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Abstract 

This thesis studies the effects of changing the mode of binding on the activity of surface-

attached biomolecules such as antibodies and antimicrobial proteins. The principal analysis 

techniques used were X-ray and neutron reflectometry, which were used to characterise 

reactive polymer coatings for biomolecule deposition (PMMA and APTES) and to structurally 

analyse attached antibody, surface linker and protein layers.  

PMMA films were uniform and reproducible when measured in air, but formed hydrated 

layers at the Si/PMMA interface when exposed to aqueous buffer. These layers were 

consistent and did not expand significantly over extended periods of time. APTES films were 

less consistent and required tight control of water in the deposition solution for films to be 

reproducible but also appeared stable in aqueous solution. 

Antibodies were physisorbed to PMMA films, forming layers with a ‘flat-on’ orientation 

at various concentrations. BSA was added to all layers and was observed filling the spaces in 

between antibody layers on PMMA films. Comparison of the layer thickness with the 

molecular dimensions of BSA suggests that tertiary structure is disrupted at the surface. 

The antigen capture efficiency of antibodies covalently attached to PMMA and three 

different linker surfaces, chosen to produce improved flexibility and higher surface hydration, 

was assessed. Antibodies covalently bound to all surfaces were more efficient and captured a 

higher amount of antigen than physisorbed antibodies. The structure of PAMAM dendrimers 

attached to APTES films was assessed in aqueous solution, and it was found that the G4.5 

dendrimer formed a thicker layer with higher hydration than on the PMMA film. 

The killing mechanism of the antimicrobial protein hydramacin-1 (HM-1) was studied and 

it’s fusogenic nature confirmed. HM-1 and lysozyme were attached to APTES and PMMA 

films with and without a PEG-based linker molecule and the protein layers characterised using 

NR. Antimicrobial activity was observed for both proteins bound to APTES-PEG films 

however no activity was observed for proteins bound to any of the other surfaces prepared.  
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Chapter 1: Introduction  

This thesis is about the structural characterization and optimization of proteins 

and antibodies attached to surfaces. Surface-attached antibodies and proteins are in 

common use commercially and in laboratory-based environments,1 although there is 

a lack of information about their structure and how their activity changes with 

changes in surface chemistry and binding. Additionally, most commercially 

available tests do not use targeted immobilization, rather, relying on random 

physisorption, which is known to lead to low efficiency.2 The main challenge in this 

area is that the proteins of interest have evolved to be active in solution, often in 

highly specific environments, and attachment to surfaces can easily render them 

immobile, obscure active sites, or disturb their three-dimensional structure.  

In order to address this problem, reactive surfaces have been prepared, 

structurally characterized and modified using surface linkers in an attempt to create 

a functional chemical environment for biomolecule attachment and activity. 

Improvements in the chemical environment were hypothesised from increased 

conformational flexibility and hydration imparted from linker surfaces, which were 
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chosen in an attempt to replicate the native environment of these biomolecules. In 

particular, antibodies (mouse and goat immunoglobulin-G) and antimicrobial 

proteins (hydramacin-1 and lysozyme) were attached to these surfaces, and their 

structure and activity measured, to test whether improvements in efficiency and 

activity over currently used commercial methods are possible.  

1.1 Protein and antibody structure 
Proteins and peptides vary vastly in terms of size, composition and function. 

Although there is no formal demarcation line between proteins and peptides, it is 

generally accepted that once an amino acid sequence contains more than 40 – 50 

amino acids and contains tertiary structure, it is a protein.3 Proteins are essential to 

all forms of life and are responsible for the function, structure and regulation of the 

human body’s tissues and organs. They can be described according to their specific 

function, for example enzymes, which are responsible for carrying out many 

different types of chemical reactions in cells, or antibodies, which are responsible 

for binding to foreign objects such as viruses and bacteria. Proteins rely on primary, 

secondary, tertiary, and quaternary structural elements, and their complexity of 

structure enables them to serve many functions in various forms of life. Despite their 

wide range of functions and structures, proteins are built around a common set of 

amino acids with well-known sidechain functionality, that allows the development 

of general strategies to control their binding to surfaces. This study will focus on 

two particular classes of protein functionality, antimicrobial proteins and antibodies. 
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1.1.1 Antibodies 
Immunoglobulins are expressed by B lymphocytes (B cells) as part of the 

adaptive immune system and the term ‘antibody’ is applied to an immunoglobulin 

molecule containing specificity for an antigen molecule.4 Immunoglobulins are 

composed of four polypeptide chains. These include two identical heavy chains 

connected by disulfide bonds and two identical light chains (κ or λ) which all 

arrange to form the monomeric unit. The different forms of heavy and light chains 

are known as isotypes and particular subclasses of immunoglobulins are determined 

by the heavy chain isotype.5 Antibodies function by binding non-covalently to 

antigens in order to tag them for destruction or further action by other components 

of the immune system. The antigen-binding site’s (epitopes) are formed by a light 

chain variable domain and a heavy chain variable domain (Figure 1.1) and is the 

same on both sites.  

Antibodies are either polyclonal or monoclonal. Polyclonal antibodies are 

secreted from multiple B cell lineages in the body whereas monoclonal antibodies 

originate from a single B cell lineage.6 Polyclonal antibodies used in commercial 

tests are typically raised in rabbits, goats or sheep7 and are frequently used in 

commercial assays for pathogens which are immunosensor-based.8 The advantage of 

polyclonal antibodies is that a selection of different antigen epitopes can be 

recognized on a single target, which is not possible in the case of monoclonal 

antibodies, which are directed towards a single epitope, making their use in 

immunosensor-based assays desirable where high specificity is required. 
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Figure 1.1. A: surface image of mouse IgG from published crystal structure (PDB ID: 1IGY);9 
B: schematic of IgG showing different chains and constant variable domains. Variable domains 

are shown in purple and lime and constant domains in blue and green. Disulfide bonds are 
shown in red. 

1.1.2 Antibodies as biorecognition elements for biosensors 
Biosensors are analytical devices combining a biological recognition component 

with chemical or physical signalling devices (transducers) (Figure.1.2). Surface 

immobilized antibodies have been in common use in commercially available 

biosensors based on the enzyme-linked immunosorbent assay (ELISA) for around 

30 years.10 In the ‘sandwich’ ELISA, a surface containing bound antibodies is 

prepared (primary antibodies). The surface is exposed to the antigen, followed by 

the addition of a secondary antibody which binds to a separate antigenic determinant 

on the antigen. Normally, the secondary antibody is covalently linked to an enzyme 

which produces a visible colour change upon exposure to a certain reagent, which 

confirms the presence of the antigen in the analyte solution. 

Commercially available biosensors are required to combine the high specificity of 

natural immunological interactions with high sensitivity and convenience of use by 

people with no background in analytical techniques. They are also preferably low 

cost, highly selective, and miniaturised for convenience of use with rapid detection 
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of analytes. They can be used to detect a wide range of different analytes from 

microorganisms such as bacteria,11, 12 fungal pathogens,13, 14 mycotoxins,15 viruses,16, 

17 marine toxins18, 19 and parasites.20, 21 Other common target analytes include cancer 

diagnosis,22 food analysis,23 and many more. 

 

Figure.1.2. Simplified and generalized schematic of commercial antibody-based biosensor.  In 
cases where optical detection is utilized, a secondary antibody binds to the captured analyte, 

producing a readable signal. 

 

The readout of the biosensor can be given as an electrochemical signal, where a 

binding event between a surface-immobilised antibody and an antigen in solution is 

converted to an electrical signal using various different transducer types. 

Additionally, in certain types of assays, analyte binding to antibodies can be 

detected based on mass changes at the sensor surface, exploiting the changes in 

resonant frequency of a quartz crystal due to changes in mass at the surface.24 

Surface immobilized antibodies can also be used in magnetic immunosensors,25 and 

can be utilized in optical techniques such as surface plasmon resonance (SPR)26 or 

fluorescence27 for analyte detection. Fluorescence can either be measured using 

standard laboratory practices or detected by the eye, as often seen in commercially 
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available pregnancy tests, where a positive result is often recorded by binding of a 

fluorescently tagged antibody to human chorionic gonadotropin (hCG).   

Although many immunoassays based on the specific interaction between 

antibodies and antigens are commercially available and have been proven to work in 

a lab-based setting, an obstacle to producing these tests more cheaply and making 

them work more efficiently is that there is currently no widely applicable method for 

covalent immobilisation8. 

Whether tests give a readout using optical techniques or whether binding is 

detected as an electrochemical signal, all of these tests require antibodies to be 

immobilized to test surfaces in a way which preserves their native conformation and 

exposes the functional binding moieties in the Fab chains/regions. Covalent binding 

of antibodies to test surfaces, initially proposed by Bhatia 1989,28 is commonly 

achieved using exposed antibody amines because of the abundance of exposed 

lysine sidechains at the antibody surface,29 which gives a choice of a range of 

different surface or linker functionality including aldehyde, epoxyl, or carboxylate 

(Table 1.1). Using amine surfaces and antibody carboxylate functionality has also 

been shown to work effectively30 and it has been found that the density of antibodies 

at the surface is similar using both methods.31 Since the antibody binding sites are 

found in the Fab region, a useful strategy may be to target the Fc region as a binding 

site, maximizing the chance that the residues important for biorecognition are not 

involved in surface binding.  
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Table 1.1. Commonly used reactive sites in antibodies and corresponding surfaces used in 
covalent deposition 

reactive group amino acid reactive surface 

-NH2 lys -COOH/-CHO 

-COOH asp, glu -NH2 

-SH cys Au 

sugar 

-OH 

glycos. res. 

ser, thr 

boronic acid 

epoxy 

Other approaches which have been used successfully in the literature include 

coupling via antibody thiols from cysteine sidechains,32 or coupling antibodies with 

2-iminothiolane.HCl, which was successfully attached to gold nanoparticles utilizing 

gold-thiol interactions,33 and has been suggested to lead to superior antibody 

orientation for antigen binding.34 Another possible route to covalent immobilization 

is the use of antibody glycans, which are involved in antibody effector functions and 

do not play a direct role in antigen binding. An obstacle to this is that the glycan 

groups are attached to the antibody in the Fc region and do not contain any obvious 

reactive groups which could bind to commonly used reactive surfaces. One method 

which has been shown to work for antibodies and other glycoproteins is exploiting 

the interactions between boronic acid and sugars,35, 36 which couple to form a 

tetrahedral boronate ester, a reaction which is favoured in basic solution.37 Although 

this has been successfully implemented, and has advantages as the glycans 

effectively function as surface linkers, the difficulty in achieving a boronic acid 

surface is a major hurdle in the widespread implementation of this technique.  
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An alternative to covalent immobilization is physisorption of antibodies, which 

utilizes forces such as ionic bonding, hydrophobic and polar interactions, and is the 

most commonly used method in commercial tests. In general this method affords 

low levels of control on antibody deposition and results in a range of random 

antibody orientations at the surface.34 Due to the low energy nature of the bonding 

interactions, antibodies are also easily removed from surfaces, so their use in tests 

exposed to more than mild flow and where repeated cycles are required is not 

desirable. Control of adsorption and antibody orientation on carbon nanotubes 

without a linker molecule by variation of pH above and below the isoelectric point 

and using a detergent has been attempted38 although otherwise there are few 

available studies which show controlled orientation in the absence of a covalent 

linking agent. Efficiency of antibodies physisorbed to surfaces has been reported as 

being as low as 2 – 10% after adsorption on plastic surfaces for ELISA assays.39 

Physisorbed antibody surfaces require ‘blocking’ before exposure to antigen, which 

is a term used for the process of filling remaining non-specific binding sites on the 

surface. This is often done commercially using proteins such as bovine serum 

albumin (BSA) although other methods have been successfully used. Although this 

technique is commonly used commercially and in the literature, there is a relative 

lack of information on the structure of the BSA at the surface. 

1.1.3 Antimicrobial Proteins and Peptides 
Many antimicrobial proteins and peptides have been isolated from a wide range 

of organisms40 where they act as a ‘first line of defence’ against microbial attack. 

Common to almost all is amphipathic character, a combination of positively charged 
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residues and hydrophobic residues spatially distributed in a way that maximises 

interactions with bacterial cell walls.41 The first discovery of a short chain 

antimicrobial peptide was in 1939, when Dubos42, 43 observed the prevention of 

Pneumoccus infections in mice by an agent (gramicidin44) isolated from a soil 

Bacillus strain. This number has grown considerably, such that as of August 2015, 

the LAMP antimicrobial peptide database45 lists over 5,500 structures with 

demonstrated antimicrobial activity.  Antimicrobial proteins and peptides are 

predominantly found in tissues and organs of vertebrates which are exposed to 

airborne pathogens and are part of the innate immune response.46 The most common 

structural feature of antimicrobial peptides and proteins are the α-helix and β-

sheet,47 although peptides with other dominant secondary structure also exist.  

Antimicrobial proteins and peptides have been found to be extremely effective 

against a wide range of bacteria, with minimum inhibitory concentrations (MIC) as 

low as 50 pM against E. coli and S. aureus (see Table 1.1 for examples). Their 

killing mechanisms exploit fundamental differences in prokaryotic and eukaryotic 

cell membranes, such as the relative abundance of negatively charged phospholipids 

in prokaryotic cell membranes, which differ in composition from eukaryotic cells, 

which contain higher amounts of charge-neutral phospholipids.48 They have been 

demonstrated to kill Gram negative and Gram positive bacteria,49-54 viruses,55, 56 

fungi,57, 58 mycobacteria59, 60 and even cancerous cells.61, 62  
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Table 1.2. Minimum inhibitory concentrations for selected antimicrobial peptides against E. 
coli (Gram negative) and S. aureus (Gram positive) 

 E. coli MIC (µM) S. aureus MIC (µM) 

magainin 263 2 20 

DEFA164 0.2 0.4 

LL37/hCAP 1865 5 32 

BP10066 2 16 

protegrin-167 20.8 20.8 

mastoparan-AF68 4 16 

caenopore-569 0.05 no data 

ascaphin-870 6 3 

cupiennin 1a71 0.63 0.63 

dermaseptin 

K4K2OS4
72 

0.06 0.06 

 

The mechanisms of action of many AMPs are not well known. Of those that are 

known, most mechanisms involve permeabilisation of the bacterial cell membrane, 

although penetration into cells and interference with DNA synthesis73 and enzymatic 

activity74 have also been known to occur. Examples of permeability mechanisms 

include the barrel stave mechanism, which is so named after the topology of the 

membrane channel formed upon permeabilisation.48 With this mechanism a variable 

number of channel-forming proteins or peptides are positioned in a barrel-type ring 

around an aqueous pore. Hydrophobic surfaces of peptides interact with membrane 

acyl chains while	hydrophilic surfaces form a pore lining.41  
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An example of a slightly different permeability mechanism is the carpet model, 

where a high density of peptides accumulate on a membrane surface, interacting 

with headgroups via electrostatic interactions, with the phospholipid headgroups 

said to be ‘carpetted.’48 Displacement of headgroups, changes in membrane fluidity 

or barrier properties leads to membrane disruption and when a critical concentration 

of peptides is reached, membrane integrity is lost and it is dissolved in a dispersion-

like manner, with no actual penetration of protein into the hydrophobic membrane 

core.41 A consequence of the ionic and hydrophobic interactions of antimicrobial 

proteins and peptides with bacterial cell walls is that it reduces the likelihood of 

bacterial resistance mechanisms (commonly encountered with conventional 

antibiotics75), which would require fundamental changes in microbial cell wall 

structure.76  

1.1.4 Antimicrobial Proteins for bacteria-resistant surfaces 
Due to the ever-increasing threat of infection from antibiotic-resistant bacteria77-

80 and the emergence of hospitals as a breeding ground for many pathogenic 

strains,81-83 the need for new types of antimicrobial agents is becoming more and 

more urgent. It is estimated that in 2007 25,000 patients died from an infection due 

to antibiotic resistant bacteria in the European Union, while additional infections 

resulted in approximately 2.5 million hospital days with associated costs of over 

EUR 900 million.84 This has led to a global demand for antimicrobial agents that are 

able to counter bacterial resistance mechanisms while remaining cost-effective and 

non-toxic to patients. Antimicrobial proteins (AMPs) represent a promising lead in 
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this field as their killing mechanisms circumvent bacterial resistance as described 

above.85  

Bacterial biofilms are made up of bacterial micro-colonies developed into 

organised communities and adhered to surfaces,86 and have the potential to infect 

humans via attachment to various types of surfaces, including to medical devices.86 

Various strains of bacteria and fungi have been associated with causing infections 

due to attachment to indwelling medical devices, including Pseudomonas aeruginosa, 

Staphlococci Klebsiella pneumoniae, Staphlococcus aureus and Candida albicans.87 A 

common characteristic of bacterial biofilms is survival in environments which would 

be hostile to motile bacteria and although the exact microbial origin and site of 

infection can differ, almost all infections caused by biofilms are able to evade host 

defences and withstand conventional antimicrobial chemotherapy.86 Even in patients 

where the immune system is functioning properly, biofilm infections often cannot be 

removed, often causing damage to surrounding tissues in addition to the infection.88  

Although treatment of contaminated biofilms is possible, the difficulties which 

have been encountered suggest that preventative strategies which prevent initial 

biofilm colonisation would be more effective than the interventional techniques 

which target already-mature biofilms. A potential strategy of targeting biofilms 

could be designing surfaces in such a way that prevents initial adhesion and 

colonisation of bacteria. Although surface coatings which prevent bacterial 

adhesion89 with no observed bacterial toxicity have been designed (passive 

coatings), the most commonly used strategy to the prevention of bacterial 
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colonization is designing surfaces with the intention of toxicity towards bacterial 

cells (known as active coatings, common examples are shown in Figure 1.3). 

An example of an active coating is the use of nanoparticle coatings, which are 

known to bind to bacterial cell walls, resulting in disruption of the structural 

integrity of the membrane and possible damage to proteins and DNA, as well as 

induction of oxidative stress,90 although concerns exist around both the nanoparticle 

toxicity to humans91-93 and around release into the environment. Another strategy in 

the design of active coatings is the utilization of surface-attached antibiotics.94-96 

Although surfaces coated with conventional commercially available antibiotics have 

shown promise, the potential for leaching of the antibiotic from the surface remains 

a problem, and of course the primary problem of development of bacterial resistance 

mechanisms is not circumvented using this method, with the evolution of drug-

resistant bacteria developing into biofilms remaining ever-present.  

 

Figure 1.3. Schematic of antimicrobial surface coatings in the literature 
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In the search for an active surface lethal towards bacteria in a way which is both 

non-toxic to humans and able to resist bacterial resistance mechanisms, surface 

immobilized peptides and peptoids have been shown to exhibit promising 

antimicrobial activity,97 although their high manufacturing costs and susceptibility to 

degradation by host proteases has limited their usefulness. Antimicrobial proteins 

have been shown to kill bacteria in solution at µM concentrations (Table 1.2) and 

without the risk of bacteria developing resistance mechanisms, due to the membrane 

structure-targeting mechanisms of action.98 They are a promising candidate in the 

development of antimicrobial surfaces, although challenges around retaining activity 

of the surface-immobilised proteins need to be addressed before this can become a 

reality.  

1.2 Protein and Antibody Immobilisation Strategies 
The term ‘immobilised protein’ refers to proteins physically constrained in a 

defined region of space, in most cases on a surface at the solid-liquid interface and is 

done in order to exploit their broad spectrum activity (antimicrobial proteins) and 

specificity (antibodies) under controlled environments.  Antimicrobial proteins are 

good potential targets for functionalising surfaces to create microbial resistance due 

to their broad spectrum activity, however, as mentioned above the surface 

environment is chemically different from their native environment and could 

potentially have profound effects on their activity.  

Important parameters which need to be considered when attempting 

immobilisation of a protein are the location of the active site(s), the chemistry of the 

surface or support to which the protein is to be immobilised, and the mode of 
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attachment, all of which can have an influence on the eventual activity of the 

immobilized protein.99 Methods for immobilising proteins generally fall into two 

categories, physisorption and covalent immobilization. In the case of physisorption, 

a solution of protein is incubated against a surface and binds by monovalent 

interactions such as electrostatic attraction, hydrophobic interactions, van der Waals 

forces, or hydrogen bonding. Since these interactions are similar in nature and 

strength to those that influence protein folding, physisorption has the potential to 

disrupt protein structure and function.100 Although physisorption of proteins often 

leads to random orientation at surfaces, proper design of adsorption conditions, 

knowledge of the chemistry at the protein surface and special design or selection of 

support surfaces can favour specific protein orientations.101 Because it is cheap and 

uncomplicated, physisorption of proteins to supports is a popular method for 

commercial uses in cases where activity is preserved and tests are only required to 

be used once.102 A major weakness, however, of physisorption for formation of 

stable surfaces is that all types of physisorption are reversible, and with time or 

changes in environmental conditions (e.g., pH or salt concentration), bound proteins 

may be lost from the surface 

Covalent attachment provides a specific, stronger, and therefore more resilient 

and permanent connection between the protein and the surface. The distribution of 

materials is more controlled than when using random physisorption and it is even 

possible to select desirable orientations in order to maximise activity.103 In the case 

of covalent attachment, there are many possible routes and there is no universally 

agreed ‘best’ method, but the majority of methods form a linkage between reactive 
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sidechains in the protein sequence (especially amines and carboxylic acids) and a 

reactive chemical functionality on the surface (see Table 1.1). When selecting a 

covalent attachment method it is important to consider which residues are crucial to 

the functionality of the protein (if known), as utilising them or nearby residues as 

binding sites could decrease the activity of the surface bound protein.104, 105 When 

higher specificity of binding site is required, non-native functionality can be 

introduced, such as using a diazotransfer reagent to add azides which can take part in 

click reactions.106, 107  

The exploitation of amine groups on lys sidechains through carboxylic acid or 

aldehyde surfaces is a popular strategy in part due to the abundance of lysines at 

protein surfaces.1, 108 Although it may be tempting to assume all protein surface-

exposed, solvent-accessible amines have equal chance of participating in surface 

binding reactions, it is not the case, as only non-ionised amino groups will be good 

nucleophiles able to take part in the reaction. External lysines, which typically have 

pKa values around 10.5109 will have significantly reduced nucleophilicity at pH 7 

with less than 0.03% of groups reactive. On the other hand, terminal amines 

typically have pKas between 7 and 8110 and will thus have approximately 100 × 

higher reactivity than average surface-exposed lysines. Other factors, such as 

accessibility of the n-terminus, also influence the relative distribution of connection 

points between the protein and the surface.  

