antagonistic relationship with kinases to regulate many cellular functions via

the phosphorylation and dephosphorylation of their substrates. Phosphatases are overex-

pressed in several cancer cell lines suggesting the development of ERMs which respond to

phosphatase activity have applications in disease diagnostics and in targeted therapeutic

drug delivery [54]. Phosphatases have been targeted as the stimuli for ERMs primarily

in self-assembly, owing to the large di�erences in amphiphilicity and hydrophobicity of

the polymer chain with or without the phosphate group, which can lead to morphological

changes [55].

A cleverly designed material can exhibit phosphate groups on amino acids, threo-

nine, serine and tyrosine. Dephosphorylation leads to an increase in hydrophobicity,

which when designed well leads to self-assembly into gels and nano�bers. Uljin et al.

reported micelle to �bre formation in a Fluorenylmethylcarbonyl chloride (Fmoc)-short

peptide system triggered by an alkaline phosphatase [56]. Xu et al reported the use of

nucleopeptides as hydrogelators made by the dephosphorylation of a tyrosine phosphate,

providing a method to explore the potential applications of nucleopeptides as biomate-

rials [57]. Yang. Z et al. reported an e�cient short peptide gelator system driven by

the dephosphorylation of a conjugated phospho-tyrosine [58]. These examples are good

demonstrations of rational material design to elicit a physical property change of the

material in response to a phosphatase. However, in these studies the function is not

controlled by the cells directly, rather by enzymes added by an operator.

1.5.3 ERM's response to cell secreted phosphatases

The �rst example of cell-secreted phosphatases successfully stimulating a material re-

sponse in vivo was reported by Yang et al. who developed hydrogelators that are enzy-

matically and reversibly controlled by phosphatases and kinases [59]. They synthesised a

pentapeptide, with a terminal tyrosine, which underwent one sol-gel-sol transition cycle

in vitro, however no further cycles could be achieved due to varying activities between the

two enzymes used. On in vivo subcutaneous injection of the phosphorylated peptide so-

lution in mice a hydrogel was formed, strongly implying cell secreted phosphatases drove

the dephosphorylation, thus triggering gel formation. An in vivo study suggested tumour
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cell overexpression of AP leads to the targeted dephosphorylation and supramolecular

self-assembly of cisplatin loaded micelles. However due to suggested particle size forma-

tion it is likely there was another mechanism driving the cisplatin release [50].

The �rst example of a modi�ed surface which responded to native phosphatases

provided by cells, altering the phosphorylation state, was reported by Zelzer et al. in

2012 [60]. They conjugated RGDS and YRGDS to a surface, where the tyrosine and

serine residues were phosphorylated. Dephosphorylation of these residues was achieved

via the action of MSC secreted AP, as determined by phosphate released from the surface

into solution. Building upon this, forming a reversibly enzymatic responsive surface

would be bene�cial to create a dynamic interaction between cells and the surface interface

for cell-induced or cell-controlled interaction or remodelling of an arti�cial surface. This

has potential to improve material integration (eg. for implants) or provide new tools to

engineer tissue. Thus the next logical step being to create a surface which has a peptide

sequence containing the motif for non-speci�c phosphatases as well as speci�c kinases.

There are a large number of di�erent kinases which have di�erent speci�cities for

peptide sequences and motifs. Ser/Thr Kinases represent around 80% of kinase speci-

�city, thus making it a more applicable target system. In most cases kinases interact

with 4 amino acids either side of the residue that can undergo phosphorylation, requiring

a recognition sequence of eight amino acids [61, 62]. In the case of casein kinase II the

required motif is Ser/Thr-X-X-Glu/Thr [63]. When designing a material with the pur-

pose of interacting with this kinase, it is integral that the system contains this speci�c

sequence. This phosphorylation is reversible and the Ser/Thr residue can be dephospho-

rylated by AP, a non-speci�c enzyme. This system has been extensively explored in the

literature to establish the mechanism and speci�city requirements of di�erent kinases.

AP has been explored as a trigger in ERMs for applications in drug delivery, however

there are no published examples of work exploring this as a reversible enzyme system for

applications in tissue engineering and in control of cell behaviour.

1.6 Importance of conformation

The conformation of proteins in the biological environment is subject to change depend-

ing on the local environment. This can be induced by change in pH, temperature, ionic

strength binding with receptors or substrates [64�66]. The conformation of the protein

dictates how and what they can interact with dependent on the exposure of certain mo-

tifs within the structure. This in turn can dictate cell behaviour through the activation

or deactivation of signalling pathways [13,14].

Phosphorylation by kinases is a prevalent example in living organisms which induces

conformational changes whereby a phosphate group is bound to speci�c amino acids

in the protein. This can be reversed with a second set of enzymes, phosphatases that

remove the phosphate from the protein. This action can turn �on� or �o�� proteins en-
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abling or disabling their interaction with other proteins. This is an important regulatory

mechanism [67�69]. The addition of a PO4
− to a polar R group on the amino acid can

render a hydrophobic portion of the protein more polar and hydrophilic which can induce

a conformational change based on protein dynamics.

The phosphate is provided by adenine triphosphate (ATP) which is present intracel-

lularly at concentrations of 1 to 10 mM. It is produced by a number of cellular processes:

1) Glycolysis 2) Oxidative phosphorylation and 3) beta-oxidation [70].

Courtesy of the abundance of phosphorylation mediated pathways in the biologi-

cal environment, it has been investigated as a drug target. The activation of mitogen

activate protein kinase (MAPK) by growth factors is required for the proliferation and

di�erentiation of certain cells. The uncontrolled activation of this pathway is one pathol-

ogy of certain cancers and targeting this pathway and inhibiting MAPK activation is a

promising treatment for these types of cancers [71].

1.7 Synthetic polypeptides

Biomaterials derived from synthetic peptides have potential to contribute greatly to

the synthetic polypeptides arena. Considerable e�orts have been made to replicate the

structure and function of natural proteins in synthetic systems to improve biocompat-

ibility [72]. Using amino acids as building blocks for biomaterials o�ers great promise

for applications in drug delivery, cell culture materials, biosensing and tissue engineering

due to their functional versatility, potential biocompatibility and their ability to inte-

grate with, or exploit, natural processes such as enzyme activity or targeted binding

events [73�75]. Compositional and conformational diversity of peptide based materials

can be readily achieved using amino acids as building blocks which directly contributes

to their functional versatility as material building blocks. In addition to the diverse

combination of natural amino acids possible, pre and post side chain modi�cations fur-

ther expand the possibilities and capabilities of synthetic polypeptides. They have found

applications as responsive materials, e.g. for pH dependent sustained drug release [76],

photo responsive antibacterial devices [77, 78] and enzyme responsive sca�olds in tissue

engineering [79].

The properties of natural and synthetic peptides (e.g. enzyme recognition or binding

a�nity) are related to the peptide's conformation, which in turn depends on the type,

amount and distribution of amino acids in the peptide sequence. Understanding and

manipulating these variables thus provides an attractive route to access peptide materials

with a range of di�erent properties and tailored functionalities. Control over peptide

structure is important to modulate properties of the materials and di�erent synthetic

procedures are used to do this. There are three main routes to polypeptide synthesis;

solid peptide phase synthesis (SPPS), recombinant peptide and N-carboxy anhydride

ring opening polymerisation (NCA ROP).
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1.7.1 Solid peptide phase synthesis (SPPS)

SPPS enables a high degree of control over the amino acid sequence through systemati-

cally growing the peptide by coupling each amino acid step by step to the peptide chain.

This allows generation of peptides with desired chain length and sequence. Although

highly controlled, high cost and time are a hindrance, particularly when synthesising

long chain polypeptides (>30 amino acids) [80]. Moreover, incomplete de-protection,

folding and side reactions can also hinder the synthesis. Problems such as back folding

and chain to chain interactions can seriously a�ect preparation of high molecular weight

polypeptides via SPPS [81].

1.7.2 Recombinant peptides

Overexpression from E. coli is a popular method to form peptides which are categorised

as natural proteins [82]. Plasmids undergo a transformation which encourages the uptake

of the cloned DNA sequence which encodes for the protein of interest. Replication occurs

in the host (or via polymerise chain reaction (PCR) prior to the transformation). On

addition of speci�c expression genes, expression of the peptide will be induced. This pep-

tide is often puri�ed using a column chromatography method. The recombinant peptide

synthesis approach is economically favourable, however peptide folding and insolubility

can frequently lead to signi�cant challenges in the puri�cation and subsequent uses [82].

1.8 N-carboxy anhydride Ring opening polymerisation (NCA-

ROP)

An alternative approach that has seen an increase in attention during the past decade

due to rapid technical advances is NCA ROP. Polymerisations of α-amino acid N-

carboxyanhydrides (NCAs) was reported for the �rst time in 1906 by Herman Leuchs

[83, 84]. It has found most success in industrial applications of large scale synthesis of

long chain polymers. It presents an opportunity to synthesise long chain peptide based

copolymers in a facile one batch process making it the most straightforward and practical

approach for large scale synthesis of high molecular weight polymers composed of amino

acids and their derivatives.

1.8.1 Mechanism of NCA ROP

An NCA is a carbon activated α-amino acid derivative that provides high electrophilic

reactivity at the carbonyl group of the α-amino acid, providing it with its high reac-

tivity with various nucleophiles. NCAs are most often synthesised using phosgene (or

triphosgene as a safer alternative) [85]. Side reactions between the generated HCl by-

product and synthesised NCAs forming α-amino acid acyl chloride and others have been
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Figure 1.4: NCA-polymerisation via the normal amine mechanism

Figure 1.5: NCA-ROP polymerisation via the activated monomer mechanism

eliminated by the introduction of a HCl scavenger e.g. α-pinene [86]. Yields of NCAs

can vary and are highly dependent on the type of amino acid, the side chain protecting

group and synthesis route. The NCA reaction with nucleophiles is generally clean, with a

co-product of CO2. NCAs have a high sensitivity to moisture, therefore have low storage

stability. Care must be taken to avoid contact with air (moisture) and synthesis must

be carried out in dry conditions, using dry solvents and under nitrogen gas. NCA ROP

can be initiated by a nucleophile or a base, each follows a di�erent reaction mechanism.

Primary amines (nucleophiles) have been shown to have the fastest initiation rate. In

the nucleophilic attack on the carbonyl of the NCA, the ring is opened and the transfer

of the proton results in the formation of the carbamic acid, which in turn is converted to

a primary amine with the elimination of CO2. The �nal step is reversible. The formed

primary amine can continue polymer chain propagation (Figure 1.4). This is known as

normal amine mechanism (NAM).

In the second mechanism, a base deprotonates the nitrogen on the NCA forming an

anion which undergoes nucleophilic addition at the carbonyl on the NCA (Figure 1.5).

The reaction continues to propagate in this manner, eliminating CO2 as before at each

addition step. This mechanism is known as Activated monomer mechanism (AMM) [87]
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1.8.2 Side reactions

It has been proposed that limited control over NCA polymerisation is a result of the two

mechanisms stated above occurring in one polymerisation, increasing polydispersity and

explaining experimental results which are often very di�erent than those predicted [88].

It has been suggested that impurities (water or ions) are the main contributing factors

to the formation of side reactions, thus their elimination from the synthesis results in

better controlled polymerisations. Aliferis et al. and later Messiman et al., reported

using high vacuum and glove box techniques conditions [89, 90]. Under high vacuum

techniques polymerisation followed exclusively NAM, whereas under glove box it was a

mix of AMM and NAM with several termination products being present.

1.8.3 Use of initiators

Di�erent initiators have been investigated to determine the optimum initiator to suppress

side reactions and for a well-de�ned polymer. Denning introduced the use of organometal

catalysts to suppress chain transfer and termination side reactions using organo-nickel

and cobalt [91]. The authors proposed the following mechanism; the metals undergo

oxidative addition across the anhydride bonds of the NCAs, causing metallcycle ring

formation and contraction on the release of CO2 mediated by NCA addition. The metal

can then migrate along the growing chain [91].

More recently a new approach, the �accelerated amine mechanism through monomer

activation� (AAMAA), has been investigated. A series of initiators that contained both

secondary and tertiary amines act cooperatively to trigger living polymerisation of NCA-

Glu and block copolymer of NCA-Lys/ NCA-Glu at 25°C. They reported a controlled PDI

and molecular weights all within a 3 hour reaction time [92,93]. Secondary amines have

been widely adopted as initiators [94�96]. When coupled with a decrease in temperature

to 0 °C a reduction in side reactions and polydispersity with chain lengths close to

the monomer feed ratio has been observed [96]. It has been suggested that at lower

temperatures the activation energy for side reactions is not reached unlike in higher

temperatures where these conditions readily enable the reactions to occur. The use of

high vacuum has been proposed to shift the reaction equilibrium forward by removing

the product, CO2 [89]. Low temperatures and primary amines (with or without vacuum)

is the most commonly used combination of reaction conditions, in the literature in the

past 5 years, and has been successful in controlled synthesis of a variety of peptide based

block co-polymers. Therefore these reaction conditions were used in this research.

1.9 Copolymers

The living polymerisation technique of ROP NCA presents the possibilities of creating

homo-polymers, block and co-polymers. These can, however, often lack the speci�city
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and sophistication of natural proteins. The main limitation of this method is the lack

of control over the amino acid sequence, causing variability in the folding and structure

of the resulting polypeptides which are therefore not classi�ed as proteins. Although

sequence control may not be achieved via traditional methods, it can certainly be con-

trolled to some degree through increased knowledge and understanding of the kinetics

of NCA-monomer coupling, thus enabling control through monomer feed [49].

1.9.1 Block copolymers

NCA-ROP has been a successful method to synthesise di- and tri-block polymers, con-

trolled simply by the addition of NCA amino acids in the desired sequential order into the

reaction [91,97�99]. Block co-polymerisations have been primarily investigated for their

ability to form micelles owing to ease of introduction of a hydrophobic and hydrophilic

blocks. Such micelles can be drug loaded and can be designed to contain a crosslinker of a

responsive moiety (commonly pH or redox) and have thus found applications in targeted

drug delivery [97]. An example in phase III clinical trials (Japan-Asia) is a nanocarrier

system, whereby a drug is encapsulated in nanoparticles that targets breast cancerous

tissue. The carriers are composed of a hydrophilic PEG and a hydrophobic poly aspartic

acid core, synthesised from NCA-aspartic acid [100,101]. Cameron et Hehir review 2014

discussed the advances in NCA-ROP for block co-polymerisations for responsive drug

delivery vehicles [102].

1.9.2 Random copolymers

Thus far, we have discussed the advances and improvements made in NCA ROP over

the past 20 years. This has been exclusively for homo polymers and in the synthesis

of block copolymers. A principal challenge remains with NCA ROP of copolymer that

is the synthesis of more sophisticated polymer sequences. There are however some suc-

cess stories. For example, glatiramer acetate is the �rst example of a copolymer drug

composed of a random copolymer of 4 amino acids, glutamic acid, alanine, tyrosine and

lysine, �rst developed in the late 1960s. It is e�ective at suppressing EAE (the animal

version of MS) [103].

NCA ROP presents an opportunity to synthesise long chain copolymers in a facile one

batch process. Although sequence control may not be achieved via traditional methods,

it can certainly be controlled through increased knowledge and understanding of the

kinetics of NCA-monomer coupling, thus enabling control through monomer feed. While

full control of the amino acid sequence is currently not possible in NCA ROPs, recent

work has seen the establishment of tools to monitor NCA monomer consumption in

copolymerisations, and thus provided the means to exert enhanced compositional control

over polypeptides by controlling the monomer feed [104]. Understanding how monomer

feed composition a�ects the composition of the resulting polypeptides is a �rst step
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towards enhanced control over NCA ROP derived polypeptides, and several reports

have used this approach to understand the underlying polymerization kinetics [49,104].

1.9.3 Conformational studies of polymers synthesised by NCA ROP

Polymers synthesised by NCA ROP are a subject of interest in conformational studies,

in particular how the conformation a�ects and can be manipulated for a speci�c applica-

tion. Secondary structure formation during ROP can a�ect the polymerization progress.

Notably β-sheet adopting oligopeptides can stop chain growth completely due to steric

hindrance blocking the end of the chain [105]. An enhanced understanding over compo-

sition/conformation relationships in such systems will enable optimization of synthesis

of well de�ned polymers for subsequent applications.

Iatrou et al. investigated the e�ects of pH and temperature on the secondary struc-

ture conformation of poly histidine synthesised from Trt-His-NCA and the impact these

secondary structures have on polymer aggregation. Secondary structure conformation

was a key parameter that de�ned the aggregation behaviour of the poly histidine with

controllable pH and temperature mediated random coil to β-sheet transitions [106]. This

demonstrates the tuneablity of such materials and potential as drug delivery vehicles.

Thermo responsive polymers have been synthesised through a novel NCA ROP and

Reversible addition-fragmentation chain transfer (RAFT) copolymer block synthesised

from MES -Glu-NCA, at low temperatures without the use of metal, which is normally

required to mediate RAFT polymerisation. The polymers adopted α-helical structures

and exhibited increased α-helical stability with increasing chain length, consistent with

other reports in the literature. They achieved tuneable LCST, low polydispersities and

controllable chain lengths. This is an approach to develop tuneable polypeptides without

the use of metal that exhibit responsive behaviour [107].

Chain length can a�ect secondary structure composition as shown with the NCA-

ROP of TFA and carboxylbenzyl protected Lysine. A bimodal distribution was absent

in α-helical adopting long chain (DP 65>) polymers but it was observed in polymers

with a (DP < 20). The CD data shows these polymers adopt α-helical and random

coil conformation. The authors conclude the bimodal distribution is attributed to the

di�ering hydrodynamic radius of the two conformation types rather than di�ering chain

length populations. It is to be noted that on deprotection of the lysine side chain this

e�ect is no longer observed with all polymers exhibiting a unimodal distribution and

α-helical conformation.
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1.10 Biological applications � functional materials using NCA

ROP

Ring opening polymerisation from NCA-amino acid monomers provides an attractive

route to the synthesis of functional polypeptides.

A high proportion of literature focuses on the application of drug delivery vehicles

as release systems that respond to stimuli present in targeted enviroments (e.g. change

in pH/temperature). Frequent stimuli investigated include pH, temperature, light and

electric �eld. There are detailed reviews on NCA ROP to synthesise functional peptides

responsive to di�erent stimuli: pH, temperature and light and the associated conforma-

tional changes. They focus on biodegradable polymers and routes to side chain modi�-

cation for desired functionalities [108, 109]. Although biomolecules are discussed in the

reviews, the focus remains on glycopolypeptides and discussion of enzyme-responsive

polypeptides synthesised via NCA ROP is not discussed. In fact, there is little focus on

NCA ROP to synthesise polymers that can interact with enzymes in the literature. The

challenges in achieving speci�c amino acid sequences is likely the highest contributing

factor, however there are many non-speci�c enzymes that could be targeted as well as

enzymes that require a less sophisticated amino acid motif to be active. Therefore there

is a wealth of possibilities yet to be explored of the use of NCA ROP in the synthesis of

enzyme responsive polymers.

A few notable examples are the work by Thornton et al. who have developed drug

delivery micelles focusing on enzymes as a release stimulus [110�112]. A detailed study

into the tuneability of such systems to target speci�c enzymes was performed. Dopamine

loaded micelles Dop-(Ala)-(Sar) and Dop-(Phe)-(Sar) have been synthesised by Thornton

et al for targeted drug release on action of proteases [113]. They have demonstrated

the ability to preferentially target Chymotrypsin, Thermolysin or Elastase by tuning

the amino acid component on the �rst block (i.e. elastase favour alanine cleavage and

Chymotrypsin favour Phenylalanine).

1.11 Surface modi�cation

Surface modi�cation is the act of modifying the surface of a material by bringing physical,

chemical or biological characteristics di�erent from the ones originally found on the

surface of a material. The modi�cation can be done by di�erent methods with a view to

altering a wide range of characteristics of the surface, such as: roughness, hydrophilicity,

surface charge, surface energy and biocompatibility [114�116].

Surfaces are modi�ed to impart function, herein the focus of this function will be

biological. Appropriate modi�cation can enhance biocompatibility and cell-material in-

teractions. Furthermore, the introduction of polypeptides onto the surfaces can introduce

biological cues that interact with the biological environment and stimuli that can further
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improve the development of highly functioning biomaterials [117].

1.11.1 Responsive surfaces

Responsive surfaces is a growing �eld and has received considerable attention in recent

years owing to their biomimetic nature and broad potential applications. Stimuli respon-

sive surfaces can deliver a function in response to a stimuli and a broad range of stimuli

have been investigated including; electric, pH, temperature, enzyme and photo [18], [118].

There are di�erent methodologies to modify surfaces, which will be discussed below, in

order to contain the desired chemistries to interact with the target stimuli to undergo the

desired response. Electrically switchable surfaces have been developed by the Mendes

group. This includes the design of two component SAMs whereby one acts as a linker to

the surface and the other as the functional switchable entity. They developed a system

whereby on application of an electric potential negatively charged/ hydrophobic entities

were exposed which in turn a�ected early stage surface bacterial adhesion. Cell adhesion

was controlled by synthesising a SAM on a gold substrate containing the cell recognition

sequence, RGD, at the terminus linked to the surface by three lysine residues. Appli-

cation of a negative potential drove a conformational change that concealed the RGD

sequence which e�ectively and reversibly controlled adhesion of macrophage cells onto

the surface [119]. Exploitation of the LCST of poly(N-isopropylacrylamide) has been ef-

fectively used to control cell attachment on a surface. Di�erent thicknesses of PNIPAAM

was grafted to tissue culture polystyrene and changing the temperature from 37 °C to

20°C (LCST) resulted in a change in hydrophobic/hydrophilic surface properties and

detachment of endothelial cell sheets for the lower thickness modi�ed surfaces [120]. A

block co-polymer containing pH sensitive poly(L-glutamic acid) polypeptide was derived,

pH was switched between pH 1 and pH 8.3 over a number of cycles and Rhodamine B

immobilisation on the surface was reversibly controlled, with greater immobilisation at

basic pH [121]. UV and visible light have been explored as a reversible trigger for surface

modi�cations, chemical exposure can drive conformational switching of photochromic

compounds such as spiropyran and azo-benzene. Silicon substrates were modi�ed with

a surface linker molecule covalently bound to an azobenzene-GRGDS, on exposure to

UV light trans-azobenzene is transformed to cis-azobenzene on subsequent visible light

exposure this was reversed. This was demonstrated by change in surface wettability,

XPS and reversible cell attachment/detachment of Hela cells [122].

A huge variety of surface modi�cations and chemistries have been explored to undergo

a functional change on action of a target stimuli. Furthermore di�erent stimuli have been

e�ective and have bene�ts �tting to the end application. Reversibly responsive modi�ed

surfaces have been demonstrated for a number of stimuli; electrochemical, light and

thermo, however this has not been achieved for enzyme responsive surfaces, likely due

to the enhanced complexity in developing and demonstrating such a system. Most of
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the published research focuses on demonstrating the desired surface chemistry can be

achieved for the desired material response to the stimuli, as it stands there is limited

focus on speci�c and demonstrable applications of the technology. It is a �eld anticipated

to grow and greatly contribute to biomedical research.

1.11.2 Surface grafting of polypeptides by NCA-ROP

Common surfaces that have been used as bases from which to build a functionalised sur-

face in the literature include silica nano-particles, germanium and gold coated materials,

glass surfaces and silicon wafers. The method of surface attachment must be compatible

with the materials involved and produce a stable �nal material under the conditions of

the expected application, and the responsive material must retain its responsive prop-

erties after immobilisation. Also, control over orientation and density of material can

be essential to the function and for reproducibility. Synthesis of self-assembled mono-

layers (SAMs) notably using functionalised silanes on glass and thiols on gold surfaces

has frequently been employed to varying degrees of success. Thiols on gold surfaces

bene�t from the ease at which they form self assembled monolayers with a high degree

of control achievable owing to the mechanism of attachment. Whereas silanisation onto

glass surfaces has potential to form self assembled monolayers, however the silanisation

conditions are required to be optimised in order to achieve this owing to the possibility

of the siloxane bonds being formed with silane already bound to the surface leading to

multi-layered surfaces. This can e�ect the surface properties and any subsequent modi-

�cations. Therefore have been a subject of investigation for many researchers, this will

be discussed in more detail below [123].

The grafting to and grafting from approach are common, versatile techniques for

surface modi�cation whereby one part of a molecule is covalently tethered to the surface,

which provides stability under di�erent environmental conditions (Figure 1.6). In both

scenarios, it is usually necessary to introduce functionality onto the surface to attach

the preformed polypeptide to the surface (grafting to), or to initiate the polymerisation

from the surface (grafting from). There are di�erent approaches available to introduce

a functionality to the surface and the optimum approach is dependent on the material

Figure 1.6: Scheme of grafting 'from' (with amino acids) and grafting 'to' (with a synthesised

polypeptide) a surface.
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to be modi�ed.