Although many choices of covalent tethering method may be used and may affect 

binding and activity, choice of surface concentration, surface chemistry and spacers 

can also have big influences on protein activity on the surface and may be as 
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important as protein orientation.111 Some spacers which impart flexibility to surface-

immobilised antimicrobial peptides have been shown to enhance activity,112 

although spacers without the required length and flexibility could potentially hinder 

insertion into cell membranes. Factors that determine protein activity are an 

interplay between many different factors and design of surfaces needs to take their 

specific activity-determining requirements into account. Design of reactive surfaces 

for protein attachment should always aim to end with a surface which is as inert 

towards competing reactions as possible, ideally hydrophilic and resistant to non-

specific adsorption of proteins and bacteria. 

1.3 Functional Coatings for Antibody and Protein Attachment 
Many industrially relevant solid surfaces, such as metals and ceramics, are not 

directly suitable for covalent immobilisation of proteins, as they lack functional 

groups capable of being activated to be reactive towards the relevant amino acid 

sidechains on the protein. Consequently reactive coatings are required to provide 

this functionality. Reactive films for protein deposition should be beneficial to the 

biocompatibility of the surface, by providing surfaces of maximum hydration and 

maximum steric flexibility while at the same time reducing non-specific adsorption 

which reduces the binding efficiency of surface-deposited antibodies. Materials such 

as polystyrene-based films113, polyaniline114 and nitrocellulose115 have been 

successfully used, although poly(methyl methacrylate) (PMMA) and 3-

aminopropyltriethoxysilane (APTES) are two of the most commonly used coatings 

for this application, and form the basis of the work in this thesis. 
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1.3.1 PMMA 
 PMMA was discovered in the early 1930’s, and became commonly 

commercially available under the name Plexiglass in 1934.116 It is a hydrophobic 

polymer, illustrated in Figure 1.4 and is often used as a substitute for glass due to its 

high impact strength and resistance to shattering.117 It has many uses in medicine as 

it has good biocompatibility with human tissue,118 and has been used in bone 

cement119 and also in contact lenses.120  

 

Figure 1.4. Poly(methyl methacrylate) molecular structure 

 

Thin PMMA and PMMA-based films can be prepared using a variety of 

techniques, such as spin coating, 121 vapour deposition polymerisation,122 plasma 

deposition,123 and graft polymerisation117 and are in use in a wide range of 

applications such as medicine,118 microelectronics 124 and nanotechnology 125 with 

the number of different uses projected to increase even further.126 Because of this, 

information about the response of these films to a wide range of external stimuli is 

important. Analysis of PMMA films in aqueous solutions is of particular relevance 

because of their potential as coatings for various types of medical implants 127-129 
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and general use in other applications where protective surface coatings in aqueous 

solution are required. In applications where devices must be used in both dry and 

aqueous environments, changes in the polymer film due to sorption of water may 

have downstream effects that change the mechanical properties and overall 

performance of the film. Applications where PMMA is used as a coating for 

biomolecules are almost exclusively in aqueous environments, meaning information 

on the structure of PMMA films in aqueous solution over an extended period of time 

could be useful to the design of new testing systems.  

1.3.2 APTES 
Silanisation of surfaces such as Ti130-132 and SiOx133-135 is commonly used as a 

method for attachment of a range of different biomolecules, and involves covalent 

deposition of an organofunctional alkoxysilane molecule. One of the most 

commonly used alkoxysilanes is 3-aminopropyltriethoxysilane (APTES) (Figure 

1.5). APTES films provide amine surfaces which are useful for specific covalent 

deposition of biomolecules such as proteins and antibodies through the side-chain -

COOH functionality of aspartic acid and glutamic acid residues and the C-terminus. 

Their silane chemistry allows them to be covalently deposited on glass microscope 

slides or silicon wafers, meaning they can be used in a variety of lab-based 

applications. Although they have potential as a high throughput material, reaction 

conditions and effect of curing on film density need to be understood in detail before 

this can become a reality.  
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Figure 1.5. 3-aminopropyltriethoxysilane molecular structure 

 

Formation of APTES layers is a complex, multi-step process which is highly 

dependant on reaction conditions. Surface silanols, usually prepared by pre-

treatment of substrates with piranha solution initially interact with APTES amino 

groups either via electrostatic interactions of hydrogen bonding.136 Hydrolysis of 

APTES ethoxy groups yields APTES silanols and these are involved in a siloxane 

condensation with surface silanols. Further siloxane condensation between APTES 

ethoxy groups produces extra layers in the film, meaning different deposition 

conditions such as reaction time or temperature can have a profound effect on film 

structure.137 Since this reaction is catalysed by water, control over the amount 

present can have a marked effect of film structure, which has not been previously 

studied with the level of detail which NR provides. 

1.3.3 EDC and NHS zero length crosslinkers 
Conjugation of proteins and antibodies to PMMA and APTES films requires 

agents which facilitate the reaction between amines and carboxylates, which does 

not occur spontaneously. In the case of PMMA films, carboxylate functionality on 

the surface can be generated using UV/O3 or O2 plasma, whereas for APTES films 

the carboxylates of biomolecules are activated and made reactive towards amine 
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functionality on the surface. Carbodiimide crosslinkers such as 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC) are frequently used where 

reactions between amines and carboxylates occur due to their high solubility in 

water, high reactivity and formation of stable amide bonds native to proteins,138 

leading to their designation as ‘zero-length crosslinkers.’139 

 

Figure 1.6. Molecular structures of EDC (left) and NHS (right) 

 

N-substituted carbodiimides such as EDC react with carboxylates to form o-

acylisourea intermediates which react with nucleophiles such as amines to form 

amide bonds. A major competing reaction in this process is hydrolysis by water, 

which regenerates carboxylate groups. This effect is reduced by the addition of N-

hydroxysuccinimide (NHS), which reacts with the o-acylisourea to form an NHS 

ester, which is longer-lived in aqueous solution, not susceptible to hydrolysis by 

water and labile towards nucleophilic attack by amines.  

1.4 Thesis Aims 
The aim of this thesis is to gain an improved understanding of the ways in which 

attachment to surfaces affects the structure and function of antibodies and 

antimicrobial proteins. In the first section, PMMA and APTES films (which will be 

used as reactive coatings for protein deposition) will be studied. For APTES films 

the effects of varying reaction parameters such as reaction time, APTES 
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concentration, and amount of water present in the reaction will be studied in order to 

optimize reaction conditions to create the best surfaces for protein deposition. In 

order to test commonly used commercial methods for antibody deposition, 

antibodies will be physisorbed to PMMA films at three different concentrations and 

measured in aqueous solution using NR. BSA will be added and the layers formed 

will be structurally characterised. Although this system is already in use, very few 

studies have made measurements on this system with the level of detail that NR 

provides. The third part of this research involves characterization of proteins and 

antibodies on a range of surfaces created using a range of chemical linkers, all 

chosen to impart different degrees of hydration and flexibility to the attached 

antibodies. Human immunoglobulin G (IgG) was attached covalently and the 

relative antigen capture efficiency tested and compared to methods currently used in 

commercial tests. Building on the results from this work, the antimicrobial proteins 

HM-1 and lysozyme were tethered to PMMA and APTES films using the most 

effective linker from antibody studies and the surface killing capacity assessed. The 

proposed fusogenic killing mechanism of HM-1 was also studied using NR in order 

to gain insights about its surface activity. Although deposition of antimicrobial 

proteins on surfaces has been attempted in the past, only a limited amount of 

information is available which relates protein structure at the surface to killing 

capacity on the surface and the influence of factors such as surface hydration and 

distance of the protein from the surface. 
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Chapter 2: Neutron and X-ray Theory  

2.1 Introduction 
Although the reflection of X-rays and also of neutrons has been known since the 

1920s1 and 1940s2 respectively, their use as probes of surface structure has only 

occurred recently, with marked increases in the last 10-15 years.3 The scattering 

theory used to describe their interactions with matter is common to both of them,3 

even if the nature of their interactions are different. The differences in interactions 

mean they can be used in tandem to study different components of materials.4  

Neutrons are sub-atomic particles which have a magnetic moment, do not have 

electrical charge and interact with matter via the strong force.5 They have similar 

behaviour to electromagnetic waves, meaning that standard techniques of optics 

such as reflection and diffraction can be used in the investigation of the structure of 

materials.6 Their penetrating nature arises from short-range interactions (~ 1 x 10-5 

Å) with nuclei (see Figure 2.1) and a high proportion pass through matter with no 

scattering or absorption. Neutron radiation does not damage soft matter such as 

proteins and antibodies, resulting in the possibility of using them to study 
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biomaterials in complex sample environments under conditions analogous to those 

found in nature. Using neutrons for research purposes necessitates the use of nuclear 

research reactors such as the OPAL (Open Pool Australian Light-water) Reactor7 or 

spallation sources such as at ISIS8 in the United Kingdom. 

X-rays are a form of electromagnetic radiation and interact with the electron 

clouds of atoms.1 In contrast to neutrons, they have high absorption coefficients and 

are not highly penetrating at energies used in typical experiments. Because of their 

lower penetration, for reflectivity experiments they are typically used for analysis of 

thin films in air, with measurement of buried interfaces (such as thin films in 

aqueous solution) only possible using high flux and high energy X-rays generated 

from synchrotron sources. X-ray sources are higher flux than neutron sources, 

meaning they can be set up as bench top instruments and usually require less time 

for the sample to be in front of the beam.   

 

Figure 2.1. Simplified schematic of interactions by which neutrons (via nuclear interactions) 
and X-rays (via electromagnetic interactions) are scattered by condensed matter, adapted from 

Sivia.9 
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2.2 Basic scattering theory for X-rays and neutrons 
The refractive index, n, of a medium is a dimensionless number which describes 

the velocity of the propagation of radiation through the medium relative to its 

velocity in a vacuum. Thus the refractive index of a vacuum is defined as n = 1. For 

X-rays and neutrons this value is typically just less than 1 and is given by: 

                                    (2.1) 

where 𝑖𝛽 is the imaginary component describing the absorption cross section, which 

can be neglected in the case of neutrons for most nuclei and for all nuclei in this 

study. For X-rays the absorption cross section is only significant for the study of 

metals or thick materials. In the above equation, 𝛿 is defined as: 

   (2.2) 

where for neutrons 𝜆 is the neutron wavelength and 𝜌 is the neutron scattering length 

density (nSLD) of the medium which is related to the elemental composition and 

density of the material:  

   (2.3) 

where 𝑏! is the coherent neutron scattering length of a given nucleus 𝑗 and 𝑁! is the 

number density of the nuclei. For cases in which radiation is crossing from one 

medium to another (0 à 1), and , Equations (2.1) and (2.2) lead to n0 < n1, 

which means total external reflection of neutrons below a critical angle: 

   (2.4) 

n = 1−δ + iβ

δ = λ 2ρ
2π

ρ = N jbj
j
∑

Δρ > 0

cosθc =
n1
n0
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where 𝑛! is the refractive index of the reflecting media and 𝑛! is the refractive index 

of the incident media.  

For X-rays, in Equation (2.3) the corresponding X-ray SLD depends on the 

electron scattering length, which is given by belectron = re, so bi = Zire where re is the 

classical electron radius and Z is the atomic number. This is because the X-ray 

scattering lengths depend on the amount of electrons in the atom and are therefore 

proportional to the atomic number, Z (Figure 2.2). In contrast, neutron scattering 

lengths show no systematic trend with Z, and indeed even vary between isotopes of 

the same element (Figure 2.2), meaning that they distinguish between elements with 

similar atomic numbers which is a particular advantage in the study of complex 

systems.  

 

Figure 2.2. Neutron (average of isotopes, red) and X-ray scattering lengths (grey) for the first 
20 elements. The neutron scattering length of deuterium is shown in blue.  

In the case of biological studies, the most significant variation is the difference in 

the scattering lengths of 1H and 2D, which is utilised for two main purposes – 
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highlighting or supressing scattering from parts of complex systems. For example, 

isotopic substitution of 2D for 1H in proteins can allow the location of the protein in 

a particular system to be determined, as was demonstrated by McIntosh et al.,10 who 

used deuterated fibronectin fragments in a reflectometry study of its adsorption on 

TiO2 surfaces for use as a bioadhesive material for implants. Similarly, in small-

angle neutron scattering (SANS) experiments the SLD of the solvent can be adjusted 

by choosing the desired proportions of H2O and D2O, thereby hiding or revealing 

different structures in a system.11 This ability to accentuate parts of complex systems 

is a unique advantage for neutron scattering, as there is no simple equivalent in X-

ray measurements. 

2.3 Reflectometry 
When neutrons or X-rays are incident upon a discontinuity in refractive index, for 

example at a boundary between two layers, they exhibit specular reflectivity. The 

extent of reflection is critically sensitive to the boundary properties, and is utilised in 

the study of layered materials such as thin films.  

A generalised schematic for specular reflectivity of neutrons and X-rays is shown 

in Figure 2.3, where a beam of neutrons or X-rays is incident at a grazing angle ai on 

a planar sample. Some of the incident beam will be transmitted through the interface 

– being refracted due to the change in refractive index – while the remainder will be 

reflected, such that the incident angle and reflected angle are equal (assuming no 

loss of energy of the radiation, i.e., that elastic scattering is involved). 
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Figure 2.3. Generalised schematic of specular reflection from a smooth surface, where Ki is the 
incident wave vector, kf is the reflected wave vector, and kt is the transmitted wave vector. 

Vector subtraction of ki is shown in blue. θi is the incident and θf the reflected angle and Qz is 
the perpendicular momentum transfer vector. 

A reflectivity measurement measures the reflectivity of the radiation (R=I/Io, 

where I is the reflected intensity and Io is the incident intensity) as a function of the 

momentum transfer to the radiation from the scattering, Qz . The momentum transfer 

can be calculated as: 

 Qz =
4π sinθ

λ
  (2.5) 

where 𝜃  is the incident angle and λ is the wavelength of the radiation. From 

Equation (2.5) it is clear that a range of Q-values to produce a reflectivity curve can 

be achieved with a single-wavelength (monochromatic) source using a range of 

different angles, or with a polychromatic source at fixed angle. Both these 

approaches are taken in practice for neutron and X-ray reflectometry. 

In the case of specular reflection, Q is perpendicular to the surface, meaning that 

structural and composition information with respect to the sample is obtained in the 
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z-direction and information in the x-y plane is averaged. Bragg’s law defines angles 

for constructive interference of X-rays and neutrons scattered by a crystal lattice and 

is given by: 

   (2.6) 

where 𝑑 is the distance between layers in the crystal lattice and 𝑛 is an integer. 

When Bragg’s law is combined with the momentum transfer expression in Equation 

(2.5), it becomes apparent that the layer thickness in a system is inversely 

proportional to Q: 

   (2.7) 

This means that in order to gain information about a wide range of length scales one 

must measure reflectivity across a wide range of Q-values. 

Neutrons and X-rays which are incident above the critical angle conform to 

Fresnel’s equations for s-polarised waves with respect to waves for reflection and 

refraction at an interface. The equations describe the amount of radiation transmitted 

and the amount refracted from an interface between two bulk media.  

   (2.8) 

where 𝑟!,! is the reflection amplitude coefficient between the media (1 and 2). The 

fraction of neutron or X-ray radiation reflected from the interface (R), can be 

calculated for angles above the critical angle using: 

   (2.9) 

nλ = 2d sinθ

d = 2π
ΔQ

r1,2 =
n1 sinθ − n2 sinθ2
n1 sinθ + n2 sinθ2

R = r1,2
2
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When the surface contains a thin film of a given thickness d, the observed 

reflected intensity arises from interference from reflections at each of the interfaces, 

and is calculated as the sum of the amplitudes of all of the reflected rays (Figure 

2.4).  

 

Figure 2.4. Reflection from a thin film. The beam is both reflected and transmitted at the 
interface between the separate media with different refractive indices (n0, n1 and n2)  

R can be calculated by adding the reflected fractions from all interfaces, but as 

the number of layers in the system increases, so too does the complexity of the 

calculation. Methods such as the Abeles optical matrix method12 simplify the 

mechanics of these calculations by describing each layer in the system by matrices 

containing the Fresnel coefficients for each layer. Even when the actual SLD of a 

system is a continuously varying function of the distance from the interface, the 

interfacial structure can be approximated by dividing the sample into a series of thin 

“slabs”, or distinct layers of given thickness, SLD and roughness.  

An example of a typical neutron reflectivity spectrum, including data fits, is 

shown in Figure 2.5. Kiessig fringes, as seen in Figure 2.5(a), result from 
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constructive and destructive interference of X-rays and neutrons from a film at the 

interface between two bulk media, and their period is related to the thickness of the 

film, with thicker layers giving rise to smaller fringes and thinner layers giving rise 

to larger fringes. Because the reflectivity from a perfect, smooth interface falls 

strictly as a power of Q4 above the critical angle (if there is one) reflectivity data are 

often presented in RQ4 format to accentuate the deviations from smooth surface 

behaviour and better show the quality of model fitting, as can be seen in Figure 

2.5(b). 

 

Figure 2.5. Reflectivity and data fit of PMMA film deposited on silicon wafer, plotted in log R 
vs. Q (A) and RQ4 vs. Q (B). 
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2.3.1 Roughness 
The previous theory describes reflection from perfectly smooth, sharp interfaces, 

however this is not encountered in real samples. In practice, interfaces exhibit a 

degree of interfacial roughness, which can be described as deviation of the layer 

shape from an ideal smooth plane,3 encountered in the form of lateral 

inhomogeneities or as diffuse interfaces (mixing of two layers), both of which cause 

decreases in reflectivity and smearing of Kiessig fringes. The method used to 

account for this roughness in modelling in this study uses a multiplier developed by 

Nevot and Crocé,13 which is applied to the Fresnel coefficients at each interface. 

This method holds for a single interface, although in the case of multiple interfaces, 

it is an approximation. It is suited to systems with small interfacial roughness or for 

layers where the interfacial roughness is small compared to the thickness of the 

overall layer. It has been previously shown that this multiplier cannot be applied for 

surfaces with large degrees of interfacial roughness.14  

2.3.2 Modelling of Reflectivity Data 
Due to loss of phase information from neutron and X-ray reflectivity, the data 

cannot be directly inverted to give a real-space density profile at the interface. 

Instead, the data must be analysed by means of modelling in order to draw 

meaningful, quantitative conclusions about sample structure. A schematic of the 

basic approach used for modelling of NR and XRR data is shown in Figure 2.6.  
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Figure 2.6. Schematic of basic approach to fitting NR and XRR data, adapted from Berk et al.15 

In broad terms, a model is used to generate an SLD profile, from which a 

reflectivity is calculated that is consistent with the measured reflectivity. Data fitting 

of both XRR and NR data in this study was done using Motofit,16 which is used for 

simultaneous least squares fitting of multiple contrast specular reflectivity data using 

an Abeles Matrix formalism or Parratts recursion formula. Reflectivities from the 

SLD profiles generated are computed using the optical matrix method and compared 

to the reflectivity of the measured data. The quality of the data fit is determined by a 

normalised χ2 value, which is given by: 

   (2.10) 

where  is the standard deviation of , and  and  are the observed and 

calculated reflectivity values, respectively, N is the number of data points and P is 

the number of parameters. Parameters in the model are then altered, and the 

reflectivities are re-calculated, with the process repeated iteratively until the quality 

of fit no longer improves. The lower the χ2, the better the quality of the fit obtained.  

χ 2 = 1
N − P

yobsi − ycalci
σ obsi

⎛

⎝⎜
⎞

⎠⎟i

N

∑
2

σ obsi
yobsi yobsi ycalci
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2.3.3 Monte Carlo error analysis 
In order to obtain a reliable measure of uncertainties in models with multiple slab 

layers and therefore a large number of parameters, and being limited by the 

practicalities of the measurements from repeating measurements multiple times, 

Monte Carlo (MC) resampling techniques are often used. MC error analysis allows 

quantification of confidence limits to fitted parameters and also determination of 

correlations between fitting parameters. A large number of synthetic data sets, 

typically approximately 1000, are simulated from experimental data, producing 

alternative possible outcomes of NR experiments based on the errors associated with 

the NR data points, with each data set being fitted to a model producing a best-fit 

SLD profile and an associated set of fit parameters. As the data sets are all slightly 

different, it is not surprising that the modelled fit parameters are distributed. Each 

parameter can be represented by the mean of the approximately 1000 modelled 

parameters, with an uncertainty given by the standard deviation (Figure 2.7). 

 

Figure 2.7. Histogram of PMMA layer thickness parameter values obtained from Monte Carlo 
error analysis. The solid line represents a Gaussian fit to the data.  
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Uncertainties can be visualised using a ‘heat map,’ (Figure 2.8) which is a 

superposition of all ~1000 SLD profiles generated using MC error analysis. The 

colour scale illustrates the frequency with which the SLD profile passes a certain 

SLD and distance value. The broader the range of the SLD curve, the more uncertain 

the density profile is at that point. 

 

Figure 2.8. Heat map of PMMA film with attached antibody, generated using Monte Carlo 
analysis. 

 

It is possible that parameters may be correlated, in which case they cannot be 

reliably fitted independently and one of parameters must be fixed in the modelling. 

When parameters in model may be correlated, their covariance can be determined, 

using:  

   (2.11) Cab =
1

N −1

ai − µa( ) bi − µb( )
i=1

N

∑
σ aσ b
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where σ and µ are the mean and standard deviation for the fit I, and a and b are the 

fitted parameters. Correlations between different fit parameters can also be 

visualised as a scatterplot of fitted values of two parameters as a result of MC 

resampling (see Figure 2.9), and if present indicate incorrect parameterisation of the 

system. In Figure 2.9 below, the thicknesses of the SiOx and PMMA layers (B) are 

correlated and cannot be independently determined, whereas the thicknesses of the 

lysozyme and PMMA layers (A) are not correlated and can be determined 

independently of one another.  

 

Figure 2.9. Scatter plots showing covariance between thicknesses of lysozyme and PMMA 
layers (A) and thicknesses of SiOx and PMMA layers (B), determined using Monte Carlo 

analysis.  
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Chapter 3: Materials and Methods 

3.1 Materials 
G2.5, G4.5 and G6.5 poly(amidoamine) (PAMAM) dendrimers (10%, 5% and 

5% (w/w) solution in methanol respectively) were obtained from Sigma Aldrich 

(NSW, Australia) and used without further purification. CA(PEG)4 (also referred to 

as PEG in Chapter 6 and Chapter 7) was purchased from Thermo Fisher Scientific 

(Auckland, NZ) and used without further purification. The aminotriester was 

purchased from Frontier Scientific (UT, United States) and converted to the triacid 

before use in NR experiments. 

Anti-Human IgG (Fab specific) antibody produced in goat and IgG from human 

serum, N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), N-

hydroxysuccinimide, N-hydroxysuccinimide sodium salt (NHS), Lysozyme from 

chicken egg white and Bovine serum albumin (BSA) were purchased from Sigma 

Aldrich (NSW, Australia) and used without further purification. Mouse antibodies to 

the β subunit of hCG were supplied by Robert Davies (SPD Swiss Precision 

Diagnostics GmBH). 
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1,2-dimyristoyl-sn-phosphocholine (DMPC), 1,2-dimyristoyl-sn-glycero-3-

phospho-(1’-rac-glycerol) sodium salt) (DMPG), 1,2-dimyristoyl(d54)-sn-

phosphocholine (d54-DMPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

(POPC),  1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) sodium salt) 

(POPG) and 1-palmitoyl-d31-2-oleoyl-sn-glycero-3-phosphocholine (d31-POPC) 

were purchased as powders from Avanti Polar Lipids Inc. (AL, USA) and used 

without further purification. WC14 was synthesized and purified as previously 

reported1 and supplied by David Vanderah (NIST). β-mercaptoethanol (β-ME) was 

purchased from Sigma-Aldrich (MO, USA) and distilled before use. 

Si wafers for all ellipsometry, XRR, and NR experiments were obtained from El-

Cat Inc. (NJ, USA). For ellipsometry and XRR, wafers were purchased with a 76.2 

mm diameter and 381 µm thickness and cut into smaller segments before use. For 

NR experiments, wafers had a diameter of 76.2 mm and thickness of 5 mm. All 

wafers were polished to the following specifications: RMS roughness ≤ 5 Å; flatness 

< 12 µm; thickness variation < 10 µm. When gold coating wafers, the cleaned and 

polished Si wafers were pre-coated with a ~20 Å thick chromium layer, followed by 

deposition of a gold layer (between 100 and 150 Å). Gold films had a surface 

roughness of 5 Å, as determined by NR measurements. Analytical grade ethanol was 

used in all work containing Au-coated wafers and slides. 

Ultra-high quality water (Ω > 18.1 Ω cm) was used in all buffers and for all 

experiments where water was required. For NR experiments, D2O was supplied in-

house at ANSTO and NIST. Phosphate buffered saline (PBS) was either prepared 

using tablets (obtained from Sigma Aldrich, NSW, Australia) or prepared to specific 
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pH and concentration requirements using varying ratios of sodium phosphate dibasic 

and sodium phosphate monobasic. Additionally, 2-(N-Morpholino)ethanesulfonic 

acid (MES), 2-amino-2-(hydroxymethyl)-1,3-propandiol (tris) and sodium chloride 

were all purchased from Sigma Aldrich (NSW, Australia) and used without further 

purification. 

3.1.1 Hydramacin-1 purification 
Transformed E. coli BL21 (DE3) containing the cDNA corresponding to 

expression of HM-1 (cloned into expression vector pET-32a) was supplied by 

Joachim Grötzinger. HM-1 was recombinantly expressed as a 28 kDa fusion protein 

comprising a thioredoxin-His6 tag and an enterokinase cleavage site at the N-

terminus of HM-1 and was purified using the procedure detailed by Jung et al.2 A 

single colony was picked from an E. coli BL21 (DE3) plate and inoculated into an 

overnight culture which was incubated at 37 ˚C and 200 rpm. The overnight culture 

was inoculated into sterile Luria Broth which was incubated at 37 ˚C with 200 rpm 

shaking. When the OD600 reached between 0.6 – 0.9 expression of HM-1 was 

induced by addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final 

concentration of 1 mM and the cell growth continued for 4 h (Figure 3.1).  
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Figure 3.1. SDS-PAGE showing expression of HM-1 induced by addition of IPTG to E. coli 
BL21 (DE3) culture. The control lane contained a sample taken before addition of IPTG and 
samples taken at subsequent time intervals are shown in the proceeding lanes. Expression of 
HM-1 is indicated by the band present at approximately 28 kDa, corresponding to the HM-1-

thioredoxin fusion protein. 

Cells were collected by centrifuging at 4600 rpm and resuspended in phosphate 

buffered saline (PBS) (0.01 M phosphate buffer, 0.0027 M potassium chloride and 

0.137 M sodium chloride, pH 7.4, at 25°C) and lysed by sonication for 30 min 

(Ultrasonic Liquid Processor, Misonix). The solution was centrifuged at 12,000 rpm 

for 30 min at 8°C using a Sorvall RC6 Plus (Thermo Scientific). The supernatant 

was removed and discarded and the pellet resuspended in PBS (identical salt 

concentrations to lysis buffer) containing 0.2% polyoxyethylene (20) sorbitan 

monolaurate (Tween20) (BDH Organics) and recentrifuged at 12,000 rpm for 20 

min. The resuspension and centrifugation was repeated once more with 0.2% Tween 

20-containing buffer and three more times with PBS identical to that used for lysis. 

The pellet was resuspended in 6 M guanidine hydrochloride and 50 mM tris and the 

solution shaken at 80 rpm at 20 ˚C overnight.	The resulting solution was transferred 

to a refolding buffer (4 mM reduced glutathione, 0.4 mM oxidised glutathione) by 
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rapid dilution (0.5 mL min-1) at 4 °C using a peristaltic pump. The pH was adjusted 

to 8.5 and the solution left to stir for 72 h.  

 

Figure 3.2. SDS-PAGE image of samples from cleavage of HM-1 fusion protein. Cleaved HM-1 
is visible at approximately 7 kDa.  

The refolding solution was concentrated to approximately 20 mL by diafiltration 

using a Masterflex Console Drive (Cole-Parmer Instrument Company) with a 3 kDa 

Minimate Capsule membrane and the fusion protein dialysed against 50 mM tris pH 

8 (2L) for 48 h using a Spectra/Por 3-8 kDa MW cut off membrane (Spectrum 

Labs).  The fusion protein was digested using EkMax protease by incubating the 

solution at 37 ˚C with 80-100 rpm shaking. Digestion of the fusion protein was 

typically completed within 12-24 hours (Figure 3.2), depending on the protein and 

protease concentrations. The cleaved protein was freeze-dried and purified using 

reversed-phase HPLC with a Vydac-218TP510-C18 Protein and Peptide Column, 

250 × 10 mm, with a 5 µM particle diameter (Fisher Scientific). A continuous 

gradient of acetonitrile over 25 minutes was used for HM-1 isolation. Eluted 
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fractions were collected, pooled and lyophilised for use in experiments. HM-1 was 

eluted as two separate fractions, one with an N-terminal glutamic acid and one with 

an N-terminal pyroglutamate (Figure 3.3) and successful purification of HM-1 was 

confirmed via Electrospray Ionisation-Mass Spectrometry (ESI-MS) (Figure 3.4). 

 

Figure 3.3. HPLC trace from final purification step of HM-1. The two separate peaks at 
approximately 13 min and 15 min correspond to the N-terminal glutamic acid and 

pyroglutamate forms of HM-1. Solvent B is composed of 90% acetonitrile and 10% water.  

 

Figure 3.4 Trace from ESI-MS of fractions isolated from HPLC, showing main HM-1 peak at 
7009 Da. 
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3.1.2 HM-1 solution antimicrobial assays against E. coli 
To verify that HM-1 purified in-house was active against E.coli, antimicrobial 

solution assays were done following a previously used broth microdilution method.2 

E. coli 25922 was grown in Luria Broth (LB) at 37˚C for 2-3 h, until OD600 

between 0.1-0.9 was achieved. Cells were washed 3 times using PBS 10mM pH 7.4 

containing 1% LB and the cell concentration adjusted to 104-105 cells mL-1. 80 µL 

of the prepared suspension was mixed with HM-1 in PBS 10mM pH 7.4 stock 

solution to give final concentration of 5µM. Solutions were incubated at 37˚C for 2 

h and spread onto LB agar plates, which were incubated at 37˚C overnight. 

Bactericidal properties were assessed by taking photos of overnight plates on a plate 

viewer. Negative controls were measured by spiking cell suspension with 10uL 

phosphate buffer pH 7.4 with 1% LB. Three repeats were performed representative 

result is shown in Figure 3.5. No attempt was made to count colonies however no 

bacterial growth was observed on the HM-1-treated or buffer control samples, 

whereas the concentration of colonies on the negative control plate was too high to 

count accurately. 

 

Figure 3.5. Solution bioassays of HM-1 against E. coli. A: Solution of 104 – 105 CFU mL-1 E.coli 
treated with 5 µM HM-1; B: Blank PBS solution; C: Control solution where E. coli-containing 

solution was spiked with PBS. 
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3.2 Methods 

3.2.1 Neutron Reflectometry 
Neutron reflectometry was performed at two different facilities – the Open Pool 

Australian Light Water (OPAL) Research Reactor at the Australian Nuclear Science 

and Technology Organisation (ANSTO) and at the National Institute of Standards 

and Technology (NIST) Center for Neutron Research (NCNR). 

3.2.1.1 Platypus 
Time-of-flight neutron reflectometry measurements were performed on the 

Platypus neutron reflectometer (Figure 3.6) at ANSTO3 using an incident beam 

spectrum between 2.8 Å and 18 Å arising from a liquid-D2 cold source on the OPAL 

Research Reactor.  24 Hz neutron pulses are generated from the continuous neutron 

flux using a disc chopper system with adjustable dλ/λ resolution ranging from 2 – 

9% depending on the selection of choppers used. The value selected for NR 

experiments was 3.3%.  The beam is collimated through an adjustable slit system, 

with the opening of the slits adjusted to produce a ribbon beam and maintain 

constant illumination of the sample.  Measurements were made at up to three 

different angles of incidence, 0.65˚, 2.5˚ and 4.5˚, allowing a QZ-range of 

approximately 0.01 Å-1 – 0.35 Å-1 before detection with a 3He two-dimensional 

position sensitive detector inside a vacuum tank. 
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Figure 3.6. Platypus sample stage. The detector housing is to the left of the picture.  

3.2.1.2 MAGIK 

NR measurements performed at the NIST Center for Neutron Research (NCNR, 

Gaithersburg, Maryland) were done using the Multi-Angle Grazing-Incidence K-

vector (MAGIK) reflectometer (Figure 3.7), which is an evolution of the AND/R 

reflectometer.4 The neutron wavelength (5 Å) was selected using a single crystal 

monochromator and Qz values ranging from 0 to 0.3 Å-1 were collected by varying 

the angle of the detector. At each angle the slit openings were adjusted (outside the 

critical edge plateau) to ensure that the area illuminated by the neutron beam 

remained constant. Background was measured by averaging the intensities at the 

detector position offset by 0.25 × θ on both sides of the specular angle θ. The sample 

was positioned vertically, resulting in a horizontal scattering geometry and the 

sample and detector moved in θ/2θ with an angular resolution of ∆λ/λ = 0.03 ˚.   
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Figure 3.7. AND/R reflectometer similar to the MAGIK neutron reflectometer at the NCNR. 

Solid/liquid interface NR measurements were performed using a custom-built wet 

cell (Figure 3.8) on both Platypus and MAGIK. Si wafers were placed on an 

aluminium frame and separated from a piece of boronated glass (roughened to 

ensure it did not reflect neutrons and to minimise sample background) by a 100 µm 

thick Viton gasket, which resulted in an area capable of holding liquid volumes of 

up to 2 mL. Advantages of minimising the volume of the liquid reservoir are a 

reduction in incoherent background scattering from water and minimising the 

amount of reagents used in deposition reactions. A 14 mm Si backing  wafer was 

placed on top of the sample wafer to ensure that the neutron beam was still incident 

at higher angles. An aluminium backing plate was attached and fastened to hold the 

sample wafer in place and to ensure no liquid was able to leak out. Channels were 

drilled through the top of the aluminium frame to allow circulation of heated or 

cooled water, which made it possible to measure samples at different temperatures. 

Inlet and outlet tubes were placed at opposite ends of the Al frame to ensure that 

liquids could be exchanged in situ over the course of an experiment, ensuring that 
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the underlying sample structure was maintained throughout the course of an 

experiment.   

 

Figure 3.8. Wet cell construction for NR experiments. (A): Tubing is attached to the inlet and 
outlet and the top-half of the cell placed on a flat surface as shown; (B) borosilicate glass is 

placed on top with the roughened side face-up, and a small black gasket placed on top; (C) the 
sample wafer is placed with the reflective surface facing down and the backing wafer placed on 
top with the etched surface facing down; (D) the backing plate is placed on prongs and screwed 
down to hold the wafers in place; (E) side view of fully-assembled wet cell; (F) top view of fully-

assembled wet cell. 

3.2.2 X-Ray Reflectometry 
Air-solid XRR measurements were recorded on a Panalytical X’Pert Pro 

instrument (Figure 3.9) at the Bragg institute of ANSTO using Cu Kα X-ray 

radiation (λ = 1.54 Å). The X-ray beam was collimated using a Göbel mirror with a 

0.8 mm slit and post-sample parallel collimator. Reflectivity was collected over an 

angular range 0˚ ≤ θ ≤ 7˚, corresponding to a QZ-range of 0.1 Å-1 > QZ  > 1 Å-1 with 

continuous angle adjustment and counting times of 2 s per step. Data were collected 

on either 40 mm x 80 mm x 5 mm Si wafers or circular 76.2 diameter Si wafers. 

Background was considered largely insignificant and isotropic, so was not 

measured, and instead it was accounted for in data modelling. XRR data was 

reduced using the SLIM reduction software. Reduction involved normalising the 
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reflectivity to unity above the critical edge for total reflection. No footprint 

adjustment was made as the beam footprint fell within the substrate area before the 

reflectivity measurement exceeded the critical angle. 

 

Figure 3.9. X-Ray reflectometer used for XRR measurements at ANSTO showing individual 
components. 

3.2.3 Reflectometry data analysis 
All reflectometry data was analysed using the Motofit data analysis program, 

which runs in Igor Pro,5, 6 and works on the optical matrix formalism as described in 

Chapter 2. In this formalism a model is constructed of the SLD of the surface as a 

series of slabs, with each slab characterised by thickness, SLD, solvent fraction and 

interfacial roughness. In general, interfacial roughness was not included as a fitting 

parameter in NR measurements due to limitations in instrument resolution and fixed 

at realistic values derived from XRR measurements. 

Corrections for instrumental resolution are also taken into account during 

analysis, to generate a model reflectivity curve. The modelled reflectivity was 
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refined by adjustment of fitted parameters using a genetic optimisation algorithm 

based on a minimisation of normalised chi squared. Fit residuals were determined by 

subtracting the data fit from the reflectivity and dividing by the experimental 

uncertainty. Monte Carlo error analysis was used to estimate uncertainties of fitted 

model parameters.7 To test for significance in differences between means from 

fitting parameters, two-sample t-tests were used where appropriate. Where variances 

were unequal the Satterthwaite method was used. 

Layer models were used in all data fits which consists of the inorganic layers (Si, 

SiO2 for all datasets, with Cr and Au layers for samples used for biomimetic 

membrane measurements) underlying the organic layers of interest. D2O and H2O 

solvent contrasts for neutron scattering on the same physical samples were co-

refined with common parameters to reduce ambiguities in the model and to 

determine solvent fraction in each layer of the model. Known parameters such as Si 

SLD are fixed and constraints applied to other parameters based on realistic values. 

Values for commonly used fitting parameters are shown in Table 3.1. 
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Table 3.1. Thickness and SLD limits for commonly used fitting parameters in NR data 

Material Thickness (Å) SLD (10-6 Å-2) 

Si NA 2.07 (fixed) 

SiOx 8 - 25 3.47 (fixed) 

Au 100 - 200 4.4 – 4.6 

Cr 20 - 80 2.8 – 3.2 

PMMA 40 - 150 1.07 

WC14 8 – 14 0.8 – 1.1 

human IgG 35 – 50 3.15 (D2O, fixed) 

D2O NA 6 – 6.37 

H2O NA -0.57 - -0.4 

3.2.4 Contact angle measurements 
Contact angle measurements were collected using a CAM 100 instrument (KSV 

NIMA, Finland). Drops of ultrapure water of controlled volume were placed on 

clean, dry surfaces using a Hamilton syringe for a controlled period of time. Real 

time images of drops were recorded and contact angles measured using the 

instrument software. At least three measurements in multiple regions of each surface 

were taken, and reported values are the mean of each set of measurements with the 

uncertainty given by the standard deviation of the measurement. 

3.2.5  Ellipsometry 
Ellipsometry measurements were done using a Beaglehole Imaging Ellipsometer 

(Beaglehole Instruments, NZ, illustrated in Figure 3.10) equipped with a red LED 

(633 nm). Light from the LED is passed through the fixed polariser and then through 
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a retarder, which is continuously rotating and locked to the frame rate of the camera. 

Optical constants used were n=3.882 and k= 0.019 for Si,8 n = 1.457 and k = 0 for 

SiOx9, n = 1.489 and k = 0 for PMMA10 and n = 1.465 and k = 0 for APTES11. To 

unambiguously resolve the thickness of the SiOx layer, it was either measured 

before deposition of APTES or PMMA films or determined independently by NR. 

At least 3 spots on each substrate were measured to test film uniformity. Thin film 

companion (Semiconsoft, Inc.) was used to find best-fit layer thicknesses for 

ellipsometric measurements. 

 

Figure 3.10. A: Ellipsometer used to collect ellipsometric data included in this thesis; B: close-
up of the mounting geometry including mounted sample.   

3.2.6 Antimicrobial Assays 
Assays were performed to test the antimicrobial activity of lysozyme and HM-1 

attached to APTES and PMMA films, in the presence and absence of a PEG-based 

surface linker. Additionally, HM-1 was tested against E. coli 25922 in solution to 
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ensure that the purified protein showed the same activity as in the literature,2 as 

outlined in section 3.1.2. 

3.2.6.1 Surface assays 
Surface antimicrobial assays were based on the Japanese Industrial Standard JIS 

Z 2801,13, 14 which is designed to test the ability of plastics and other antimicrobial 

surfaces to inhibit the growth of microorganisms on surfaces. Half microscope slides 

(approximately 37.5 mm × 25 mm) were coated as described above and used as test 

substrates. Sterility of the substrates before exposure to bacterial solution was 

ensured by the curing temperature of the films (120 ˚C for APTES, 80 ˚C for 

PMMA) and the presence of 0.01% NaN3 in all deposition buffers used for protein 

and linker immobilisation. Substrates were transferred aseptically and storage took 

place in sterile containers. Overnight cultures of either E. coli 25922 or B. subtilis 

ATCC 6633 were diluted to approximately 1 × 106 colony forming units (CFU) mL-

1 in 10 mM PBS pH 7.4, with an inoculum of 20 µL (approximately 2-3 × 104 CFU) 

dispensed on the surface and covered with a pre-sterilised polyethylene strip to 

ensure total contact of the droplet. Samples were incubated at 37 ˚C in a humid 

environment under static conditions for 24 h and transferred to sterile falcon tubes 

containing 10 mL TSB with 1% (by volume) Tween80. Samples were vortexed for 

30 s with a 1 min pause, followed by further vortexing for 30 s. Three dilutions of 

the vortexate (2×, 10× and 100×) were prepared using 10 mM PBS pH 7.4 and 0.1 

ml aliquots were plated to TSA for enumeration of viable cells remaining after 24 h 

incubation at 37 ˚C. 
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3.2.7 Preparation of APTES and PMMA films 
In order to covalently attach antibodies and proteins to surfaces, polymer films 

with functionality reactive towards NH2 (PMMA) and COOH (APTES) side chain 

groups were deposited on silicon wafers and glass microscope slides. PMMA was 

deposited via spin coating whereas APTES deposition was performed at various 

concentrations in toluene in a dry atmosphere. 

3.2.7.1 PMMA films 
PMMA (~120 kDa) was suspended in toluene to 2.5 g L-1 and heated to 45˚C 

until no solid particles were visible. The solution was sonicated for 15 minutes using 

an Elmasonic S 30 Elmasonic ultrasonic bath (Total Lab Systems Ltd., NZ) and 

filtered through a 0.2 µM pore size PTFE filter (Raylab Ltd., NZ) to remove any 

remaining aggregates and dust particles. PMMA was then spin coated onto polished 

and cleaned Si wafers at 2000 rpm for 45 s using a Laurell WS-400B-6NPP Lite 

spin coater (Laurell Technologies, USA) in a clean room facility. Residual toluene 

was removed by leaving at room temperature overnight followed by curing at 80˚C 

for 2 h.  

UV/O3 or O2 plasma treatment was used for modification of PMMA films in 

order to produce the COOH functionality required for protein and antibody 

deposition. UV/O3 treatment was done using a commercial Jelight 144AX UVO-

CLEANER (Jelight Company Inc., CA, USA) equipped with a low pressure 

mercury vapour grid lamp. According to the manufacturers specifications, the lamp 

output is 28,000 µW cm-2 at a distance of 6 mm. It was found that an exposure time 

of 1 min 15 s was optimal for the films we prepared although this may vary with 
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different exposure time, distance and thickness of PMMA films. O2 plasma 

treatment was done using a March CS-1701 Reactive Ion Etching system at 75 Pa 

and 50 W with an exposure time of 2 - 3 s.  

3.2.7.2 Solution deposition of APTES films 
In order to prepare microscope slides or Si wafers for APTES deposition they 

were initially cleaned using 10% Micro-90 cleaning solution (Cole-Parmer 

Instrument Company) and sonicated for 2 min in ultrapure water, followed by 

immersion in piranha solution (80 – 100 ˚C) for at least 20 min. Piranha solution is a 

3:1 mixture of sulfuric acid and hydrogen peroxide which is heated to approximately 

90 ˚C. Substrates were cleaned using ultrapure water, dried using a stream of N2 and 

used in experiments within 48 h. Analytical grade toluene was obtained from 

Scharlau S.L (Spain) and either used without further purification or treatment or 

stored in 3 Å molecular sieves before use where dry toluene was required. Substrates 

were immersed in a solution of either 100 mM, 50 mM, 25 mM or 5 mM APTES in 

toluene and remaining empty volume filled using dry N2. Vessels were sealed and 

left at room temperature for either 18 h, 12 h, 8 h or 2.5 h. Substrates were washed 

using acetone, ethanol and toluene and sonicated in toluene for 10 min. Curing took 

place at 120˚C for 1 h.  

3.2.8 Preparation of biomimetic membrane systems 
Biomimetic membrane systems were used for the studies of the HM1 protein 

activity reported in Chapter Seven. Two different systems were used, sparsely 

tethered lipid bilayer membranes and small unilamellar vesicles. 
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3.2.8.1 Sparsely tethered lipid bilayer membranes 
Si/Cr/Au wafers were immersed in a 0.2 mM solution of the WC14 tether lipid 

and β-mercaptoethanol (β-ME) (7:3) in ethanol for at least 12 h, rinsed thoroughly 

with ethanol and assembled into a sample cell. Bilayers were formed by rapid 

solvent exchange as described previously,1 with a 10 mM ethanolic phospholipid 

solution injected into the sample cell and incubated for at least 15 minutes, followed 

by rapid solvent exchange with aqueous buffer. 