In the case of this work we aim to modify borosilicate glass coverslips, chosen because

they are able to transmit �uorescence from the surface. The most convenient method to

introduce functionality on glass is to use the process of silanisation. Silanes exist with

di�erent terminal functional groups therefore o�er a versatile way to functionalise the

surface. The SiOH groups condense to form covalent bonds with the surface hydroxy

groups to form O-Si-O covalent bonds. There are di�erent techniques to silanise such as

vapour deposition and solution deposition. Di�erent factors a�ect the success of forming

a homogenous monolayer namely: concentration, solvent type, temperature and incuba-

tion time [124]. There is little consensus within the literature of the optimum system to

achieve a monolayer of silane with many researchers adopting di�erent protocols. One

study looked into the e�ects of di�erent conditions with amino terminated silane amino

propyl triethoxy silane (APTES). They concluded that at low concentrations (1 %) 1

hour was an optimal incubation time and increasing times resulted in the formation of

thicker layers which were no longer monolayer. Concentration and temperature dictated

surface roughness, with higher concentrations and temperatures increasing roughness,

however they had a minimal e�ect on �lm thickness [125].

NCA ROP has been previously shown as an e�ective method to functionalise a surface

with a polymer thin �lm and has been used to functionalise surfaces by the grafting to

and grafting from method [126]. This will be discussed in more detail in the following

sections.

1.11.3 Grafting �to� a planar surface

Grafting �to� o�ers the bene�ts of solution polymerisation including low polydispersities

and high degrees of control often achieved. Facile and complete characterisation of the

polymer through conventional methods such as NMR, mass spectrometry and IR can

be performed before attachment of the polymer to the surface. However, inhomogenous

and low density coverage on the surface has been reported due to limiting factors such

as steric hindrance and di�usion of poly peptide chains onto the surface [127�129].

1.11.4 Grafting �from� a planar surface with NCA-ROP

The Grafting �from� method is not self-limiting as the polymerisation is both initiated

and propagated from the surface. Hence, higher grafting densities can be achieved which

is expected to impart enhanced function and properties to the �lms. Challenges do exist

in controlling the initiation and polymerisation rate from the surface which can lead to

broad molecular weight distributions [130,131]. It has been suggested that this drawback

is o�set by the high grafting density and high density of functional groups on the surface

as a result [132]. In this work, we have focused on the grafting from method, which

requires an initiator immobilized on the surface. For NCA polymerisation this is usually
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an amine.

Functionalisation of the surface with an initiator can be achieved via methods men-

tioned above ie. organosulphide/thiol and alkyl/alkoxy silane compounds onto gold and

silicon surfaces respectively. These methods usually lead to densely packed initiator,

often more so than the space occupied by growing polypeptides. The e�ect of packing

density of surface initiator was investigated by NCA ROP of NCA-phenylalanine from

a modi�ed gold surface. Firstly, when a monolayer of aminotrithiol was immobilised

on the surface and samples were incubated with NCA-phenylalanine polymerisation did

not proceed. However when a second layer of aminotrithiol was bound to the surface,

reulting in a lower density of free amine groups NCA ROP polymerisation was success-

ful. This was attributed to the di�erence in spacing between the amino groups. In

the �rst case, the spacing between the amino groups was smaller than that required for

an α-helical conformation to grow, whereas in the double layered initiator the spacing

increased to 15 Å. Thus, the polymer had su�cient space to grow and adopt to the

required conformation without steric hindrance e�ects from neighbouring groups [133].

It is generally accepted that improved grafting density of polypeptides can be achieved

via grafting �from� method, however, an early study found the contrary [134]. Duran

et al. investigated three di�erent attachment techniques of poly-benzyl-L-glutamate

(PBLG) to a surface; grafting to by condensation, grafting to by deposition and grafting

from a surface immobilised initiator, APS. They found that grafting from achieved a

lower surface thickness with ellipsometry measurements than grafting to methods, to

which they concluded a lower surface grafting density was achieved. However thickness

does not directly provide information on grafting density. This study does agree with

the idea that grafting from a planar surface can su�er from low degree of polymerisa-

tion courtesy of chain transfer and terminating side reactions. In a more recent study

into NCA-ROP of PBLG from soft substrates a high grafting density was achieved as

determined by AFM, XPS and FTIR [134].

As discussed earlier in this introduction NCA ROP has two mechanistic routes. The

normal amine mechanism, whereby a nucleophilic attack occurs from the surface bound

amine to an NCA ring which creates a free amine group to undergo subsequent nucle-

ophillic attacks. This mechanism has a fast initiation rate, good control over end group

�delity and molecular weight and is dependent on NCA purity, solvent purity, tempera-

ture and pressure. In the alternative mechanism, activated monomer mechanism (AMM)

the NH proton is abstracted from the NCA ring under basic condition to form an NCA

anion which can initiate the polymerisation [91, 95, 96]. This leads to a polymer in so-

lution, not tethered to the surface, as well as poor molecular weight distribution, lower

initiation rates and is regarded as uncontrolled. It is possible for both mechanisms to

occur simultaneously [128,135].

The suppression of AMM is integral to reduce the synthesis of polypeptides in so-
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lution, not grafted to the surface, thus to further improve control within the system.

Wibowo et al. published an extensive review on NCA ROP grafting to and from the

surface in 2014 [136]. The kinetic pro�le of polymerisation provides information on the

polymerisation mechanism, with fast initial NCA consumption followed by a slow con-

sumption indicative of normal amine mechanism. There are a number of examples of

homopolymerisations from the surface however there are few examples of successful sur-

face initiated copolymerisations by NCA-ROP. In one such study from planar surfaces

blocked combinations of poly(N-carbobenzyloxy-L-lysine), poly(g-benzyl-L-glutamate)

and poly(S-tert-butylmercapto-L-cysteine) brushes from respective NCA monomers were

successfully prepared from a nickel mediated surface initiated polymerisation. Analysis

by XPS indicated a controlled polymerisation was achieved with the retention of the

Ni end group [137]. To date, there are no reports of alternating co polymer sequences

obtained via surface initiated NCA ROP.

1.12 Surface analysis techniques

Water contact angle (WCA)

Water contact angle provides information on the wettability of the surface, which is

among other parametres, related to surface chemistry. Surfaces with a high WCA >80°

are considered hydrophobic and this is attributed to the presence of apolar groups such

as hydrocarbons. Surfaces with a low WCA <30° are considered to be hydrophilic and

this is attributed to surface with polar groups, such as hydroxyl groups [138].

The principle behind water contact angle measurements is based upon surface tension.

Surface tension occurs at the interface between two materials and is dependent on the

properties of both materials [139]. If a liquid is placed on a solid material, the liquid will

form a droplet with a de�ned contact angle θ based on the surface tension between the

three interfaces. This can be explained by the Young equation:

σsg = σsl + σlg.cosθ (1.1)

The Young equation describes the relationship between the contact angle θ, the

surface tension of the liquid σlg, the interfacial tension σsl between liquid and solid and

the surface free energy of the solid σsg.

WCA is very surface sensitive (1 nm) thus can detect the very top layer of the

surface [140].

X-ray photo electron spectroscopy (XPS)

XPS is a quantitative surface analysis technique that provides information on elemental

and chemical composition of the surface enabling the precise determination of chemical

surface changes due to surface modi�cations. XPS was used here to follow subsequent
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Figure 1.7: Schematic of photoelectron emission in XPS

surface modi�cation steps via the changes in elemental composition and chemical func-

tionalities and to determine the chain length of the polymers grafted from the surface.

XPS uses photons of a speci�c energy (determined by the anode material of the

X-ray source) used to remove electrons from the core shells of the atoms, known as

photoelectron emission. This occurs at high vacuum. To be able to stimulate the emission

of a photoelectron, the energy of the X-rays (hν) has to be greater than the binding

energy (EB) � the energy di�erence between the ground state and the Fermi level � of

the electron. In addition, to separate the photoelectron from the bulk material, a small

and constant amount of energy is needed, which is referred to as work function (Φ).

The remaining X-ray energy is transferred to the photoelectron as kinetic energy (EK)

and can be measured. Thus, the binding energy of the photoelectron can be calculated

according to the Einstein equation 1.2.

EB = hν − EK − Φ (1.2)

Electrons that are ejected from the surface are energy �ltered by a hemispherical

analyser before the intensity for a de�ned energy is recorded by the detector. The resul-

tant energy spectra exhibit peaks characteristic for the electronic structure for the atoms

at the surface. The escape depth of electrons to leave the surface is approximately 10 nm

(this is material dependent) and the sensitivity is 0.1 to 1 atomic % (0.1 - 1000 ppm).

The resultant peaks are well de�ned as the electron binding energies of the electronic

state of the atoms. Further, the chemical environment of the atom at the surface results

in shifts of the binding energies based on their electron withdrawing e�ects. The num-

ber of electrons recorded is proportional to the number of atoms at the surface (Figure

1.7) [141].

Quantitative accuracy under optimum conditions is around 90 % for major peaks,

however this is reduced for weaker peaks to 10 to 20 % that of major peaks ie. 60 to 80 %.

Wide scan spectra record binding energies (0 - 1300 eV) are low energy resolution spectra

and narrow scan are high resolution, normally of binding energies of known interest.
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Figure 1.8: Illustration of ToF SIMS instrument set up

Time of �ight secondary ion mass spectrometry (ToF SIMS)

ToF SIMS is a semi quantitative ultra high vacuum mass spectrometry technique that

enables the chemistry on a surface to be determined. This can be achieved at a single

point or across a certain area enabling a chemical map to be built of the surface. The

instrumental set up can be see in Figure 1.8.

A primary ion beam is generated from a low boiling metal (Bin+, Cs+, Ar+...) is

heated under a nozzle in a high extraction �eld and �eld ionisation produces primary

ions that are directed onto the sample. During this bombardment of the surface with

the primary ions, not only secondary ions are emitted from the surface but an excess of

electrons which can cause positive charging. This is compensated for by a stream of low

energy electrons during mass separation. In static SIMS the ion dose of the primary beam

is kept low (<10−13 ions cm−2) to minimise surface damage caused by the sputtering of

ions.

When a sample is bombarded with primary ions, the primary ion energy is transferred

to target atoms via atomic collisions and a collision cascade is generated (Figure 1.9).

A part of the energy is transported back to the surface where its amount is just about

su�cient for the respective atomic and molecular compounds to overcome the surface

binding energy. ToF SIMS is a very sensitive surface technique as the emitted particles

are generated from the uppermost monolayers, making it more sensitive than XPS (ppm

to pbb) but with lower depth penetration. The charged state of the sputtered particles

depends largely on the chemical environment which e�ects the emission probability of

any secondary ion making full quanti�cation of data complicated, known as the matrix

e�ect.

Fragments up to 10 000 u can be emitted intact. Fragmentation leads to smaller
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Figure 1.9: Illustration of the collision cascade on a solid sample (red) initiated by a primary

ion beam (black)

charged ions that can be indicative of the parent molecule. These fragments are accel-

erated into a �ight tube and the mass is determined by the exact time that they hit

a detector based on their time of �ight which is proportional to their mass and charge

(m/z). Mass resolution of 0.00X atomic mass units (one part in a thousand of the mass

of a proton) can be achieved [141].

In this work, ToF SIMS has been used as a semi-quantitative technique to determine

successful surface modifcation and presence of amino acids glutamic acid and serine.

1.12.1 Förster Resonance energy transfer (FRET) technique to mon-

itor conformational changes

Förster resonance transfer is a technique used to determine changes in distance between

two molecules by monitoring �uorescence. The two molecules typically consist of a

�uorophore, that emits �uorescence when excited at a certain wavelength and a molecule

that can be simultaneously excited by the energy release, known as a quencher. The

ability for the quencher to be excited by the energy released is highly dependent on

the distance between the two molecules, therefore by monitoring �uorescence intensities,

changes in conformation can be inferred. Speci�cally, a donor group is excited by a

photon, which then relaxes to the lowest energy excited state. When the energy returns

to the ground state if the acceptor is within a certain distance, typically 10 to 100

Angstroms, non-radiative energy transfer will occur to excite the acceptor group, which

will return to the ground state or be quenched (Figure 1.10). If the acceptor is a black

hole quencher, the energy does not cause photon emission but dissipation of the energy
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in the form of heat as it relaxes to the ground state [142].

Static quenching mechanisms can also operate whereby the �uorophore and the

quencher physically interact to form a dimer which is non-�uorescent, as �uorophores and

quenchers are often planar hydrophobic molecules they can interact in aqueous solutions.

When choosing a FRET pair it is important the quencher has optimal absorbance

overlap with the �uorophore emission energy. E�cient FRET [143] requires:

1) Proximity: the donor and acceptor molecules must be close to one another (within

10 to 100 Å). The equation below describes the relationship on the dependence on �uo-

rescent quenching on the distance between the FRET pair.

E =
Ro6

Ro6 + r6
(1.3)

Where E is the e�ciency of FRET, Ro is the Forster distance where the donor

acceptor distance is 50 % and r is the distance between the donor and acceptor.

2) Spectral overlap: Acceptor absorption needs to be in the spectral range of the

donor emission.

3) Relative donor/acceptor orientation

Quenchers have typically been a second �uorescent dye to the �uorophore, however

this can increase background noise due to overlap in �uorescence signal between the

donor and acceptor. Dark quenchers are molecules that absorb excitation energy from

a donor and dissipitate this energy as heat rather than light [144]. In this work a black

hole quencher-1 was chosen as the acceptor. The BHQ-1 absorbs wavelengths of 480 to

580 nm. Fluorescein emits at 535 nm, therefore is a complementary �uorophore for the

BHQ-1 with good spectral overlap. A lysine amino acid was coupled to the BHQ-1 via

the amine group on the side chain thus providing a primary amine (from amino acid

NH2) to initiate NCA-Polymerisation.

1.13 Challenges in the �eld

As previously discussed, reversible enzyme responsive hydrogels as autonomous drug

delivery systems have been explored, however this has not been achieved on a surface.

Enzyme responsive surfaces have been reported, however these respond to a stimulus to

undergo a material change and this change is not reversible [49]. To date no reversible

enzyme responsive surface has been reported. A smartly designed surface that behaves

biomimetically is advantageous and an autonomous material better mimics the biological

environment than a static or dynamic material. The stem cell niche is a tightly regulated

environment that we have not yet been able to replicate in synthetic biomaterials. A

reversible enzyme responsive surface could present a way to create a more advanced

arti�cial stem cell niche that allows improved control over stem cell fate by enabling

expansion and di�erentiation of a whole population when and to the extent that is

required by the biological unit rather than an external operator.
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Figure 1.10: Jablonski diagram illustrating Forster resonance energy transfer

[145]

1.14 Aims of thesis

The overall aim of this work is the development of a peptide modi�ed surface by NCA

ROP that can respond reversibly in the presence of enzymes. The aim of this thesis can

be split up into four questions that will form each chapter:

• Can a relationship between polypeptide structure and polypeptide composition

be determined of a co and homopolymer system composed of serine and glutamic acid

synthesised by NCA ROP in solution?

As previously stated, control of co-polymer sequence via NCA-ROP is not possible,

however the kinetic relationships between amino acids can be determined to gain infor-

mation on the preferred sequencing. This will be investigated for serine and glutamic

acid copolymers. The relationship between monomer feed and polymer secondary con-

formation will be determined to elicit control over NCA-ROP and to determine if there

is a direct correlation.

• Can surfaces be modi�ed with glutamic acid and serine by NCA ROP from a

surface? Can a �uorophore and quencher be incorporated into the surface modi�cation?

Surface modi�cation by NCA-ROP will be explored to determine if it's possible to

modify surfaces with copolymers. The modi�ed surfaces will be analysed using surface

analytical techniques to determine the presence of the polymer. One of the goals of
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this work is to monitor any surface conformational changes as a result of enzymatic

interactions with CKII and AP, therefore the incorporation of a �uorophore and quencher

onto the surface will be investigated.

• Can these surfaces be modi�ed with casein kinase II (phosphorylation) and Alkaline

phosphatase (dephosphorlyation)? Can these interactions be monitored optically by

�uorescence?

If the polymer is present on the surface we will then determine whether the serine in

the polymer chain can be phosphorylated with CKII, this will be monitored via surface

analytical techniques such as ToF SIMS to determine whether phosphate is present.

Dephosphorylation will be attempted in the presence of AP. If we can show that the

surfaces reversibly interact with the two enzymes we will then determine if this interaction

is repeat-ably reversible and if so over how many cycles. With successful incoporation

of a �uorophore and quencher into the surface we aim to monitor phosphorylation/

dephosphorylation indirectly via change in �uorescent output attributed to the predicted

change in polymer conformation on interaction with the enzymes.

• Can these surfaces support cell culture in the presence of Casein Kinase II? Can

enzyme interactions be monitored in the presence of cells by �uorescence?

The aim of this work is to develop a system whereby conformational changes induced

by enzyme interactions on the surface can be detected in a non destructive method

(optically via change in �uorescence) in situ in the presence of cells. It is therefore

important to establish whether the modi�ed surfaces can support cell culture. Further-

more, to monitor conformational changes on the surface as a result of cell secreted AP

in the presence of CKII would be advantageous towards a truly autonomous system. It

is therefore important the cell type supported by the surface secretes AP in su�cient

amounts, this will also be monitored.

This is illustrated in Figure 1.11.

28



Figure 1.11: Summary �gure of the experimental chapters included in this thesis
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Chapter 2

N-Carboxyanhydride ring opening

polymerisation in solution: A study

of serine and glutamic acid

2.1 Introduction

As outlined in the previous chapter, to develop this enzyme responsive system it is

necessary to synthesise a polypeptide that contains the amino acid sequence S-x-x-E for

the CKII recognition motif. In this chapter we will explore NCA-ROP as a method to

develop polymers that contain serine and glutamic acid.

2.1.1 Polyglutamic acid synthesised by NCA ROP

Glutamic acid (E) is an α amino acid with a carboxylic acid side chain (Figure 2.1). It has

been studied and successfully used in a range of applications owing to its biodegradabil-

ity and non-immunogenic properties, for example in waste water management, medicine

Figure 2.1: Structure of amino acids glutamic acid and serine
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and in the food industry [146]. Poly glutamic acid (PGA) has been used in biomedical

applications. PGA has unique biocompatibility, the N-terminal promoting cellular up-

take of γ-PGA containing material, making it attractive in drug delivery [147,148]. The

carboxylic acid side group can be readily modi�ed with bio/chemical factors adding to

its versatility in potential applications. It has been studied for applications in wound

dressings, as a drug carrier and in tissue engineering [149,150].

Poly(glutamic) acid has been successfully synthesised by NCA ROP. Thornton et

al. reported the synthesis of NCA-glutamic-benzyl polymerisation initiated from poly

[dimethylsiloxane-co-(3-aminopropyl)methylsiloxane] (PDMS-co-APMS), which contains

a secondary amine [151]. Solubility issues of the resultant product prevented full char-

acterisation, however they were able to con�rm full benzyl deprotection with TFA:HBr

treatment (NMR) and infer some control over polypeptide grafting by monomer feed

composition (DSC). Poly(γ-chloropropyl-L-glutamate) (PCPLG) polymers were synthe-

sised from NCA- γ-chloropropyl-L-glutamic acid with controlled molecular weight and

PDI that adopted α-helical conformation. Modi�cations with sugar derivatives did not

change the conformation as determined by circular dichroism (CD) [152].

There are reports whereby NCA-BLG has been incorporated into copolymer systems

synthesised by NCA-ROP. Chen et al. synthesised PEG-poly(l-glutamic acid) (PEG-

PGlu) diblock copolymer by ROP to which cinnamyl alcohol was conjugated via the

carboxyl groups (after benzyl deprotection) to a�ord copolymer mPEG-poly(l-glutamic

acid-co-cinnamyl-l-glutamate) (mPEG-b-P(Glu/CGlu)) that were capable of forming

photolabile micelles [153]. NCA-BLG has been used in NCA-ROP combined with ATRP

to form pH and thermo-responsive poly(lglutamicacid-co-(l-glutamate-g-oligo(2-(2-(2-

methoxyethoxy)ethoxy)ethyl methacrylate))) (P(Glu-co-(Glug-OMEO3MA))) graft copoly-

mers [154].

These examples explore the use of NCA modi�ed glutamic acid in block copolymer

systems leading to self assembly and micelle formation. There are no examples whereby

NCA-Glutamic acid has been incorporated in a copolymer with one other NCA modi�ed

amino acid to form a random or alternating copolymer.

2.1.2 Poly-serine synthesised by NCA ROP

Serine (S) is an α amino acid with a side chain hydroxyl group, classifying it as a

polar amino acid (Figure 2.1). Studies reporting homo serine polymers are rare and

typically use serine derivatives (e.g. phosphorylcholine side groups) instead, to improve

water solubility and control chain length distribution [155], with the exception of one

group that has found an interesting application for serine polymer synthesised from

NCA-Ser. Thornton et al. synthesised a graft copolymer that consisted of a Poly(L-

serine) backbone that was synthesised by NCA-ROP from O-benzyl-L-serine - NCA for

applications in drug delivery of therapeutic agents within acidic environments [111]. 1H
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NMR analysis showed full benzyl deprotection was achieved with TFA:HBr treatment

and the resulting polymer has low polydispersity (DI=1.05). A serine polymer backbone

was also used in the development of self assembling nanoparticles for the release of

chemotherapeutic agents. The serine poly backbone was synthesised from O-benzyl-L-

serine-NCA then modi�ed with phenylalanine to drive the self assembly of nanoparticles

with narrow polydispersities [156].

As observed in the literature for glutamic acid, there are few examples of serine used

in copolymer systems and none that explore the relationship between NCA-Ser and a

second amino acid with respect to control and conformation achieved in polymerisations.

While there are no examples in the literature of copolymers of glutamic acid and

serine synthesised by ROP, a similar system, a random copolymer of L-serine and N-(4-

hydroxybutyl)-glutamine, was reported to undergo a thermally induced helix-coil transi-

tion. Using circular dichroism, it was shown that serine acts as an α-helical breaker and

participates in β-turns, but the e�ect of copolymer composition was not explored [157].

The interplay between peptide composition and conformation has been extensively

explored in disease modelling and drug optimization [158�162], for example to under-

stand amyloid �bre formation [163]. The focus of these studies generally lies on the

e�ect of changing speci�c amino acid residues in an existing natural peptide sequence.

The connection between the polypeptide sequence a�orded by this approach and the

conformation of the resulting polypeptides has not been explored in detail. Serine has

been shown to stabilize secondary structures (α-helix/β-sheet) and is dependant on the

position of the amino acid in the sequence. Several studies showed that PGA forms an

α-helical structure under aqueous conditions at ambient temperatures [149,164]. In the

design of our system, it is important we consider the polypeptide conformation, how this

is a�ected and controlled by di�erent monomer feed compositions and ideally to deter-

mine if or how conformation is a�ected by serine phosphorylation. This key information

will enable greater understanding and informed design of the system when used in a

biological setting.

2.1.3 Aims

The aims of this chapter are as follows:

• To synthesise homo and copolymers of NCA derivatives of side chain protected

serine and glutamic acid by NCA ROP.

• To determine the control a�orded by NCA ROP in terms of DI and chain length

with respect to initial monomer feed.

• To explore the e�ect of di�erent monor feed compositions on the conformation of

copolymers by systemically altering the ratio in the monomer feed of glutamic acid and

serine.

• To determine the kinetic reactivity of the amino acids.
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Figure 2.2: Schematic of chapter 2. Illustration of synthesis in solution of serine and glutamic

acid in di�erent monomer feeds and the analysis of the resultant polymers by FTIR (conforma-

tion) and GPC and NMR (composition)

We aim to establish whether the polymerisations are well controlled in order to

determine if it is a viable route to develop the polymers required for our enzymatic

system. Furthermore, we aim to establish whether a random copolymer is possible and

whether it is a sensible copolymer combination for applications as enzyme responsive

material for CKII and AP.

2.2 Methods

2.2.1 NCA-Serine (Bn)

H-Ser(Bn)-OH (0.05 moles, 11.275 g) was dissolved in ethyl acetate (dry, 90 ml) and

α-pinene (0.17 moles, 27.5 mL), heated at 90 °C. The resulting suspension was placed

under N2 and stirred under re�ux. After 15 minutes a solution of triphosgene (0.04

moles, 11.128 g) and dry ethyl acetate (37.5 mL) was added drop wise. The �nal sus-

pension was stirred for 2 hours under re�ux and N2 at 90 °C (the reaction was considered

complete when the suspension converted to a clear yellow solution). The solvent was

removed to approximately 30 % of its original volume via rotary evaporation. Product

was precipitated with petroleum ether (200 mL) and isolated by vacuum �ltration. The

crystallization process was repeated twice using ethyl acetate (50 mL) and petroleum

ether (150 mL). The �nal product was dried at 50 °C in a vacuum oven overnight and

analysed by NMR and MS. 1H NMR (400 MHz, CDCl3) δ 7.41 - 7.22 (m, 5H, Ar-H),

6.24 (s, 1H, N-H), 4.66 - 4.46 (m, 2H, CH2), 4.43 (t, J = 4.1 Hz, 1H, CH), 3.96 - 3.50

(m, 2H, CH2). MS ; EIMS (m/z (%)): [MH]+ cald calc for C4H5NO4, 132.6897, [2M]+

cald calc for C7H8O, 216.6966.
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2.2.2 NCA-Glutamic acid (Bn)

The same procedure was followed for H-Glu(Bn)-OH except the following masses and

volumes were used: H-Glu(Bn)-OH (0.05 moles, 11,425 g) ethyl acetate (dry; 90 mL),

α-pinene (0.14 moles, 22 mL), triphosgene (0.02 moles, 7,050 g) in ethyl acetate (dry;

45 mL). The product was analysed by NMR and MS. 1H NMR (400 MHz, CDCl3) δ

7.43 - 7.31 (m, 5H, Ar-H), 6.07 (s, 1H, NH), 5.15 (s, 2H, Ar-CH2), 4.39 - 4.32 (m, 1H,

CH), 2.61 (td, J = 6.1, 1.3 Hz, 2H, γCH2), 2.35 - 2.03 (m, 2H, βCH2). EIMS (m/z

(%)):[2M+Na]+, calc for C13H13NO5, 548.7929, [M+Na]+ calc for C13H13NO5, 238.1617.