3.2.8.2 Small Unilamellar Vesicles 

Phospholipids originally supplied as powders were suspended in aqueous buffers 

at 10 mg mL-1 and sonicated for 1 h. For DMPC-containing small unilamellar 

vesicles (SUVs), the temperature of the water bath was maintained above 35˚C in 

order to stay above its phase transition temperature of 23 ˚C.15 SUVs were flash 

frozen with liquid nitrogen and thawed in warm water three times to reduce 

multilamerrality, and then extruded 21 times through a 100 nm Nucleopore Track-

Etch membrane (Whatman Ltd.) using an Avanti mini-extruder to produce 

monodisperse unilamellar vesicles with a diameter of approximately 100 nm. 

Typically, SUVs were used in experiments immediately after preparation or if not, 

stored at -20 ˚C and thawed at room temperature immediately before use.  

3.2.9 Coupling of proteins and linkers to PMMA and APTES films 
Proteins and antibodies used in these studies were covalently attached to both 

APTES and PMMA films via COOH functionality for APTES films and via NH2 

functionality for PMMA films. Carboxyl groups are activated by reacting with EDC, 

which results in an unstable O-acylisourea intermediate which reacts to form a more 
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stable NHS-ester upon addition of NHS, which is longer-lived in aqueous solution 

and reacts with amines to form a ‘zero-length’ amide bond. In the case of PMMA, 

the surface is first oxidized using either O2 plasma or UV/O3 treatment to generate 

the necessary COOH surface before addition of EDC and NHS.  

3.2.9.1 APTES surfaces 
Either HM-1, lysozyme, CA(PEG)4 or G2.5, G4.5 or G6.5 PAMAM dendrimers 

were added to APTES films in the presence of EDC and NHS in 50 mM MES buffer 

pH 6 and incubated for 1 h. Concentrations used in each individual case are shown 

in Table 3.2. For the CA(PEG)4 linker, a lower concentration was used on APTES 

films in order to minimise the possibility of crosslinking in solution. After 1 h 

surfaces were removed from solution and cleaned using ultrapure H2O and dried 

using a stream of N2. Substrates were stored under N2 and used within 3 days in 

experiments.  

Table 3.2. Concentrations of reagents for attachment of various materials to APTES and 
PMMA films 

Material concentration  

(mg mL-1) 

EDC concentration 

(mg mL-1) 

NHS concentration 

(mg mL-1) 

HM-1/lys 0.1 50 5 

IgG 0.05 50 5 

CA(PEG)4 5/13 50 5 

triacid 12 50 5 

G2.5 65 20 5 

G4.5 250 20 5 

G6.5 250 20 5 
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3.2.9.2 PMMA surfaces 
PMMA films that had been oxidised using either O2 plasma or UV/O3 treatment 

in order to produce the required COOH surface functionality were exposed to 50 

mM MES buffer pH 4.5 for 30 min in the presence of EDC (50 mg mL-1) and NHS 

(5 mg mL-1), before rinsing using 50 mM PBS pH 7.4. Surfaces were then exposed 

to solutions of proteins, antibodies, or linkers at varying concentrations in 50 mM 

PBS pH 7.4 for 2 h (Table 3.2). Surfaces were then cleaned using ultrapure water 

and either used immediately in experiments or stored in N2 for up to 3 days.  

A slightly different procedure was followed for attachment of the G4.5 PAMAM 

dendrimer. The oxidised PMMA film was immersed in a solution containing 100 

mM EDC and 50 mM ethylene diamine (EDA) for 20 min, followed by rinsing with 

ultrapure water and drying with an N2 stream, to produce an NH2 surface. Surfaces 

were then exposed to the G4.5 dendrimer using the concentrations listed in Table 3.2 

in 50 mM MES buffer pH 6 for 2 h, followed by washing with ultrapure water.  
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Chapter 4: Characterisation of APTES 
and PMMA Films in Aqueous Solution 

4.1 Aims of the Chapter 
This chapter will study the structure and stability of APTES and PMMA films 

used to create reactive coatings for deposition of proteins, antibodies, and chemical 

linkers, using contact angle measurements, ellipsometry and XRR in air and using 

NR in aqueous solution.  Detailed information on their film structure in aqueous 

solution over an extended period of time is critical to their practical use as surface 

coatings for biomolecule deposition. Since the stability of the film under conditions 

of increased temperature are of potential importance to it’s use as a reactive coating, 

a PMMA film was subjected to heating and cooling cycles and differences in film 

structure assessed. 

4.2  Introduction 
As mentioned in Chapter 1, most surfaces of interest for biological 

functionalisation are not suitable for direct attachment of biomolecules and a 

common strategy to deal with this is to use a reactive surface coating. PMMA and 
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APTES films are commonly used as such reactive surface coatings for a variety of 

applications1-4 and are of particular interest in the context of biomolecule deposition. 

PMMA is widely used the medical industry5 and APTES is one of the most 

commonly used alkoxysilanes for surface functionalisation.6 In this study, PMMA 

films are prepared via spin coating techniques, and APTES films are covalently 

attached to silicon oxide surfaces by deposition in toluene. 

4.3 PMMA 
PMMA films were measured in air using contact angle measurements, 

ellipsometry and XRR and in aqueous solution using 50 mM PBS pH 7.4 using NR. 

A single set of reaction conditions, derived from literature, were used to prepare 

PMMA films (2.5 g L-1 PMMA in toluene, 2000 rpm, 45 s process time, 1 h 80 ˚C 

curing),7 and the films were homogeneous and reproducible. 

4.3.1 Results 
Films produced were optically homogenous, and showed minimal lateral 

variation when measured with imaging ellipsometry (see Figure 4.1). Contact angle 

measurements assess the wettability of surfaces and were used to confirm that the 

prepared films had similar surface energetics to previously prepared films. A drop 

volume of 15 µL and a residence time of 5 s was used in all measurements. The 

mean contact angle across 10 different films was found to be 74  ± 2 ˚, which is in 

agreement with previously reported values8. After oxidation using an oxygen plasma 

at 75 Pa and 50 W with an exposure time of 3 s, a reduced mean contact angle of 

51.7 ± 0.7 ˚ was found, as would be expected with an increase of reactive 

carboxylate groups on the surface.  
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Figure 4.1. A: Typical PMMA coated Si wafer used in these experiments; B: Image taken from 
ellipsometer of PMMA film on Si wafer at 76 ˚, showing section of uniform PMMA film. 

Ellipsometric thicknesses for PMMA films (prepared using the conditions 

outlined in Chapter 3) varied across different substrates, but were typically between 

100 and 150 Å. Values were obtained by averaging at least 3 measurement points on 

each substrate, and 25 different substrates. Two representative films, Wafer 1 and 

Wafer 2, were chosen for XRR measurements, NR measurements and further 

ellipsometric measurements and had ellipsometric thicknesses of 138 ± 1 Å (Wafer 

1) and 149 ± 1 Å (Wafer 2). Wafer 2 was exposed to an oxygen plasma using the 

conditions outlined above and remeasured, showing a reduction in the film thickness 

to 79 ± 2 Å.  

Data from the XRR measurements made on Wafer 1 was analysed using a model 

that consisted of a single PMMA layer with an xSLD of 10.8 ± 0.1×10-6 Å-2. The fit 

to the data was excellent (see Figure 4.2), consistent with a smooth uniform film 

with no defects, and showed a film thickness on Wafer 1 of 92 ± 1 Å.  
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Figure 4.2. X-ray reflectivity and datafit (A) and xSLD plot of PMMA film (Wafer 1) (B) 
measured against air. The model shows a smooth, uniform PMMA film with no observed 

defects. 

Wafer 2, after it had been exposed to the oxygen plasma, was modelled using a 2-

layer model which consisted of a bulk PMMA layer of 61 ± 2 Å underneath a layer 

next to air of 6 ± 2 Å. The bulk PMMA layer had the same xSLD of the previous 

datasets, while the xSLD for the layer at the air-PMMA interface was fitted slightly 

lower, at (9.9 ± 0.8) ×10-6 Å-2. An additional dataset from a film not previously 

measured using ellipsometry (Wafer 3) was measured and fitted with a single-layer 

model of 191 ± 1 Å and an xSLD of 10.9×10-6 Å-2. After exposure to UV/O3, 

Wafer 3 was remeasured and modelled with a single PMMA layer with 106 ± 1 Å 

thickness and an xSLD of 10.8 ± 0.1 ×10-6 Å-2. Fitted parameters from modelling 

of XRR or ellipsometry data before and after oxidation of the film are shown in 

Table 4.1. 

Table 4.1 . Thicknesses in Å obtained from ellipsometry and XRR measurements of Wafer 2 
and Wafer 3 before and after exposure to oxygen plasma (wafer 2, ellipsometry) and UV/O3 

treatment (Wafer 3, XRR). Uncertainty in the last figure is given in parentheses. 

 before oxidation after oxidation 

Wafer 2 149 (1)  79 (2) 

Wafer 3 191 (1)  106 (1) 

 



 

 
Chapter	4:	Characterisation	of	APTES	and	PMMA	Films	in	Aqueous	Solution	

 

  

 

 
75	

 

  

 

After characterisation as above, Wafer 1 was placed in contact with aqueous 

solution to determine changes upon hydration. NR measurements were made on 

Wafer 1 under D2O and H2O buffered with 50mM sodium phosphate at pH 7.4, with 

fitted parameters shown in Table 4.2, to compare with values measured on dry films 

in air with XRR and ellipsometry. The data from NR measurements could not be fit 

simultaneously with a single layer model, and needed to be analysed with a two-

layer model which shows a PMMA layer of 8 ± 1 Å at the SiOx interface that is 

highly hydrated (51 ± 2 % water volume fraction), underneath a thicker bulk layer of 

77 ± 1 Å, which contained much less water (4 ± 0.1 %, see Figure 4.3). Five 

separate films prepared identically and measured under aqueous buffer by NR 

contained the same hydrated layer at the PMMA/SiOx interface with thicknesses 

ranging from 8 – 18 Å and percentages of water between 44 – 56%. The attempts to 

analyse the data with a single layer model, gave best-fit models with χ2 values 

around 9 as opposed to 1 – 2 for the 2-layer model. An alternative model in which a 

hydrated layer was adjacent to the PMMA/water interface rather than next to the 

SiOx surface was also investigated, and has been previously reported.9 This 

alternative model was significantly worse resulting in increases of the best-fit χ2 

values to around 11. 
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Figure 4.3. A: Neutron reflectivity data and fits of PMMA film on wafer 1 in D2O (red) and 
H2O-based (blue) pH 7 phosphate buffers; B: Neutron scattering length density plot for PMMA 
film on wafer 1 in D2O (red) and H2O (blue) sodium phosphate buffer pH 7. The PMMA/SiOx 

interface contains a highly hydrated sublayer region (~50% water by volume) and the main 
film contains around 10% v/v H2O. 

 

Curing above the glass transition temperature (TG) of PMMA had limited 

discernible effects on the formation of the aqueous underlayer. Another PMMA film 

(Wafer 4) was cured at 125 ˚C (the TG for PMMA is 108 ˚C10) under vacuum. 

Modelling showed an 8 ± 1 Å thick hydrated PMMA sublayer which contained 49.0 

± 0.8% water, which is comparable to the Wafer 1 PMMA film and to other 

identically prepared PMMA films cured at 80˚. 

Table 4.2. Fitted parameters from modelling of ellipsometry, XRR (air) and NR (aqueous 
solution) measurements made on PMMA film on Wafer 1. Uncertainty in the last figure is given 

in parentheses. 

 thickness (Å) SLD (× 10-6 Å-2) solvent % rough (Å) 

Ellipsometry 138 (1) - - - 

XRR 92 (1) 10.9 0 4 

NR (sublayer) 8 (1) 1.07 (fixed) 52 (2) 3 

NR (bulk layer) 77 (1) 1.07 (fixed) 4 (1) 6 
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To test the stability of the film in aqueous conditions when heated, an important 

pre-requisite when considering thermal cycling in biomedical devices, a separate 

PMMA film (Wafer 5, cured at 80 ˚C) was prepared and measured at 25 ˚C in 

aqueous solution, heated to 50 ˚C where it was measured again and cooled back to 

25 ˚C where it was remeasured a final time. At 50 ˚C, the hydrated layer at the SiOx 

interface grows from 8 Å to 14 Å, and becomes rougher (Figure 4.4). The total mass 

of PMMA on the surface remains constant (5.4 mg m-2) and the surface remains 

stable over 5 h. On cooling to 25 ˚C the hydrated layer does not revert to the original 

state; instead it expands to ~ 30 Å and contains almost 100% water. The bulk layer 

swelled to approximately 250 Å with an accompanying increase in roughness from 

an original thickness of 44 Å. The film has clearly also lost material from the 

surface, with only 3.4 mg m-2  remaining from the original 5.4 mg m-2. 

 

Figure 4.4. A: PMMA data (circles) and fits (lines) of PMMA measured at 25 ˚C (blue), 50 ˚C 
(red) and after cooling to 25 ˚C (blue squares); B: corresponding volume fractions of PMMA 

from each dataset. 

4.3.2 Discussion 
PMMA films were prepared using a previously reported procedure7 with 

approximately 100 – 150 Å thickness and characterised using contact angle 

measurements, ellipsometry, XRR and NR. Contact angle measurements indicated 
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that although the films prepared in this study are thinner than most in the literature, 

the surface energetics are the same. 

Film uniformity was determined by assessing ellipsometry images (Figure 4.1), 

and by measuring the thickness at three points on the 76.2 mm round silicon wafer 

to ensure that they did not vary with increasing distance from the centre of the 

substrate. Over the 25 substrates prepared and measured, the thickness at each of the 

different points did not vary by more than 2%, and no visible inhomogeneities were 

seen in the imaging ellipsometry, indicating that the films were uniform and that the 

spin coating conditions used produced an even distribution of PMMA (Figure 4.1). 

The ellipsometric thickness of Wafer 1 was 138 ± 1 Å, which was identical to the 

mean value across 25 datasets of 138 ± 2 Å. The thickness of the underlying SiOx 

layer was assigned at the time of ellipsometry measurements by measuring selected 

substrates before spin coating of PMMA films, which is necessary since the 

refractive indices (n) used as fitting parameters for the SiOx11 and PMMA12 layer 

are very similar, meaning that the two layers cannot be clearly resolved. It has been 

previously reported that ellipsometric thickness measurements for SiOx films below 

20 Å can be inaccurate,13 however the layer thickness found using ellipsometry (15 

± 1 Å) was corroborated by modelling of NR data, which produced a SiOx layer 

thickness of 15.0 ± 0.5 Å. 

The thickness measured for Wafer 1 by XRR was lower than the ellipsometric 

thicknesses, however the data was well modelled by a single homogeneous PMMA 

layer with low interfacial roughness (4 Å) at both the PMMA/air and PMMA/SiOx 

interfaces. Wafer 1 had a modelled xSLD which matches the theoretical xSLD of 

PMMA derived from the bulk mass density of PMMA (10.9 x 10-6 Å-2), indicating 
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that the film does not contain voids. The lower PMMA thickness value for wafer 1 

from XRR and NR measurements compared with ellipsometry may be due to an 

error in the refractive index used during modelling  (n=1.48912). This could arise due 

to impurities such as toluene (used as deposition solvent) in the layer during 

ellipsometry measurements which were no longer present by the time XRR and NR 

measurements were made. In a similar study,14 ellipsometry has been found to 

systematically overestimate film thickness when compared to XRR, and 

alternatively this effect may be mirrored in these measurements. 

After exposure to the oxygen plasma or UV/O3 the ellipsometric or modelled 

XRR thickness of Wafers 2 and 3 decreased significantly (see Table 4.1), due to 

partial ablation of the film, as is known to occur.15 That this reduction in thickness is 

accompanied by a decrease in contact angle indicates that more hydrophilic 

carboxylate and other polar groups have been generated at the interface.16 The 

thickness decreases obtained using oxygen plasma and UV/O3 can vary depending 

on the amount of oxidant produced and the exposure time. Increased exposure time 

lead to increased roughening and hydrophilicity in both cases, and the specific 

values obtained in this study arise as a result of trial and error optimisation aiming to 

obtain films with desireable thickness, roughness and reactivity for further studies 

with biomolecules (data not shown).  

Wafers were measured in aqueous solution at 25 ˚C to test whether the observed 

homogeneity is affected by exposure to water and whether any swelling or bubbling 

of the surface was observed. Data analysis of the films in aqueous solution showed 

that films that had been homogeneous in air required a two layer model consisting of 

a hydrated layer of around 8 Å at the SiO2 interface containing ~50% water, above 
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which was a much thicker bulk layer which contained minimal (~5 %) water (see 

Figure 4.5 below). When films were left in aqueous solution for ~30 h the thickness 

and hydration in the hydrated layer increased by an average of 2 Å, and the bulk 

layer by around 2% of the total thickness. Overall, hydrated sublayers were observed 

in every PMMA film measured under water, and were very consistent (Figure 4.5).  

The water stability properties of the bulk PMMA layers measured in this study were 

also very consistent with an average layer thickness increase of 2.2 ± 1.8% averaged 

across five datasets each measured after 30 h in solution. 

 

Figure 4.5. nSLD plot for the PMMA film cured above TG (125 ˚C) in D2O and H2O (black 
dashed lines) sodium phosphate buffer pH 7. No significant difference was found between this 

and the films cured below TG (D2O plots shown in red and H2O plots shown in blue). 

A study published on nanometre-scale thickness PMMA17 films using AFM and 

optical profiling techniques has reported similar effects. In that study a film was 

spin-coated onto N,N-Dimethylaminopropyltrimethoxysilane (DMAPS)-coated 

substrates and the growth of ‘bubbles’ at the surface was observed over a timescale 

of 3 h. Over the measured timescale the film swelled and roughened considerably 
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with the thickness increasing from 47 – 70 nm with reported length of the bubbles 

1250 nm after 3 h. Without lateral information in our study it is not possible to 

unambiguously determine whether the sublayer observed is due to even 

delamination of the film from the surface or formation of similar bubbles. However, 

if the bubbling effect observed in the previous study were present in our films this 

would cause significant increases in the interfacial roughness at the PMMA/water 

interface, which we did not observe. The thickness increase of 47 -70 nm measured 

over 3 h with the presence of the bubbles is much greater than what we observed 

over 30 h, with none of the bulk layers showing thickness increases higher than 5 Å.  

From these differences it can be assumed that the behaviour observed in that 

study on a DMAPS surface is quite different from the behaviour observed here on a 

SiOx surface, implying stronger interactions between PMMA and silicon than 

PMMA and DMAPS. This difference may be rationalised by differences in 

hydration of the underlying film, as more rapid bubble growth was observed in the 

previous study when DMAPS films were not dehydrated. Similarly, annealing above 

the glass transition temperature may have an effect on the interfacial contact 

between PMMA and silicon. The previous study did not observe bubble formation 

when after curing of films at 160 ˚C17 To test whether the observed dewetting effect 

is related to annealing temperature, a substrate was prepared and annealed at 125 ˚C, 

which is higher than the theoretical TG  of bulk PMMA (108 ˚C), and higher still 

than the expected TG of thin PMMA films.18, 19 When measured under aqueous 

buffer the hydrated sublayer and and low-hydration bulk layers formed were not 

significantly different to those observed from films annealed below TG. Roughness 
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at the PMMA/water interface was also unaffected by the difference in annealing 

temperature. 

To test the stability of the PMMA films to increased temperature a single film 

was measured with NR at 25 ˚C under aqueous buffer, heated to 50 ˚C for 1.5 h and 

measured, and cooled back to 25 ˚C where it was remeasured. This cycle caused 

dramatic changes to the PMMA film. Raising the temperature to 50˚C, well below 

the TG of the film, and also below the temperature at which this film had been 

annealed (80 ˚C), caused a rapid increase in the amount of water in the hydrated 

layer (from 53 to 74%) and the overall thickness almost doubled (from 8 Å to 14 Å). 

This was accompanied by an increase in the thickness, water content and roughness 

in the bulk layer, which could not be fitted to a model of a single layer of higher 

hydration and roughness, but multiple layers which increased in roughness and 

water content with increasing distance from the SiOx/PMMA interface. Although 

this behaviour appears to suggest that the film is delaminating from the surface 

much more severely at 50 ˚C after 5 h than after 30 h at 25 ˚C, nevertheless no 

material was lost from the film and the overall mass of PMMA at the surface 

remained unchanged within experimental resolution. Although in the absence of 

imaging data definitive conclusions cannot be made, this description appears similar 

to the previously observed bubbling effect and shows that desorption in aqueous 

solution may be influenced by temperature.  

Upon cooling back to 25 ˚C over a period of 5 h significant loss of material from 

the surface was observed. The delamination of the film from the SiOx interface was 

markedly increased, with almost half of the PMMA in the original film lost from the 

surface, and the film was spread over a much larger distance from the surface 
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indicating that any bubbles formed had collapsed and that the heating and cooling 

cycle destroyed the structural integrity of the film. A similar effect after heating in 

air has been observed using FTIR spectroscopy, where it was noted that PMMA thin 

films undergo structural ‘reorganisation’ at temperatures between 40 – 60˚.20 

4.4 APTES 
APTES films were measured in air using contact angle measurements, 

ellipsometry, XRR and NR and in aqueous solution in 50 mM PBS pH 7.4 using 

NR. APTES films were initially prepared using three different concentrations, 5 

mM, 25 mM and 100 mM. To test the effect of different reaction times, films were 

prepared using a deposition time of either 2.5 h, 12 h or 18 h. In addition to the 

substrates prepared as above, a set of substrates of intermediate concentration (50 

mM) were prepared identically to all other substrates but using toluene stored in 3 Å 

molecular sieves before use in order to test the effect of total exclusion of H2O from 

the reaction. All films were cured at 120 ˚C for 1 h. 

4.4.1 Results 
Contact angle measurements were made on APTES films prepared using a 

concentration of 50 mM and reaction time of 8 h, and also on silicon and glass 

substrates following pre-treatment with piranha solution. Measurements were made 

on three separately prepared APTES films in three areas of each film and found to 

have a mean contact angle of 46 ± 5 ˚, while all measurements made on piranha-

treated substrates showed complete wetting of the surface.  

Imaging ellipsometry measurements were also made on 50 mM APTES with 8 h 

reaction time, to compare the homogeneity and reproducibility of the coating 
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process. The mean ellipsometric thickness value across 17 datasets was 37 ± 6 Å, 

and the films were both homogeneous within the image of the ellipsometer, and in 

comparative measurements made in different spots on the same sample (within 

samples thickness variation was less than 5 Å). 

Fitted parameters for all XRR data are displayed in Table 4.3, with fits shown in 

Figure 4.6. Films prepared using the 2.5 h reaction time were all found by modelling 

to have a similar thickness regardless of concentration, however this trend did not 

continue at longer reaction times, where concentration had a clear influence on 

thickness. Films where water was excluded from the reaction which were prepared 

with an intermediate concentration and reaction time (50 mM and 8 h, respectively) 

were much thinner and smoother than comparable films where no control was 

placed on water in the reaction. Data fits are shown in Figure 4.6 and density 

profiles are shown in Figure 4.7 and Figure 4.8.  
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Figure 4.6. Data (circles) and data fits (solid lines) from APTES films prepared at three 
different concentrations using 12 h (A) and 18 h (B) reaction time. 

 

Figure 4.7. xSLD profiles of APTES films prepared at 5 mM (red), 25 mM (blue), and 100 mM 
(black) using 2.5 h reaction time. Thickness and roughness appear relatively consistent at all 

concentrations.  
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Figure 4.8. xSLD profiles of APTES films prepared using 5 mM (red), 25 mM (blue) and 100 
mM (black) concentrations using 12 h (A) and 18 h (B) reaction times. At these reaction times, 

large variations in thickness (18 h, A) and thickness and density are observed (18 h, B). 

 

For XRR data, the silicon oxide layer was included in modelling only where its 

absence affected the quality of the fit. Its exclusion is possible due to the similarities 

in the SLDs of silicon oxide and silicon, at 18.9 and 20.1 × 10-6 Å-2 respectively. In 

cases where there is high interfacial roughness between APTES and the underlying 

surface and where the SLD of the APTES layer is low and the oxide layer is thin, the 

oxide may be lost in the transition between the bulk silicon and APTES layer, and 

contribute little to the measured reflectivity.   
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Table 4.3. Fitted parameters from XRR measurements of APTES films prepared using 
a range of different concentrations (5, 25, 50 and 100 mM) and reaction times (2.5, 12, 18 

and 8 h). For datasets which could not be fit to a single layer of uniform density, an SLD 
range is given.  

2.5 h	 thickness (Å)	 SLD (× 10-6 Å-2) roughness (Å) 

5 mM 33  14.5  13  

25 mM 39  15.5  11  

100 mM 48  14  13  

12 h    

5 mM 13 9.8– 12.7  12  

25 mM 138 10 – 15.1 12 

100 mM 300 13.1 – 14.1 9 

18 h    

5 mM 89 13.2 – 15.7 10 

25 mM 171 8.2 – 14.9 15 

100 mM 561 3.5 – 15.9 33 

8 h    

50 mM 32 2.2 – 5.6 4 

50 mM 46 1.6 – 8.8 5 

 

Neutron reflectometry measurements were made on selected APTES films in 

aqueous solution. Two films prepared using the 50 mM concentration and 8 h 

reaction time protocol were measured in D2O and H2O-based buffers (50 mM PBS 

pH 7.4), two films prepared using the same deposition conditions were measured 

only in D2O-based buffers and one film, prepared using 100 mM concentration and 

24 h reaction time was measured in air, followed by measurement in D2O and H2O-
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based buffers. Fitted parameters for NR measurements are shown in Table 4.4 and 

the fits in Figure 4.9. The 50 mM, 8 h datasets were fitted satisfactorily to thin, 

single layer models, whereas the film prepared using the 100 mM concentration 

required a minimum of a three-layer model of relatively low density for adequate 

data fitting. It was not possible to fit the data in D2O and H2O contrasts to an 

identical model, with the model showing that the layer furthest from the surface lost 

material during the D2O to H2O buffer exchange.   

Table 4.4. Fitted parameters from NR datasets of selected APTES films measured in D2O and 
H2O-based 50 mM PBS pH 7.4 buffers unless indicated. The film prepared at 100 mM had 

different thicknesses for the outermost layer due to loss of material during the buffer exchange. 
Uncertainty in the last figure is given in parentheses. 

 thickness (Å) SLD (x 10-6 Å-2) solvent % rough (Å) 

50 mM  20 (1) 0.88 (0.06) 32 (1) 4 

50 mM 25 (1) 1.10 (0.03) 40 (1) 4 

50 mM (D2O) 34 (2) 0.89 (fixed) 30 (1) 12 

50 mM (D2O) 23(1) 0.89 (fixed) 59 (1) 4 

100 mM (air)     

L1 139 (2) 0.70 (0.03) - 4 

L2 23 (5) 0.29 (0.08) - 5 

100 mM      

L1 18 (2) 0.97 (0.33) 20 (5) 6 

L2 40 (1) 0.52 (0.02) 42 (1) 6 

L3 150 (1) / 75 

(4) 

0.96 (0.25) 58 (1)/42 

(11) 

11 / 12 
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Figure 4.9. Neutron reflectivity data of APTES films prepared using 50 mM concentration with 
removal of water from deposition solvent. Data was collected under D2O (red) and H2O-based 
(blue) buffers and co-refined. (A) represents the 19.3 Å film and (B) represents the 25.2 Å film 

(Table 4.4). 

4.4.2 Discussion 
Before reaction with APTES in toluene, silicon or glass substrates were treated 

using piranha solution (see Chapter 3 for details) which is a well known method for 

removing organic contaminants and a widely used cleaning method in research 

laboratories and in the semiconductor industry for substrates such as silicon, glass 

and gold.21 Pre-treatment with piranha solution also produces of surface silanols,22 

which are necessary for the condensation reaction which attaches APTES to the 

surface.23 The observation of complete wetting on piranha-treated surfaces indicates 

that surface silanols were sufficiently generated, and available binding site for 

APTES were created. 
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APTES films were initially prepared using combinations of a variety of different 

reaction times (18 h, 12 h and 2.5 h) and concentrations (100 mM, 25 mM and 5 

mM). When shorter reaction times are used (2.5 h), concentration does not have a 

large effect on thickness or roughness, as shown from xSLD profiles in Figure 4.7, 

where all three films are similar at all three concentrations used, even though the 

difference between the least and most concentrated deposition solution is 20 times.  

When reaction time was increased to 12 h and 18 h, solution concentration of 

APTES appears to have a much larger effect. At 18 h reaction time there is an 

increase to over 200 Å when going from 5 mM to 25 mM and to over 600 Å in the 

case of 100 mM concentration, as shown in the xSLD profiles in Figure 4.8. In this 

particular case variable density is observed, which is could arise due to the 

formation of large-scale aggregates in solution.  Although thickness appears to 

increase at higher reaction times, an associated increase in roughness is not observed 

except for the thickest films (18 h and 100 mM). 

Reaction time appears to make a difference to film thickness although this effect 

is relatively minor at 5 mM, with increases of approximately 20 Å from 2.5 h to 12 h 

and to 18 h, with interfacial roughness consistent at 10-13 Å. When the 

concentration is increased to 25 mM and the reaction time varied, a large increase is 

observed from 2.5 h to 12 h, however the increase across different reaction times 

from 12 h to 18 h is less substantial. At 100 mM, the differences in film thickness 

are much larger, with increases of ~100 Å at 2.5 h, to ~350 Å at 12 h and ~700 Å at 

18 h, with high fluctuations in density which could be due to aggregates. In every 

dataset apart from the 100 mM/18 h, the interfacial roughness between the air and 
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the APTES film is approximately 10 Å, however this value is much higher in this 

dataset as the film appears to become increasingly diffuse over a scale of 

approximately 150 Å. It is apparent from these X-ray reflectivity profiles that films 

deposited using the higher concentrations and longer reaction times are significantly 

thicker and rougher than those deposited using less APTES for shorter reaction time, 

although the variation in film properties with time and concentration is not simple or 

linear. 

NR measurements in air on an APTES film prepared at 100 mM required a two-

layer model for satisfactory data fitting. The layer closest to the surface had a 

thickness of 139 ± 2 Å and a total layer SLD of 0.7 ± 0.1 x 10-6 Å-2, which implies 

that it is mixed between air and APTES. The second layer in the model was less 

well-defined, with a layer thickness from Levenberg-Marquardt error analysis of 23 

± 5 Å and an SLD of 0.3 ± 0.1 x 10-6 Å-2. Thus this film is increasingly diffuse with 

increasing distance from the surface and it is not possible to precisely determine the 

density of the film since the SLD of the APTES layer cannot be determined as it 

depends on the extent of hydrolysed APTES. The theoretical SLD of unhydrolysed 

APTES is 0.12 x 10-6 Å-2, and this rises upon hydrolysis with loss of hydrogen and 

an associated increase in mass density. 

After measurement in air the film was remeasured in D2O-based 50 mM PBS pH 

7.4, followed by the equivalent H2O-based buffer. In both solvents the data required 

a 3-layer model to be fitted, with an 18 ± 2 Å APTES layer containing 3 ± 5% water 

at the SiOx interface, below a 40 ± 1 Å layer containing 43 ± 1 % water. The third 

layer in the model could not be fit to equal thickness in both solvents, which 

indicates the buffer exchange between the D2O and H2O-based solvents caused loss 
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of loosely-bound material at the outer boundary of the film. When the film was 

measured in D2O, the thickness of the outermost layer was 150 ± 1 Å, and dropped 

to 75 ± 4 in H2O, which was accompanied by a decrease in water from 58 ± 2% to 

42 ± 11%, indicating that the material lost from the outermost layer was extremely 

diffuse.  

To test the effect of removal of water from the APTES deposition reactions 

toluene was stored in 3 Å molecular sieves for selective H2O removal24 and all 

glassware was stored at 70 ˚C in order to remove the residual water layers found on 

SiO2 films.25, 26 An intermediate reaction time of 8 h and an intermediate 

concentration of 50 mM were chosen in order to make sure that film growth was 

observed even if it were slower than without control over water content. It was 

found that under these conditions, films of lower density and decreased thickness 

were observed than those produced without the control of water (Table 4.3), which 

suggests that control of water in the deposition reaction has meaningful effects on 

films. Modelling of this data also suggests that these films are of lower density than 

some prepared using higher concentrations and longer reaction times. 

Films prepared using the 50 mM concentration and reaction time of 8 h with 

removal of water from the deposition solvent were more reproducible in terms of 

thickness, with both films measured being fitted to single layer models from NR of 

19 ± 1 Å and 25 ± 1 Å with 32 ± 1 and 40 ± 1 % water respectively (Table 4.4). In 

this case, no material was lost from the film during the buffer exchange, which is 

similar to findings from Argekar et. al27 who used similarly prepared APTES films 

over a range of different times and tested their hydrolytic stability, finding that films 

cured at 120 ˚C, as the ones in this study were, have a high degree of hydrolytic 
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stability in aqueous solution over a time period of 6 hours, which was similar to the 

time period over which both datasets in this experiment were measured.  

Two datasets were also measured from films which were only measured under 

D2O-based buffers, and their fitted parameters were similar to the corefined datasets 

(Table 4.4). No new information could be determined with respect to individual 

SLD of APTES in the layer, and this was fixed at 0.89 x 10-6 Å-2 in both datasets, 

which matched a corefined dataset. Although film thickness appeared to be 

reproducible using the intermediate deposition time, the amount of water varied 

from 30 – 60%, which could potentially influence its suitability as a surface for 

protein deposition if hydrophilic surfaces are important for activity in the 

immobilised proteins. The relatively low thickness of these films compared with 

others measured using XRR indicated that the attempted removal of water was 

successful and has a meaningful impact on the way films are formed.  

4.5 Conclusion 
Thin PMMA films (50 – 150 Å) and APTES films were characterised in air using 

contact angle measurements, ellipsometry and XRR and in aqueous solution using 

NR. While PMMA  films appear smooth and homogenous as dry films, close 

analysis of their structure under water shows formation of a hydrated layer 

containing approximately 50% water underneath a bulk layer, which typically 

contains 1 – 5% water. The hydrated layer is consistently observed, and does not 

appear to depend on temperature of annealing. The bulk PMMA film remains 

coherent, has very low water content and does not increase in thickness significantly 

with time. However, on heating the amount of water in the hydrated layer next to the 
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surface increases dramatically, and the surface eventually delaminates almost 

completely with no loss of material. This delamination is not reversible on cooling, 

with loss of material observed upon cooling to ambient temperature.  The observed 

surface delamination in aqueous solution may affect the mechanical properties of 

PMMA films and could have implications for its use as a protective coating on 

devices exposed to aqueous environments where temperature may vary. The high 

stability displayed by PMMA films over long time periods (~30 h) in these 

measurements confirms their suitability for use as a reactive coating for biomolecule 

deposition.  

In order to optimise APTES films for biomolecule deposition, they were prepared 

using two modes of preparation conditions. One set tested the effects of reaction 

concentration and deposition time, and one set tested the effects of removal of water 

from the deposition solvent. Where no control on water content was attempted, 

single layer APTES films of relatively low thickness were modelled on datasets 

from films prepared at low concentrations, however using higher concentrations and 

particularly at longer reaction times, thicker, multilayer films were formed. These 

films became more diffuse with increasing distance from the SiOx interface. When 

APTES films were prepared at 50 mM concentration with removal of water from the 

deposition solvent, film thickness was reduced and became more reproducible, 

although the amount of water in the APTES layer was not fitted to consistent values. 

With these results in mind, it appears that control of water in the deposition solvent 

is necessary to produce consistent APTES films, meaning films prepared using this 

method are more favourable in terms of use as a surface for protein and antibody 
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deposition, additionally due to their relatively high hydration and hydrolytic stability 

in aqueous solution. 
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Chapter 5: Measuring Antibody 
Adsorption and BSA Blocking using NR 

5.1 Aims of the Chapter 
This chapter aims to use NR to study the structure of antibodies adsorbed to 

PMMA films and to quantify the amount adsorbed to the surface. Three different 

solution antibody concentrations will be used to test the effects of changing the 

antibody concentration on the resultant antibody layers. In addition, the commonly 

used blocking agent BSA will be added to all antibody films and subsequently 

measured in an attempt to quantify the amount adsorbed and to determine whether it 

inserts into antibody layers or produces additional layers on top.  

5.2 Introduction 
Immunoassays utilise the highly specific interactions between an antigen and a 

surface-immobilised antibody to detect the presence of antigen molecules in 

solution, a system which has been in use for over 30 years for a range of uses such 

as viruses, drugs and many more.1 Antibody adsorption is used in many different 

processes such as enzyme-linked immunosorbent assays (ELISA), and biochip and 
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biosensor coating.2 A thorough understanding of the mechanisms and processes of 

antibody adsorption to surfaces is important to numerous biomedical and 

biochemical applications.3,4 Unfortunately, commercially-relevant surface 

immobilised antibodies have been shown to have binding efficiencies as low as 2%,5 

which could be due to un-optimised packing density or unfavourable orientation of 

the antibody,6 and there is little known about how the solution conditions of the 

physisorption control the surface structure of the antibody. 

5.2.1 Minimising non-specific adsorption 
A key element of these systems is the specificity of the biorecognition element 

for the analyte of interest, which means that non-specific adsorption of proteins or 

other compounds in test solutions must be prevented. Generally, non-specific 

adsorption of proteins to surfaces is influenced by multiple factors such as the 

surface chemistry, charge and roughness, the specifics of the protein (including its 

charge and rigidity), and also by interactions between different proteins.7 The 

adsorption proceeds via transport from bulk solution to the interfacial region, 

attachment at the support surface and optimisation of protein surface interactions by 

non-covalent forces.8 Understanding the influences behind antibody and protein 

adsorption and non-specific capture is essential if more sensitive test surfaces are 

desired, particularly as the low antibody binding efficiency means that even small 

amounts of non-specific adsorption can severely limit the functionality of the 

surface. 

Many strategies have been adopted to prevent non-specific adsorption onto 

functionalised surfaces for this purpose. One of the more common approaches is to 
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passivate the surface by using blocking molecules including various proteins such as 

casein,9 and small molecules such as succinic anhydride10. A commercially relevant 

example of this strategy of passivation in preparing an antibody-based biosensor is 

the approach used in the development of pregnancy test kits.11, 12 The sample area is 

prepared by physisorption of antibodies specific for the human pregnancy hormone 

hCG, followed by addition of bovine serum albumin (BSA).  

 

Figure 5.1. Crystal structure of BSA, showing the three separate protein domains from structure 
3V03 in the PDB.13 

BSA is one of the most widely used blocking agents for biofunctional surfaces, 

and is a made up of three homologous domains (see Figure 5.1), with approximate 

dimensions of 140 Å × 40 Å × 40 Å.14 It is normally used by physisorbing onto 

microwell plates, Si wafers, various plastic surfaces or fluid delivery channels in 

order to prevent binding of other molecules to the surface, “blocking” the surface. 

The layers of BSA that are formed are concentration-dependent,15 so that the 
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structure and amount of adsorbed protein increases with concentration. BSA does 

not have a high degree of structural rigidity and it is considered a ‘soft’ protein with 

low structural stability,16 which can lead to denaturation at surfaces and loss of a 

helical character of the protein. 17 Such denaturation at a surface is known for 

several proteins18, 19 depending on the specific protein and surface it is adsorbed to. 

Hydrogen bonding and electrostatic influences are assumed to be small, with the 

main factor found to be hydrophobic interactions.20 The chemistry of the surface can 

have an influence on the mode of binding, with adsorption to gold previously shown 

to cause BSA to lose its ‘blocking’ function.21 A key question which has not been 

answered is whether BSA and the antibody on the surface interact. In particular, 

whether the co-adsorption of BSA alters the surface structure or conformation of the 

antibody, increasing its binding efficiency. 

5.3 Results 
NR was used to structurally characterise PMMA films, which was followed by 

deposition of mouse antibodies to the β subunit of hCG which was done using 2 µg 

mL-1, 10 µg mL-1 and 50 µg mL-1 concentrations. BSA was added to all antibody 

layers at a concentration of 20 µg mL-1 and surfaces remeasured. All measurements 

were made under D2O and H2O-based 50 mM PBS pH 7.4.  

The PMMA films were prepared as outlined in Chapter Four, with the formation 

of the hydrated PMMA layer at the SiOx interface observed in two out of the three 

substrates, with thicknesses of 7 ± 1 Å and 7 ± 1 Å and water content of 51 ± 2 % 

and 41± 2 %, respectively. In contrast, one film had different characteristics with a 

layer of relatively lower hydration at the SiOx interface of 17 ± 3 % and a thickness 
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of 7 ± 1 Å. This was accompanied by a layer of relatively high hydration at the 

PMMA-water interface of 72 ± 1 % with a thickness of 58 ± 1 Å. Bulk PMMA 

layers had thicknesses of 186 ± 1 Å and 189 ± 1 Å and water percentages of 4 ± 1 % 

and 3 ± 1 % for the first two films, and 192 ± 1 Å with a water percentage of 3 ± 1 

% for the film with the anomalous surface layer.  

5.3.1 Deposition of β-hCG antibodies 
Antibodies were exposed to all surfaces in 50 mM PBS pH 7.4 at concentrations 

of 2 µg mL-1, 10 µg mL-1 and 50 µg mL-1 and incubated for 30 min before being 

measured using the same buffer in D2O and H2O contrasts. Fitted parameters are 

shown in Table 5.1 Volume fraction plots for all antibody films are shown in Figure 

5.6, Figure 5.7 and Figure 5.8. In all datasets, antibodies formed single layers of 32 - 

37 Å containing 85 - 88% water, indicating a ‘flat-on’ orientation from extrapolation 

from the molecular dimensions of IgG which are 150 x 130 x 40 Å.22 

Table 5.1. Fitted parameters for anti-hCG physisorbed to PMMA films. Uncertainty in the last 
figure is given in parentheses. 

 2 µg mL-1 

anti-β-hCG 

10 µg mL-1 

anti-β-hCG 

50 µg mL-1 

anti-β-hCG 

thickness (Å) 36 (1) 37 (2) 32 (1) 

nSLD (10-6 Å-2) 3.15 (D2O), 1.92 (H2O) both fixed 

solvent % 88 (1) 87 (1) 85 (1) 

roughness (Å) 4 4 4 

surface coverage 

(mg m-2) 

0.60 (0.05) 0.67 (0.07) 0.67 (0.06) 
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The amount of antibodies at the surface was calculated using the following 

formula and is shown in (Table 5.1.): 

t × nSLDantibody × volfracantibody ×Mantibody

NA × ΣSLantibody

  (5.1) 

where t is the thickness of the antibody layer obtained from modelling, 

nSLDantibody is the nSLD of the pure antibody layer, volfracantibody is the volume 

fraction of the antibody in the layer, ΣSLantibody is the sum of the neutron scattering 

lengths of the atoms in the antibody and Mantibody  is the molar mass of the antibody. 

Error values were obtained using standard error propagation calculation methods.  

The nSLD of the antibody layer was calculated to be 3.15 x 10-6 Å-2 in D2O, and  

1.92 x 10-6 Å-2 H2O due to H-D exchange from labile hydrogens, as commonly 

occurs in proteins. The amino acid sequence used to calculate the nSLD of both the 

antibody and the antigen was obtained from a published crystal structure of mouse 

IgG,22 which matches the origin of the antibodies used in this study. IgG contains a 

high number of labile hydrogens which will exchange for deuterium when dissolved 

in D2O-based buffers. For residues easily accessible to water molecules, exchange 

will be complete on the timescale used in these experiments although in 

hydrophobic regions or in areas adsorbed to PMMA, this may not be the case. For 

this reason, 95% exchange of all labile hydrogens was assumed in the nSLD 

calculations for antibodies in D2O-based buffers. SLD Calculations were performed 

using the Biomolecular Scattering Length Density Calculator, developed at ISIS 

(Rutherford Appleton Laboratory).23  
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The amount of antibody on the surface calculated for antibody layers were similar 

in both the 10 µg mL-1 and 50 µg mL-1 datasets, indicating the amount of adsorbed 

antibodies in monolayers reaches a maximum between deposition concentrations of 

2 µg mL-1 and 10 µg mL-1, with higher solution concentrations of the antibody not 

resulting in additional adsorbed material.  

5.3.2 BSA-blocking of anti-β-hCG 
BSA was added to all antibody films at a concentration of 20 µg mL-1 in 50 mM 

PBS pH 7.4 and incubated for 30 minutes before rinsing with identical buffer. Fitted 

parameters are shown in Table 5.2, alongside values from Table 5.1., which are 

shown in grey for comparison. Data fits for all antibody and BSA measurements are 

shown in Figure 5.2, Figure 5.3, and Figure 5.4. BSA was observed binding to all 

surfaces, although no layer matching the solution dimensions of 40 Å × 40 Å × 140 

Å14 was observed. In the 2 µg mL-1 and 50 µg mL-1 datasets a two-layer structure 

was formed with lower volume fraction of water close to the PMMA interface, 

below a layer of similar thickness containing a higher volume fraction of water. A 

similar trend was observed in the 10 µg mL-1 dataset, albeit less pronounced, with 

only a small amount of BSA observed binding in the layer closer to the surface. In 

all cases the solvent fraction was higher in the outer layers than the inner layers, 

implying the presence of less material and additional material was observed above 

the original antibody layer after addition of BSA.  