2.2.3 NCA polymerisation

The procedure was adapted from the literature [49]. Random copolypeptides of NCA-

Glu(Bn) (E) and NCA-Ser(Bn) (S) were prepared with monomer molar feed ratios (S:E)

of 0:1, 1:2, 1.5:2.5, 1:1, 2:1.3, 2:1, 4:1 and 1:0. A total monomer concentration of 0.5

M (in dry DMF) and 0.1 mmol heptylamine (2 mol-%) were used in all polymerisations

to obtain a theoretical chain length of 50 amino acids in each experiment. Polymeriza-

tions were performed under nitrogen and kept at 1 - 3 °C using a metal cooling block

whose temperature was regulated by a cryostat. Completion of the polymerization was

con�rmed by FTIR by following the reduction of the C=O signal of the NCA at 1760 to

1800 cm−1. On completion of the reaction, products were precipitated and washed (20

mL ×3) using diethyl ether and isolated by vacuum �ltration. Resultant product was

dried in a vacuum oven overnight at 40 °C.

2.2.4 Copolymerisation kinetics

The copolymerization parameters for the copolymerization of E and S were determined

following a previously established procedure [49]. 5 mmole solutions of NCA-Glu(Bn)

and NCA-Ser(Bn) were prepared at ratios (S:E) 1.5:1, 2.5:1, 3:1, 4:1, 4.5:1 and 6.5:1

were prepared in 500 µL of DMF, placed under N2 and polymerisations were initiated

with heptylamine (2 %). Reactions were stopped after 20 minutes (∼10 % monomer

conversion) and reaction mixture was added into a quenching solution (1 mL) of compo-

sition; CH3CN:H2O:HCl (1 M), (40:40:15) to deactivate unreacted NCA monomers. The

polymers were precipitated and washed in diethyl ether (2 mL and 10 mL respectively).

Isolation was performed by vacuum �ltration and the polymers were dried in a vacuum

oven at 50 °C overnight.

2.2.5 Characterization FTIR

An IR Agilent technologies Cary 630 FTIR instrument equipped with an attenuated

transmission re�ection (ATR) was used for FTIR analysis. 32 scans were taken for

each sample. Peak areas for signals at 1787 cm−1 (COO stretching of NCA) [75] were
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obtained to monitor reaction progression. For conformational studies spectra of solid

samples (n=3) were taken using 128 scans, peak areas for Amide I (1600-1700 cm−1),

were used for component peak �tting with Casa XPS software. Spectra were normalised

and peaks �tted using linear base until sum of peak areas followed total peak area (new

components < 5 % of peak area, and residual error of peaks �tted <0.01). Peak �ttings

are shown in 2.16 for the polymers with di�erent feed ratios.

2.2.6 1H NMR

1H NMR spectra were obtained with a Bruker 400 MHz NMR spectrometer. NCA-

amino acids and Glu(Bn) homopolymer were prepared in chloroform (CDCl3), all other

polymers were prepared in Tri�uoroacetic acid (TFA-d). Peak �tting for kinetic analysis

was achieved using Mestrenova software version 6.0.2. Spectra were baseline corrected

using Whittaker smoother. Peaks were �tted to the CH regions using manual peak �tter

and the software automatically �t the added peaks to the spectrum, until an optimal �t

was achieved.

2.2.7 Gel Permeation Chromatography (GPC)

Relative molecular weights and polydispersities of the polymers were determined using

GPC. The instrument was equipped with a Waters 1515 Isocratic HPLC pump, a Waters

2414 refractive index detector (40 °C), a Waters 2707 autosampler, a PSS PFG guard

column and subsequently with two PFG-linear-XL columns (8 x 300 mm, 7 micron)

in series (at 40 °C). The eluent (�ow rate: 0.8 mL min−1) used was HFIP (Biosolve)

containing potassium tri�uoro acetate (3 g L−1). Polymethyl methacrylate standards

with MP of 580 Da up to 7100 kDa were used as a reference (Polymer Laboratories).

2.2.8 Circular Dichroism (CD)

Measurements were taken on a JASCO J8108 spectrometer. Samples were prepared

at 0.2 mg/mL in HFIP and transferred into a 250 µL quartz cuvette. Spectra were

taken from 260 to 195 nm, CD and absorbance were measured. Spectral bandwidth

used was 1 nm, response time 4 seconds and 2 scans were accumulated per sample.

Data was normalized and molar ellipticity was calculated using the following equation:

[θ] = 100xθ/(Cxl) Concentration was calculated using polymer molecular weights as

determined from NMR spectra.
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2.3 Results and Discussion

2.3.1 Synthesis and characterisation of copolypeptides with systemat-

ically changing composition

To prepare a series of serine and glutamic acid copolymers with a systematic change

in amino acid composition via NCA polymersation (Figure 2.3), polymerisations were

carried out with varying monomer feed ratios (Table 2.1) but constant total monomer

(0.5 M) and initiator concentrations (2 mol-%). NCAs of the benzyl protected amino

acids, glutamic acid and serine, were synthesised according to literature procedures and

characterised by NMR and mass spectrometry [96](Figures 2.4 and 2.5).

Figure 2.3: Scheme of preparation of copolypeptides of Glu(Bn) and Ser(Bn) via NCA poly-

merization.

Figure 2.4: 1H NMR of NCA-Serine(Bn)

The co-polypeptides obtained after polymerisation were characterised to determine
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Figure 2.5: 1H NMR of NCA-Glutamic acid(Bn)

Table 2.1: Characteristics of copolymers prepared from Ser(Bn)-NCA (S) and Glu(Bn)-NCA

(E) at di�erent monomer ratios as determined by NMR. Average over three repeats. Feed Ratio

(S:E)

Feed ratio

(S:E)

initiator:

monomer

ratio

Dp (experi-

mental)

Final conver-

sion (%)

mole fraction

(theoretical)

mole fraction

(experimen-

tal n=3)

0:1 50:1 34 ±1 68 ±2 0 0

1:2 50:1 48 ±1 98 ±2 0.33 0.32 ±0.01
1:1 50:1 47 ±2 94 ±4 0.5 0.47 ±0.02
2:1 50:1 42 ±7 84 ±14 0.67 0.61 ±0.03
1:0 50:1 33 ±4 66 ±8 1 0

polymer composition, molecular weight and dispersity. The NMR spectra showed that

polymerisation was successful as indicated by the loss of the peak corresponding to the

NH adjacent to the anhydride (6.4 ppm) and the appearance of the peaks at 4.75 and 5.1

ppm corresponding to the proton on the α carbon. Integration of the peaks was achieved

using the CH3 on the initiator heptylamine as a reference to obtain experimental chain

lengths and ratios (Table 2.1). The copolymers achieved up to 90 % conversion of

monomers into polymer.

In contrast, homopolymers did not reach full conversion. In the case of the serine

homopolymerisation, this can be rationalised by the poor solubility of the Serine-NCA

in DMF, which could account for the lower chain length, in the homopolymer as well in

the copolymer 2:1, which obtained lower chain length than the other copolymers. The
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Figure 2.6: 1H NMR of NCA-Glutamic acid (Bn): NCA-Serine (Bn) 1:1 copolymer

low degree of polymerisation for the Glu(Bn) NCA obtained here was repeatable and

consistent for three separate reactions but stands in contrast to the literature which

reported between 80% and 100% conversion [165]. Di�erent reaction conditions and

analysis methods (NMR vs GPC) may account for the discrepancy between our results

and the literature. The ratio of the two monomers was determined by integrating the

peaks at 4.75 ppm and 5.1 ppm using MestreNova peak �tting software, this can be seen

in Figure 2.7 for the three copolymers. The copolymer ratios were close to the initial

monomer feed, with slightly lower amounts of serine than predicted for the 1:1 and 2:1

(S:E) copolymers. Further indicating low solubility of serine could be in�uencing the

composition of the resultant copolymer.

To investigate the unprotected polypeptides alongside the protected materials, we

attempted deprotection of the polypeptides in TFA/HBr (3:1) for 16 h and Triisopropyl-

silane (TIS)/H2O/TFA (95:2.5:2.5). Signals of the aromatic compounds of the protection

groups in the NMR spectrum indicated that the deprotection did not proceed to com-

pletion (Figure 2.8). Hydrogenation was also attempted with Pd/C catalyst, however

this was also unsuccessful, likely due to the length of polymer chain preventing complete

access to the catalyst as has been previously reported for other polypeptides [166, 167].

Thus subsequent analysis was carried out on benzyl protected polymers only.

The Dispersity (DI) of the homo- and copolypeptides was determined by GPC (Table

2.2). No data could be obtained for the serine homopolymer due to the low solubility of

the polypeptide. The DI of the polymers increased with increasing Ser(Bn) content, in-

dicating that Ser(Bn)-NCA has a negative e�ect on chain length homogeneity. The GPC

chromatograms show that high relative amounts of Ser(Bn) causes a bimodal distribution

of the polymer (Figure 2.9).

It is possible that the low solubility of poly(Ser(Bn)) and copolymers with high
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Figure 2.7: Fittings to the backbone CH signals in the H NMR spectrum to determine the

experimental ratios of Ser (Bn) to Glutamic (Bn) after copolymerisation (ratios displayed as S

(Bn) to E (Bn)

Ser(Bn) content causes these polymers to precipitate from the reaction mixture. This is

supported by the observation of precipitation early during the polymerisation which

would reduce the likelihood of chain propagation for these materials. More soluble

copolymers with higher Glu(Bn) content subsequently grow faster, giving rise to the uni-

modal distribution observed in the GPC. Consequently, our data suggests that greater

control over polymerization can be achieved with co-polymers where glutamic acid pre-

dominates in the initial monomer feed. As GPC measures the hydrodynamic radius of

the polypeptides, the variations in the chemical composition of the di�erent polypep-

tides can be expected to a�ect the GPC derived molecular weights, preventing any fur-

ther comparison between the polymers. This may also explain the higher than expected

molecular weight for GPC derived measurements. Molecular weights derived from the

NMR spectra were calculated based on the number of amino acid residues present in each

polymer. While reaction mixtures with low S:E feed ratios result in signi�cantly higher

molecular weights, the molecular weights do not consistently increase with increasing

Glu(Bn) content and the trends observed for the GPC and the NMR based data are

consistent. Attempts to further characterize the polymers with MALDI TOF MS were

unsuccessful, due to poor solubility of the polymers.

2.3.2 Copolymerisation kinetics

Polymerisation kinetics can provide insight into the probable distribution of the monomers

in the polymer chain. This is achieved by determining whether the monomers preferen-

tially react with themselves (block copolymer), each other (alternating co polymer) or

no preference (random copolymer). This was achieved by monitoring the initial rate of
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Figure 2.8: 1H NMR of NCA-Glutamic acid(Bn): NCA-Serine(Bn) 1:1 copolymer isolated

after treatment with TFA: HBr.

Table 2.2: Number (Mn) and weight (Mw) average molecular weight and polydispersity index

(PDI) of copolymers prepared from Ser (Bn)-NCA and Glu (Bn)-NCA at di�erent ratios as

determined by NMR and GPC Feed Ratio

S:E Mn/ g mol−1a (n=3) Mw/ g mol−1b Mn/ gmol−1b PDIb

0:1 7554 ± 200 8000 7000 1.1

1:2 9993 ± 180 14 000 10 000 1.36

1:1 10820 ± 1100 17 000 11 000 1.5

2:1 8297 ± 1200 12 000 7000 1.79

1:0 7585 ± 400 - - -

a as determined by NMR
b as determined by GPC

consumption of the amino acid NCAs to determine the copolymerization parameters for

Glu(Bn)-NCA and Ser(Bn)-NCA (rSer and rGlu). Reaction kinetics for the copolymeri-

sation were determined from polymer samples isolated at low conversion (approximately

10 %) to eliminate the e�ects of compositional drift. Six di�erent monomer feed ratios

were used, and the copolymer composition was determined via NMR analysis (Table

2.12).

Through determination of the molar ratio of Ser to Glu in the copolymer chain by

NMR and by knowing the monomer feed ratio the reactivity ratios of each monomer can

be calculated via linear regression. The value of the reactivity parametres of the amino

acids provides insight as to whether the coploymers will preferentially form a random,

alternating or block copolymer Figure 2.10. Two di�erent methods, the Finemann-Ross

(FR) [168] and the Kelen-Tüdös (KT) [169] method (see below), were used to calculate

40



Figure 2.9: Chromatogram of Ser(Bn) and Glu(Bn) polymers at ratios of Ser(Bn):Glu(Bn) =

2:1, 1:1, 1:2, 0:1 (in descending order) as determined from GPC. Data normalized to the peak

with the highest intensity.

the copolymerization parameters rSer and rGlu (Table 2.14) de�ned in Equation 2.1 and

2.2.

rSer =
rSerrSer
rSerrGlu

(2.1)

rGlu =
rGlurGlu
rGlurSer

(2.2)

A one way ANOVA test was used to determine that there is no signi�cant di�er-

ence between rSer and rGlu for the two methods, suggesting that the values are good

approximations of the monomer reactivities. Both rSer and rGlu are closer to 0 than

1, indicating that Ser(Bn) and Glu(Bn) preferentially forms alternating copolymers.

This is visually demonstrated in Figure 2.13, which shows that the feed and monomer

compositions closely match each other. Only a small drift is observed when the feed

concentrations of the two NCAs approach equimolarity. We can therefore conclude that

polymerisations kinetics dictate a mostly uniform polymer composition and prefers alter-

nating copolymers. Hence, only copolymers with signi�cantly di�erent monomer starting

concentrations will be expected to display a compositional drift towards the end of the

polymer chain.
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Figure 2.10: Schematic illustrating the determination of copolymer composition based on

calculated monomer reactivity ratios

Figure 2.11: Linear regression of monomer ratios as determined by Finemann Ross (a) and

Kelen-Tüdös (b) methods
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Figure 2.12: NMR peak �tting data of shift peaks assigned to the α-CH from polymerisations

with di�erent monomer feed compositions (S:E) and parameters calculated from the NMR data

for the determination of the reaction kinetics

2.3.3 Copolymer conformation

The prevalence of secondary structure motifs in the copolypeptides was measured to

study the e�ect of changing polymer composition on polypeptide conformation. The

presence of secondary structures in �ve polymers at ratios (S:E) 0:1, 1:2, 1:1, 2:1 and

1:0 was measured with CD for solutions and FTIR for solid samples. As applications

of the polypeptide materials are likely to be in a solvated environment, we started by

investigating the conformation of the polymers in solution. All samples follow a similar

trace with negative bands at θ(222) and θ(208) characteristic of α-helical secondary

structures (Figure A.3). Due to poor solubility of the polymers, HFIP was the only

suitable solvent; it is, however, known as a strong α-helical inducer, and the presence of

α-helices are therefore not necessarily indicative of the native peptide conformation [170].

We therefore also studied the secondary structure of the copolypeptides in their solid

state using FTIR.

The amide I band (1600 - 1700 cm−1) is indicative of C=O stretching and composed

of overlapping bands corresponding to di�erent secondary structure types (i.e. α-helices,

β-sheets, unordered and random), enabling quanti�cation of the prevalence of speci�c

secondary structure motifs [171]. The deconvoluted spectra of the amide I band can be

found in (Figure 2.16).

It was found that the polymers formed predominantly α-helical and β-sheet struc-

tures. The change of the relative amount of these two secondary structural motifs with

changing Ser(Bn) content in the polypeptides is plotted in Figure 2.15.
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Figure 2.13: Change of the mole fraction in the feed and in the polymer as determined by NMR.

The line represents the theoretical behaviour of an ideal random or alternating copolymerisation.

Figure 2.14: Copolymerisation parameters for serine (rSer) and glutamic acid (rGlu)

Method rSer rGlu rSer*rGlu

Finemann-Ross 0.25 ±0.01 0.13 ±0.09 0.03±0.02
Kelen-Tüdös 0.26 ±0.01 0.01 ± 0.03 0.003 ± 0.02
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Figure 2.15: Percent of secondary structure motifs measured in solid benzyl protected polypep-

tides of di�erent composition determined by FTIR.

2.4 Conclusions

Homopolymers of glutamic acid adopted α-helical conformations and (in contrast to the

CD results) serine homopolymers showed β-sheet structures. Conformations adopted by

both homopolymers are consistent with previous studies in the literature [81, 98]. By

altering the monomer ratio in a systematic manner, we have highlighted that an increase

in the serine content of a Glu(Bn)/Ser(Bn) copolypeptide directly correlates with an

increasing presence of β-sheet motifs and a decrease in the α-helix content in the polymer.

The latter is consistent with previous reports identifying serine as an α-helix breaker [157]

Serine forms hydrogen bonds with the backbone of the α-helix, disrupting the helical

structure. Here we have shown that this e�ect is tuneable by altering the composition of

the copolypeptides which can be readily accomplished through controlling the monomer

feed ratio. The preference for NCA-Ser(Bn) and NCA-Glu(Bn) to react with each other

rather than themselves makes this a viable system for synthesising copolymers with the

sequence S-x-x-E (the required motif for interactions with CKII).
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Figure 2.16: Peak �ts of the amide I region in the IR spectra of the copolypeptides with varying

Ser(Bn) and Glu(Bn) (S:E) content. Fitted components are β-sheets (Blue), α-helices (green)

and unordered structures (orange). Measured data: black; envelope of sum of components: red.
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Chapter 3

N-Carboxy anhydride ring opening

polymerisation from the surface

3.1 Introduction

In the previous chapter it was established that NCA-ROP with glutamic acid and serine

was well controlled by monomer feed. Furthermore, the polymerisation kinetics suggest it

is likely the copolymers will have an alternating sequence, and thus have the recognition

motif for CKII within. In this chapter we will discuss the translation of the solution

polymerisations onto a surface and their subsequent characterisations.

3.1.1 Co-polymerisations from the surface by NCA ROP

As discussed in the opening chapter, surfaces can be modi�ed with polypeptides via

grafting from and grafting to approaches. The grafting from approach has been predom-

inately investigated for the formation of homopolymer brushes on the surface. Examples

of copolymer modi�ed surfaces by this method are less prevalent [172]. The �rst block

copolymer was reported by Wienger et al. from primary amine functionalised sub-

strates in solution. They developed an AB block copolymer consisting of poly(γ-benzyl

L-glutamate) (PBLG) as the A-block and poly(γ-methyl L-glutamate) (PMLG) as the B-

block [173]. The brush thickness increased from 45 to 100 Å(block A) to 140-270 Å(block

AB). Elemental analysis by XPS further con�rmed the presence of both blocks. Patton

et al. functionalised a surface with a Nickel catalyst to be used as the initiator in the

synthesis of poly(N-carbobenzyloxy-L-lysine), poly(g-benzyl-L-glutamate) and poly(S-

tert-butylmercapto-L-cysteine) homo and block copolymer brushes [137]. They mea-

sured low �lm thicknesses (<5 nm) for the homopolymers and on subsequent treatments

with NCA-S-tert-butylmercapto-L-cysteine the thickness increased by 4.4 nm, indicating

further chain growth. This was con�rmed with XPS analysis and the presence of sulphur

on the surface.

To our knowledge there is no polymer brush grown from the surface from NCA-Ser,
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nor in the literature is there a study exploring the surface initiated polymerisation of

NCA amino acids to form a random or alternating copolymer. Furthermore, the surface

initiated copolymerisation of NCA-Glu and NCA-Ser has not been explored. There is a

clear need to explore the area of NCA ROP from the surface to develop copolymers. This

will enhance our current understanding of NCA ROP behaviour of di�erent NCA-amino

acids to form both homo and copolymers. This could have signi�cant implications for

the use of NCA ROP as a technique to modify surfaces and develop polypeptide brushes

for biomedical applications.

3.1.2 Aims

Figure 3.1: Illustration of the work carried out in this chapter; the modi�cation of a glass

surface via grafting from method with NCA-Glu and NCA-Ser and subsequent surface charac-

terisation.

The aims of this chapter are:

• To modify planar surfaces using NCA ROP to make homo and copolymers of

glutamic acid and serine tethered to the surface.

• To characterise the surface modi�cations using WCA (to determine wettability of

the surface), ToF SIMS (to determine surface ion fragments and the homogeneity of

their distribution), XPS (for surface elemental analysis) and AFM (to determine surface

topography) (Figure 3.1).

Three di�erent surface modi�cation routes will be investigated, all using an amine as

the initiator. This information is essential to determine whether the surface modi�cation

steps can e�ectively form copolypeptide brushes from the surface containing serine and

glutamic acid. This data will be important in explaining any enzymatic interactions and

any resultant surface changes in the later chapters in this work.
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3.2 Methods

3.2.1 Surface silanisation

Glass surfaces were modi�ed using aminopropyltrimethoxysilane (APTMS). 13 mm di-

ametre glass coverslips were immersed in acetone, propan-2-ol and DMF and sonicated

for 5 minutes in each solvent. Coverslips were dried with compressed air and immersed

in piranha solution (1:3, hydrogen peroxide: sulphuric acid), for 30 minutes. Coverslips

were washed with MilliQ water, dried and immediately incubated in a 1 % APTMS

solution in toluene at room temperature for 60 minutes. Coverslips were then washed

in acetone and MilliQ water, dried and stored in a vacuum desiccator for analysis and

further modi�cations.

3.2.2 Addition of FMOC-Penta�uoro- L-phenylalanine on the surface

APTMS and PEG diamine modi�ed surfaces were incubated in FMOC-penta�uoro-L-

phenylalanine (20 mM), DIC and EHICA (2 eq.) in DMF on an orbital shaker at 20 rpm

for 2 hours. The samples were washed respectively in DMF, isopropanol, methanol and

DMF for 15 minutes each. This reaction was repeated and left overnight to maximise

surface reactions. Samples were washed in DMF, isopropanol, methanol and DMF for

15 minutes each. A 20 % piperidine solution was prepared in dry DMF on the substrates

and left for 2 hours to cleave the Fmoc group. The samples were washed respectively in

DMF, isopropanol, methanol and DMF for 15 minutes each, then dried with N2.

3.2.3 Addition of PEG-diamine

13 mm glass coverslips were cleaned in piranha solution as before. The dried coverslips

were immersed in 100 % GOPTS solution and incubated for 1 hour at 37 °C. The

coverslips were washed in acetone 3 times followed by the melt of PEG18-diamine onto

the surface at 75 °C for 2 days. The samples were washed in MilliQ water three times

and blow dried under N2.

3.2.4 Coupling of N(ε)-BHQ-1 FMOC Lys OH

The pegylated slides were immersed in a solution of N(ε)-BHQ-1 FMOC Lys OH (20 mM)

with EHICA (40 mM) and DIC (40 mM) (10 mL/ 15 slides) in DMF and incubated

overnight at room temperature on an orbital shaker (20 rpm). The samples were son-

icated in DMF, Methanol, isopropanol and DMF (10 mins each) then dried with com-

pressed air. Samples were FMOC deprotected using 20 % piperidine solution in DMF

for 2 hours.
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3.2.5 NCA ROP from the surface

Modi�ed APTMS, penta�uoro-L-phenylalanine, PEG diamine or N-1-BHQ-Lysine func-

tionalised surfaces were placed in an oven dried glass planar vessel (modi�ed with a gas

inlet and outlet) �ushed with nitrogen, a constant �ow of nitrogen was used throughout

the reaction. Ratios of S:E, 0:1, 1:1 and 1:0 (0.25 mM) were dissolved in dry DMF and

added into the reaction vessel on the orbital shaker (50 rpm). The reaction was moni-

tored by periodically taking samples and monitoring the NCA carbonyl peak by FTIR.

On completion, the samples were washed in DMF, acetone, and then dried, the samples

were then washed overnight in HFIP to ensure complete removal of any monomer or

polymer not reacted from the surface.

3.2.6 Benzyl deprotection

Coverslips with polymer on the surface were immersed in a solution of TFA:HBr (33 %

in acetic acid) in a 1:3 ratio. The reaction was agitated on an orbital shaker for 4 hours

at 20 rpm. Samples were removed, washed and sonicated for 15 minutes in diethyl ether,

acetone and water, dried and stored in a vacuum dessicator.

3.2.7 Coupling of NHS-Fluorescein

Polymerised slides were immersed in a solution of DMF (10 mL), EHICA (20 mM),

DIC (20 mM) NHS-Fluorescein (10 mM) protected from the light and allowed to react

overnight at room temperature on an orbital shaker (20 rpm). Samples were washed

in DMF, methanol, isopropanol and water (15 mins each), then dried and stored in a

vacuum dessicator protected from light.

3.2.8 Characterisation

Attenuated transmission re�ection Fourier transform infra red (ATR) (FTIR)

An IR Agilent technologies Cary 630 FTIR instrument equipped with an (ATR) was

used for FTIR analysis. 32 scans were taken for each sample. Peak areas for signals

at 1787 cm−1 (COO stretching of NCA) were obtained to monitor NCA consumption.

SpectraGryph spectroscopy software was used to analyse the data.

Time of �ight secondary ion spectroscopy (ToF SIMS)

An ION TOF, ToF SIMS IV instrument equipped with a Bi liquid metal ion gun (LMIG)

was used to investigate the modi�ed surfaces. A Bi+3 primary ion source and 25 kV were

used. The beam was directed at a 45 ° angle to the sample with a beam spot of 1-2

µm in the high current bunched mode. 500 µ x 500 µm images were taken with 256 x

256 pixels, 15 scans (1 shot per pixel) as well as larger images 3 mm x 3 mm with 256

x 256 pixels, 1 scan. Positive spectra were calibrated with m/z=1 (H+), 15 (CH3
+) 29
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(C2H5
+) 43 (C3H7

+) 57 (C4H9
+). Negative spectra were calibrated with m/z=1 (H−),

17 (OH− ) 18 (OH2
−) 35 (Cl−) 26 (CN−). Spectra were normalised to total ion count

and analysed using Surface lab6 software.

X-ray Photoelectron spectroscopy (XPS)

An AXIS Nova, Kratos Analytical, was used to investigate the modi�ed surface. A

Monochromatic AlK α with X-ray energy of 1486.6 eV, voltage:15 kV, current: 15 mA

and power 225 W was used. 700 x 300 pm areas were analysed at zero degrees emission

angle, using a pass energy of 160 eV for survey spectra with 3 sweeps and a pass 4 energy

of 20 eV for high resolution regions with 10 sweeps, at 60 seconds/sweep at 3 positions

per sample. XPS casa software was used to analyse the data.

Water contact angle (WCA)

A CAM200 instrument was used to measure the static water contact angle of the surfaces.

Measurements were taken at room temperature, using MilliQ water 18 W, The instrument

was set to begin recording images based on a trigger function (the trigger was a change

in background colour induced by release of the droplet) were taken of the droplet with

20 frames with 1 second intervals, circle �tting was applied to the images to determine

the angle of the left and right side of the droplet in relation to the perpendicular surface.

The �rst three data points were omitted and linear regression was used to determine the

WCA at time = 0. For each condition, four measurements were taken on each sample.

Atomic force microscopy (AFM)

Topography on the surfaces was determined using AFM. The modi�ed cover glass were

imaged using a Bruker Dimension Icon atomic force microscope in tapping mode (75

kHz, spring constant 3 N/m, scan rate: 1 Hz). Images were analysed using NanoScope

Analysis 1.5. Four images of 1 x 1 µm were taken per sample. Data found in Appendix

B (Figure ??).

3.2.9 Analysis software

Spectraglyph

FTIR spectra were imported into Spectraglyph software version 1.0.2. The spectra were

baseline corrected and normalised to the peak at 1730 cm−1.

XPS casa

XPS casa software version 2318PR1-0 was used to analyse all XPS data. CasaXPS.lib

�le was imported for sensitivity factors. Survey scan spectra were normalised to C1s

peak at 284.8 eV. Narrow scan were normalised to the following: N1s - 400 eV , C1s -
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284.8 eV and O1s - 532 eV. Peak �tting was used on narrow scan spectrum and peak

restrictions found in Table 3.1 and Table 3.2.

Table 3.1: Position constraints (binding energy shifts with respect to the C-C / C-H component)

imposed when �tting components to the C1s high resolution spectra for PEG NH2 initiated

polymers.

Sample (C=O)N (C=O)O

PEG-NH2 + 3.5 -

Penta�uoro-L-phenylalanine + 3.5 -

S(Bn):E(Bn) 1:1 + 3.22 + 4

S:E 1:1 + 3.22 + 4

Table 3.2: Position constraints (binding energy shifts with respect to the C-C / C-H component)

imposed when �tting components to the C1s high resolution spectra for BHQ-1-Lysine initiated

polymers.

Sample (C=O)N (C=O)O

PEG-NH2 + 3.5 -

Penta�uoro-L-phenylalanine + 3.5 -

BHQ-Lysine - -

S(Bn):E(Bn) 1:1 + 2.91 + 3.99

S:E 1:1 - + 4.11

S(Bn):E(Bn) 0:1 - + 4.11

S:E 0:1 - + 4.11

S(Bn):E(Bn) 0:1 - -

S:E 0:1 - + 3.99

Nanoscope analysis

Nanoscope analysis version 1.5 software was used to analyse all AFM images. Images

were �attened, and scale bar set to zero. Both Rq and Ra values were calculated by the

software.

ToF SIMS software

Instrument analysis software was used to assign peaks in the mass spectrum to a max-

imum standard deviation of �t 100 ppm. Region of interest images were generated by

the software and the scale was optimised for each ion assignment. All spectra were nor-

malised to total ion count. The 3 x 3 mm areas were split into four and each quadrant
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Table 3.3: Water contact angle values (n=5) of modi�ed substrates. One Way ANOVA between

protected and deprotected surfaces of the same type shown.

WCA/ degree

APTMS 65.3 ±1.5
1:1 S(Bn):E(Bn) 82.4 ±1.5
1:1 S:E 75.4 ±1.3 a

a P<0.005 **

was analysed to obtain an average and standard deviation for the distribution of the

assigned mass fragments.

3.3 Results and Discussion

3.3.1 NCA-ROP from amine functionalised surfaces

The grafting from method was adopted to modify the surfaces with the copolymer of ser-

ine and glutamic acid, therefore it was necessary to introduce an amine onto the surface

to initiate the polymerisation. This can be achieved by silanisation which facilely enables

the introduction of di�erent functionalities onto the surface dependent on the choice of

silane. Amino propyl trimethoxy silane (APTMS) has a terminal amine group and a

short hydrocarbon connecting the amine to the trimethyl silane. Firstly glass coverslips

were treated with piranha solution to remove organic material on the surface, followed

by APTMS. Subsequently the surfaces were incubated with a 1:1 ratio of glutamic acid

to serine to make copolymer modi�ed surfaces.

Water contact angle measured 24 hours after silanisation to ensure surface was com-

pletely dry. WCA's increased signi�cantly and consistently from <15 ° for piranha

cleaned slides to 65.3 ° for silanised slides (Table 3.3). The WCA of the surface had in-

creased signi�cantly (P<0.00005 ****) after incubation with S and E for the copolymer

surfaces indicating a change in the surface chemistry. The hydrophobic benzyl side chain

protecting group is likely a big contributor to this increase. The copolymer modi�ed sur-

faces underwent a signi�cant reduction in WCAs after incubation in TFA: HBr indicating

the benzyl protecting group had been successfully hydrolysed from the substrate.
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Figure 3.2: ToF SIMS spectra of fragment intensities inidicative of APTMS:light blue (CH4N
+), Serine: dark blue (C3H3O3

+, C2H6NO
+), Glutamic acid:

green (C4H6NO
+, C4H8NO2

+) and Benzyl protecting group (C7H6
+, C7H7

+)normalised to total ion count
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Figure 3.3: ToF SIMS Raster images of fragment intensities inidicative of APTMS:light blue (CH4N
+), Serine: dark blue (C3H3O3

+, C2H6NO
+), Glutamic

acid: green (C4H6NO
+, C4H8NO2

+) and Benzyl protecting group (C7H6
+, C7H7

+) normalised to total ion count in a 3x3 mm area.

55



ToF SIMS analysis

Surfaces were analysed by ToF SIMS at each modi�cation step to provide information

on the chemical structures present on the surface. The spectra is found in Figure 3.2.

ToF SIMS spectra for the piranha cleaned slide has strong Si+ and Na+ ion peaks which

are components of the glass coverslips. There is a reduction in intensity of these peaks

after silanisation with APTMS, this is coupled with an increase in the intensity of CH4
+

ion. This indicates the glass is being covered limiting the exposure to the primary ion

beam.

Di�erent amino acids have di�erent chemical structures therefore can be detected

with ToF SIMS by their signature ion fragments that can be detected when present

on a surface. This enables the assignment of signature fragments to certain amino

acids [174]. Incubation with Serine NCA and Glutamic acid-NCA has resulted in samples

with ion fragments indicative of the amino acids on the surface that weren't present on

the silanised sample. Firstly, fragments attributed to serine are present on the surface;

m/z 55 and 60. Indicative fragments for glutamic acid are present on the samples at m/z

84 and 102. The Copolymer presents strong peaks at m/z 90 and 91, highly indicative

of a benzyl group, which further proves the presence of the protected amino acids on the

surface.

After treatment with TFA:HBr there is an almost complete loss of the ions assigned

to the benzyl protecting groups m/z 90 and 91 (ion counts insigni�cantly di�erent to

the piranha cleaned sample) indicating that full deprotection has occured on top of the

copolymer sample surface. The ions for the amino acids are still present after depro-

tection, indicating the harsh conditions have not cleaved the peptide from the surface.

There is however an observable reduction in the ion intensity of Glutamic acid in the

case of the copolymer. This reduction could be explained by sample to sample variation,

however it is important to be cautious with such conclusions with a non quantitative

technique.

The Raster images (Figure 3.3) provide information on the homogeneity of the ion

distribution across the surface. Distribution of the fragments corresponding to serine and

glutamic acid are predominantly homogenous indicating an even polymerisation across

the sample area of 3 × 3 mm. Therefore we can conclude that grafting from is an e�ective

method to modify the surface using NCA ROP with NCA glutamic acid and NCA serine

to make chemically homogenous surfaces.

Polymerising from APTMS functionalised slides was e�ective method to prepare

slides that contain both serine and glutamic acid by NCA-ROP from the surface.

3.3.2 NCA ROP initiated from PEG-amine functionalised surface

The overall aim of this work is to have interactions between enzymes and the polymers

modi�ed on the substrates. It is necessary for the polypeptide motif to be available
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for the enzyme to have access to modify the polypeptide. Steric hindrance e�ects from

the polymer being tethered close in proximity to the surface could hinder the enzymes

ability to reach the polymer. It is also possible the density of amines was too high on

the surface for either successful polymerisation or this high density of initiator resulted

in high density of polypeptides restricting enzyme access to the polypeptide [175]. En-

zymatic phosphorylation and dephosphorylation was attempted and was unsuccessful on

the APTMS initiated samples this will be discussed in detail in the next chapter. There-

fore an alternate grafting from sequence was adopted whereby a chain linker was built

into the surface which ensures the polymer is positioned further away from the surface

thus reducing steric hindrance e�ects to the enzyme. Samples were prepared with the

insertion of an 18 chain PEG molecule before the polymerisation.

The original surface modi�cation scheme was adapted to enable the introduction of

the PEG linker molecule (Figure 3.5). After piranha cleaning the samples were silanised

in GOPTS to introduce an epoxy group to react with an amine at the terminus of the

PEG chain at 75 °C. The second amine will be available to initiate the polymerisation.

Polymerisation was followed by FTIR and the polymerisation was completed by 16 hours

corresponding to the consumption of NCA's by the reduction of C=O at 1750 cm−1 (Fig-

ure 3.4). Not all NCA-monomer is consumed in the reaction, comparable to the APTMS

initiated polymerisations, indicating there is a limitation to the polypeptide chain length

that can be achieved. This could be attributed to the formation of chemically or 'phys-

ically' dead chain ends or due to steric hindrance preventing the subsequent addition of

NCA monomers. When both AMM and NAM are contributing to the reaction progress,

it has been reported that any unbound polymer prevents further growth as observed

in the study of poly-L-glutamate synthesised from the respective NCA. After no more

NCA consumption was observed the substrates were thoroughly washed and submerged

in a fresh monomer solution, a further increase was observed in polymer �lm thickness,

indicating the end groups were still active [176].

Figure 3.4: Monitoring of NCA consumption with FTIR looking at the reduction in the car-

bonyl peak 1750 cm−1 over time (0 to 16 hours) of the NCA-ROP of S(Bn):E(Bn) 1:1 from a

PEG-amine functionalised surface
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Figure 3.5: Scheme of surface modi�cation to include PEG18 linker chain between the surface and the polypeptide chain
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The reaction steps were followed with Water contact angle analysis (Table 3.4).

Table 3.4: Water contact angle values (n=5) of modi�ed substrates initiated from PEG di-

amine. One way ANOVA multiple comparison. Signi�cant values reported for benzyl protected

S(Bn):E(Bn) vs. deprotected S:E of the same surface type

WCA/ degree

Piranha <15

GOPTS 43.1 ±1.2
PEG-NH2 28.3 ±2.2
1:1 S(Bn):E(Bn) 82.4 ±1.3
1:1 S:E 65.0 ±3.8 a

a P<0.0005 ***

There was an increase in hydrophobicity on the surface after silanisation followed by

a signi�cant drop on the introduction of the highly hydrophillic PEG linker chain. A

signi�cant WCA increase was observed as a result of the polymerisation indicating the

presence of the polymer chain on the surface with hydrophobic benzyl protecting groups

comparable to APTMS polymerised samples. As the TFA:HBr deprotection step was

successful previously on the surface it was adopted for these substrates. A signi�cant

reduction in the WCA was observed after acid hydrolysis.

ToF SIMS was used to analyse the substrates to obtain further information of the

chemistry on the surface. No ions speci�c for GOPTS were detected and therefore it has

not been included in this characterisation. The success of PEG diamine melt is clear

from the presence of the fragments C2H5O+ and CH3O+. There is a reduction in the

intensity of these ions after NCA ROP with S(Bn) and E(Bn) indicating the PEG has

been coated with polymer.

Ion intensities allocated to fragments C2H6NO+ and C3H3O+
2 indicative of serine

and ion fragments C4H2NO+
2 and C4H8NO2

+ indicative of Glutamic acid are present on

the surface. The ion fragment at m/z 91 has high intensity for the protected samples, as

observed for the APTMS polymerised samples this peak is absent after treatment with

TFA: HBr con�rming full benzyl deprotection of the polymers. Contrary to APTMS

polymerised substrates the intensity of the fragments for S and E after deprotection are

similar or increase compared to before acid hydrolysis.
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Figure 3.6: ToF SIMS spectra of fragment intensities inidicative of PEG: purple (CH3O
+, C2H5O

+), Serine: dark blue (C3H3O3
+, C2H6NO

+), Glutamic acid:

green (C4H6NO
+, C4H8NO2

+) and Benzyl protecting group ( C7H7
+)normalised to total ion count.
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Figure 3.7: ToF SIMS Raster images of assigned fragments indicative of PEG: (CH3O
+, C2H5O

+), Serine:(C3H3O3
+, C2H6NO

+), Glutamic acid:(C4H6NO
+,

C4H8NO2
+) and Benzyl protecting group (C7H7

+) normalised to total ion count.
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Table 3.5 contains the ion intensities normalised to total ion count attributed to

spectra in Figure 3.6. Each 3 × 3 mm image has been split in four and the average

ion count in each quadrant calculated. It is also worth noting that the ion count of ion

fragments assigned to PEG reduce greatly after polymerisation then increase to values

close to those of the Pegylated samples after deprotection. The increase in PEG ions

is not coupled with a decrease in the ion count of fragments associated with serine and

glutamic acid, so cannot be explained by loss of polymer on the surface. ToF SIMS data

does not provide information on the orientation or conformation of the polymers it is

likely that loss of the deprotecting group infers a conformational change which in turn

may e�ect the orientation of the polymer chains on the surface exposing the underlying

PEG.

Table 3.5: Average ion count for the assigned ion fragments as determined by ToF SIMS (n=4)

1.5 x 1.5 mm areas, normalised to total ion count for PEG diamine initiated surfaces with NCA

ROP of 1:1 S:E monomer feed ratio.

Ion fragment PEG-NH2 S(Bn):E(Bn) S:E

CH3O
+ 4.63*10−2 ±1.00*10−3 1.94*10−2 ±7.00*10−3 4.33*10−2 ±8.00*10−4

C2H5O
+ 2.65*10−1 ±1.00*10−2 8.89*10−2 ±18.00*10−4 2.13*10−1 ±3.00*10−3

C3H3O
+ 0 1.45*10−2 ±6.00*10−3 1.03*10−2 ±5.00*10−3

C2H6NO
+ 0 1.14*10−2 ±6.00*10−3 1.83*10−2 ±4.00*10−3

C4H6NO
+ 1.15*10−3 ±4.00*10−3 4.49*10−2 ±6.00*10−4 4.18*10−3 ±8.00*10−4

C4H8NO2
+ 0 2.43*10−3 ±8.00*10−4 4.29*10−3 ±8.00*10−4

C7H7
+ 2.83*10−4 ±3.40*10−5 1.64*10−2 ±8.00*10−4 6.83*10−4 ±8.42*10−5

The Raster images of ion distribution on the surface of the PEG coated and copoly-

mer coated surfaces indicate they are inhomogeneous. In this case inhomogeneities are

introduced by the PEG linker chain this in turn introduces inhomogeneities on sub-

sequent samples, leading to non-homogenous polymer distribution. This can introduce

topographical features as well as areas of high and low polypeptide density both of which

have been shown in other systems to a�ect cell behaviour. This is less apparent on the

deprotected samples (Figure 3.7).

3.3.3 Comparison of surfaces within and between batches of samples

To determine the reproducibility of NCA ROP from the pegylated surface samples within

the same batch are compared with each other aswell as between batches. Firstly the

samples within the same batch are compared using ToF SIMS. The spectra in Figure

3.8 show the ion intensities of the ion fragments on the surface, the ions attributed to

PEG, serine and glutamic acid are present on all samples. The distribution of those ions

is even across the surface as seen in Figure 3.9.
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Figure 3.8: ToF SIMS spectra of fragment intensities inidicative of Sodium: dark purple (Na+), Silicon: pink (Si+), PEG: purple (CH3O
+, C2H5O

+), Serine:

dark blue (C3H3O3
+, C2H6NO

+), Glutamic acid: green (C4H6NO
+, C4H8NO2

+) and Benzyl protecting group ( C7H7
+)normalised to total ion count of four

samples made in the same batch.
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Figure 3.9: ToF SIMS Raster images of assigned fragments inidicative of sodium (Na+), silicon (Si+), PEG: (CH3O
+, C2H5O

+), Serine:(C3H3O3
+, C2H6NO

+),

Glutamic acid:(C4H6NO
+, C4H8NO2

+) and Benzyl protecting group (C7H7
+) normalised to total ion count of four samples made in the same batch.
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Samples were prepared and analysed from 4 di�erent batches. The relative ion dis-

tributions can be found in �gure 3.10. Ions attributed to PEG, glutamic acid and serine

are present on all four surfaces. The intensity of the ions does vary between samples,

notably the amount of C2H6NO+ ion is di�erent between the samples, this is also appar-

ent for the two ions attributed to glutamic acid. The distribution of the ions attributed

to serine and glutamic acid is predominantly homogeneous in three of the four samples

with the fourth sample displaying some inhomogeneities and hot spots. Furthermore the

silicon and PEG distribution is not homogenous across all samples as shown in �gure

3.11. The ion intensity values can be found in Table 3.6, the di�erences in the average

ion counts between samples in the same batch vs di�erent batches is not signi�cant,

however the samples prepared in di�erent batches do have larger errors associated with

them indicating greater variance between these samples.

Therefore the samples prepared within the same batch can be expected to be homoge-

nous with respect to intensity and ion distribution across the surface. It can be deemed

based on the variations seen between the samples prepared in di�erent batches with re-

spect to ion intensity and surface distribution that the surface modi�cation process does

not produce fully reproducible samples. However, it does enable the modi�cation of all

samples with the two amino acids of interest, serine and glutamic acid. These results

are an important consideration in future work when looking at enzyme interactions with

the surfaces.
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Figure 3.10: ToF SIMS spectra of fragment intensities inidicative of Sodium: dark purple (Na+), Silicon: pink (Si+), PEG: purple (CH3O
+, C2H5O

+), Serine:

dark blue (C3H3O3
+, C2H6NO

+), Glutamic acid: green (C4H6NO
+, C4H8NO2

+) and Benzyl protecting group ( C7H7
+)normalised to total ion count of four

samples made in four di�erent batches.
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Figure 3.11: ToF SIMS Raster images of assigned fragments inidicative of sodium (Na+), silicon (Si+), PEG: (CH3O
+, C2H5O

+), Serine:(C3H3O3
+, C2H6NO

+),

Glutamic acid:(C4H6NO
+, C4H8NO2

+) and Benzyl protecting group (C7H7
+) normalised to total ion count of four samples made in four di�erent batches.
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Table 3.6: Average ion count for the assigned ion fragments, 1.5 x 1.5 mm areas, normalised

to total ion count for PEG diamine initiated surfaces with NCA ROP with serine and glutamic

acid in a 1 to 1 ratio. Samples within and between batches were analysed. (n=4)

Ion fragment Same batch Between batches

Na+ 4.13*10−2 ±9.62*10−3 6.29*10−3 ±2.28*10−3

Si+ 7.63*10−4 ±3.06*10−4 1.23*10−3 ±7.46*10−4

CH3O
+ 2.40*10−2 ±2.18*10−3 4.08*10−2 ±7.97*10−4

C2H5O
+ 1.13*10−1 ±1.06*10−2 1.93*10−1 ±1.92*10−2

C3H3O
+ 7.52*10−3 ±2.61*10−4 6.12*10−3 ±1.68*10−3

C2H6NO
+ 4.40*10−3 ±2.06*10−4 2.86*10−3 ±1.13*10−3

C4H6NO
+ 2.39*10−3 ±1.14*10−4 1.90*10−3 ±8.55*10−4

C4H8NO2
+ 8.56*10−4 ±1.84*10−4 1.06*10−3 ±3.84*10−4

C7H7
+ 2.48*10−3 ±3.02*10−4 4.76*10−3 ±3.84*10−4

The information obtained from ToF SIMS analysis informs us of the presence and

distribution of the ions on the surface however it does not give an indication of any quan-

titative data, including chain length and ration of amino acids on the surface, therefore

a more quantitative method is required to compliment ToF SIMS information. For this

the samples have been analysed by XPS.

In solution polymer chain length can be determined using GPC and NMR, however

those methods are not possible whilst the polymers are tethered to the surface. Therefore

we developed a method to determine our polymer chain length using XPS. XPS provides

individual elemental information relative to the other elements present. The introduction

of an element not present in the polymer chain, in a known quantity (relative to the

number of polymerisation initiating amine groups on the surface) enables the amount of

the elements in the polymer chain to be determined in reference to the known element.

In this case the unique marker element will be Fluorine and it will be introduced by the

inclusion of a Fmoc-Penta�uoro-L-phenylalanine onto the surface (Figure 3.13).

Wide and narrow scan spectra were obtained for the modi�ed substrates at each

modi�cation step.

XPS characterisation of the modi�ed substrates shown in Figure 3.12, wide scan

spectra show contributions from C1s, N1s and O1s in all samples. The relative intensities

of the elements varies between samples. Notably, there is an increase in contribution from

C1s observed from GOPTS to PEGmodi�cation attributed to the repeat unit (C2H4O) in

the 18 chain PEG. The N1s contribution increases for the polymerised samples attributed

to the presence of amides in the polypeptide backbone. A more detailed breakdown of

the ratios of contributions of the elements can be found in table 3.7

F1s is present on the surface after the DIC coupling modi�cation step indicating it is

present because of this modi�cation step and it is not inherently present on the substrates

so can be used for subsequent determination of polymer chain length. It is possible the
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Figure 3.12: XPS spectra of surfaces modi�ed with GOPTS, PEG diamine, Penta�uoro-L-

phenylalanine to which NCA ROP was initiated with a theoretical feed ration of S:E 1:1 Left:

Wide scan with �tted peaks and envelope (grey), �t (black dash) and Right: narrow scan of C1s

of samples at each modi�cation step
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Table 3.7: Elemental composition of modi�ed surfaces as determined by XPS.

% Sum of

C N O Si F rest*

GOPTS 16.5 ±3.6 0.3 ±0.0 52.0 ±3.5 25.7 ±2.1 0.0 ±0.0 5.5 ±2.0
PEG-NH2 40.0 ±8.2 1.2 ±0.2 41.8 ±3.7 15.0 ±3.5 0.0 ±0.0 2.0 ±0.9
Penta�uoro-

L-

phenylalanine

23.9 ±6.2 0.8 ±0.1 47.4 ±3.6 24.0 ±2.6 0.4 ±0.2 3.4 ±0.7

1:1

S(Bn):E(Bn)

43.8 ±3.7 4.1 ±0.2 27.0 ±2.0 10.3 ±1.5 0.2 ±0.1 14.6 ±1.8

1:1 S:E 52.8 ±9.4 4.5 ±1.7 34.3 ±5.7 7.5 ±5.2 0.5 ±0.2 0.3 ±0.3
* Mg, Zn, Ti, K, Na

TFA:HBr deprotection step can introduce �uorine on the surface if the samples were not

e�ectively washed. A CF3 signal is very distinguishable at 291 eV in a high resolution

C1s spectra. This signal is not observed in these samples therefore the F signal can be

attributed to the penta�uoro-L-phenylalanine coupled to the surface.
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Figure 3.13: Scheme of surface modi�cation with Fmoc-penta�uoro-L-phenylalanine coupled to the PEG18 linker chain.
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Table 3.8: Chain length of polymer on the surface as calculated using the ratio of elemental

count of N1s to F1s for the protected and deprotected polymers as determined by XPS (n=3).