Amounts of protein at the surface were calculated in the same way as the 

antibody layers, using Equation (5.1), assuming an average nSLD of the two types 

of protein of 3.1 ×10-6 Å-2 (given the SLD of BSA is 3.06×10-6 Å-2and for IgG is 
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3.15×10-6 Å-2). In all cases, an increase in amount of protein at the surface was 

observed upon addition of BSA. The largest increase from an antibody layer was 

observed in the 2 µg mL-1 dataset and relatively smaller increases were observed in 

the 10 µg mL-1 and 50 µg mL-1 datasets. In all cases, the maximum density of BSA 

and antibodies combined at the surface was approximately 0.9 mg m-2 (Table 5.2.). 

Table 5.2. Fitted parameters for BSA added to antibody films at a concentration of 20 µg mL-1. 
Values from Table 5.1. are included for comparison and are shown in grey. Uncertainty in the last 

figure is given in parentheses. 

 2 µg mL-1  after 

BSA 

10 µg mL-1 after 

BSA 

50 µg 

mL-1 

after 

BSA 

thickness (Å) L1 36 (1) 19 (1) 37 (2) 18 (1) 32 (1) 25 (4) 

thickness (Å) L2 - 21 (2) - 33 (4) - 25 (6) 

nSLD (10-6 Å-2) 3.15 (D2O), 1.92 (H2O) both fixed 

solvent % L1 88 (1) 76 (2) 87 (1) 85 (1) 85 (1) 77 (2) 

solvent % L2 - 90 (1) - 91 (2) - 93 (4) 

roughness (Å) 4 6 8 8 4 9 

density (mg m-2) 0.60 

(0.05) 

0.91 

(0.09) 

0.67 (0.07) 0.79 

(0.12) 

0.67 

(0.06) 

0.89 

(0.15) 

 

 

Figure 5.2. Neutron reflectivity (circles) and data fits (lines) from datasets collected in D2O (red) and 
H2O-based (blue) buffers after addition of 2 µg mL-1 IgG to PMMA film (A) and after addition of 20 

µg mL-1 BSA (B). 
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Figure 5.3 Neutron reflectivity (circles) and data fits (lines) from datasets collected in D2O (red) and 
H2O-based (blue) buffers after addition of 10 µg mL-1 IgG to PMMA film (A) and after addition of 

20 µg mL-1 BSA (B). 

 

Figure 5.4. Neutron reflectivity (circles) and data fits (lines) from datasets collected in D2O (red) and 
H2O-based (blue) buffers after addition of 50 µg mL-1 IgG to PMMA film (A) and after addition of 

20 µg mL-1 BSA (B). 

5.4 Discussion 
Thin PMMA films were prepared and antibodies to hCG added at concentrations 

of 2 µg mL-1, 10 µg mL-1 and 50 µg mL-1 before measurement using NR, with the 

aim of investigating whether differences in deposition concentration translate to 

differences in surface structure. BSA was exposed to all surfaces at a concentration 

of 20 µg mL-1 and measured using NR in an attempt to locate its position and to test 

the amount deposited of this commonly used blocking agent. The physical state of 

antibodies and BSA were determined using NR by inferring from modelled 

parameters such as layer thickness, fraction of water in the layer and interfacial 
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roughness. The resolution of NR is able to determine protein distribution along the 

surface normal direction and in principle, changes in protein structure can be 

deduced from these parameters by comparing them with the globular structures of 

similar proteins and antibodies in solution. 

5.4.1 Preparation of PMMA films 
Two out of three PMMA films were similar to those discussed in Chapter 4, with 

hydrated layers at the SiOx interface below a smooth bulk layer of uniform PMMA 

which excludes almost all water.  One dataset prepared differed, with a layer of 

relatively low hydration at the SiOx interface and a highly hydrated, rough layer at 

the PMMA-water interface. This film was prepared identically to others used in this 

study and in terms of structure is an outlier. This layer of high hydration at the 

PMMA-water interface did not increase significantly in thickness or hydration, 

although some material was lost during buffer exchanges, indicating that it was 

composed of loosely bound material.  

5.4.2 Deposition of β-hCG antibodies 
The anti-HCG antibody adhered to the PMMA surface when delivered from 

solution concentrations as low as 2 µg mL-1 and formed layers that are strongly 

suggestive of the antibody lying flat on the surface (see Figure 5.5). This orientation 

was not affected by increasing solution concentration of the antibody. For the 

purpose of ELISA-based biosensor tests it is essential for antibodies to be 

immobilised on surfaces without disturbing their capability for binding activity. 

Normally, non-covalent adsorption of antibodies takes place via ionic, electrostatic, 

hydrophobic and van der Waals forces, meaning without alteration of functional 
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groups on antibodies, control over orientation is low. Antibodies were observed 

binding exclusively in the flat-on orientation in the 2 µg mL-1 dataset and almost 

exclusively flat on in the other datasets. The orientation of antibodies at surfaces in 

sensor tests is important since antibody binding sites must be accessible to analyte 

molecules in solution for tests to be effective, and it has been suggested that 

improvements in capture are possible by altering orientations so that binding sites 

are more exposed in solution.24 The finding from these experiments that antibodies 

are adsorbed in a flat-on orientation is in agreement with similar previous studies25 

and suggests that for other orientations to be achieved, directed strategies such as 

antibody modification or altering deposition pH are necessary. 

 

 

Figure 5.5. Proposed model of orientation of IgG on PMMA films 

 

Calculated amounts of surface attached antibody monolayers adsorbed to PMMA 

films increase with increasing solution concentration from 2 µg mL-1 to 10 µg mL-1 
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(t-statistic = 25.84, critical t = 1.65), but remain similar at the 10 µg mL-1 and 50 µg 

mL-1 deposition concentrations. This implies that under the deposition conditions 

used, the amount of adsorbed antibodies reaches a maximum between 2 µg mL-1 and 

10 µg mL-1. The closest surface packing which could be achieved was observed 

using the 50 µg mL-1 concentration (0.67 ± 0.06 mg m-2), which corresponds to an 

area per antibody molecule of 35441 ± 2937 Å2. Given the approximate surface area 

of a single antibody lying in the postulated flat orientation, which would have 

approximate dimensions of 150 A x 130 Å, this adsorbed amount corresponds to 

antibodies in a relatively closely packed arrangement. Generally, the closest packing 

observed for protein adsorption to surfaces occurs when the pH of the deposition 

solution is as close as possible to the isoelectric point (pI) of the protein so that 

charge repulsions are minimised. As the reported pI of mouse IgG is between 6.4 

and 7.6,26 very close to the solution pH (7.4) it is likely that electrostatic repulsion 

would have been minimal. Although other studies have achieved higher surface 

coverage in analogous systems, where 2.13 mg m-2 was adsorbed to silicon using a 

concentration of 10 µg mL-1 in PBS pH 5, 27 close packing of antibodies adsorbed to 

surfaces has been found to have a detrimental effect on antigen capture efficiency.28   

5.4.3 BSA-blocking of anti-β-hCG 
BSA was added to all antibody films at a concentration of 20 µg mL-1 and was 

most appropriately modelled as primarily attaching to the PMMA films in the gaps 

between antibodies, penetrating into the antibody layers with a small amount of 

additional material above. Attempts were made to model the data using the original 

single-layer antibody model, but resulted in poor fits. In the 2 µg mL-1 dataset, this 
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was observed via division of the original antibody monolayer into two separate 

layers (Figure 5.6), with one at the PMMA interface containing 76 ± 2 % water and 

one at the water interface containing 90 ± 1 % water, with the total thickness of the 

two layer structure increasing from the original layer thickness of 35 Å by 4 Å. This 

uneven distribution of water content in the two layers results from an uneven 

distribution of BSA in the two layers. The finding that the outer water percentage 

after BSA approximately matches the original value indicates that all BSA is 

situated within the inner layer, which had a layer thickness of only 19 ± 1 Å. This 

layer is smaller than any possible dimension of BSA (40 x 40 x 140 Å in solution14) 

which indicates that the majority of BSA must be perturbed from its native structure 

on the surface of the PMMA film. This result was similar in the 50 µg mL-1 dataset, 

with a decrease in solvent percentage from 85 ± 1 % to 77 ± 1 % and an 

accompanying decrease in thickness from 32 ± 1 Å to 25 ± 4 Å in the layer closest 

to the PMMA surface (Table 5.2). If the tetrtiary structure of BSA is indeed 

perturbed upon adsorption as is suggested by these measurements, it could be a 

result of its reported low internal stability,16 suggesting that hydrophobic attractions 

to the the underlying PMMA film are stronger than the forces holding its tertiary 

structure together.  

Modelling of the antibody layer deposited using the 10 µg mL-1 concentration did 

not result in a significant difference upon addition of BSA, with only small 

decreases in solvent fraction observed in the antibody layer (Table 5.2), although 

more material appeared to be adsorbed on top. It is difficult to determine the reason 

for this since it was observed adsorbing to PMMA layers in both other datasets. A 

possible reason for this slight decrease is the more hydrated underlying PMMA layer 
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in the 10 µg mL-1 dataset (section 5.3) providing an inferior surface for BSA 

adsorption, although in the absence of contact angle data it is not possible to verify 

differences in hydrophobicity. A similar effect has been previously observed with 

HSA adsorption (76% sequence homology to BSA29), which was found to be 

‘significantly lower’ on hydrophilic surfaces than on hydrophobic surfaces.30  

 

Figure 5.6. Volume fraction plots generated from SLD profiles of antibodies deposited at 2 µg mL-1 

(red) and after deposition of BSA at 20 µg mL-1 (grey).  

 

Figure 5.7. Volume fraction plots generated from SLD profiles of antibodies deposited at 10 µg mL-1 

(red) and after deposition of BSA at 20 µg mL-1 (grey). 
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Figure 5.8. Volume fraction plots generated from SLD profiles of antibodies deposited at 50 µg mL-1 

(red) and after deposition of BSA at 20 µg mL-1 (grey). 

A noticeable feature of all three datasets is that the total density of antibodies and 

BSA appears to reach a maximum at approximately 0.9 mg m-2. All three datasets 

contain approximately this density of antibody plus BSA combined, even though the 

initial densities of the antibodies before BSA were different (Table 5.2). This 

indicates that under the conditions used in this study, the adsorption of both are 

primarily governed by the available surface area, with formation of additional layers 

on top not favoured. This may be different at higher concentrations of BSA, 

although this effect was not explored and in any case, for the ELISA-based 

applications where accessibility of antibody binding sites is required, multilayer 

formation of BSA would have the potential to obscure binding sites and would not 

be desirable. If adsorption of a higher amount of BSA were desirable, this could be 

achieved by using a deposition pH closer to the isoelectric point of BSA at 4.7,31 

which would minimise electrostatic repulsions between BSA molecules and allow 

for closer packing. 32 
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Adsorption of BSA onto silicon surfaces in aqueous solution has been previously 

studied in the absence of antibodies,33 with slightly thicker layers of approximately 

30 Å observed at similar concentrations. This increased to thicknesses 

approximately matching the molecular dimensions of BSA when the concentration 

was increased and it was proposed that any flattening of the layer was due to charge 

attraction effects between the protein and the surface as opposed to possible 

hydrophobic effects. Since the deposition in this study was done in 50 mM pH 7.4 

PBS, and the pI of BSA is 4.7, the protein would be expected to carry negative 

charge, whereas the PMMA would not be expected to carry significant charge. A 

similar study by Cowsill et al.27 probed human serum albumin (HSA) adsorbed on 

silicon surfaces, and reported higher total surface coverages than found in this study, 

with reported volume fractions of 34 ± 5% found for both deuterated and protonated 

HSA adsorbed directly to silicon. When HSA was adsorbed after the antibody layer, 

similar structures to those found in this study were observed, with a dense layer 

(albeit thicker than observed here) found at the silicon interface below a more 

diffuse outer layer. This study uses a different blocking protein, although is directly 

comparable to the data presented here since BSA and HSA share 76% sequence 

homology.29  

Formation of ‘side-on monolayers’ for BSA adsorbed to similar polymer surfaces 

has been previously reported,20, 33, 34 with some suggestion of denaturation at the 

surface,17 although this was deduced using ATR-IR and was not probed directly 

using a technique such as NR. The reasons that BSA may denature and IgG remain 

intact may lie in the strength of the respective forces holding the proteins together as 

previously mentioned. In any case, it has been previously reported that antibodies 
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adsorbed to polymer surfaces are denatured to some extent, albeit apparently without 

complete disruption to tertiary structure and function.35 Since many studies have 

previously reported side-on adsorption, it is possible that interactions with the 

PMMA film are initiated by side-on adsorption and are followed by formation of 

thinner layers.  

 

Figure 5.9. Proposed model of BSA adsorption to PMMA-antibody films, with BSA flattening on the 
PMMA surface in sites left vacant by antibodies.  

 

5.5 Conclusion 
Antibodies were observed via NR adsorbing onto PMMA films in a flat-on 

orientation, as previously found in other studies. In terms of monolayer formation, 

the amount of adsorbed antibodies reached a maximum between 2 ug mL-1 and 10 

µg mL-1 deposition concentration. It is possible that different deposition conditions 

would produce surfaces with a higher amount of adsorbed antibodies, although this 

has been shown to be an impediment to antigen capture in previous studies.28  

BSA was added to all PMMA antibody films at a concentration of 20 µg mL-1  

and was observed interacting primarily with the underlying PMMA film with a 

smaller amount of material deposited above the antibodies. From modelled layer 

thicknesses and reductions in water content in layers, it was suggested that the 
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tertiary structure of BSA was disrupted at the surface, since the modelled layer 

thickness was smaller than the reported molecular dimensions, implying strong 

hydrophobic contacts between BSA and PMMA. The combined density of BSA and 

antibodies was similar on all surfaces, indicating that under the conditions  used, the 

surface was saturated, although variations in pH and BSA concentration have been 

shown to produce thicker and more dense layers if desired.15   
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Chapter 6: Improving Antigen Capture 
using Linkers 

6.1 Aims of the chapter 
This chapter aims to investigate the structure of surface linkers attached to 

PMMA films and to measure covalent antibody (goat anti-human IgG) attachment to 

the resultant PMMA-linker films using NR. Conclusions are drawn about the 

orientation and surface density of antibody layers from NR fitting parameters such 

layer thickness and roughness. Antibody surfaces were exposed to antigen (human 

IgG) and the extent of antigen capture from each of the antibody films on the 

different linker surfaces are quantitatively assessed. Conclusions are drawn about 

the antigen capture efficiency of the different linker-antibody surfaces and the extent 

to which altering surface chemistry can improve antigen capture properties.  

6.2 Introduction 
IgG is a 144 kDa glycoprotein present in the adaptive immune system of many 

organisms and its affinity for targets (antigens) is exploited in many testing systems, 

which use surface-bound IgG as the main sensor element. The most commonly used 
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method for attaching the antibody to the surface is random physisorption,1 mainly 

owing to its simplicity and convenience, however, as discussed in Chapter 5, this 

method can produce antibodies attached at various random orientations with low 

capture efficiency.2 Previous studies3, 4 have suggested that changing the nature of 

the mode of attachment to the surface can be an effective way of enhancing antigen 

capture properties of surface-attached biorecognition elements and it is this 

possibility that will be investigated in this chapter. Site-specific covalent, bio-

affinity and site specific non-covalent techniques exist,5 which have produced 

enhanced antigen binding capacity,6 but they come at the expense of complicated 

and expensive chemical7 and biological procedures.8 Non-site specific techniques 

utilising antibody sidechain functionality offer a middle ground, and coupled with 

the use of linker molecules are promising options for enhancing surface activity. 

6.2.1 Surface linkers 
In order to produce immobilised antibodies with improved antigen capture 

efficiency, surfaces can be modified using linker molecules to increase hydration 

and to allow a greater degree of conformational flexibility to the surface-attached 

antibody. To this end, three different chemical linkers were chosen for this study 

(see Figure 6.1). The first, a 4-unit poly(ethylene glycol) carboxylic acid (henceforth 

referred to as PEG) was used in order to produce a surface with a high degree of 

hydration and conformational flexibility. A further benefit of using poly(ethylene 

glycol)-based surfaces is that they are resistant to non-specific protein adsorption.9  
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Figure 6.1. Surface linkers attached to PMMA and used for antibody tethering: top left: PEG; 
top right: aminotriacid; bottom: generation 4.5 PAMAM dendrimer.  
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The second linker used was a branched tri-carboxylic acid ((4-amino-4-(2-

carboxyethyl)heptanedioic acid)), purchased in the form of a triester and converted 

to the triacid for use in experiments (Figure 6.1). In terms of surface chemistry, the 

triacid is similar to PMMA surface, although it is expected to impart a higher degree 

of steric flexibility due to its branched nature. 

The third linker used was a generation 4.5 poly(amidoamine) (G4.5 PAMAM) 

dendrimer (molecular weight = 26,251.9) (referred to as PAMAM dendrimer in 

linker-antibody measurements). PAMAM dendrimers consist of an ethylenediamine 

core and a repetitively branching amidoamine structure (Figure 6.1). Dendrimers are 

classified by generation, with each repeat branching cycle representing a new 

generation, and each successive generation producing a molecular weight roughly 

twice that of the previous. Usually, PAMAM dendrimers contain primary amines at 

the surface, although synthetic adjustments can be made to produce a carboxylate 

surface. Although each successive generation theoretically contains twice the 

amount of surface reactive groups as the previous one, the globular solution 

structure of PAMAM dendrimers from generation 4 and above10 can cause these 

sites to be obscured, with outer amine groups penetrating substantially into the 

dendrimer interior.11 In these measurements the G4.5 dendrimer was tethered to 

PMMA and antibodies attached, and antigen capture subsequently assessed. 

Additionally, G2.5, G4.5 and G6.5 PAMAM dendrimers were tethered to APTES 

films and measured using NR in an attempt to assess their surface-bound structure 

and to test whether differences in the underlying surface layer translate to the 

dendrimer layer (G4.5 only). The G2.5 dendrimer has a molecular weight of 6265.6 
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and is shown in Figure 6.2. The G6.5 dendrimer has a molecular weight of 

106,196.6 and due to its complexity could not be drawn.   

 

Figure 6.2. G2.5 PAMAM dendrimer 

6.3 Results 
Neutron reflectometry was used to measure the interfacial structure of PMMA 

films with the three attached linkers, the aminotriacid, PEG and the G4.5 PAMAM 

dendrimer. Goat anti-human IgG was covalently attached via surface-exposed lysine 

sidechains to all three linker surfaces using EDC/NHS and to oxidised PMMA with 

no linker. Additionally, goat anti-human IgG (henceforth referred to as ‘antibody’) 

was physisorbed to a PMMA surface to act as a control experiment analogous to 

currently used methods used in commercial applications and in research. Antibody 

surfaces were exposed to human IgG (henceforth referred to as ‘antigen’) and the 
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extent of antigen capture assessed. PAMAM dendrimers in three different 

generations were also attached to an APTES surface for comparison. All 

measurements were made under D2O and H2O-based 50 mM PBS pH 7.4.  

6.3.1 Preparation of PMMA films and attachment of surface linkers 
PMMA films were prepared according to a previous protocol,12 as outlined in 

Chapter 3. Oxidation was performed using UV/O3 (as previously described in 

Chapter 3 and Chapter 4), producing films of 60 – 150 Å with 4 – 5 Å interfacial 

roughness. PMMA films were modelled with two layers, as detailed in Chapter 4, 

with hydrated layers at the PMMA-silicon interface approximately 10 Å thick and 

containing approximately 50% water.  

The surface linkers were attached using EDC/NHS as outlined in Chapter 3 and 

their fitted parameters are shown in Table 6.1 and data fits shown in Figure 6.3. 

Modelled thicknesses for the linker layers were consistent with the expected 

molecular dimensions of densely packed monolayers. The layer thickness of the 

triacid layer, 9 ± 1 Å corresponds well to the molecular dimensions of the triacid 

molecule (calculated using standard bond lengths13) and the 7 ± 1% water 

percentage is the same as the underlying PMMA layer. In comparison, the PEG 

layer was thicker than the triacid at 13 ± 1 Å and higher water content at 16 ± 1%. 

Given the fully extended length of the PEG is 18 Å14, this thickness corresponds to 

the linker adopting a slanted orientation at the surface as opposed to being upright, 

at approximately 44˚ to the surface. The surface-tethered PAMAM dendrimer layer 

produced a layer thickness of 13 ± 1 Å and water content of 6 ± 1%. The density of 

linkers at the surface were calculated as in Section 5.3.1.  
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nSLD values for the PMMA and linker layers were calculated from the bulk 

densities of the molecules apart from the PAMAM dendrimer (for which a bulk 

density was not available), and these were fixed during fitting at the calculated 

values in order to reduce ambiguities and correlations in fitting parameters. The 

modelled nSLD value of the PAMAM dendrimer layer was 0.34 ± 0.01 x 10-6 Å-2.  

 

Table 6.1. Fitted parameters for surface linkers attached to PMMA films. Uncertainty in the 
last figure is given in parentheses. 

 PEG aminotriacid PAMAM dendrimer 

thickness (Å) 13 (1) 9 (1) 13 (1) 

SLD (x 10-6 Å-2) 0.8 (fixed) 0.55 (fixed) 0.34 (0.01) 

solvent % 16 (1) 7 (1) 6 (1) 

roughness (Å) 5 4 4 

surface coverage 

(mg m-2) 

1.28 (0.10) 0.41 (0.05) 0.32 (0.10) 
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Figure 6.3. Neutron reflectivity (circles) and data fits (lines) from datasets collected in D2O 
(red) and H2O-based (blue) buffers of PMMA-PEG film (A); PMMA-aminotriacid film (B); 

PMMA-G4.5 PAMAM dendrimer film (C). 

6.3.2 Attachment of PAMAM dendrimers to APTES films 
To investigate the surface tethering of PAMAM dendrimers further, G2.5, G4.5 

and G6.5 PAMAM dendrimers were attached to APTES films, with fitted 
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parameters shown in Table 6.2 and a sample data fit shown in Figure 6.4. Similar 

thicknesses were observed for the G2.5 and G4.5 layers, despite the large differences 

in molecular weight and dimensions. Differences in volume fraction of water were 

also apparent, with 79 ± 4 % in the G2.5 layer compared with 91 ± 2% in the G4.5 

layer. The G6.5 layer was much thicker than the other layers, at 65 ± 2 Å. The 

highest surface coverage was observed for the G2.5 dendrimer, while densities for 

the G4.5 and G6.5 were approximately 4 - 5 × lower.  

Table 6.2. Fitted parameters for G2.5, G4.5 and G6.5 PAMAM dendrimers attached to APTES 
films. Uncertainty in the last figure is given in parentheses. 

 G2.5 G4.5 G6.5 

thickness (Å) 31 (2) 27 (2) 65 (2) 

SLD (x 10-6 Å-2) 0.56 (0.1) 0.33 (0.1) 0.27 (0.1) 

solvent % 79 (4) 91 (2) 95 (1) 

roughness (Å) 6 4 4 

density (mg m-2) 0.28 (0.08) 0.06 (0.02) 0.07 (0.03) 

 

 

Figure 6.4 Neutron reflectivity (circles) and data fits (lines) from datasets collected in D2O (red) 
and H2O-based (blue) buffers of APTES-G4.5 PAMAM dendrimer film 
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6.3.3 Attachment of anti-human IgG to PMMA-linker surfaces 
Goat anti-human IgG (antibody) was covalently attached to PMMA-linker films 

and to PMMA at a concentration of 50 µg mL-1 using EDC/NHS, with fitted 

parameters from modelling shown in Table 6.3. Additionally, the same antibody was 

adsorbed at identical concentration to PMMA films in the absence of coupling 

reagents, with fitted parameters from modelling shown in Table 6.4 and data fits 

shown in Figure 6.5. In all cases where EDC/NHS was used, the layer thickness of 

the antibody was between 40 – 50 Å and the volume fraction of water was between 

83 and 88%. The nSLD of the antibody layer was assumed to be the same as in 

Chapter 5 and was fixed at 3.15 x 10-6 Å-2 in D2O, and 1.92 x 10-6 Å-2 in H2O.  

Table 6.3. Fitted parameters for anti-human IgG antibody attached to surface linkers and 
PMMA using EDC/NHS. Uncertainty in the last figure is given in parentheses. 

 PEG aminotriacid G4.5 

PAMAM 

dendrimer 

PMMA 

thickness (Å) 44 (1.0) 50 (1) 40 (1) 40 (1) 

SLD (10-6 Å-2) 3.15 (D2O), 1.92 (H2O), both fixed  

solvent % 88 (1) 84 (1) 85 (1) 83 (1) 

roughness (Å) 4 4 4 4 

surface coverage 

(mg m-2) 

0.73 (0.06) 0.95 (0.07) 0.82 (0.06) 0.94 (0.06) 

 

It was not possible to model the control experiment, where antibodies were 

adsorbed to PMMA with no EDC/NHS, using the single-layer model successfully 

used for antibodies attached to linker films. In fact, a three-layer model was required 
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to produce suitable fits to the data, with the majority of the antibody being contained 

in the first layer. The antibody layer closest to the PMMA film had a similar layer 

thickness and solvent percentage to the antibodies on the PMMA-linker films. The 

two additional layers increased in solvent percentage with increasing distance from 

the surface. The surface coverage of the antibodies was calculated for all three 

layers, as well as the total amount of antibody on the surface combined.  

 
Table 6.4. Fitted parameters for goat anti-human IgG physisorbed onto PMMA film. Modelling 
of the antibodies on the surface produced a three-layer structure. Uncertainty in the last figure 

is given in parentheses. 

 Layer 1 Layer 2 Layer 3 

thickness (Å) 41 (5) 176 (16) 112 (16) 

SLD (10-6 Å-2) 3.15 (D2O), 1.92 (H2O), both fixed 

solvent % 85 (1) 92 (1) 97 (1) 

roughness (Å) 6 6 8 

surface coverage (mg m-2) 0.85 (1.2) 2.0 (0.30) 0.47 (0.17) 

total coverage  (mg m-2) 3.3 (0.6) 
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Figure 6.5. Neutron reflectivity (circles) and data fits (lines) from datasets collected in D2O 
(red) and H2O-based (blue) buffers of antibody layer on PMMA-PEG film (A); antibody layer 

on PMMA-aminotriacid film (B); antibody layer on PMMA-G4.5 PAMAM dendrimer film (C). 

6.3.4 Antigen capture properties of PMMA-linker films 
All PMMA and PMMA-linker films were exposed to human IgG at a 

concentration of 100 µg mL-1 and the antigen capture properties measured, with 
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fitted parameters shown in Table 6.5 for the antigen layer and data fits shown in 

Figure 6.6. No significant changes from previously measured values were observed 

when the antibody, linker or PMMA layers were allowed to fit in the modelling, and 

the parameters for these layers were fixed at their previous values for the antigen 

modelling.  Antigen capture was modelled by adding an additional layer above 

antibody layers, as this produced better fits to the data. Since the antigen is almost 

identical to the antibody, the SLD used in modelling of this layer was the same as 

for the surface antibody layers.  

Apart from on the PEG-antibody film, the modelled values for the thickness of 

the antigen layers were similar to those previously modelled for the surface antibody 

films, with higher solvent fraction. From calculations of surface coverage of antigen, 

antibodies deposited on the PEG-based linker captured the highest amount of 

antigen compared to the other surfaces measured (t statistic = 25.56, critical t = 1.65 

from two-sample t-test using PEG-based linker and PMMA densities). Surfaces 

where EDC/NHS were used in the deposition of antibodies displayed superior 

antigen capture efficiency to the physisorbed antibody layer on PMMA, with 

approximately 30% efficiency for the aminotriacid, PAMAM dendrimer and 

oxidised PMMA, and 49% for the PEG film. In contrast, the physisorbed antibody 

layer had much lower capture efficiency at just 3%.  
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Table 6.5. Fitted parameters for capture of human IgG from surface-tethered anti-human IgG. 
PMMA (control) refers to the surface prepared by physisorption of the antibody to PMMA. 

Uncertainty in the last figure is given in parentheses. 

 PEG aminotriacid G4.5 

PAMAM 

dendrimer 

PMMA PMMA 

(control) 

thickness (Å) 72 (3) 42 (3) 37 (2) 37 (1) 57 (12) 

SLD (× 10-6 Å-2) 3.15 (D2O), 1.92 (H2O), both fixed 

solvent % 96 (1) 95 (1) 95 (1) 94 (1) 98 (1) 

roughness (Å) 4 8 5 4 8 

density (mg m-2) 0.40 (0.10) 0.29 (0.04) 0.26 (0.05) 0.31 (0.05) 0.16 (0.09) 

ratio AG / AB 0.54 (0.14) 0.31 (0.04) 0.32 (0.07) 0.33 (0.06) 0.05 (0.03) 
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Figure 6.6. Neutron reflectivity (circles) and data fits (lines) from datasets collected in D2O 
(red) and H2O-based (blue) buffers after addition of antigen to antibody layer on PMMA-PEG 

film (A); after addition of antigen to antibody layer on PMMA-aminotriacid film (B); after 
addition of antigen to antibody layer on PMMA-G4.5 PAMAM dendrimer film (C). 
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6.4 Discussion 
The three types of surface linker were chosen to be simple to couple to the 

surface as well as to impart flexibility and hydration to attached antibodies. All 

linkers were readily coupled to the oxidised PMMA surface using the EDC/NHS 

coupling, producing dense layers with up to 94% volume fraction of the linker in the 

surface (see Table 6.1).  

In the case of the PAMAM dendrimer, the layer thickness and percentage of 

water in the layer was much lower than might be expected from the large molecular 

structure. The modelled layer thickness of 13 Å (which takes into account the full 

length of the dendrimer) is smaller than previously reported radius of gyration 

values for generation 4 PAMAM dendrimers (which do not include the carboxylate 

termini) calculated using molecular dynamics, which range from 10.3 Å for the 

lowest estimate15 to 19.9 Å for the highest estimate16, or the experimentally-

determined values of 17 Å, from small-angle X-ray scattering (SAXS)11 and 21 Å 

from small-angle neutron scattering (SANS).17 Although the modelled layer 

thickness appears to conflict with apparent molecular dimensions, a molecular 

dynamics study18 of starburst dendrimers adsorbed to flat surfaces predicted the 

adoption of a strongly adsorbed state at the surface below an undefined critical 

temperature. Additionally, dendrimers are known to undergo backfolding in aqueous 

solution,19 where outer branches fold into the interior and exclude solvent. Given the 

small molecular dimensions observed, it is likely that the G4.5 dendrimer is below 

the critical temperature on this surface, which opens the possibility of a more 

extended structure being observed if the temperature increases.  
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Thus, despite the very different molecular structures of the three linkers chosen, 

the surface layers they form by covalent coupling to an oxidised PMMA layer are 

very similar. A representation of the volume fraction distribution of each linker 

layer, calculated from parameters obtained from NR modelling, is shown in Figure 

6.7, showing that the aminotriacid exhibits the most extended structure in the 

solution.  

 

Figure 6.7. Volume fraction of  (a) PEG, (b) PAMAM dendrimer, (c) aminotriacid as a function 
of position in the linker layer. The PMMA layer is a representation of the average volume 

fraction of underlying PMMA layers for all linkers.  

6.4.1 Attachment of PAMAM dendrimers to APTES films 
Due to the unexpected flattening of the G4.5 PAMAM dendrimer on the PMMA 

surface, a comparative study was made looking at dendrimer conformation on 

APTES. G2.5, G4.5 and G6.5 dendrimers were covalently attached to APTES films 

and measured in aqueous solution using NR. The G2.5 and G4.5 dendrimer layers 

had similar thicknesses (approximately 30 Å). A previous study20 has reported the 

hydrodynamic radii of G2 and G3 PAMAM dendrimers to be 13 and 18 Å, 
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respectively, meaning the layer thickness for the G2.5 dendrimer could be expected 

to be approximately twice these values. This being the case the modelled layer 

thickness for the G2.5 dendrimer at 31 Å is likely to represent the fully extended 

dendrimer, with little evidence of backfolding.  

The G4.5 dendrimer formed a very different layer when attached to APTES 

rather than PMMA. On APTES the G4.5 PAMAM dendrimer, at 30 Å thick. was 

more than double the thickness observed on PMMA, much closer to the expected 

thickness based on MD, SAXS, and SANS measurements. The observation of a 

thinner layer is likely to be due to the outer branches folding into the dendrimer core 

as previously described, although there is no apparent reason that this would occur 

on the PMMA-ethylenediamine surface (see Chapter 3) as opposed to APTES. The 

difference in thickness could simply be a function of differences in the underlying 

surface hydration, which was much higher for APTES than for PMMA, and may 

have allowed for the dendrimers to incorporate a higher amount of water, although 

further experiments would be required to confirm this.  

Although precise values vary depending on the measurement or calculation 

method, previous values for the radii of G6 and G7 PAMAM dendrimers have been 

calculated as 31.3 Å and 38.1 Å, respectively.11 Given that the G6.5 dendrimer 

would be expected to be approximately halfway between these values, the modelled 

layer thickness of 65 ± 2 Å for the layer attached to APTES most likely represents 

the fully extended dendrimer, as was the case with the G2.5 and G4.5.  
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6.4.2 Attachment of anti-human IgG to PMMA and linker surfaces 
After modelling of antibodies to hCG physisorbed to PMMA films in Chapter 

Four, the 50 µg mL-1 deposition concentration was chosen in order to replicate 

commonly used laboratory and commercial methods, although no blocking agents 

were used in these experiments. Linker-COOH surfaces were activated using EDC, 

while NHS was exposed to goat anti-human IgG at 50 µg mL-1 in a separate buffer. 

There are several advantages to the separation of the activation and coupling steps. 

The first is the avoidance of the possibility of cross linking between antibodies in 

solution during the activation step, which would be a possibility if the EDC/NHS 

and the antibodies were exposed to surfaces simultaneously. The second is that the 

pH of the buffer used for the activations, and for the coupling, do not need to be the 

same, allowing optimisation of the conditions for each step. 

 

Figure 6.8. nSLD profiles in D2O (red) and H2O (blue) of aminotriacid linker attached to 
PMMA film and the attached antibody layer.  
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Antibodies covalently coupled to the surface formed a single smooth layer above 

linkers (for an example scattering length density plot obtained from modelling of 

antibodies attached to the PMMA-aminotriacid film see Figure 6.8). The modelled 

layer thickness on all surfaces indicates that the antibodies were tethered to the 

surface in a ‘flat on’ orientation, with the 150 × 130 Å plane against the PMMA or 

PMMA-linker surface (Figure 6.9), since layer thickness would be higher for other 

orientations and an evenly distributed mixture of random orientations would result 

in higher interfacial roughness. Thus neither the covalent attachment, nor the 

differing hydrations and surface chemistries of the different surfaces, have prompted 

the antibody to adopt a more upright conformation. Since the attachment method 

uses surface-exposed lysine sidechains, many different attachment points on the 

antibody are possible (Figure 6.9), and it would seem unlikely that only one covalent 

coupling point would exist between the antibody and the surface. With no reason to 

suspect otherwise, it can be assumed that the outer lysine groups have a pKa roughly 

equal to that normally found for lysines (typically around 10.421) and thus all lysines 

have a roughly equal probability of taking part in surface binding reactions. Given 

the high amount of outer lysines on the larger plane, it is not surprising that binding 

may occur at one of these sites or indeed at multiple sites, which would lead to the 

observed flat-on orientation.  
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Figure 6.9. Image of IgG with approximate dimensions from published crystal structure (top) 
and image of crystal structure of IgG with surface-exposed lysines shown in blue. 22 

 

The extent to which the orientation of antibodies at the surface affects the antigen 

capture efficiency is not definitively known, however it is assumed that an ‘upright’ 

orientation, where the antibody is bound to the surface via a site in the Fc fragment, 

exposing the antigen recognition sites in the Fab fragments to the solution, would be 

advantageous. One particular study used the variable domain of llama heavy chain 

antibodies (VHH) as the biorecognition elements23 in a set of experiments where a 

uniform orientation of VHH was tested along with VHH attached to the surface in a 

series of random orientations, both tethered to the surface via click chemistry.24 

They found that the surface with the antibodies oriented in a uniform manner with 
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the antigen recognition site towards the solution was up to 800 times more sensitive 

to the presence of analyte than the surface where orientation was random. This, 

however, was achieved using recombinantly expressed proteins which were 

modified to contain azide groups, a challenging process for mass production of 

antibody arrays.  

In contrast to the layers formed by the antibodies tethered using EDC/NHS, 

antibodies deposited using random physisorption did not form single layers. Rather, 

a three layer structure was formed, similar to the layer deposited on unfunctionalised 

PMMA using the 50 µg mL-1 concentration studied in Chapter 5, but containing a 

higher amount of material.  This suggests that the more organised layer of antibody 

resists aggregation. The formation of the loosely aggregated layer would be 

expected to be detrimental to the relative efficiency of the antibody layer as the 

antibody near the surface would be less accessible to solution.  

6.4.3 Antigen capture properties of PMMA-linker films 
The most important feature of the antibody functionalised films is their ability to 

capture antigen. Each of the surfaces, whether covalently linked or the control 

surface with physisorbed antibody, showed the ability to capture antigen from an 

100 µg mL-1 concentration antigen solution. Modelled layer thicknesses for antigen 

captured by surface-tethered antibodies are shown in Table 6.5 and in most cases 

(triacid, G4.5 PAMAM dendrimer and PMMA) were similar to layer thicknesses for 

the antibody layers, ranging from 37 Å to 42 Å. Since the antigen is also an 

antibody, layers of this thickness imply that it must also be overwhelmingly bound 

‘flat-on’ to the surface. However interfacial roughness was slightly higher for these 
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layers than for the underlying antibody, suggesting that the orientation of antigen 

may be more variable.  

The exceptions were the antigen layers on the PEG linker surface and on the 

control surface, which had thicknesses of 72 Å and 57 Å, respectively. In the case of 

the control surface, this may be attributed to the high interfacial roughness and the 

likelihood of a wide range of antibody orientations in the outermost parts of this 

layer. Only the outermost layer of the three-layer structure was detected capturing 

antigen, as no volume fraction increases were detected in the inner antibody layers – 

confirming the supposition that the inner layers contain “wasted” antibody which are 

inaccessible to antigen. Additionally, the volume fraction in the antigen layer was 

lower than on the controlled deposition surfaces, meaning that even though the total 

amount of antibody bound to the surface was higher (Table 6.4), the amount of 

antigen captured was lower, resulting in a greatly reduced capture efficiency.  

The reason for the increased captured antigen layer thickness, and amount of 

antigen captured, on the PEG linker surface is difficult to determine since nothing in 

the data for the antibody layer points clearly to any meaningful differences in this 

layer. The underlying PEG linker layer and antibody layer did not change in 

modelling of antigen-capture datasets and are similar to those seen for other linker 

surfaces.  
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Figure 6.10. Graph of amount of antigen captured by linker and PMMA surfaces which used 
covalent deposition of antibodies, relative to the amount captured by physisorbed antibodies 

(bars, left axis). Antigen capture efficiency is shown with lines and markers (right axis). 

The calculated surface coverage of captured antigen compared to that of the 

antibodies enables the determination of the capture efficiency, shown in Figure 6.10. 

A high capture efficiency was seen for all surfaces that used EDC/NHS, 

approximately 30% for all surfaces apart from PEG, which was 49%. In contrast, the 

surface which did not use controlled deposition and rather had randomly 

physisorbed antibody layers, had a capture efficiency of 3%, meaning that only 3% 

of the antibodies attached to the surface were involved in binding to antigens. Given 

that all the coupled surfaces had similar amount of antibody attached this increase in 

efficiency is also accompanied by a higher overall amount of antigen captured. 

These values compare favourably with other studies, which mostly use variations in 

deposition conditions for physisorption as opposed to covalent coupling chemistry 

for antibody deposition. Tarakanova et al.25 recently studied antigen capture 

efficiency of various antibody-antigen pairs as a function of deposition pH and 
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found that at a similar deposition pH value to that used in this study (pH 7.5 versus 

7.4), physisorbed antibodies had a capture efficiency of 6%, which is in agreement 

with our value of 3%. They were able to raise this value to 18.3 % at a deposition 

pH of 11.9, and further to 23.6% when using pH 2.8. A similar study attributed these 

improvements in antigen capture efficiency to a superior mode of antibody-surface 

binding as opposed to a surface which simply contains more antibodies.26 Similarly, 

Rath and Panda studied capture of BSA by physisorbed anti-BSA27 and found that 

efficiency was between approximately 15% and 40%, depending on the temperature 

of the adsorption solution, with temperatures around 40 ˚C producing the most 

favourable conditions. Additionally, they found that optimum antigen capture 

conditions occur when the pH of the solution is between the isoelectric point values 

of the antibody and antigen. In the context of this study, the isoelectric point of a 

goat anti-mouse IgG has been previously determined as 6.3,28 whereas the 

isoelectric point of human IgG is known to be between 6.6 and 10,29 meaning that 

this technique could potentially be used in a similar system to improve binding 

efficiency further, given tight control of pH.  

6.5 Conclusion 
The approach of using EDC/NHS coupling to add intermediate linkers to 

functionalised surfaces was successful. Linker films were readily tethered to 

oxidised PMMA surfaces using EDC and NHS and formed monolayers of high 

coverage. The thickness and hydration of the aminotriacid and PEG layers 

conformed to their molecular dimensions, while the PAMAM dendrimer layer was 

much thinner than expected, thinner even than calculated and measured radii of 
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gyration for the molecule in solution. This was in agreement with molecular 

dynamics simulations which predict a flat conformation with the exclusion of 

solvent below a critical temperature, and leads to the observation that the theoretical 

critical temperature on PMMA must be greater than that used here. As a 

comparison, G2.5, G4.5 and G6.5 PAMAM dendrimers were also measured 

(covalently coupled with the same chemistry on APTES films) where a lower 

packing density of all the dendrimers was found relative to the G4.5 PAMAM 

dendrimer on PMMA. The dimensions of the dendrimers were close to their 

predicted dimensions for the molecule in solution, suggesting less folding of outer 

layers into the dendrimer core, overall emphasising the importance of the interaction 

between the surface and the dendrimer on its conformation. 

Antibodies were successfully tethered to each of the three linker surfaces on 

PMMA and also directly to PMMA films using the same coupling scheme. It was 

found that all covalently coupled antibodies had a similar layer thickness of 

approximately 40 Å, suggesting that they were tethered in a ‘flat-on’ orientation, 

which may have been caused by the position of surface-exposed lysines on the 

antibodies. It has been previously shown that other orientations can be achieved, 

although require the use of expensive and time-consuming chemical or biological 

methods for antibody modification. By comparison, physisorbed antibodies also 

formed a ‘flat-on’ layer at the surface and additional thicker, more diffuse antibody 

layers due to random aggregation.  

Antigen capture was detected on all surfaces after exposure to 100 µg mL-1 

antigen, with efficiencies of approximately 30% for the aminotriacid, PMMA and 
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PAMAM dendrimer surface and 49% for the PEG linker, possibly due to the higher 

hydration at the surface, although further targeted testing would be needed to 

confirm this. In contrast to the linker surfaces, randomly adsorbed antibodies had a 

capture efficiency of only 3%, which is in agreement with previous studies using 

similar conditions. What is apparent from these results is that covalent, controlled 

deposition of antibodies at the surface leads to improvements over randomly 

physisorbed antbodies, most likely due to conformational flexibility and higher 

hydration at the surface.  
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Chapter 7: Activity of Surface-Attached 
Hydramacin-1 and Lysozyme 

7.1 Aims of the Chapter 
This chapter aims to structurally characterise surface-immobilised HM-1 and 

lysozyme and to assess their bacterial killing properties. Both proteins were 

covalently attached to four separate surfaces using EDC and NHS: APTES, PMMA, 

APTES-PEG and PMMA-PEG; for a total of eight surfaces measured. Each surface 

was structurally characterised using NR and tested for activity against E.coli ATCC 

25299 (HM-1) and B. subtilis ATCC 6633 (lysozyme) using a variation of the 

Japanese Industrial Standard JIS Z 2801.1 Because HM-1 is a relatively newly-

discovered protein with a bacterial killing mechanism which is not fully understood, 

its interactions with tethered lipid bilayer membranes (a common bacterial cell wall 

model) were studied in order to better understand its proposed fusogenic 

mechanism.  
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7.2 Introduction 
The emergence of multi-drug resistant pathogens represents a formidable 

challenge in combating infectious diseases, particularly the colonisation of bacteria 

on surfaces. For the sterilisation of medical implants, surfaces with non-leaching 

characteristics are important to minimise toxicity and to ensure that active 

components are not depleted over time. Covalently immobilised antimicrobial 

proteins represent a promising lead for this challenge as they circumvent 

antimicrobial resistance and are not toxic to eukaryotic cells.2 Attaching 

antimicrobial proteins to surfaces in a way that retains the levels of activity found 

for the protein in solution also poses a challenge, as protein killing mechanisms may 

rely on mobility and penetration into cells, and active sites can be obscured 

depending on the mode of binding.3 The use of conformationally flexible surface 

linkers has been shown to enhance the activity of antibodies attached to PMMA 

films in Chapter 6, and so a similar approach is adopted using CA(PEG)4 (referred 

to as PEG), the most successful linker found to enhance antibody-antigen binding.  