The ion count is data under the curve and they have been normalised to sensitivity factors

S(Bn):E(Bn) 1:1 S:E 1:1

(N/(F/5))-3 (N/(F/5))-3

81.0 ±14.0 43.7 ± 13.6

The ion intensities for F1s was divided by the number of �uorines present per polymer

chain, in this case �ve contributed from the penta�uoro-L-phenylalanine. The contribu-

tion of N1s per amino acid is one (from the amide). The ratio of the intensity of F1s/5

to N1s, with the subtraction of the three nitrogen's present externally of the polymer

chain, enables the average polymer chain length on the surface to be determined Table

3.8. The chain length for the protected polymers is 81.0 ± 14.0 this is reduced by almost

half for the deprotected samples to 43.7 ± 13.6. This could indicate a loss in chain

length as a result of the TFA:HBr treatment. However the contribution of carbon and

nitrogen does not decrease therefore this can't be the case. Sampling depth is limited by

the attenuation of the emerging photoelectrons from the surface, meaning the intensity

of the photoelectrons is dampened as a function of the depth into the solid. The orien-

tation or conformation of the polymer chain on the surface therefore can alter the depth

of penetration to the surface. The loss of the benzyl protecting group in other systems

has been shown to alter polypetide conformation, due to the change in hydrophobicity

thus may e�ect the depth. This is consistent with the ToF SIMS data whereby the PEG

signal increases after benzyl deprotection. To investigate the change in conformation

the modi�cations were carried out of silicon wafers and ATR-FTIR was ran however the

signal was not su�cient of the amide peak to obtain any reliable data and to make any

reasonable conclusions.

The narrow scan spectra for the C1s peak can be deconvoluted using XPS casa

software to determine the environment of the C1s electrons, which provides informa-

tion on their neighbouring atoms. The assignments are in Figure 3.12. The GOPTS

substrate has an increase in the bond contribution of C-O-C/C-N, attributed to the

epoxy functionality. The PEG linker substrate has a decrease in C=C/C-C and an in-

crease in C-N/C-O-C bond contribution, attributed to the amine and the PEG repeating

unit. The addition of Penta�uoro-L-phenylalanine molecule increases the contribution

of C(=O)N/C(=O)O/C-F as well as C=C/C-C. The increase in the carbonyl groups

indicates there is remaining Fmoc on the surface after deprotection. S(Bn):E(Bn) 1:1

substrate has an increase in the contribution of C=C/C-C bond attributed to the intro-

duction of the benzyl protecting group. There is also a distinguishable peak at 288 eV

attributed to the amide bonds on the polymer backbone. After treatment with TFA:HBr

there is a reduction in the contribution of C=C/C-C bond attributed to the loss in the
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Table 3.9: Experimental percentage contributions of the di�erent C environments at each

modi�cation step as determined by XPS (n=3)

% C-C/C=C C-N/C-O-C C(=O)N / C-F C(=O)O

GOPTS 55.6 ± 5.8 36.6 ± 6.6 0.0 7.6 ± 1.1

PEG NH2 29.2 ± 6.7 64.8 ± 5.9 0.0 2.9 ± 2.5

Penta�uoro-L-phenylalanine 47.7 ± 8.0 47.0 ± 9.8 0.0 4.1 ± 1.9

1:1 S(Bn):E(Bn) 53.5 ±1.9 34.4 ± 1.5 7.5 ± 2.4 4.6 ± 2.5

1:1 S:E 29.7 ± 3.9 53.9 ± 4.8 10.9 ± 0.7 5.4 ± 5.4

benzyl protecting group indicating successful deprotection. Detailed contributions can

be seen in Table 3.9.

3.3.4 Incorporation of FRET pair (�uorophore and quencher) on the

surface

Figure 3.14: Chemical structure of a) Black hole quencher-1-Lysine and b) Fluorescein cova-

lently bound to the base and end of the polypeptide chain

The aim of this work was to be able to monitor conformational changes on the

polypeptide indirectly but in situ with a non destructive optical approach. To achieve

this a FRET system was adopted whereby a Fluorophor quencher pair is used within

the system 3.14. The FRET system will be further discussed in chapter 3, herein the

modi�cation and characterisation of the surface will be discussed. The quencher will be

covalently attached to the free amine on the terminus of the PEG and the Fluorophor

coupled to the free amine at the terminus of the polypeptide chain (Figure 3.15). Ho-

mopolymers of glutamic acid and serine have also been prepared as they will be used as

controls in future experiments with cells and enzymes. Consumption of NCA monomers

followed a similar pro�le to the PEG NH2 initiated polymerisation (Figure 3.16).
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Figure 3.15: Scheme of surface modi�cation with Black hole quencher-1-lysine coupled to the PEG18 linker chain and a �uorophore coupled to the terminal

amine
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Figure 3.16: Monitoring NCA consumption in a 1:1 S:E feed ratio polymerised by NCA ROP

from the surface by FTIR over time by the carbonyl peak 1790cm(1)

Table 3.10: Water contact angle values (n=5) of modi�ed substrates with BHQ and �uorophor.

One way ANOVA multiple comparison.

WCA/ degree

Pianha < 15

GOPTS 43.4 ± 1.8

PEG-NH2 29.6 ± 2.8

BHQ-1-Lysine-Fmoc 45.0 ± 2.2

BHQ-1-Lysine 47.4 ± 2.5

1:1 S(Bn):E(Bn) 72.4 ± 1.6

1:1 S:E 53.6 ± 1.7

1:1 S:E-F 58.3 ± 2.5

E(Bn) 68.6 ± 4.6

E 55.6 ± 1.5

E-F 57.8 ± 3.8

S(Bn) 72.4 ± 1.1

S 50.1 ± 1.8

S-F 49.8 ± 2.1

As previously water contact angle was used to measure the surface changes at each

modi�cation step as shown in Table 3.10.

The GOPTS and PEG terminated substrates are in agreement with the previous

measurements. On addition of the BHQ, there is a signi�cant increase in the WCA

with the introduction of hydrophobic residue of the Fmoc protecting group. However

there is no decrease in the WCA on deprotection. The WCA for the substrates after

polymerisation increase as anticipated, however to a lower value measured for the PEG

NH2 samples, the reduction after deprotection is of a similar magnitude as the previous

samples. The addition of the �uorphore on the surface does not signi�cantly change the
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WCA.

Subsequently ToF SIMS was used to analyse the surface chemistry of the modi�ed

substrates (Figure 3.17). PEG diamine melt was successful as shown by the presence of

the fragments CH3
+ and C2H5O+. After DIC coupling with the BHQ-1-FMOC Lysine

a typical peak for the Fmoc protecting group is present, indicating successful coupling

onto the surface. After deprotection with piperidine, the signal is completely lost, in-

dicating the Fmoc has been fully cleaved from the surface. The polymerisation was

successful with the presence of serine and glutamic acid typical ion fragments on the

surface. However it is possible that polymers grew from the free amine on the PEG as

well as from the deprotected Lysine. Ion intensity values can be found in the appendix

(Table A.1). There is loss of the benzyl protecting group after deprotection, there are

still ion fragments present on the surface of C7H7
+ however these can be attributed to

the aromatic functionalities in the BHQ structure. There is an increase in the presence

of the fragment C10H14
+ for the �uorophore terminated sample. The �uorophor contains

similar structure to Fmoc therefore it is likely this is an indicator of successful coupling

to the surface of the �uorescein. The raster images show predominantly a homogenous

distribution of the ions presented with the exception of the BHQ-1-FMOC Lysine where

there is a ion black spot where there is a high amount of Na+ present, indicating in

this area the underlying glass is exposed, the sample may have been contaminated in

this area eg. a small droplet of water that dried in this area (Figure 3.18). The �uo-

rophore terminated samples indicate inhomogeneities in the distribution of the Serine

and Glutamic acid with visible hotspots of corresponding fragments, which correspond

to dark spots in the PEG and Fmoc terminated samples. This could indicate there was

no �uorophore bound in these areas, so the serine and glutamic acid fragments present

more strongly.
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Figure 3.17: ToF SIMS spectra of fragment intensities indicative of PEG: purple (CH3O
+), (C2H5O

+) Serine: dark blue (C3H3O3
+, C2H6NO

+), Glutamic

acid: green (C4H6NO
+, C4H8NO2

+), Benzyl protecting group: orange (C7H6
+, C7H7

+) and Fmoc: dark purple C14H10+normalised to total ion count

77



Figure 3.18: ToF SIMS ROI images of fragment intensities indicative of PEG: (CH3O
+), (C2H5O

+) Serine: (C3H3O3
+, C2H6NO

+), Glutamic acid: (C4H6NO
+,

C4H8NO2
+), Benzyl protecting group (C7H6

+, C7H7
+) and Fmoc C14H10+ normalised to total ion count
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3.3.5 XPS analysis

The surfaces were modi�ed with a penta�uoro-L-phenylalanine coupled to the PEG

diamine, to which the BHQ-1-FMOC Lysine was coupled to initiate the polymerisation.

This sequence enabled the introduction of a marker element, the �uorine as explained in

the previous section (NCA ROP from PEG amine functionalised surface). As before the

samples were analysed at each modi�cation step and the spectra can be seen in Figure

3.19 and Figure 3.20. Wide scan spectra show contributions from O1s, N1s and C1s in

all samples. Oxygen is one of the main constituents of the glass coverslip and is present

in high amounts in all samples. As previously observed in the samples without the

BHQ-1-FMOC Lysine an increase in contribution of carbon is observed after silanisation

and pegylation. A further increase in carbon occurs after the coupling of BHQ-1-FMOC

Lysine coupled with an increase in the nitrogen contribution from the azides in the

structure. The % of Nitrogen contribution decreases after polymerisation for the co and

homopolymers, this can be attributed to large increase in carbon contribution. The % of

contribution of nitrogen and oxygen are similar to the samples described earlier (without

the BHQ present). Silica contribution decreases after BHQ-1-FMOC Lysine coupling

step and stays relatively low after co and homoserine polymerisation. The contribution

increases with the homoglutamic acid coupling step, indicating the underlying glass

coverslip is more accessible in these samples. Table 3.13 gives a detailed breakdown of

the contributions of each element.

The narrow scan spectra for C1s are shown in Figure 3.19 and Figure 3.20 which

shows the di�erent chemical environments of the carbon electrons on the surface. The

GOPTS, PEG NH2 and Penta�uoro-L-phenylalanine coated surfaces show similar con-

tributions of C-O-C/C-N as the previous set of samples analysed as discussed in the

previous section. The main di�erence is the C-O-C/C-N contribution from GOPTS

is 11% lower in these samples, with a higher contribution of C-C/C=C, this could be

attributed to hydrocarbon contaminants on the surface. The introduction of the BHQ-1-

FMOC Lysine increases the C-N/C-O-C contribution which can be attributed to the the

azides in the structure and the amide bond formed. The polymer surfaces (co and ho-

mopolymers) have contributions from C(=O)N attributed to the amide on the backbone

of the polypeptide. The C-F contribution was indistinguishable from the amide, there-

fore have been grouped together. There is a decrease in the contribution of C-C/C=C for

the copolymer after HBr/TFA treatment attributed to deprotection of the benzyl group

similar to the previous samples. This is not however observed for the homopolymers nor

is there a reduction in the total carbon contribution (wide scan) indicating the depro-

tection was not completed for these samples. The serine homopolymer does not have a

contribution from C(=O)O which would be expected as the serine side chain does not

contribute any carboxylic acids. After treatment with TFA/HBr there is a carboxylic

acid contribution, this could arise from the underlying BHQ which does contain a car-
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boxylic acid. It is also possible the TFA/HBr treatment is su�cient to cause cleavage

of amide bonds, or of the carbonate linker in the BHQ structure, thus creating C(=O)O

environments. However this is not coupled with a change in the contribution of the other

electron environments, nor with the elemental contribution so this is unlikely.

As with the previous set of samples, the chain length was calculated from the ratio of

the N1s to F1s elemental counts (Table 3.11). Firstly looking at the copolymer, the AD

is high indicating inhomogeneities across the sample. The chain length almost halves

after treatment with TFA/HBr, this observation was also apparent in the samples not

containing the BHQ-1-Lysine, however the polymer chain lengths for both protected

and deprotected are around half what was calculated for the previous samples. On the

contrary the homopolymers serine and glutamic acid show an increase in chain length

after TFA/HBr treatment. This data was derived from one repeat sample, therefore only

conclusions on homogeneity across the sample can be con�dently drawn any di�erences

may be accounted for by sample to sample variability.

Table 3.11: Chain length of co and homopolymers as calculated using the ration of elemental

counts of N1s to F1s for the protected and deprotected polymers. three measurement positions

on one sample of each type

Surface Bn protected Bn deprotected

S:E 1:1 43 ± 20 23 ± 5

S:E 0:1 13 ± 7 35 ± 10

S:E 1:0 5 ± 1 11 ± 3

To ascertain information on the conformation and orientation FTIR has been used as

an e�ective technique. the glass substrates had too strong a re�ection masking any signal,

therefore the modi�cation procedures were performed on silicon wafers. Unfortunately

there was also not a strong enough signal from the modi�ed silicon wafers to obtain any

conclusive information on conformation and orientation.
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Table 3.12: Experimental percentage contributions of the di�erent C environments at each

modi�cation step for samples initiated from BHQ-1-Lysine as determined by deconvolution of

C1s peaks on XPS spectra.

% C-C/C=C C-N/C-O-C C(=O)N / C-F C(=O)O

GOPTS 70.0 ± 0.7 25.6 ± 0.7 0.0 4.1 ± 1.3

PEG NH2 28.2 ± 0.3 61.6 ± 2.8 12.4 ± 6.1 0.0

Penta�uoro-L-

phenylalanine

47.7 ± 8.0 47.0 ± 9.8 0.0 4.1 ± 1.9

BHQ-1-Lysine 31.5 ± 1.6 60.0 ± 1.8 8.1 ± 0.1 0.0

1:1 S(Bn):E(Bn) 48.9 ± 0.8 42.1 ± 0.4 6.8 ± 0.2 2.1 ± 0.7

1:1 S:E 25.4 ± 2.1 63.3 ± 3.1 9.0 ± 0.3 2.2 ± 0.9

0:1 S(Bn):E(Bn) 25.3 ± 1.5 62.6 ± 1.8 9.7 ± 1.4 2.3 ± 0.8

0:1 S:E 26.3 ± 3.5 61.6 ± 4.9 9.9 ± 1.3 2.1 ± 1.6

1:0 S(Bn):E(Bn) 28.0 ± 1.2 61.8 ± 1.3 10.7 ± 0.1 0.0

1:0 S:E 25.6 ± 2.3 58.9 ± 1.2 12.5 ± 1.5 2.8 ± 0.4
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Figure 3.19: XPS spectra of surfaces modi�ed with GOPTS, PEG diamine, BHQ-1-Lysine and

Penta�uoro-L-phenylalanine Left: Wide scan with �tted peaks and envelope (grey), �t (black

dash) and Right: narrow scan of C1s of samples at each modi�cation step
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Figure 3.20: XPS spectra of surfaces coated in polymer initiated from BHQ-1-Lysine for homo

and copolymers. Left: Wide scan with �tted peaks and envelope (grey), �t (black dash) and

Right: narrow scan of C1s of samples at each modi�cation step
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Table 3.13: Elemental composition of modi�ed surfaces functionalised with BHQ-1-Lysine as determined by XPS.

% C N O Si F Sum of rest*

GOPTS 16 ± 1.2 0.6 ± 0.2 36.7 ± 25.0 19.2 ± 11.2 0.0 28.0 ± 3.7

PEG NH2 32.1 ± 0.8 0.7 ± 0.1 46.0 ± 0.28 17.96 ± 0.46 0.0 3.35 ± 0.63

Penta�uoro-L-

phenylalanine

23.9 ± 6.2 0.8 ± 0.1 47.4 ±3.6 24.0 ±2.6 0.4 ± 0.2 3.4 ± 0.7

BHQ-1-Lysine 46.6 ± 12.25 13.8 ±8.3 22.7 ± 16.0 0.9 ± 0.4 5.7 ± 6.5 10.1 ± 0.8

1:1 S(Bn):E(Bn) 59.22 ± 7.8 4.4 ± 0.9 27.9 ± 4.6 7.6 ± 3.6 0.4 ± 0.1 0.9 ± 0.4

1:1 S:E 62.2 ± 0.3 3.0 ± 0.3 30.4 ± 0.2 3.4 ± 0.2 0.9 ± 0.6 0.1 ± 0.2

0:1 S(Bn):E(Bn) 36.4 ±2.22 5.8 ± 8.5 38.3 ± 11.3 12.0 ± 1.3 0.7 ± 0.5 7.6 ± 6.2

0:1 S:E 36.7 ± 9.0 4.3 ± 0.8 42.0 ± 4.6 14.5 ± 4.3 0.5 ±0.2 2.0 ± 1.1

1:0 S(Bn):E(Bn) 66.4 ± 2.1 3.5 ± 0.3 26.3 ± 1.1 2.5 ± 1.5 1.1 ± 0.2 0.2 ± 0.2

1:0 S:E 54.1 ± 8.0 2.8 ± 0.6 33.9 ± 4.0 7.5 ± 4.1 0.7 ± 0.2 1.07 ± 0.7

* Mg, Zn, Ti, K, Na
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3.4 Conclusions

Surface initiated NCA-ROP is an e�ective method to modify glass surfaces from free

amino groups available at the terminus of three di�erent surface tethered molecules.

Water contact angle was used to measure changes in surface wettability; treatment with

NCA-Glu and NCA-Ser increased the hydrophobicity of the co and homopolymer surfaces

and a signi�cant drop was observed after benzyl deprotection. Glutamic acid and serine

were both present on the surface as indicated by ToF SIMS analysis. Distribution of

amino acids on the surface were predominantly homogenous, with some inhomogeneities

introduced with PEG-NH2. XPS analysis was an e�ective way to measure the relative

change in elements on the surface, of particular interest carbon and nitrogen. The

deconvolution of the narrow scan spectra of carbon showed the presence of amide bonds

on the surface after polymerisation. Average chain length was also estimated by XPS. For

both the BHQ-1-Lysine and PEG-NH2 initiated samples the chain length almost halved

after deprotection however this e�ect was not observed for the homopolymers. ToF

SIMS analysis showed that samples prepared in the same batch had serine and glutamic

acid present on the surface in similar amounts (based on ion intensities) and that these

ions are evenly distributed. However, when analysing samples that were prepared in

di�erent batches, although the amino acids were present on all samples, the distribution

and intensity of these ions varied between samples.

This data indicates that when determining if enzymes can interact with the surfaces,

as in the next chapter, ideally the samples should only be compared within the same

batch to minimise variability introduced in the surface preparation which may have

implications on any variability observed in enzyme interactions.

It can be concluded that although there is some variability within the system, within

batches the evidence suggests that samples are the same and are therefore suitable to

determine if they are able to interact with enzymes. This was tested in the next chap-

ter. If the samples show a positive or negative interaction with the enzymes, this will

determine any subsequent steps to further optimise NCA ROP from the surface in this

system. This could be achieved by using di�erent techniques to gain a more detailed

picture of the surface eg. investigating the orientation and density of the polymers on

the surface.
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Chapter 4

Enzyme interactions with

polypeptide modi�ed surfaces

4.1 Introduction

As stated in the introductory chapter to this work, the goal is to develop an enzyme

responsive surface. To do this a target enzymatic system has been chosen; the phospho-

rylation and dephosphorylation of serine/phosphoserine mediated by Casein Kinase II

(CKII) and alkaline phosphatase (AP) Figure 4.1. The materials have been synthesised

by NCA ROP and characterised as described in Chapter three. Herein their ability to

present the enzyme recognition motif S-x-x-E and undergo an enzyme mediated modi�-

cation will be explored. Firstly the two target enzymes will be discussed in detail.

4.1.1 Introduction to target enzymes for surface interactions: Casein

Kinase II (CKII) and Alkaline Phosphatase (AP)

In this work, the enzymes targeted to interact with the prepared and characterised

surfaces are CKII and AP. They mediate a plethora of phosphorylation and dephos-

phorylation reactions to switch on and o� proteins [177]. This switching on and o� of

proteins is inherent to maintaining homeostasis within the body and an imbalance of

enzymes is often associated with disease pathology and as a result enzymes have been

the target of some disease therapies. Protein kinase genes constitute 2% of the genome in

most eukaryotes however they phosphorylate around 30% of cellular proteins. CKII is an

intracellular enzyme and is part of the family of protein kinases, including Casein kinase

I (CKI) and genuine casein kinase (G-CK). Phosphorylation regulates protein function

by inducing conformational change or by disruption/ creation of protein-protein interac-

tions. Conformational changes are driven by the creation of a network of hydrogen bonds

with speci�c amino acids nearby, this is dependent of the three-dimensional structure

of the phosphorylated protein [67, 177]. In order to phosphorylate proteins, the kinases

require a speci�c sequence of amino acids in their target, known as a motif which di�ers
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Figure 4.1: Mechanism of phosphorylation and dephosphorylation for a copolymer with se-

quence S-x-x-E mediated by the enzymes AP and CKII

between kinases as seen in Figure 4.2 [178�180].

In Chapter two, where the solution polymerisation of serine and glutamic acid NCAs

was explored, the kinetic data indicated that the serine and glutamic acid amino acids

preferentially react with each other rather than themselves. It was, therefore, highly

probable the motif for CKII would be present in a co-polymer synthesised from a 1:1

serine and glutamic acid monomer feed. Moreover, approximately 50 % of the residues

in the chain will be acidic, as is preferred by CKII [181].

CKII is a heterotetramic holoenzyme composed of two 44 kDa catalytic α subunits

and two regulatory 26 kDa β subunits α2β2 [182]. It has been found to have a major role

in phosphorylating proteins enabling them to promote cell proliferation and/or counter-

act apoptosis, thus implying that the enzyme is involved in cell survival and death. CKII

is consequently more prevalent in tumour cells then healthy cells and has therefore been

investigated as a target in cancer therapy [183,184].

CKII phosphorylates an extraordinary high number of proteins in the body, mostly

ful�lling the motif outlined in Figure 4.2.

Casein Kinase II mechanism

The recognition sequence has been systematically determined by altering individual

amino acids in the sequence and measuring the Vmax and Km. RRREEESEEE sequence

had a 10 fold higher Vmax/KM over RRREEETEEE therefore CKII has a preference for

serine over threonine. They determined that having an acidic residue in n+3 was essential
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Figure 4.2: Motifs required for each group of casein kinases, casein kinase I (CKI), caseine

kinase II (CKII) and genuine-casein inase (G-CK) with shorter motifs, phosphorylate residues

(orange) and speci�city determinants (green). X can be any amino acid, in the case of CKII

acidic amino acids are preferable.

Figure 4.3: Kinetic scheme for enzymatic hydrolysis of phosphate monoesters by AP

[1]

for CKII activity, whereas n+2, n+4 and n+5 had little e�ect on the kinetics [185].

There is an ATP binding domain and a substrate binding domain (serine/ threonine).

Stereochemical arguments indicate that phosphate is transferred from the hydroxyl group

via direct nucleophillic attack [186]. The chemical step is fast and the rate limiting step is

the dissociation of ADP. Metal ions are seen to stabilise the orientation of the phosphate

group and negative charges during catalysis [187]. It is proposed the base accepts the

proton from the hydroxly group on the serine, catalysing nucleophilic attack on the γO

of the phosphate [181].

4.1.2 Mechanism of Alkaline phosphatase

Alkaline phosphatase is a homodimeric enzyme that catalyses the hydrolysis of phosphate

monoesters releasing phosphate and alcohol [188]. Two Zinc ions bound to AP are

essential to its function, alongside one Mg+2 as a cofactor [189, 190]. They are non

speci�c enzymes meaning they do not require a particular motif in the substrate. AP is
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present in all tissues throughout the body, but is more prevalent in liver, bone, bile duct

kidney and placenta. Humans contain three types: placental, non-speci�c (liver/bone

and kidney) and intestinal [191].

In bone AP is involved in mineralisation and anti in�ammatory e�ects in the in-

testines [192]. Elevated levels of AP have been associated with bone conditions; osteper-

osis, osteomalacia, various cancers; Lymphoma, Leukaemia and liver disease [193]. AP

level testing is a common test for patients in healthcare institutions. It is also a common

laboratory test in biological research.

In AP phosphate hydrolysis/transphosphorication the nucleophilic Ser-102 is tran-

siently phosphorylated to give an E-P intermediate complex. The covalent E-P complex

is subsequently hydrolysed to give a non-covalent enzyme phosphate complex EPi [194],

as shown in Figure 4.3. The E-P 
 EPi equilibrium has been studied. Under alkaline

conditions the hydrolysis of EPi complex is the rate limiting step (phosphate dissociation

∼30 −s) which is approximately equal to enzyme turnover rate (Kcat) [1, 195]. Below

pH 6 dephosphorylation becomes rate limiting. X-ray crystallography studies provide

information on the role of metal ions in the mechanism. Based on geometry of the metal

binding sites Zn2 is positioned to coordinate the Ser-102 hydroxyl group to activate its

γO for nucleophilic attack of the substrates phosphorous atom [189, 196]. The Zn1 ion

coordinates the negatively charged leaving group of the substrate (alkoxide) ion, fol-

lowed by activating a solvent water molecule in the second step. Magnesium has also

been shown as being essential to structurally stabilise the enzyme in it's most active

conformation [188].

Both enzymes have been targeted as stimuli in responsive systems, for static, re-

versible and dynamic induced changes [197�200]. Enzymatic mediated bond formation,

or cleavage, has been the driving force behind enzyme induced self assembly of synthetic

molecules to form micelles, nano�bres, macro and hydro gels for applications in drug

delivery, anti bacterial systems and in imaging [49,56, 201]. As this system in this work

is focussed on enzyme surface interactions, these bulk enzymatic responsive materials

will not be discussed in detail, with the exception of reversible enzyme induced changes.

Gianneschi et al. reported the �rst example of switchable micellar nanoparticles

composed of a polymer-peptide amphiphile that contained a kinase substrate that were

able to undergo reversible kinase induced aggregation after subsequent disaggregation

with phosphatase treatment [51]. Xu et al. observed that a supramolecular hydrogel

formation was regulated by a tyrosine kinase, which caused the Nap-FFGEY to phos-

phorylate into Nap-FFGEpY causing an increase in hydrophilicty of the peptide that

results in a gel-sol transition. On incubation with alkali protein tyrosine phosphatase

the phosphate groups were cleaved and a sol-gel transition was observed. This e�ect was

also observed in vivo by injecting Nap-FFGEpY into rats and observing the formation

of a gel subcutaneously on action of native enzymes [202].
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4.1.3 Reversible enzyme responsive surfaces

Enzyme responsive surfaces were discussed in the introductory chapter. The reported

systems are dynamic systems whereby the material is stimulated by the action of the

enzyme which causes a material response. To our knowledge there are no reported

reversible enzyme responsive surfaces, whereby the material response can be reversed

by a second enzyme. Furthermore, there are no reported enzyme responsive surfaces

whereby the substrate has been synthesised via NCA-ROP from the surface.

4.1.4 Aims

Figure 4.4: Illustration of predicted conformational change of co-polypeptide modi�ed surface

as a result of interactions with the enzymes AP and CKII. The �uorescent probes, a �uorophore

and a BHQ are present on the surface. Quenching of �uorescence is illustrated with the confor-

mational change caused by dephosphorylation of the serines.

This chapter will explore:

• The ability of CKII to recognise the polypeptide characterised in chapter three as

a substrate.

• The ability of CKII and AP to phosphorylate and dephosphorylate the substrates.

• The ability of the system to undergo repeated and reversible phosphorylation and

dephosphorylation cycles.

• The ability to follow these changes optically (with �uorescence) (Figure 4.4).

This work will address the lack of reported reversible enzyme responsive surfaces and

further enhance the application of NCA ROP in responsive materials, in particular for

copolymer systems.
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4.2 Methods

4.2.1 Surface preparation

NCA's were synthesised as outlined in chapter two and surfaces were modi�ed as outlined

in chapter three.

4.2.2 ToF SIMS

ToF SIMS was used to characterise the surfaces, the same procedure was followed as

outlined in chapter three.

4.2.3 Surface treatment with CKII

Deprotected coverslips were incubated in 500 µL of bu�er containing Tris-HCl ( 50 mM),

MgCl2 (10 mM), EDTA (0.1 mM) at pH 8.2. Caesin kinase II (New England Biolabs,

isolated from E. coli) was used according to manufacturers outlined activity. CKII (10

U/mL), ATP (10 µM and 1 µM ) at 37 °C, stirred at 20 rpm on an orbital shaker for 1,

4 and 12 hours. Controls were prepared of homo glutamic acid with enzyme and ATP,

1:1 (S:E) with ATP, without enzyme and vice versa. Coverslips were washed overnight

in ethanol then rinsed with water and dried before analysis.

4.2.4 Surface treatment with AP

Phosphorylated coverslips were incubated with calf intestinal AP (New England Biolabs).

Activity was measured on site using para-nitrophenolphosphate (p-npp) (10 or 24 U/ mL)

in bu�er containing NaCl (100 mM), Tris-HCl (50 mM) and MgCl2 (10 mM), pH 8.0

at 37 °C, stirred at 20 rpm on an orbital shaker for 1, 4 and 12 hours. Coverslips were

washed overnight in ethanol then rinsed with water and dried before analysis.

4.2.5 ADP-Glo assay

ADP-Glo (Promega) bioluminescent kit was used to monitor the consumption of ATP.

Modi�ed coverslips were placed in a 24 well plate, 1 coverslip per well. Casein Kinase

bu�er was prepared and CKII (10 units/mL) and ATP (1 µM or 10 µM) were added to

500 µL of bu�er per coverslip. Control samples were prepared with only ATP or only

CKII as well as homo glutamic acid substrates. All samples were incubated at 37 °C on

an orbital shaker (20 rpm). 25 µL of the reactant solution was removed after 0, 1, 3, 5,

8 and 22 hours, to which 25 µL of ADP-Glo reagent was added in a 96 white well plate.

Samples were incubated for 30 minutes before the addition of kinase reagent (50 µL).

Samples were incubated for 45 minutes and the luminescence was measured. A standard

curve was prepared with solutions of ultra pure ADP and ATP total concentration 1 and
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10 µM in the following ratios; 100:0, 80:20, 60:40, 40:60, 20:80, 10:90, 5:95, 98:2, 99:2

and 0:100 (ADP:ATP respectfully).

4.2.6 AP calibration

Para nitrophenol phosphate (p-npp) was used as a reagent to determine AP activity. P-

npp is cleaved to p-nitrophenol on action of AP, to yield a yellow compound that can be

measured colorimetrically at λ = 405 nm. Known concentrations of p-npp were incubated

with 1 µL of AP in AP bu�er in a clear 96 well plate for 60 minutes. Absorbance was

read on a Tecan plate reader at λ = 405 nm.

4.2.7 Phosphate assay

Phosphate colorimetric assay (Biovision) was used to measure phosphate release after

treatment of the surfaces with AP. After 24 hours incubation with CKII the supernatant

was removed and samples were washed in bu�er (2 mL x 4) after which AP bu�er 500 µL

was added to samples with AP (10 and 24 units/mL). 200 µL of supernatant was mixed

with 30 µL of phosphate reagent and incubated at room temperature for 30 minutes.

The absorbance was read at 605 nm on a Tecan Spark plate reader.

4.2.8 FRET measurements

A Tecan Spark plate reader was used to measure �uorescence on the surface of the

substrates and any associated changes after enzyme treatment. A black coated, clear

bottom 24 well plate was used. A 3D scan, which measures a range of combinations of

emission and excitation wavelengths, was used to determine the optimum wavelengths

of excitation and emission. This was veri�ed with emission and excitation scans. The

Z scan function was used to determine the optimum height to take the measurement.

Fluorophors susceptibility to photobleaching was determined by exposing the surface to

cycles of �uorescence until a reduction was observed. Optimum gain was determined

by the instrument, which was kept constant within each set of experiments, but varied

between di�erent batches of samples. Five areas were measured per sample at 0 and 4

hours incubation at each treatment step.

4.3 Results and Discussion

As discussed in chapter three, glass coverslips have been modi�ed with polypeptides

using surfaces with three di�erent functionalities; NCA ROP from APTMS, NCA ROP

from PEG diamine and NCA ROP from a BHQ-1-Lysine with a �uorophor attached on

the terminus.

92



Figure 4.5: ToF SIMS spectra of surfaces (co and homopolymer) incubated with CKII and ATP

to monitor for changes in phosphate on the surface. Samples: Glutamic acid homopolymer with

ATP and CKII (control A), copolymer with ATP and without CKII (Control B), co polymer

without ATP and with CKII (Control C) and copolymer with ATP and CKII. Indicative ion

fragments shown for glutamic acid, serine and phosphate. Intensities normalised to total ion

count. Area 3 x 3 mm.

4.3.1 Enzyme interactions with APTMS initiated polypeptide coated

substrates

CKII/ATP interactions with the modi�ed substrates

Firstly, the APTMS initiated polymer coated surfaces and their interactions with the

enzymes CKII and AP will be discussed.

Substrates were incubated with ATP (10 µM) and CKII (10 U/mL) at 37 °C and

then analysed to determine whether any phosphorylation had occured on the surface.

The samples were incubated in bu�er for 24 hours. Three controls were used: glutamic

acid homopolymer with ATP and CKII, copolymer without ATP and with CKII and co

polymer with ATP and without CKII.

The samples were analysed by ToF SIMS to determine whether a phosphate peak

was present after incubation (Figure 4.5). Both positive and negative polarity was used.
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Table 4.1: Table of ion intensities attributed to phosphate normalised to total ion count. Each

3 x 3 mm area was split into four 1.5 x 1.5 mm areas and the ion intensities determined by the

software, normalised and averaged (n=4). One way ANOVA with multiple comparison was used

for the statistics.

Ion count

Sample PO2
− PO3

−

Control A S:E O:1 (ATP + CKII) 9.9*10−4 ± 2.02*10−5a 2.73*10−3 ±1.53*10−4a

Control B S:E 1:1 (ATP) 6.43*10−3 ±4.60*10−3b 2.05*10−2 ±2.12*10−2

Control C S:E 1:1 (CKII) 2.41*10−3 ±2.74*10−5a 7.09*10−3 ±1.24*10−3a

S:E 1:1 (ATP + CKII) 1.42*10−2 ±5.23*10−3 6.37*10−2 ±2.38*10−2

a = p<0.005 **
b = p<0.05 *

Firstly, the amino acids serine and glutamic acid were present on the surface of all

samples as indicated by the signature ion fragments of m/z 55 and 60 (serine) 84 and 102

(glutamic acid). The intensities of phosphate PO2
− (m/z = 63) and PO3

− (m/z = 79)

is greater on the S:E 1:1 polypeptide samples after exposure to CKII and ATP compared

to the controls. Table 4.1 contains averaged ion intensities. All three control samples

have signi�cantly lower PO2
− ion intensities (p < 0.005 and p < 0.05) and control A

and C have signi�cantly lower PO3
− ion intensities (p < 0.005), however control B is

not signi�cantly lower. This could be due to trace ATP remaining on the substrate after

wash steps. Nonetheless, the di�erence in phosphate intensities between this control and

the S:E 1:1 incubated with both ATP and CKII is great enough to clearly indicate that

phosphorylation has occurred on the surface as a result of the enzymatic action.

This infers the required sequence S-x-x-E must be present in the polypeptide chain

for the CKII to have successfully interacted with the surface. This is in agreement with

the prediction from the kinetics data obtained in solution from chapter two, whereby

each monomer preferentially reacts with each other rather than themselves to form an

alternating copolypeptide.

Homogeneous ion distribution for the amino acids is shown in the raster images in

Figure 4.6. The negatively charged samples have areas of strong phosphate presence

and areas with less, indicating a non-homogenous phosphorylation has occured. Given

the distribution of the amino acids is relatively homogenous this could indicate inhomo-

geneities between polypeptide chains on the surface with respect to the presence and/or

availability of the required motif. Given the number of manipulations these samples have

undergone, there are small scratches visible on the surface.

It was then of interest to know how the phosphorylation changed over time, so samples

were incubated in CKII and ATP for 1, 4 and 12 hours and analysed by ToF SIMS (Figure

4.7). There is an increase in intensity between 1 and 4 hours, with no further increase
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after this time. Table 4.2 containing the ion intensities shows there is no signi�cant

di�erence between the ion intensities between any time point. After 4 hours, either the

enzyme has lost activity or all available sites have been phosphorylated. It is necessary to

perform a quantitative assay to determine the real kinetics for the interactions, which is

of particular interest in future work when monitoring any conformational changes using

the FRET system as a result of the action of the enzymes on the substrate.
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Figure 4.6: ToF SIMS Raster images for samples: Glutamic acid homopolymer with ATP and CKII (control A), Copolymer with ATP and without CKII

(Control B) Co polymer without ATP and with CKII (Control C) and copolymer with ATP and CKII normalised to total ion count. Area 3 x 3 mm.
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Figure 4.7: ToF SIMS spectra of fragment intensities assigned to phosphate ions PO−2 and

PO−3 of S:E (1:1) copolymer modi�ed surfaces by NCA ROP. The surfaces were incubated with

ATP (10 µM) and CKII (10 U/mL) and analysed at time 1, 4 and 12 hours. Normalised to total

ion count. 3 x 3 mm area was measured.

AP interactions with the phosphorylated substrates

Knowing that phosphorylation was possible on the surface, dephosphorylation with AP

(12 U/mL) was attempted. Again they were analysed using ToF SIMS (Figure 4.8).

If AP interacted with the substrate it would cleave the phosposerine, thus remove the

phosphate from the surface. We would therefore expect to observe a loss in the phosphate

peak. There is no di�erence in intensity of peaks after incubation at any time point,

indicating the samples have not been dephosphorylated (Table 4.3). The amount of

enzyme used was increased to 24 U/mL however this made no measurable di�erence.

It has been observed in the literature that incorporating the enzyme motif close to a

surface can reduce enzyme access via steric hindrance e�ects. It was anticipated that on

a polymer brush coated surface there would be a degree of �exibilty that would minimse

surface steric hindrance e�ects and enable enzyme access. However as dephosphorylation

was not possible with AP it is possible the chain is not �exible enough; the introduction

of a linker molecule may overcome this challenge. Previous work has been successful

with the introduction of a PEG diamine linker molecule in an enzyme responsive system

consisting of short peptide chains to move the peptides away from the surface [203].

Therefore this method was adopted in this system. A PEG linker can be introduced on

the surface by �rstly silanising the glass coverslips with GOPTS to introduce an epoxy

group that can be readily opened with an amine.
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Table 4.2: Table of ion intensities attributed to phosphate for copolymer S:E (1:1) samples

incubated with CKII and ATP at 1, 4 and 12 hours. Each 3 x 3 mm area was split into four 1.5

x 1.5 mm areas and the ion intensities determined by the software, normalised to total ion count

and averaged (n=4). One way ANOVA with multiple comparison was used for the statistics.

Time (hour) Ion count

m/z=63 PO2
− m/z=79 PO3

−

1 6.21*10−3 ± 2.02*10−4 4.73*10−3 ±1.18*10−4

4 9.34*10−3 ±8.30*10−4 1.01*10−2 ±8.12*10−3

12 1.42*10−2 ±5.23*10−3 6.37*10−2 ±6.71*10−3

Figure 4.8: ToF SIMS spectra of fragment intensities assigned to phosphate ions PO−2 and

PO−3 of S:E (1:1) copolymer modi�ed surfaces by NCA ROP. The surfaces were incubated with

AP (12 U/mL) and analysed at time 1, 4 and 12 hours. Normalised to total ion count. 3 x 3

mm area was measured.

Table 4.3: Table of ion intensities attributed to phosphate normalised to total ion count for

samples incubated with AP for 1, 2 and 12 hours. Each 3 x 3 mm area was split into four 1.5

x 1.5 mm areas and the ion intensities determined by the software, normalised and averaged

(n=4). One way ANOVA with multiple comparison was used for the statistics.

Time (hour) Ion count

m/z=63 PO2
− m/z=79 PO3

−

1 5.71*10−3 ± 1.03*10−4 5.53*10−3 ±3.32*10−4

4 6.43*10−3 ±1.08*10−3 6.56*10−3 ±1.38*10−2

12 5.42*10−3 ±7.32*10−3 6.37*10−3 ±1.80*10−4
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Table 4.4: Table of ion intensities attributed to phosphate normalised to total ion count for

samples incubated with CKII and ATP, followed by incubation with AP for 1 and 4 hours. Each

3 x 3 mm area was split into four 1.5 x 1.5 mm areas and the ion intensities determined by the

software, normalised and averaged (n=4). One way ANOVA with multiple comparison was used

for the statistics. Signi�cant values shown are comparisons with 1:1 S:E (ATP + CKII).

Ion count

Time (hour) PO2
− PO3

−

1:1 S:E (CKII) 0.00 ± 0.00 c 0.00 ±0.00 c

1:1 S:E (ATP) 1.56*10−3 ±2.78*10−4 b 3.16*10−3 ±5.40*10−4 a

1:1 S:E (ATP + CKII) 7.64*10−3 ±1.06*10−3 2.61*10−2 ±1.23*10−2

AP 1 hour 5.56*10−3 ±2.12*10−3 2.59*10−2 ±1.32*10−2

AP 4 hours 4.73*10−3 ±2.42*10−3 2.11*10−2 ±1.31*10−2

ap<0.005 **
bp<0.0005 ***
cp<0.00005 ****

4.3.2 Enzyme interactions with PEG-NH2 initiated polypeptide coated

surfaces

The PEG-NH2 initiated polymer surfaces were characterised as discussed in chapter

three. The substrates were incubated with CKII/ATP and AP successively. Phospho-

rylation occured as observed for the APTMS initiated polypeptide samples and there

was a signi�cant di�erence in ion intensity as shown in Table 4.4. A reduction in the

phosphate intensity after incubation with AP was observed, however this was not sta-

tistically signi�cant (Figure 4.9). This was a promising result, however the peak was

still present indicating dephosphorylation was incomplete. Increasing incubation time

with AP had no further e�ect on the phosphate intensity. It would be expected that

the two phosphate peaks correspond to one another however, here we observe a greater

reduction in the PO2
− peak intensity contrary to the PO3

− peak intensity. As before

the raster images indicate a non homogenous distribution of phosphate on the surface

with notable `hot spots'. The peak at 78.9 is attributed to Br−, likely introduced in the

benzyl deprotection step. Despite extensive washing and incubation steps it continues

to be present on the surface.

To determine enzyme induced changes on the surface with a second method, ADP-

Glo assay was used to determine the amount of phosphorylation that had occurred on

the surface, the kinetics and the optimal ATP concentration. It is possible to monitor

the conversion of ATP to ADP using a bioluminescence assay that depletes remaining

ATP in the reaction mixture before converting the ADP to ATP. This can react with

luciferase/luciferin to generate light that is measured and quanti�ed with an ATP-ADP
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Figure 4.9: ToF SIMS raster images (left) and spectra (right) of fragment intensities of S:E

(1:1) copolymer modi�ed surfaces: control A (incubated with ATP no CKII), control B (incu-

bated without ATP with CKII), substrate incubated with CKII/ATP, phosphorylated substrate

incubated with AP at time 1 and 4 hours. Normalised to total ion count. 3 x 3 mm measured

area.
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calibration curve (Figure A.7). Two concentrations of ATP were used, 1 µM and 10 µM.

Calibration curves for the two concentrations were obtained. Substrates were incubated

with ATP 1 µM and 10 µM for 24 hours. At set time points the supernatant was

removed from the reaction and ATP to ADP conversion was measured as seen in Figure

4.10. ATP is converted to ADP at both concentrations, indicating that phosphorylation

of the substrate has occured mediated by CKII. ATP gets consumed at an equal rate until

4 hours incubation, no more conversion is observed for the 10 µM samples, whereas the

1 µM samples continues to show conversion up to 5 hours incubation. This is consistent

with the SIMS data whereby no signi�cant increase in phosphate ion intensity is observed

after 4 hours. 10 % of ATP conversion occurs in the �rst hour with 60 % occurring

between 1 and 5 hours. Similar to SIMS data, the phosphate ion intensity continues to

increase after 1 hour, however the magnitude of this change does not correlate between

the two techniques. This could be due to batch to batch variations as well as di�erences

in the analysis principals of the two techniques. A concentration of 1 µM ATP was

continued to be used in the subsequent work as it was able to be monitored using the

luminescence method and it did not reach 100 % conversion. This is important to account

for any batch to batch variations, to prevent availablility of ATP being a limiting factor.

The number of moles of phosphate on the surface can be extrapolated from this data.

Knowing that 70 % (0.35 nmol) of a 1 µM solution of ATP was converted to ADP, 0.35

nmol of phosphate are present on each sample.

A colorimetric assay was used to measure the amount of phosphate cleaved from phos-

phorylated substrates by AP treatment to complement the SIMS data. Phosphorylated

substrates were incubated with AP and supernatant was removed at time 0, 4 and 24

hours (Figure 4.11) and incubated in a formulation of malachite green and ammonuium

molybdate which forms a chromogenic compound with phosphate. Absorbance was read

and phosphate amount determined from a calibration curve of known concentrations

(Figure A.8).

There is some phosphate detected in all samples which could be residual traces from

the incubation with ATP and CKII or an impurity arising from handling (phosphates

common lab contaminants). A signi�cant di�erence was measured between controls (no

AP) and samples with AP at time 4 h (< 0.003) and time 24 h (< 0.0002) indicating

that phosphate ions are present in the supernatant as a result of cleavage from serine on

the substrate by AP. There is no di�erence after 4 hours indicating no more dephospho-

rylation occurs after this time. The amount of phosphate detected in the supernatant is

greater than the amount measured on the surface (by the ADP-glo assay) 0.35 nmol on

the surface vs 3.75 nmol in the supernatant after AP treatment. This discrepancy could

have originated from the surface in the form of residual ATP/ ADP from the phospho-

rylation step, as observed in the controls. However this does not fully account for the

di�erence observed in these samples.
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Figure 4.10: Copolymer samples of S:E (1:1) incubated with CKII (10 U/mL) and ATP (1 µM

and 10 µM). Supernatant was removed at each time point and incubated with ADP-Glo assay

reagents and measured by luminescence to determine ATP to ADP conversion (n=4)

Figure 4.11: Copolymer modi�ed surfaces S:E (1:1) incubated �rstly with CKII/ATP, were

then incubated in AP. The amount of phosphate present in the supernatant was determined

using a colorimetric assay and absorbance measured at 650 nm before and after exposure to AP

for di�erent amounts of time (n=4).

102



4.3.3 Reversible phosphorylation/ dephosphorylation

The aim of this work is to develop a repeatably reversible enzyme system, so the logi-

cal next step was to investigate as to whether the phosphorylation/ dephosphorylation

was reversible through a number of cycles. PEG initiated polymerised substrates were

monitored at each step of three cycles of incubation with CKII/ATP followed by AP to

monitor phosphorylation and dephosphorylation. ToF SIMS, ADP Glo and Phosphate

assays were used to monitor any changes (Figure 4.12).

Firstly, although the ToF SIMS ion fragments corresponding to serine and glutamic

acid are present on all 6 substrates, they vary in amounts, indicating sample to sample

variations. There is no obvious correlation between the intensity of these fragments

with the intensity of the phosphate fragments, excluding this as a contributing factor

in the changes of intensity that are observed for the phosphate ions. The �rst enzyme

incubation cycle exhibits little or no phosphorylation as indicated by the lack of ion

peaks for PO2
− and PO3

− which correlates with the lack of conversion of ATP to ADP.

In the second and third cycle phosphorylation occurs with 30 then 40 % ATP conversion

and phosphate ions are present on the surface. Amount of phosphate on the substrates

at cycle 2 is 0.14 nmol which correlates in order of magnitude with the 0.5 nmol detected

in the supernatant. Full dephosphorylation can be observed at cycle two and cycle three

indicated by the loss of the phosphate peaks. Some phosphate is measured for cycle two

and three however the lower detection limit of this assay is 0.1 nmol, therefore the results

are inconclusive.

CKII was able to interact with the polypeptides initiated from the PEG coated sam-

ples, as indicated by phosphate present on the surface and the consumption of ATP in

the supernatant. A decrease in phosphate on the surface was observed after subsequent

incubation with AP. This indicates the introduction of the PEG linker chain was ben-

e�cial in improving the availability of the polypeptide to AP. Furthermore the enzyme

interactions were reversible and repeatable for up to two cycles. Having established that

the enzymes could reversibly phosphorylate and dephosphorylate the polypeptides we

wanted to determine whether this was accompanied with conformational changes that

we could measure in real time.

4.3.4 Enzyme interactions with BHQ-1-Lysine and �uorophor contain-

ing substrates

The aim of this work is to measure enzyme interactions with the polypeptide coated

surfaces in situ and, as discussed in chapter two, this can be achieved with a FRET

system. Substrates with a black hole quencher at the base of the polypeptide chain

and a �uorophore at the terminus have been characterised (chapter three). The in-

troduction of the BHQ on the surface changes the initiator for the polymerisation.

The BHQ is much bulkier than the PEG NH2 with di�erent electron density which
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Figure 4.12: ToF SIMS spectra of surfaces modi�ed with S:E (1:1) that have undergone three

subsequent incubations with the enzymes CKII/ATP and AP, normalised to total ion count

(top), ADP-Glo assay performed after incubation of samples with CKII and ATP(bottom left)

and Phosphate assay performed after incubation of samples with AP(bottom right)

Table 4.5: Table of ion intensities attributed to phosphate normalised to total ion count for

samples incubated with three cycles of CKII then ATP. Each 3 x 3 mm area was split into four

1.5 x 1.5 mm areas and the ion intensities determined by the software, normalised and averaged

(n=4). One way ANOVA with multiple comparison was used for the statistics. Signi�cant values

shown are comparisons between themselves and the previous step.

Cycle Ion count

PO2
− PO3

−

CKII X1 1.85*10−2 ±0.0070 1.31*10−2 ±0.0057
AP X1 1.71*10−3 ±0.00050 d 2.54*10−3 ±0.00060 a

CKII X2 6.23*10−3 ±0.0025 1.17*10−2 ± 0.0045 a

AP X2 8.08*10−4 ±0.00016 1.38*10−3 ± 0.00031 a

CKII X3 1.07*10−2 ±0.0018 a 2.16*10−2 ± 0.0038 d

AP X3 4.73*10−4 ± 0.00016 b 9.36*10−4 ± 9.55468*10−5 d

ap<0.05 *
bp<0.005 **
cp<0.0005 ***
dp<0.00005 ****
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could a�ect the density of the polypeptide brushes on the surface which may e�ect

the ability of the enzymes to interact with the polypeptides. It was necessary to de-

termine if the enzymes CKII and AP could reversibly phosphorylate/dephosphorylate

these substrates. The interactions were followed with Tof SIMS, ATP conversion and

phosphate release (Figure 4.13). Unlike previously, phosphorylation occurs after the

�rst incubation step with CKII/ATP with two phosphate ion peaks which are signif-

icantly reduced after treatment with AP. This is repeated for three cycles indicating

that the present system is indeed a reversible enzyme responsive system. The cycles

shown on the Tof SIMS data correlate to the assay data, with phosphate release mea-

sured well above the assay detection limit and for the �rst two cycles ATP conver-

sion of 50 %. As observed in previous samples the amount of phosphate measured

on the surface is lower than that detected in the supernatant after AP treatment.

Repeats of substrates with and without the FRET system have been carried out.

Di�erent batches of samples show di�erent behaviour, with some phosphorylation/ de-

hosphosphorylation detected, however this is inconsistent and although reversible, is not

always repeatable. There is no correlation between successful repeats and the di�erent

substrates (PEG vs BHQ initiated polymerisations) excluding this as a cause for the

di�erences in behaviour. Variability could be introduced in the polymerisation step. In

Chapter three, samples prepared from di�erent batches were analysed by ToF SIMS and

although serine and glutamic acid was present on all samples, the intensity and distri-

bution varied. This indicates that there is variability introduced between batches of

samples. This variability could a�ect three main factors that inturn may in�uence the

ability of the enzymes to interact with the polypeptudes: polypeptide surface density,

orientation and amino acid sequence. Di�usion of the enzyme to the polypeptide may

be hindered if the polypeptides chains are closely packed on the surface, a change in

orientation from the surface may inturn in�uence the NCA ROP chain growth during

polymerisation and limit enzyme di�usion to the polypeptides. Given that all samples

show phosphorylation, it is unlikely that amino acid sequence in the polypeptide chain

is the main factor and it is likely due to limitations in accessibility to the polypeptide

chains by the enzymes. As at least one cycle of phosphorlyation and dephosphorlyation

always occurs, this suggests something has changed in the second cycle to prevent fur-

ther enzyme interactions, for example the polypeptide does not return to it's original

chemical or physical state where it had previously been shown to be able to interact

with the enzymes. Furthermore the variability could arise from biological sources ie. the

activity of the enzymes.
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Table 4.6: Amount of phosphate bound on the surface after CKII incubation and the amount of

phosphate cleaved from the surface. Determined by ADP-Glo and Phosphate assay, respectively,

for copolymer S:E (1:1) modi�ed substrates. (n=4)

Cycle Phosphate on the substrate (ADP-

Glo assay) (nmol)

Phosphate in supernatant (phos-

phate assay) (nmol)

1 0.14 ± 0.05 1.23 ± 0.09

2 0.26 ± 0.22 1.03 ± 0.10

3 0.03 ± 0.06 1.23 ± 0.09

Figure 4.13: Monitoring of CKII/ATP and ATP induced phosphorylation and dephosphory-

lation of copolypeptide modi�ed surfaces (S:E� 1:1) using ToF-SIMS and spectroscopic assays.

ToF SIMS spectra of ions attributed to amino acids and phosphate, normalised to total ion count

(a) ADP-Glo assay (b) and Phosphate assay (c) after three cycles of incubation with CKII/ATP

and AP for BHQ-Lysine initiated polypeptides.
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4.3.5 Reversibility on the same sample monitored by ToF SIMS

The previous ToF SIMS data had been obtained by measuring six di�erent slides that

had been treated identically. It is assumed that each slide underwent a phosphorylation

and dephosphorylation. To further support the phosphate and ADP-Glo assay, the same

slides were measured with SIMS to monitor the presence/ absence of the phosphate

peak. Three samples were analysed prepared in the same polymerisation batch and the

most representative of the three spectra are shown in Figure 4.15. All three samples

achieved one full cycle. In the second cycle they were able to be phosphorylated but

dephosphorylation was not achieved. ADP-Glo and phosphate assay was also conducted

at each cycle for the three samples (average for the 3 samples). AP activity was veri�ed

in solution with p-npp assay and the experimental units used were 24 U/mL. The assay

data also correlates with no phosphate detected in the supernatant after the second AP

incubation (Figure 4.14).

As previously observed, reversibility is not always achieved over multiple cycles. One

full cycle is always achieved but multiple cycles vary with consistency between batches. A

possible reason for this observation could be changing AP activities for di�erent batches

but frequent measurements of AP activity and adjustment of the AP dilution to ob-

tain comparable enzyme activity for each experiment make this an unlikely explanation.

Another explanation for the observed variability could be inhomogeneities in the compo-

sition of the polypeptides on the surfaces. Information on the sequencing of the amino

acids in the polypeptide chain has not been obtained however, as all samples have been

phosphorylated at least once and must therefore contain the required sequence. The

frequency of available motifs in the chain does change between samples as indicated by

the range of ATP to ADP conversion from 30 to 75 % between di�erent batches, however

there is no obvious correlation between ATP % conversion at cycle 1 with subsequent

phosphorylation/ dephosphorylations. Surfaces have been characterised within the same

batch of samples. Surfaces generated from di�erent batches have not been directly com-

pared, therefore it is possible that there are variations between batches. Variations such

as chain length and packing density could a�ect enzyme access to motifs as well as avail-

able space for the polypeptide chain to alter conformation after enzymatic action. It is

possible the reversibility is self limiting, meaning that after multiple cycles, the inter and

intra molecular interactions prevent any further enzymatic action. More frequently it is

the dephosphorylation step that is unsuccessful after two or three cycles. It is possible

any residual ATP in the sample could be inhibiting the AP action. There are some early

reports that glutamic acid can act as an AP inhibitor as a chelating agent of Zn2+ and

Mg2+ which are cofactors, however the concentration of metal ions in the bu�er solution

should be su�cient to prevent this.
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Figure 4.14: Assay data corresponding to ToF SIMS spectra for the same slides exposed

to two cycles of enzyme incubation (CKII/ATP followed by AP) Left: Phosphate detected in

supernatant. Right: Conversion of ATP to ADP.

4.3.6 Change in surface �uorescence with enzyme interactions with

the polypeptide surfaces

Knowing that the modi�ed substrates could be phosphorylated and dephosphorylated

reversibly for at least one cycle is su�cient to proceed with the next step and to determine

whether the enzyme induced changes could be monitored using the FRET system.
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Figure 4.15: ToF SIMS of BHQ-1-Lysine initiated copolymers of S:E (1:1) incubated with enzymes CKII/ATP and AP for 2 cycles, presence of ion intensity

attributed to phosphate was measured. The same slide was analysed at each step. Left: spectra normalised to total ion count. Right: Raster image 3 x 3 mm.
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Figure 4.16: Excitation spectrum (left) and Emission spectrum (right) of �uorophore labelled

surfaces modi�ed with S:E (1:1) copolymer with BHQ-1-Lysine at the base of the polymer chain

and �uorescein bound to the end of the chain. Fluorescence measured on the surface using z-scan

to determine optimal Z-value.

Firstly it was necessary to verify that a �uorescent signal could be detected from

the substrate and the optimal wavelengths need to be determined. A �uorescent plate

reader was used for this. In solution �uorescein excitation and emission wavelengths are

485 and 535 nm, however it is possible this changes when the �uorophore is bound to the

surface. A 3D scan was performed to determine at what wavelengths optimal signal was

achieved. The optimal excitation wavelength was 480 nm and emission 527 nm, as can

be seen in Figure 4.16. These wavelengths will be used for subsequent measurements.

Figure 4.17 illustrates the % change in �uorescence with three incubation cycles with

the enzymes. It is clear the changes observed are not consistent between batches, with

set A and B following a similar trend whereas C continually decreases. Focussing on A

and B, there is an initial increase in �uorescence after ATP/CKII treatment, this would

be as expected, as an increase in hydrophilicty on the chain may cause lengthening in

aqueous environment increasing the distance between the quencher and the �uorophore

thus reducing the quenching e�ects. On treatment with AP, the �uorescence decreases

with removal of the phosphate group, thus increasing hydrophobicity which causes the

chain to retract. A similar e�ect is seen in the second cycle, however on the third cycle

the �uorescence continues to decrease after CKII/ATP treatment in both cases. This is

consistent with the ToF SIMS data in a number of cases whereby after one or two cycles

the reversibility is no longer apparent. Moreover with di�erent batches as in the case of

set C, there is only a decrease in �uorescence observed between treatments. For FRET

to be e�ective the change in proximity of �uorofore to qencher has to be within a narrow

distance range (10 to 100 Å). It is possible that after multiple switches the proximity

between the BHQ and F no longer falls within this range, however as this observation

is consistent with previous ToF SIMS data it is unlikely to be a speci�c issue relating

to the �uorescence. As previously discussed, the absence of phosphorylation could be
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Figure 4.17: Change in �uorescence of a modi�ed surface with copolymer S:E (1:1), with a

BHQ-1-Lysine and �uorescein present. Fluorescence was measured on a plate reader at Exc480nm

and Em527nm over multiple cycles of CKII/ATP and AP treatment for controls (black) and three

batches of copolymer surfaces (n=4).

attributed to the loss of the availability of the active site to the enzymes after repeated

phosphorylation/dephosphorylation.

4.4 Conclusions

The substrates prepared and characterised in chapter three have been treated with

two enzymes, Casein Kinase II and Alkaline phosphatase. The substrates whereby the

polypeptides were grown from the amine on the silane (APTMS) successfully underwent

phosphorylation on treatment with CKII and ATP, as determined by ToF SIMS analysis.

Subsequent treatment with AP did not change the amount of phosphate detected on the

surfaces, even with prolonged inucbation, therefore AP was unable to dephosphorylate

phosphoserines. It had been proposed as the polypeptide chain was in close proximity to

the surface, that the enzyme was sterically hindered from accessing the motif, therefore

no dephosphorylation was possible. An 18 chain PEG linker was introduced between the

surface and the polypeptide; when these substrates were treated with CKII and ATP,

phosphate was again observed on the surface and on AP treatment there was some reduc-

tion in phosphate detected but this was incomplete. Longer incubation had no further

e�ect. The amount of AP was increased in future treatments to push the dephosporyla-

tion to completion. The phosphorylation/dephosphorylation was further con�rmed using

an ADP-Glo assay, to measure ATP to ADP conversion, and a phosphate colorimetric

assay to measure cleaved phosphate in the supernatant.

We had successfully developed a system which underwent a reversible change on ac-

tion of stimuli by the two enzymes. To be a repeatable reversible system, it was of interest
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to see if the substrate could undergo multiple cycles of phosphorylation and dephospho-

rylation. This was investigated for the PEG initiated samples as well as those with

a BHQ-1-Lysine incorporated onto the surface as the initiator. Both surfaces demon-

strated some repeated reversibility on cyclic enzyme treatments and this was con�rmed

with ToF SIMS, ADP-Glo and Phosphate assay. The substrates always underwent at

least one cycle, often two or three, however this wasn't consistent between batches. AP

treatment was always the limiting step. The FRET system detected changes in �uo-

rescence on action of the two enzymes. A similar trend was observed from the ToF

SIMS data whereby a change in intensity of �uorescence was observed in the �rst and

sometimes second cycles.
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Chapter 5

Cell interactions with enzyme

responsive materials

5.1 Introduction

In previous chapters we have determined that we can synthesise enzyme responsive sur-

faces that respond reversibly to treatment with Casein Kinase (CKII) and Alkaline phos-

phatase (AP). The aim of this work is to be able to monitor conformational changes on

the action of cell secreted AP in the presence of CKII. Therefore, when choosing a cell

type to culture on the surfaces it was important that they are capable of secreting AP.

Cells that undergo osteogenesis were therefore a sensible choice as AP is involved in bone

formation [204].

Mouse primary calvarial cells (MPCs)

Mouse primary calvarial cells are neonatal osteoblasts that undergo osteogenesis to dif-

ferentiate into mature osteoblasts. This maturation is accompanied by the expression of

certain markers; RUNX2, osteocalcin, osteopontin and AP [205,206]. As these cells pro-

liferate, they synthesise a mineralized collagen matrix, and are an excellent experimental

model to test how speci�c factors (biochemical and biomechanical cues) may a�ect this

process [207].

They have not been reported as being cultured on enzyme responsive surfaces, nor

have they been investigated to provide AP (via cell secretions) to interact with enzyme

responsive substrates.

5.1.1 Aims

In order to be able to monitor any conformational changes on action of enzymes in the

presence of cells, it is important to assess whether the substrates can support cell culture,

whether these cells undergo osteogenesis and if they secret AP (the target enzyme). The

aims of this chapter are as follows and summarised in Figure 5.1:
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Figure 5.1: Illustration of the culture of MPC cells on the modi�ed surfaces and their subse-

quent attachment, spreading and secretion of AP which will be monitored and measured in this

chapter

• MPC's will be cultured on homopolymer and copolymer surfaces with and without

the FRET system to test for adherence, proliferation and cell survival compared to

controls of tissue culture plastic, glass and Fibronectin coated coverslips.

• Osteogenic markers RUNX2 and AP will be monitored of MPC's cultured on the

surfaces, to determine whether cells undergo osteogenesis on the modi�ed surfaces and

secrete the target enzyme AP.

• MPC survival in the presence of CKII will be studied as CKII is an intracellular

enzyme.

This preliminary cell work will be a basis to determine whether the surface and cell

type are compatible to investigate cell secreted enzyme (AP) surface interactions in the

presence of CKII.

5.2 Methods

5.2.1 General Mouse primary calvarial (MPC) cell culture

MPC cells were isolated in the lab (passage 3) (1 mL) and stored in the cryostore. the

cells were were reanimated in 10 mL of warmed α MEM culture and expansion media;

α MEM (440 mL), Foetal bovine serum (FBS) (50 mL), Penicillin/Streptomycin (5 mL)

L-Glutamine (5 mL). The solution was centrifuged at 300g for 5 minutes, after which the

supernatant was removed and the cells were reanimated in fresh media and transferred

to a T75cm3 and incubated at 37 °C. Cells were incubated until they reached 80-90%

con�uency (3 - 4 days).
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5.2.2 Seeding

Glass substrates were placed in a 24 well plate and covered in 500 µL of ethanol for

30 minutes after which the samples were washed in PBS three times. Depending on

the experiment a number of glass coverslips were incubated with 100 µL (5 µg /mL) of

�bronectin for 20 minutes and then washed with PBS three times.

Media was removed from con�uent �asks and cells washed with phosphate bu�ered

saline (PBS). This was then removed, trypsin/EDTA (2 mL) was added and the �asks

were incubated at 37 °C for 4 minutes. Trypsin was deactivated with the addition of

media (3 mL) and the sample was then transferred to a centrifuge tube and centrifuged at

300 g for 5 minutes. After which the supernatant was removed and the remaining pellet

was resuspended in 1 mL of primary bone media (Culture and expansion media with the

addition of L-ascorbic acid, 50 µg / mL, β-glycerophosphate, 50 mM and dexamethasone,

10 µM). A heamocytometer was used to determine the number of cells. Substrates were

placed in wells and 20 000 cells / well were seeded followed by the addition of 500 µL of

primary bone media to each well. The plates were slowly oscillated by hand to ensure

even distribution and then incubated at 37 °C and 5 % CO2.

5.2.3 Cell Titer blue assay

Cell Titer blue assay (Promega) was used to follow MPC proliferation. A Calibration

curve was developed by adding a known number of MPC cells (150 000, 100 000, 50

000, 25 000, 12 500, 7 250, 3 625, 0) in each well. Each condition was performed

in triplicates. Cells were incubated for 4 hours at 37 °C before being incubated with

Resazurin reagent and media in a ratio of 1:5. Fluorescence intensity was measured

at Excitation 560 nm/ Emission 590 nm at 1, 2 and 3 hours. Linear regressions were

performed for each concentration / �uorescence intensity dataset. The dataset with the

best linear relationship was used in future work for the incubation time (2 hours) (Figure

A.18).

The cells seeded on the substrates were incubated with 1:5 ratio of resazurin to media

at day 1, 3 and 7. Each incubation step was 2 hours after which 100 µL were removed

and added to a 96 black well plate and �uorescence intensity was measured on the plate

reader (Tecan Spark). After which the remaining reagent on the cells was removed, the

cells were washed with PBS and 500 µL of media was added. The same samples were

monitored at each time point.

5.2.4 RUNX2 staining

At day 3 media was removed and samples were washed in 2 mL of PBS/well. Samples

were incubated in 200 µL of �xative solution (3.7 % paraformaldehyde in PBS) for 20

minutes. The samples were washed in 3 x 2 mL PBS and stored at 4 °C.
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Samples were permeabilised in 100 µL permeabilisation solution (0.1 % v/v Triton

X-100 in PBS). Samples were washed 3 x 5 min in PBS (1 mL/sample/wash). Samples

were then incubated with 200 µL of blocking solution (3 % in goat serum diluted in 1

% BSA/PBS) for 30 minutes. This was removed and washed in 1 % BSA/PBS 3 x 5

min wash (1 mL/ sample/wash). Rat anti human RUNX2 CBFA1 monoclonal antibody

solution was prepared in BSA/PBS 1 % (1:200 dilution) was added to all wells but

secondary antibody controls to which just BSA/PBS 1 % solution was added. They

were incubated overnight at 4 °C.

The following day the primary antibody solution was removed and samples were

washed in 3 x 5min in 1% BSA/PBS (1 mL/sample/wash). Goat anti-rat secondary

antibody (Alexa�uor546) was diluted 200:1 in 1% BSA/PBS. Samples were incubated

for 2 hours at room temperature then washed in 3 x 5min wash (1 mL/ sample/wash).

Samples were then incubated in Hoechst solution (1:200 dilution in PBS) for 15

minutes then washed 3 x 5 min in PBS. Samples were then stored in PBS (500 µL) and

imaged under a microscope (see section 2.27 Microscopy below for details).

5.2.5 AP assay

At time points 1, 7 and 14 days of culture, media was removed from wells, cells were

washed with PBS and replaced with media (400 µL) containing paranitrophenolphos-

phate (pnpp) (0.5mM). Samples were incubated for 60 minutes at 37 °C and absorbance

was read at 405 nm. A pnpp calibration curve was used to determine the amount of

enzyme present after one hour (Figure A.9). Blank measurements from media with pnpp

was subtracted from all samples. One way ANOVA was used to determine any signi�cant

di�erences between samples.

5.2.6 Cytotoxicity assay

Multi�ox cytotoxicity assay (Promega) was used to determine the e�ects of the addition

of CKII into the culture media on cell survival. A calibration curve was made by incu-

bating known amounts of live and dead cells with the reagents Samples (with 100, 95,

90, 75, 50, 25, 10, 5 and 0 %) live cells were prepared with the remaining % made up

of dead cells. Samples of live cells were incubated with Tween-20 (0.1 % v/v in PBS)

for 10 minutes, centrifuged at 300 g for 5 minutes, the supernatant was then removed

and (1 mL) of fresh media was added. The number of dead cells was determined with

Trypan blue staining whereby 5 µL of Trypan blue was mixed with 5 µL of cell solution

in media and the mixed solution was loaded onto a heamocytometer. Cells stained blue

were counted as dead cells. Trypan blue staining was also performed for the sample of

live cells. Samples were incubated with the reagents for 60 minutes at 37 °C in a 96

black coated well plate, then read on a plate reader at Excitation 405 nm/Emission 510

nm (live) and Excitation 485 nm/Emission 520 nm (dead).
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1:1 (S:E) coated substrates were incubated with di�erent amounts of CKII (0, 4, 10

and 20 Units/mL) for two days before cytotoxicity measurements. At this point the

media was removed and samples were incubated with 100 µL of reagents with 400 µL

of media. 100 µL was transferred after 60 minutes incubation to a black coated 96 well

plate and �uorescence measurement was taken on the plate reader at Excitation 405

nm/Emission 510 nm (Live) and Excitation 485 nm/Emission 520 nm (Dead).

5.2.7 Microscopy

Nikon eclipse TS100 was used to view cells through culture and for bright�eld imaging

(Nikon Instruments UK). Fluorescent images were taken on the Leica DM IRB mi-

croscope (Leika UK). 5 images/sample were taken with minimum n=4 per sample, a

representative image of the average/sample type has been shown in this chapter.

5.2.8 Analysis software

Image J

Fiji Is Just Image J win64 Java 8 was used to analyse the cell images. The �uorescence

images were false coloured and overlaid. The cell counting was manually performed,

cells on the edge of the images were counted as were round cells (as cells were counted

at time 1 and 2 hours after seeding). The percentage surface coverage was determined

using ROI manager and manually selecting the cell covered areas.

5.2.9 Graphpad

Graphpad Prism 7 was used to determine statistical signi�cance using one way ANOVA,

multiple comparison in cell proliferation, cell attachment and cell coverage measurements

signi�cance set at 95%. Linear regression was used for the calibration curves for Cell

Titer blue, AP assay and Multi�ox Fluor assay.

5.3 Results and discussion

5.3.1 Adhesion and proliferation

To test the modi�ed surfaces as suitable supports for cell culture MPC's were seeded

onto the substrates and washed at time 1 and 2 hours with PBS. The supernatant was

removed and any cells that were in suspension were counted using a heamocytometre

however the numbers were too low to be statistically signi�cant (< 20 was the maximum

counted). Microscopy images were taken of the substrates (Figure 5.2 (Images of Glass

and TCP controls can be found in Figure A.19) and cell numbers were counted using

imageJ software (Table 5.1). All images display the cells as rounded as they have un-

dergone stress during the passage and seeding process. There are signi�cantly more cells
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1 hour 2 hour

�bronectin

PEG-NH2 1:1 (S:E)

PEG-NH2 BHQ- 0:1-F

(S:E)

PEG-NH2 BHQ- 1:0-F

(S:E)

PEG-NH2 BHQ- 1:1-F

(S:E)

Figure 5.2: Bright�eld images of MPC cells seeded on �bronectin coated surfaces as well as

co and homopolymer modi�ed surfaces of serine and glutamic acid at 10 X magni�cation, scale

bar 100 µm (n=5)
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Table 5.1: The number of MPC's adhered to control (�bronectin, glass and TCP) and polypep-

tide surface of varying composition after 1 and 2 hours incubation after seeding (n=5) .

1 hour substrate 2 hour substrate

Fibronectin 14 ±3 53 ±11

Glass 121 ±15 115 ±23

TCP 17 ±4 46 ±8

PEG-NH2 S:E 1:1 15 ±4 39 ±8

PEG-NH2 BHQ- 0:1-F 16 ±5 53 ±16

PEG-NH2 BHQ- 1:0-F 3 ±5 9±5

PEG-NH2 BHQ- 1:1-F 13 ±6 67 ±17

PEG-NH2 BHQ- 1p:1-F 17 ±7 68 ±18

present on the glass samples than the other substrates after 1 hour incubation, indicating

the cells have better adherence on the glass coverslips than the modi�ed samples. This

observation persists after 2 hours, even though the number of cells on the glass samples

did not increase signi�cantly as opposed to all other samples were a marked increase in

cell numbers was observed. One further exception was the serine homopolymer modi�ed

substrate that had a signi�cantly lower number of cells adhered to the surface with no

signi�cant increase between time 1 and 2 hours. The other variation of copolymer sam-

ples exhibited similar cell adherence at both time points with no signi�cance di�erence

between themselves and between the controls Fibronectin and TCP.

MPCs cultured on the controls and substrates were monitored and imaged at day

1, 3 and 7 (Figure 5.3) Glass and TCP control images can be found in Figure A.20

. The elongation of the cells and increased surface coverage over time is an indicator

that the substrates are e�ective at supporting MPC culture. There is no qualitative

di�erence between the 1:1 (S:E) substrates with and without the introduction of the

BHQ and �uorophor nor with the phosphorylated samples with close to 100% surface

coverage and elongated cell morphologies at day 7. Homopolyserine substrate has very

low cell surface coverage with predominantly rounded cells, glutamic acid homopolymer

has lower surface coverage than the copolymers, with some elongation of cells, however

some rounded cells are also present on the surfaces. These images indicate that the

homopolymer substrates are less suited to supporting MPC culture than the controls

and the copolymers. The WCA of the substrates is not signi�cantly di�erent to the

copolymers so it is unlikely this is a contributing factor. It is possible the thickness,

polymer chain length and density on the surface are contributing factors to these e�ects.
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1 Day 7 Day 14 Day

Fibronectin

PEG-NH2 1:1 (S:E)

PEG-NH2 BHQ- 0:1-F

(S:E)

PEG-NH2 BHQ- 1:0-F

(S:E)

PEG-NH2 BHQ- 1:1-F

(S:E)

PEG-NH2 BHQ- 1p:1-

F (S:E)

Figure 5.3: Bright�eld images of MPC cells seeded on control substrates as well as co and

homopolymer modi�ed surfaces of serine and glutamic acid at 10 X magni�cation, scale bar 100

µm (n=5) at day 1, 7 and 14.
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Figure 5.4: Cell number as determined using resazurin assay on di�erent controls and polypep-

tide substrates at time 1, 3 and 7 days. One way ANOVA carried out to determine signi�cance

compared to the �bronectin control sample (*<0.05, ****<0.00005) error bar=SD (n=5)

5.3.2 Cell proliferation assay

The ability of MPC cells to proliferate on the modi�ed surfaces and controls has been

monitored over time (up to day 7) using a resazurin based colorimetric assay. This is an

indicator as to how suitable the surfaces are to support cell culture. Resazurin is reduced

to resofurin by NADH/H+ to yield a pink product that �uoresces at Exc560/Em590

nm. It is a measure of cell metabolism, which is an indicator of the number of cells

present; however, it cannot distinguish between bacterial and mammalian cells. The

assay works by comparing intensity values in cell culture populations with a calibration

curve prepared with known cell numbers (Figure 5.4). The cells used for the calibration

curve were cultured for 4 hours (the point at which cell spreading was observed) before

any reagents were added. This was to reduce any variations in cell metabolism introduced

due to the stressed state of the cell after passaging.

The cell number correlates to the images in Figure 5.3 with the two homopolymers

having signi�cantly lower number of cells than the controls (p<0.0001 ****). The copoly-

mer and control surfaces show an increase in cell number with time indicating cells are

proliferating on the substrates. At day 7 the number of cells on the copolymer substrates

was much lower on PEG 1:1 and PEG-Q-1:1-F surfaces compared to Fibronectin samples

however the phosphorylated samples do have signi�cantly lower numbers of cells com-

pared to the controls and the equivalent non-phosphorylated sample.Importantly, these
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results indicate that the change in surface properties upon phosphorylation are su�-

cient to induce a noticeable change in the proliferation of MPCs. A One Way ANOVA

analysis of the three copolymer substrates yields a signi�cantly higher number of cells

on the PEG-Q-1:1-F compared to PEG 1:1 and PEG-Q-p1to1-F, however no signi�cant

di�erence was observed between PEG 1:1 and PEG-Q-p1:1-F.

5.3.3 Osteogenic markers

Runt related transcription factor (RUNX2)

The aim of this work is to be able monitor conformational changes on the surface opti-

cally in situ by cell secreted enzyme AP in the presence of CKII. It is therefore integral

that the cells secrete AP, in MPCs this will occur when the cells undergo osteogene-

sis. RUNX2 is an early osteogenic marker that is a transcription factor, essential for

osteoblastic di�erentitation [208]. Immunohistochemical staining was used to stain the

samples for RUNX2 expression which were imaged under a �uorescent microscope. Fig-

ure 5.5 shows MPCs cultured on control and polypeptide substrates. A nucleus stain

Hoescht (blue) marks the distribution of the cells, Alexa�uor546 tagged secondary an-

tibody provides visual marker of RUNX2 expression in the cells (red) . These images

have been overlapped. Glass and TCP control images can be found in Figure A.21.

RUNX2 is detected on cells cultured on all substrates. An early indicator that the

cells on all substrates were undergoing osteogenesis. As the cells are cultured in os-

teogenic media, it is likely any surface e�ects would be dampened by the e�ect of the

media.

Alkaline phosphatase secretion

AP is an osteogenic marker, found in intra and extracellular environments. It is one

of the target enzymes in the enzyme reversible system developed in chapter 3 and 4,

therefore monitoring the amount of AP secreted at di�erent time points by the cells

is important in order to determine the optimum time to test the reversibility of the

polypeptide surfaces in the presence of cells. Comparing the amount of AP secreted by

the cells with the minimum amount that has been added by an operator (in Chapter 4) for

dephosphorylation is also important to ascertain whether concentrations of cell secreted

AP by cells will be su�cient to induce a similar material response. The controls and

polypeptide modi�ed surfaces seeded with MPC cells were incubated in bu�er containing

pnpp at days 1, 7 and 14 for 1 hour. The conversion of p-npp to p-np by AP was measured

on a plate reader at 405 nm (Figure 5.6).

AP activity in the cells supernatant after 1 hour incubation is shown in Figure 5.6.

The controls and the copolymers with the FRET pair on the substrate have the maximum

amount of AP secreted at day 14, this is consistent with data in the literature whereby

AP secretion increase from day 7 and peaks at day 14. The copolymer with the FRET
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Hoescht Alexa�uor546 Overlap

Fibronectin

PEG-NH2 S:E 1:1

PEG-NH2 BHQ-

1:1-F S:E

PEG-NH2 BHQ-

1p:1-F S:E

Figure 5.5: Images of cells stained with Hoechst (nucleus stain) and Goat anti-rat secondary

antibody-Alexa�uor546 (RUNX2 stain) seeded on copolypeptide of serine and glutamic acid in

a 1:1 ratio and control surface at 10 x magni�cation (n=5) at day 3. scale bar = 100µm
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Figure 5.6: AP activity detected in supernatant after 60 minutes incubation with pnpp (0.5

mM) normalised to cell number (as determined with Cell Titer blue assay). One Way ANOVA

compared to Fibronectin substrate with error bars=SD. A/V/T U = amount of enzyme to

generate 1 µM of pnp in 1 min in 1 mL (n=4)

pair shows no signi�cant di�erence between the phosphorylated and unphosphorylated

samples indicating phosphorlyation of these samples has no e�ect on AP secretion by

the MPCs. AP secretion is signi�cantly lower between these samples and �bronectin

at day 21 (P<0.0005). There is no di�erence between the three controls. Day 14 is

therefore the best time point to measure any conformational changes as a result of

phosphorylation/dephosphorylation on action of AP.

The maximum AP active units of enzyme secreted by the MPCs 300 U/mL/sample is

higher than the units that have been required for dephosphorylating the phosphoserines

on the surface, 24 U/mL (Chapter 3). Therefore the activity present in the supernantant

should be su�cient to dephosphorylate the substrates.

5.3.4 Cell viability in the presence of CKII

Casein Kinase II is an intracellular enzyme, therefore within this system will need to be

added into the supernatant to observe any reversible enzymatic mediated interactions

with the substrate. It was investigated as to whether the cells were a�ected by the addi-

tion of di�erent amounts of CKII and to �nd any threshold, if appropriate. The amount

of CKII used was based on units used in chapter 4 which induced surface phosphoryla-

tion. MPCs were incubate for 2 days with the enzyme and cell morphology and number
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1:1 (S:E) 4 µg 1:1 (S:E) 10 µg 1:1 (S:E) 20 µg

1:1 (S:E) Fibronectin Glass

Figure 5.7: Bright�eld images of cells incubated with di�erent amounts of CKII for 2 days on

copolymer modi�ed surfaces and controls of �bronectin and glass (n=4). Scale bar = 100µm

was monitored by microscopy. Resazurin assay, viability assay and osteogenic ability

were determined.

In the bright�eld images shown in Figure 5.8, the cells in the two concentrations 4

and 10 U/ mL are elongated and there is good surface coverage like with the controls

whereas for the 20 U/mL sample the cells are rounded and there is lower surface coverage

indicating the cells are undergoing stress.

The Resazurin assay is in agreement with the images, with the substrate incubated

with 20 U/mL having signi�cantly lower cell number than the other samples. Indicating

cell survival is negatively a�ected by the addition of 20 U/mL of CKII, whereas there is

no di�erence measured between the 4 and 10 U/mL samples.

A Cell viability assay which can directly measure the number of live and dead cells

was used to determine the toxic e�ects if any of MPC culture in the presence of di�erent

amounts of CKII. The number of live and dead cells is determined using a �uorescence

assay with two �uorescent probes that are added into the cell culture together GF-

AFC and Bis-AAF-R110. Firstly the cell permeable probe glycyl-phenylalanylamino

�uorocoumarin (GF-AFC) �uoresces only after an intracellular protease cleaves the GF

from the AFC which then �uoresces at Excitation 400 nm/Emission 505nm. This is an

indicator for live cells. Simultaneously a non cell permeable compound, bisalanyl-alanyl-

phenylalanyl-rhodamine 110 (Bis-AAF-R110) can be cleaved by a dead cell protease to

release R110 that �uoresces at Excitation 485 nm/ Emission 520 nm.

Sensitivity of MPC's to the assay was determined and a calibration curve was made

by incubating the reagents with known amounts of live and dead cells (Figure A.16 and

Figure A.17). This was used to quantitatively determine the number of live and dead
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Figure 5.8: Cell number as determined using resazurin assay on di�erent substrates after 2

days incubation with CKII in di�erent concentrations. One way ANOVA test carried out to

determine signi�cance compared to control, 1:1 no enzyme. (n=5)

Figure 5.9: Live cell detected at Excitation 400 nm/ Emission 505 nm for detection of AFC

�uorescence for MPCs seeded onto copolymer substrates incubated with di�erent amounts of

CKII. Statistics used: One way ANOVA, multiple comparison to 1:1 (S:E) error bars=SD of

n=4
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Figure 5.10: Dead cells detected atExcitation 400 nm/ Emission 505 nm for detection of R11O

�uorescence for MPC's seeded onto copolymer substrates incubated with di�erent amounts of

CKII. Statistics used: One way ANOVA, multiple comparison to 1:1 (S:E) error bars=SD of

n=4

cells in the culture. Firstly Figure 5.9 shows the number of live cells detected. CKII

concentration of 4 U/mL has no e�ect on cell viability compared to controls whereas there

is a signi�cant di�erence between the copolymer substrate incubated with 20 U/mL of

CKII (p<0.00005) and the 10 U/mL (p<0.05) when compared with the control sample

with no enzyme. Signi�cance is only detected in the 20 U/mL samples when measuring

the dead cell �uorescence probe (Figure 5.10). The negative e�ect on cell viability at

20 U/mL is consistently apparent between the three di�erent techniques (imaging, cell

titer blue and viability asssay). Whereas at 10 U/mL it is only the live cell probe data

that indicates a signi�cant di�erence between the copolymer with and without presence

of 10 U/mL of enzyme. This is not observed for the dead cell probe nor on the cell

proliferation assay. This indicates at this concentration there is a negative e�ect on cell

viability however this is a weak e�ect, especially when compared to the e�ects of 20

U/mL. The total number of dead and live cells detected for the 20 U/mL sample is lower

than the initial seeded number, this can be accounted for by the change in media to add

in the detection reagents. It is likely some of the dead cells will have come away from

the surface and have been removed in this step.

5.4 Conclusion

MPCs ability to adhere to the substrates was assessed �rst. The cells were equally able to

adhere to the copolymer substrates as the controls, whereas the cells did not adhere well

to the serine homopolymer. The cells were able to proliferate equally on the copolymer

substrates as the controls and in keeping with the poor adhesion exhibited after 1 and
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2 hours of seeding, the serine homopolymer had signi�cantly lower number of cells on

the surface. The cells were unable to proliferate on the homoglutamic acid substrate,

even though it showed no di�erence in the initial adhesion tests when compared to the

copolymers and controls indicating that the homopolymers were poor substrates for the

culture of MPCs.

The cells cultured on all substrates expressed RUNX2 the early osteogenic marker,

the amount of AP secreted was determined and the maximum was reached at day 14

with no signi�cant di�erence determined between copolymers with FRET molecules on

the substrate and the controls at this time point. Indicating the copolymer substrates

were able to support MPC osteogenesis and the amount of AP secreted was su�cient to

induce dephosphorylation based on work in chapter 4.

Cell viability was determined in the presence and absence of the enzyme CKII at

di�erent concentrations. Incubation with 20 U/mL caused a signi�cant reduction in

both cell number and viable cells. 4 U/mL showed no toxic e�ects whereas the samples

incubated with 10 U/mL showed some mild toxicity in one of the assays but not con-

sistantly so. This indicates tha 10 U/mL (the amount used in the enzyme experiments

in Chapter 3) is the absolute limit and that lower amounts should be investigated for

phosphorylation in future work to eliminate any potential toxic e�ects.

In conclusion the copolymer substrates, with and without the BHQ and �uorphor,

can support MPC culture. MPCs cultured on these substrates undergo osteogenesis and

secret AP and are able to proliferate and survive in the presence of CKII up to 10 U/

mL. This is necessary preliminary data that can be used in future work to determine

whether the substrate can undergo conformational changes on the surface in the presence

of cells and with cell secreted AP.
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Chapter 6

Conclusions and Outlook

The aim of this work was to develop a reversible stimuli responsive surface that can

undergo reversible conformational changes on the action of enzymes. This was achieved

by targeting enzymes Casein kinase II and Alkaline phosphatase that activate the phos-

phorylation and dephosphorylation of polypeptides containing a speci�c recognition se-

quence. We successfully designed polypeptides that respond to these enzymes. NCA-

ROP in solution was an e�ective method to synthesise polymers containing serine and

glutamic acid in di�erent ratios. Full benzyl deprotection of the polymers was unsuc-

cessful in solution so protected polymers were analysed. Good control over polymer

conformation was achieved by monomer feed composition. The monomers were shown

to favour reactivity with one another rather than themselves inferring an alternating

copolymer was likely to be synthesised with a monomer feed ratio of 1:1 (S:E). This is

an ideal situation for the enzyme responsive systems and provides us with the information

required to decide on conditions for the translation onto surfaces.

The work in solution was translated onto a surface whereby the grafting from by

NCA ROP was adopted to modify the surfaces. Surface functionalisation with an amine

initiator was achieved in three di�erent ways by silanisation with APTMS, with GOPTS

followed by PEG diamine coupling and by coupling BHQ-1-Lysine to the PEG-amine.

The three types of functionalised surfaces were able to initiate polymerisation from the

surface for co and homo polymers of glutamic acid and serine by NCA-ROP. This was

determined by signi�cant changes to surface wettability (WCA), the presence of ion

fragments on the surface attributed to S and E (ToF SIMS) and the change in the

% contribution of C and N elements and the change in carbon environments on the

surface (XPS). Unlike in solution, full benzyl deprotection was achieved as determined

by signi�cant reduction in the WCA and by the loss of ions attributed to benzyl group

(ToF SIMS). Unfortunately, attempts to determine polymer conformation on the surface

were unsuccessful by FTIR due to a poor signal to noise ratio.

It was determined whether the modi�ed surfaces could support the culture of mouse

primary calvarial cells (MPC)'s. There was no signi�cant di�erence between cell ad-
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hesion and proliferation for the copolymers and the control samples as determined by

resazurin based cell proliferation assay and cell counting of microscopy images. The ad-

dition of the FRET pair inferred no obvious e�ect on cell survival and proliferation. No

signi�cant di�erence in osteogenic potential of the cells cultured on the polymer modi�ed

surfaces was determined between the control and copolymer samples. This was deter-

mined by immunohistochemical staining with RUNX2 and by detection of AP secretion

(p-npp colorimetric assay). No cytotoxic e�ects were detected with cells cultured with

<10 U/mL of CKII, whereas reduced cell viability, cell numbers and surface coverage

was detected at a CKII concentration of 20 U/mL.

The suitability of the copolymer surfaces to undergo phosphorylation with CKII was

measured. ToF SIMS (for presence of phosphate) and a luminescent assay following

ATP consumption con�rmed that surfaces were phosphorylated. It was determined in

Chapter two that the alternating copolymer composition was likely present in polymers

synthesised in solution, the fact that the enzyme acts on the polymer brush, infers that

the required amino acid sequence S-x-x-E structure is present in the polymer chains

formed on the surface. Dephosphorylation was con�rmed after subsequent incubation of

phosphorylated samples with AP by ToF SIMS (loss of phosphate) and a colorimetric

assay that detected phosphate in the supernatant. We have developed the �rst reversible

enzyme responsive surface.

Knowing we had developed a reversible enzyme responsive surface we then investi-

gated as to whether the phosphorylation and dephosphorylation was repeatable over a

number of incubation cycles. The process is repeatable up to three times, after which it

deteriorates. There is also some variability between the samples in terms of the number

of cycles that the process can be repeated. This is likely due to batch to batch variation

of polymer density and chain length which can a�ect the availability of the motif to the

enzymes. Some variability was demonstrated between batches with Tof SIMS measure-

ments with variation in ion intensities attributed to serine, glutamic acid and PEG as

well as some inhomogenous distribution of the ions across the surface.

The incorporation of the BHQ-1-Lysine and �uorescein in the copolymer chain was

successful, in progress towards a non-invasive method to monitor surface changes on

interaction of the enzymes. Detection of ion fragments that can be attributed to the

molecules was observed on the surface (Tof SIMS analysis). The introduction of the

probes had no obvious in�uence on cell behaviour with the parametres measured. Flu-

orescence was detected on the surface using a plate reader. An increase in �uorescence

intensity was observed after sample incubation with CKII and a decrease was observed

on subsequent incubation with AP. Comparable to the observations by techniques ToF

SIMS and the solution assays, this e�ect was not consistently repeatable over a number

of cycles. This infers that after a number of cycles the availability of the polypeptide to

the enzymes is restricted, inhibiting any further interactions.
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Even though there is variability, this is likely due to sample behaviour; the ana-

lytical tools are appropriate and, importantly, the �uorescence method is suitable to

follow surface changes. Further investigations are required to determine the cause of this

variability, this will be discussed in the next section.

To conclude, this is the �rst report of a reversible enzyme responsive surface. Poly-

merising from the surface by NCA ROP to develop an enzyme responsive surface is an

important step in advancing the applications for this polymerisation method as well as

contributing to the �eld of enzyme responsive biomaterials.

6.1 Future work

Given the time constraints of a PhD there remains some interesting questions and avenues

to explore to gain further insight into this system and for it's continued development.

We know our system can undergo reversible enzyme responsive behaviour, however

there is variability in our system. It was apparent from the ToF SIMS data that vari-

ability arose between the di�erent batches of samples, however this technique was used

to only characterise the very surface due to it's limitations in penetration, therefore it

would be interesting to use other surface characterisation techniques to further explore

these inconsistencies. This could help in directing any improvements to improve the

reproducibility of the samples between di�erent batches which may in-turn reduce the

inconsistency observed with the repeatability of enzyme interactions.

Other surface techniques such as quartz cystal microbalance (QCM), ellipsometry

and surface plasmon resonance (SPR) could be interesting tools to further characterise

the samples. Ellipsometry and SPR enable thickness of the polyemr layer on the surface

to be determined and QCM enables mass depositions to be measured. This further

characterisation could measure other variants in the surfaces and potentially be used as

a tool to measure changes on action of the two enzymes (change in thickness and mass).

Unfortunately, direct measurement of conformation and orientation of the polymers

on the surface was not achieved during this work. FTIR and circular dichroism have

been reported as methods to observe both. Modi�ying an IR crystal and measuring the

wavelength of absorbance of IR can provide information on the secondary structure and

orientation of polymer. The e�ects of interactions of enzymes on these parametres could

also be measured. This could provide information on the action of enzymes and provide

insight into variabilities in the system.

The FRET system developed on the surface was successful at measuring changes in

�uorescence on action of enzymes. It would be interesting if these changes were also

observable by �uorescence microscopy, however challenges such as over exposure and

photo bleaching would need to be addressed.

We have developed a reversible enzyme responsive surface that can support cell cul-

ture. To be a truly autonomous system ideally the stimuli will be provided by the
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biological environment rather than added by an operator (as in the case of this work).

Therefore it would be of great interest to monitor surface conformation changes using

FRET, in the presence of cells as a result of cell secreted AP. Surface properties have

been investigated as in�uencing cell behaviour. Any cell behavioural changes as a result

of surface phosphorylation and dephosphorylation would be interesting to measure and

investigate potentially providing ideas for future applications of this system.

Furthermore this work has demonstrated the potential of NCA ROP as a method to

modify surfaces for interactions with enzymes that require a speci�c peptide sequence to

operate. It would be interesting to investigate other amino acid combinations that could

lead to a peptide sequence capable of interacting with other reversible enzyme systems.

The broader aim of this work is to develop more biomimetic materials for medical im-

plants and tissue engineered biomaterials. It would be interesting to investigate coatings

on biomaterials of NCA-ROP derived peptide sequences that can interact with native

enzymes and to measure the e�ects on biocompatibility and the acceptance or rejection

of biomedical implants. This could have wide implications in the future for the design

of medical devices.

132



Appendix A

A.1 Chapter 2

Figure A.1: Mass spectra for NCA-Ser (Bn)

Figure A.2: Mass spectra for NCA-Glu (Bn)
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A.1.1 Kinetic studies

Finemann-Ross

f (F − 1)

F
=

(
f2

F

)
rSer − rGlu (A.1)

With

f =
nSer
nGlu

(A.2)

And

F =
NSer

NGlu
(A.3)

with nSer and nGlu being the mole-fractions of Glu(Bn)-NCA and Ser(Bn)-NCA in

the feed and NGlu and NSer the mole-fractions of Glu(Bn) and Ser(Bn) n the ploymer.

A linear regression of the plot of f(F − 1)/F vs f2/F yields rGlu and rSer as the

slope and the intercept, respectively.

Kelen-Tüdös

η = ξ
(
rSer +

rGlu
α

)
− rGlu

α
(A.4)

With

η =
f (F − 1)

F
(
α+ f2

F

) (A.5)

ξ = −

(
f2

F

)
α+

(
f2

F

) (A.6)

And

α =

((
f2

F

)
max

×
(
f2

F

)
max

) 1
2

(A.7)

This equation equally yields a linea plot of η vs ξ for which slope and intercept can be

determined. rGlu can be determined when ξ = 0, which allows rearrangement of equation

B.7 to:

rGlu = −ηξ=0 × α = −dα (A.8)

If ξ = 1. rSer = η which can be calculated from the equation of the linear regres-

sion according with k and d being the slope and the intercept of the linear regression,

respectively.

rSer = ηξ=0 = k + d (A.9)

De�nition of parametres
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rSer =
kSerkSer
kSerkGlu

(A.10)

rGlu =
kGlukGlu
kGlukSer

(A.11)

Figure A.3: Molar ellipticity of the copolypeptides at di�erent ratios as determined by CD in

HFIP.
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A.2 Chapter 3

Figure A.4: Full ion spectra for substrates silanised with APTMS and polymerised with Serine

and Glutamic acid in homo and copolymers. Most prominent ions have been labelled.
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Figure A.5: Full ion spectra for substrates silanised with GOPTS, and polymerised with serine

and glutamic acid from the BHQ-Lysine. Most prominent ions have been labelled.

Figure A.6: Full ion spectra for substrates silanised with GOPTS, and polymerised with serine

and glutamic acid from the PEG-diamine. Most prominent ions have been labelled.
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Table A.1: ToF SIMS ion count for fragments of interest normalised to total ion count for samples initiated from BHQ. n=4 for 1.5 x1.5mm areas
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A.3 Chapter 4

Figure A.7: Calibration curve for 1 (left)and 10 (right) µM ATP concentration

Figure A.8: Phosphate calibration curve

Figure A.9: AP calibration curve
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Figure A.10: ToF SIMS of samples initiated from PEG-NH2 of three incubation cycles with

CKII/ATP followed by AP. Left:Raster images of 3 x 3mm areas, Right: Spectra with peaks

attributed to phosphate normalised to total ion count

Figure A.11: ToF SIMS of samples initiated from BHQ-1-Lysine of three incubation cycles

with CKII/ATP followed by AP. Left:Raster images of 3 x 3mm areas, Right: Spectra with

peaks attributed to phosphate normalised to total ion count

A.4 Chapter 5
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Figure A.12: Full mass spectra for negative polarity ToF SIMS. Surfaces polymerised from

APTMS exposed to CKII/ATP and AP

Figure A.13: Full mass spectra for negative polarity ToF SIMS. Surfaces polymerised from

PEG diamine exposed to CKII/ATP and AP

Figure A.14: Full mass spectra for negative polarity ToF SIMS. Surfaces polymerised from

BHQ-1-Lysine exposed to CKII/ATP and AP
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Figure A.15: CellTiter blue calibration curve

Figure A.16: Live cell calibration curve Excitation 400 nm/ Emission 505 nm for detection of

AFC �uorescence
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Figure A.17: Dead cell calibration curve Excitation 485 nm/ Emission 520 nm for detection

of R11O �uorescence

Figure A.18: Cell Titer calibration curve with known number of cells at di�erent incubation

times: 1 hour(R2 = 0.9900), 2 hours (R2 = 0.9967) and 3 hours (R2 = 0.9802). Excitation

560nm/ emission 590 nm
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1 hour 2 hour

Glass

TCP

Figure A.19: Images of MPC cells cultured on controls glass and �bronectin after 1 and 2

hours incubation. Scale bar = 100µm

1 Day 7 Day 14 Day

Glass

TCP

Figure A.20: Bright�eld images of MPC cells seeded on control substrates glass and TCP at

10 X magni�cation, scale bar 100 µm (n=5) at day 1, 7 and 14.

144



Hoescht Alexa�uor546 Overlap

Glass

TCP

Figure A.21: Images of cells stained with Hoechst (nucleus stain) and Goat anti-rat secondary

antibody-Alexa�uor546 (RUNX2 stain) seeded on control surfaces at 10 x magni�cation (n=5)

at day 3. scale bar = 100µm
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