7.2.1 HM-1 and lysozyme 
The 7 kDa antimicrobial protein hydramacin-14 (HM-1, see Figure 7.1(A)) was 

first isolated from Hydra, which is a fresh-water dwelling polyp5 found in ponds, 

streams and lakes, all of which can contain up to 2 × 109 bacteria and 1 × 1012 virus 

particles per litre of water.6 Its lack of a permeability barrier (e.g., exoskeleton or 

similar) means that it relies on an innate immune system which expresses a range of 

antimicrobial proteins such as HM-1 and releases them into the surrounding 

environment. Based on Förster Resonance Energy Transfer (FRET) assays and solid 
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state NMR,4 HM-1 is thought to fuse bacterial membranes as part of its killing 

mechanism, although it has not been completely characterized. The current theory is 

that membranes are aggregated via a belt of positively charged amino acid residues 

which are sandwiched between two regions containing primarily hydrophobic 

residues, leading to cell death,4 however it is not currently known whether this 

represents the entire killing mechanism or only the initial stage. It was chosen as a 

protein to test the antimicrobial activity of AMP surfaces because it is known to 

exhibit activity against Gram-positive and Gram-negative bacteria at µM 

concentrations4 and will be tested against E. coli tethered to APTES and PMMA 

films, with and without the PEG linker. 

 

Figure 7.1. A: HM-1 solution structure determined by NMR, showing disulfide bonds in yellow; 
B: crystal structure of lysozyme. 

Lysozyme is a 128 amino acid, 14 kDa protein ( Figure 7.1 (B)), named and 

described by Alexander Fleming7 but originally discovered by Laschtschenko in 

1909.8 Its active site contains a deep crevice, dividing the protein into two domains 

linked by an alpha helix, one domain consisting almost entirely of beta-sheet 
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structure and one domain almost entirely of alpha helices.9 Its mode of activity is 

well-known,10, 11 causing damage to bacterial cell membranes by catalytic hydrolysis 

of 1,4-beta linkages between N-acetylmuramic acid and N-acetyl-D-glucosamine 

residues in peptidoglycans, destroying the structural integrity of the cell wall of 

Gram positive bacteria. It has been shown to be active against B. subtilis in 

solution12 and will be tethered to APTES and PMMA surfaces, with and without the 

PEG linker, in order to test whether this activity is retained for the surface 

immobilized protein.  

 

7.2.2 Studying protein-cell wall interactions using NR 
As discussed in Chapter 2, in neutron reflectometry different isotopes of the same 

element may scatter neutrons differently. In particular, the difference in the 

scattering properties of 1H and 2H provides a large range of scattering contrasts 

possible through mixtures of D2O and H2O and allows for H/D isotopic labelling of 

proteins to probe local structure, dynamics and interactions of multi-component 

systems.13 This is a useful technique for the study of protein interactions with cell 

membranes using sparsely tethered lipid bilayer membranes14 (stBLMs) as cell-wall 

models (see Figure 7.2 (A)). stBLMs are stable over the time length of an NR 

experiment (typically ~36 h) and can be characterized by varying isotopic contrast 

of bilayer, proteins and solvent, and by incorporation of proteins in situ. Acquisition 

of data sets before and after protein incorporation can be done, using different 

isotopic labelling systems with one physical sample. Membranes in solution will be 

mimicked by using small unilamellar vesicles (see Figure 7.2(B)). 
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Figure 7.2. Cartoons of biomimetic membranes used in the study of the mechanism of HM-1. A; 
tethered lipid bilayer membrane deposited on a gold-coated silicon wafer; B: a small 

unilamellar vesicle in solution 

 

7.3 Results 
 Results for the two parts of this study will be presented separately. HM-1 

mechanistic studies and activity in solution will be presented first followed by 

characterisation of HM-1 and lysozyme attached to PMMA/APTES/PEG films. This 

will be followed by assessment of antimicrobial activity of these films against E. 

coli and B. subtilis.   

7.3.1 HM-1 mechanism studies 
Studies of the mechanism of HM-1 interaction with bacterial cell membranes 

were performed using sTBLMs as a mimic of a bacterial cell wall. Bilayers were 

prepared using 3:1 ratios of DMPC:DMPG and d31-POPC:POPG, which are 

henceforth referred to as DM bilayer and PO bilayer, respectively. The use of the 3:1 

mixtures of phosphocholine (PC) and negatively charged phosphoglycerol (PG) 
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headgroups was necessary in order to balance the need to mimic the net negative 

charge found on bacterial cell membranes on the one hand (which is postulated to be 

critical in the HM1 mechanism), and the need to prevent defects in the bilayer 

(caused by lipid-lipid repulsion of the negatively charged lipids) so that it is an 

acceptable model. An unsuccessful attempt was made to incorporate more negative 

charge in a 1:1 mixture of DMPC:DMPG. 

7.3.1.1 Formation of sparsely tethered bilayer membranes 

The simplest model that successfully described the DM bilayer was a three-layer 

model. The first layer comprised a hydrated tether region beneath the bilayer which 

included the inner phospholipid headgroups, the second a hydrophobic region 

composed of the lipid acyl chains from the inner and outer leaflets, and the third an 

outer phospholipid headgroup region adjacent to the aqueous phase. The PO bilayer 

required a four-layer model for successful description, due to SLD differences 

between the inner leaflet and the outer leaflet of the hydrophobic acyl chain region, 

since the outer leaflet contained a slightly higher amount of d31-POPC due to the 

presence of the hydrogenous WC14 tether lipid in the inner leaflet. SLD profiles of 

the DM bilayer and an attempted 1:1 DMPC:DMPG bilayer are shown in Figure 7.3 

and fitted parameters for the PO and DM bilayers are shown in Table 7.1 with 

corresponding data fits shown in Figure 7.6.  
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Table 7.1. Fitted parameters for DM and PO bilayers. ‘DM bilayer ctrl’ refers to the control 
experiment where the sTBLM was exposed to SUVs of opposite neutron contrast in the absence 

of HM-1. Uncertainty in the last figure is given in parentheses. 

  DM bilayer DM bilayer ctrl PO bilayer 

thickness (Å)       

inner leaflet 
23 (1) 

12 (1)  19 (1)  

outer leaflet 12 (2) 11 (1) 

headgroups 9 (1) 9 (1) 9 (1) 

SLD (10-6 Å-2)       

inner leaflet −0.30 (0.01) −0.20 (0.01)  0.72 (0.05)  

outer leaflet − 0.06 (0.01) 2.34 (0.08) 

headgroups 1.84 (fixed) 1.84 (fixed) 1.84 (fixed) 

volume % solvent       

inner leaflet 3 (1) 4 (1)  1 (1)  

outer leaflet − 4.7 (0.2) 1 (1) 

headgroups 39 (1) 39 (1) 38 (1) 
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Figure 7.3. nSLD plots from fitted parameters of datasets collected in D2O (red) and H2O-based 
(blue) pH 5.7 phosphate buffers of the 3:1 DM bilayer. SLD plots from the 1:1 bilayer are 

shown in dashed lines. The incompleteness of the 1:1 bilayer is visible due to the increased SLD 
in the inner/outer leaflet region in the D2O contrast. 

The 1:1 DMPC:DMPG bilayer contained 17 ± 1% water in the hydrophobic 

region indicating defects in the bilayer, and could not be improved by exposing it to 

further 1:1 DMPC:DMPG vesicles in a 150 mM NaCl solution rinsed with salt-free 

buffer to cause rupture of the vesicles. A 3:1 ratio of DMPC : DMPG produced a 97 

± 1% complete bilayer after completion by vesicle rupture, and the 3:1 d31-POPC : 

POPG mixture produced a 99 ± 1% complete layer, both of which are well within 

the acceptable range for studying protein-membrane interactions. Fitted parameters 

for the DM bilayer are in agreement with those previously reported for 

DMPC/DMPG bilayers.15  

7.3.1.2 Small unilamellar vesicle controls 
The DM and PO bilayers were incubated against small unilamellar vesicles 

(SUVs) of different neutron contrast order to test the incorporation of phospholipids 

in the absence of HM-1. For the DM bilayer, which is made up of fully hydrogenous 
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DMPC and DMPG, the SUVs contained 3:1 d54-DMPC and hydrogenous DMPG. 

For the PO bilayer, which is made up of d31-POPC and hydrogenous POPG, the 

SUVs contained fully hydrogenous POPC and POPG – hereafter these are referred 

to as the opposite neutron contrast. Exchange of lipids between the SUV and the 

tethered bilayer would result in a change in the measured nSLD of the leaflets of the 

bilayer, as the amount of deuterium in the chains changes. Bilayers were remeasured 

after 3 h incubation against the opposite contrast SUV to test if any exchange had 

occurred in the absence of HM1. 

For the DM bilayer it was found that the overall SLD of the hydrocarbon chain 

region increased from a value of -0.3 ± 0.1 × 10-6 Å-2 in both leaflets to -0.2 ± 0.1 × 

10-6 Å-2 in the inner leaflet and 0.06 ± 0.1 × 10-6 Å-2 in the outer leaflet. These rises 

can be assigned to minor exchange between the hydrogenated phospholipids in the 

bilayer and the deuterated phospholipids in the SUVs. For the PO bilayer, no control 

was measured on the sample which was exposed to HM-1 and SUVs, however 

control experiments on another identically prepared control made up of hydrogenous 

3:1 POPC:POPG bilayer (Figure 7.4) showed no significant change in SLD in the 

hydrocarbon chain region after exposure to opposite contrast SUVs for 3 h 

(remaining -0.2 ± 0.1× 10-6 Å-2), suggesting that under the experimental conditions 

used the level of incorporation of lipids from SUVs into the PO bilayer is either 

extremely low or non-existent. 
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Figure 7.4. Kinetic data from control measurement of 3:1 POPC:POPG bilayer. The lack of 
differences in reflectivity indicates that incorporation of phospholipids is minimal over a three 

hour timescale.   

 

7.3.1.3 HM-1 bilayer interactions and fusion of phospholipids from SUVs 

Both the tethered bilayers were incubated with HM-1 at 20 µM concentration for 

3 h (although only the DM bilayer was measured at this point due to practical 

constraints), which is above the solution minimum bactericidal concentration (MBC) 

for the protein against E. coli 25922, at 0.9 µM.4 Through NR measurements HM-1 

was observed binding to the DM bilayer via a slight increase in the thickness of the 

headgroup region, from 9 ± 1 Å to 15 ± 1 Å, although no perceptible perturbation of 

the leaflets of the membrane was observed (see Figure 7.3).  
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Figure 7.5. A: SLD profiles from NR fits obtained from modelling of data from DM bilayer 
after SUV control (red), after exposure to HM-1 (blue) and after exposure to SUVs in the 

presence of HM-1 (black). The incorporation of phospholipids is visible via the rise in SLD. B: 
SLD profiles from NR fits obtained from modelling of data from PO bilayer (red) and after 

exposure to SUVs in the presence of HM-1 (black). The incorporation of phospholipids is visible 
via the rise in SLD. The incorporation of phospholipids is visible via the drop in SLD. 

 

After exposure to HM-1, the bilayers containing HM-1 were exposed to SUVs of 

opposite contrast, and in all cases the nSLD of the bilayer changed (see the nSLD 

profiles given in Figure 7.5, for the fits see Figure 7.6 and for fitted values see Table 

7.2). The nSLD in the hydrogenous DM bilayer increased by 1.1 ± 0.1 × 10-6 Å-2 in 

the inner leaflet and 0.3 ± 0.1 × 10-6 Å-2 in the outer leaflet with incorporation of 

deuterated lipids from the opposite contrast SUV. Similarly, the nSLD in the 

partially deuterated PO bilayer  decreased by 0.23 ± 0.05 × 10-6 Å-2 in the inner 

leaflet and 1.2 ± 0.1 × 10-6 Å-2 in the outer leaflet due to incorporation of 

hydrogenated phospholipids from the opposite contrast SUV. Values obtained from 

all of the HM-1-incorporated fits are shown in Table 7.2. Using SLD values of 6.82 

× 10-6 Å-2 for the hydrocarbon chain region of d54-DMPC,16 -0.31 × 10-6 Å-2 for 

POPC16 and 3.3 x 10-6 Å-2 for d31-POPC,17, 18 this corresponds to a percentage of 

d54-DMPC in the bilayer incorporated from SUVs of 16 ± 1% for the inner leaflet 

and 5 ± 2% in the outer leaflet of the DM bilayer. Similarly, the PO bilayer 
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contained 22 ± 2 % POPC incorporated from outside the bilayer in the inner leaflet 

and 44 ± 3% in the outer leaflet after exposure to SUVs with HM-1 bound to the 

bilayer. Additionally, the tether  region expanded, from 12 ± 1 – 16 ± 1 Å. 

In addition to the differences in the hydrophobic chain region after exposure to 

SUVs, in both DM and PO bilayers there were also significant differences in the 

headgroup and tether regions. In the DM bilayer the nSLD in the headgroup region 

increased from 1.8 to 2.4 ± 0.1 × 10−6 Å−2 and the solvent percentage dropped from 

39 ± 1% to 2 ± 1%. Similarly in the PO bilayer, the SLD in the headgroup region 

also increased from 1.8 to 2.2 ± 0.1 × 10−6 Å−2 and the solvent percentage also 

decreased, from 38 ± 1% to 1 ± 1%. In real terms this represents a drop in SLD of 

the overall layer (combined between the phospholipid headgroups and D2O), from 

3.5 to 2.4 ± 0.1 × 10−6 Å−2 in the DM bilayer and from 3.51 to 2.20 ± 0.11 × 10−6 Å−2 

in the PO bilayer. The tether region also expanded in the PO bilayer after addition of 

HM-1 and SUVs, from 13 ± 1 – 18 ± 1 Å.   
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Table 7.2. Fitted parameters for DM and PO bilayers after exposure to HM-1 and SUVs. 
Uncertainty in the last figure is given in parentheses. 

  DM bilayer + HM-1 
DM bilayer+ 

HM-1/SUVs 

PO bilayer + 

HM-1/SUVs 

thickness (Å)       

inner leaflet 12 (1) 12 (1)  16 (1) 

outer leaflet 12 (1) 12 (1) 11 (1) 

headgroups 15 (1) 17 (1) 9 (1) 

SLD (10-6 Å-2)       

inner leaflet -0.19 (0.01) 0.91 (0.08)  0.49 (0.05) 

outer leaflet 0.04 (0.01) 0.40 (0.13) 1.18 (0.09) 

headgroups 1.99 (0.12) 2.39 (0.06) 2.15 (0.11) 

volume % 

solvent 
      

inner leaflet 3 (1) 1 (1)  1 (1) 

outer leaflet 5 (1) 1 (1) 1 (1) 

headgroups 53 (3) 2 (1) 1 (1) 
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Figure 7.6. Neutron reflectivity (circles) and data fits (lines) from datasets collected in D2O and 
H2O-based buffers of  A: DM bilayer (red) and after exposure to SUVs with no HM-1 present 
(black); B: DM bilayer after exposure to HM-1 (red) and after exposure to SUVs of opposite 

nuclear contrast to the bilayer (black); C: PO bilayer (red) and after exposure to SUVs of 
opposite nuclear contrast to the bilayer in the presence of HM-1 (black). 
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7.3.2 Preparation of PMMA and APTES-PEG films 
PMMA films were prepared as described in Chapter 4, with PMMA films 

possessing the same hydrated layer at the SiOx interface and bulk layer of low 

hydration as previously described. APTES films were also prepared as described in 

Chapter 4 using the 50 mM concentration protocol, and were approximately 20 Å 

thick, containing approximately 35 % water with 4-5 Å interfacial roughness. The 

PEG linker previously used in Chapter 6 was tethered to both APTES and PMMA 

films, via its -COOH and -NH2 termini, respectively, using EDC and NHS as 

coupling reagents. Fitted parameters from modelling PEG-functionalised surfaces 

are shown in Table 7.3.  It appears that PEG layers are thicker and contain a higher 

amount of water when attached to APTES than when attached to PMMA, with an 

accompanying marginal increase in interfacial roughness. From calculated densities 

the amount deposited is lower on APTES films than on PMMA, which may be due 

to the lower concentration used (Section 3.2.9.1). 

Table 7.3. Fitted parameters from NR measurements of PEG attached to APTES and PMMA 
films. Uncertainty in the last figure is given in parentheses. 

 PMMA-1 PMMA-2 APTES-1 APTES-2 

thickness (Å) 13 (1) 12 (1) 16 (1) 17 (1) 

SLD (x 10-6 Å-2) 0.8 (fixed) 

solvent % 22 (2) 29 (1) 76 (2) 85 (1) 

roughness (Å) 4 4 6 5 

density (mg m-2) 1.14 (0.09) 0.96 (0.08) 0.43 (0.05) 0.29 (0.03) 
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7.3.3 Structural Characterisation of surface-immobilised HM-1 and 
lysozyme  

HM-1 and lysozyme were attached to PMMA and APTES films with and without 

the PEG linker, with fitted parameters shown in Table 7.4 and the fits shown in 

Figure 7.7. Thicknesses of each individual protein were similar across all surfaces, 

although lysozyme was successfully modelled as having layers of approximately 20 

Å on all surfaces apart from PMMA, where the protein layer had a thickness of 27 ± 

1 Å, and this was accompanied by increased interfacial roughness. nSLDs for the 

proteins were calculated from their sequences using the online protein SLD 

calculator developed at ISIS.19 Sequences used in SLD calculations were obtained 

from the published solution structure for HM-14 and a published crystal structure of 

lysozyme.20 Variations in SLD when the protein is in D2O-based buffers occurs due 

to exchange of labile hydrogen with deuterium from solution, and 95% exchange 

was assumed. HM-1 densities were similar across all surfaces, although they 

appeared to be higher on APTES than on PMMA. It was found that less lysozyme 

was attached to all surfaces, in particular to APTES films where only 0.19 ± 0.04 

and 0.18 ± 0.06 mg m-2 were deposited on APTES and APTES-PEG films, 

respectively. 
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Table 7.4. Fitted parameters for HM-1 and lysozyme attached to PMMA and APTES films with 
and without PEG linker. Uncertainty in the last figure is given in parentheses.  

PMMA: lysozyme HM-1 PEG-lysozyme PEG-HM-1 

thickness (Å) 27 (1) 30 (3) 22 (3) 36 (1) 

SLD (× 10-6 Å-2) 3.45 (fixed) 3.48 (fixed) 3.45 (fixed) 3.48 (fixed) 

solvent % 83 (1) 88 (2) 92 (2) 88 (1) 

roughness (Å) 7 3 3 4 

density (mg m-2) 0.64 (0.07) 0.51 (0.19) 0.23 (0.07) 0.59 (0.13) 

APTES: lysozyme HM-1 PEG-lysozyme PEG-HM-1 

thickness (Å) 20 (2) 31 (2) 21 (3) 36 (2) 

SLD (× 10-6 Å-2) 3.45 (fixed) 3.48 (fixed) 3.45 (fixed) 3.48 (fixed) 

solvent % 93 (1) 86 (2) 94 (2) 85 (3) 

roughness (Å) 4 8 7 5 

density (mg m-2) 0.19 (0.04) 0.62 (0.11) 0.18 (0.06) 0.76 (0.16) 
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Figure 7.7. Neutron reflectivity (circles) and data fits (lines) from datasets collected in D2O 
(red) and H2O-based (blue) buffers (left) with corresponding SLD profiles (right). A: APTES 
film with attached PEG and HM-1 layers; B: APTES film with attached PEG and lysozyme 
layers; C: PMMA film with attached PEG and HM-1 layers; D: PMMA film with attached 

PEG and lysozyme layers. 
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7.3.4 HM-1 and lysozyme surface antimicrobial assays 
Antimicrobial assays based on the Japanese Industrial Standard JIS Z 28011 were 

performed in order to test the antimicrobial activity of the prepared HM-1 and 

lysozyme surfaces. Proteins were deposited on half microscope slides and exposed 

to 2-3 × 104 CFU E. coli (HM-1) or B. subtilis (lysozyme), and incubated for 24 h. 

No knockdown was observed for any protein-containing surface apart from APTES-

PEG-HM-1 and APTES-PEG-lys, which had maximum knockdowns of 3.4 × 104 

and 2.2 × 104 CFU, respectively (Figure 7.8). In terms of solution concentration, 

these values translate to 1.7 × 106 and 1.1 × 106 CFU mL-1, respectively. APTES-

PEG control surfaces themselves had some activity. E. coli was not killed, however 

B. subtilis did experience a knockdown, with a maximum of 1.4 × 104 cells 

remaining after an original inoculum of 2.2 × 104 CFU.   

 

Figure 7.8. Scatterplots of percentage knockdown of (A) E. coli by APTES-PEG-HM1 films and 
(B) B. subtilis by APTES-PEG-lysozyme films. Each dot represents a single dataset. Nine test 

surfaces and three control surfaces were measured. 
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In addition to the test and control surfaces, the same assay was performed on 

three separate half-glass microscope slides, which was the same substrate upon 

which test surfaces were prepared. Substrates were pre-sterilised by soaking in 70% 

ethanol for at least 1 min followed by 100 % ethanol for 1 min and air dried under 

asceptic conditions, before storage in sterile falcon tubes before use. Knockdown on 

the sterile surfaces for each strain is displayed in Figure 7.9. Approximately 2.5 × 

104 CFU E. coli were deposited on glass slides and approximately 1.4 × 104 CFU B. 

subtilis were deposited on separate glass slides. Knockdown was similar on both 

surface in most cases, at around 3 × 103, although for one E. coli substrate, a 

knockdown of only 97 CFU was observed after 24 h incubation.  

 

Figure 7.9. Scatter plot of percentage knockdown of E. coli and B. subtilis on sterilised glass 
microscope slides. Three test surfaces were measured for each strain. 
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7.4 Discussion 
The proposed fusogenic mechanism of HM-1 was explored using NR by 

detection of the incorporation of phospholipids of opposite neutron contrast into 3:1 

DMPC:DMPG and d31-POPC:POPG bilayers. HM-1 and lysozyme were tethered to 

APTES and PMMA films containing a PEG-based surface linker and structurally 

characterised using NR, before tests were performed to assess their antimicrobial 

efficacy against E. coli and B. subtilis. 

7.4.1 HM-1 mechanism studies 
The mixture of negatively-charged PG and zwitterionic PC headgroups were 

chosen for this experiment to balance the need to promote electrostatic interactions 

with the positively charged residues of HM-1 and the necessity to form a complete 

bilayer, which is difficult with a high percentage of negatively charged headgroups. 

Solid supported bilayers containing DMPC and DMPG in a 4:1 ratio with 84% 

completion15 and 83% completion21 have been reported in the literature,  however 

this is the first successful attempt we are aware of to make a complete (<3 % solvent 

incorporation) bilayer composed of a DMPC and DMPG in a 3:1 ratio.  

Control experiments were performed to test the extent of lipid incorporation from 

SUVs in the absence of HM-1. Although significant lipid incorporation was not 

observed in the absence of HM-1, other experiments have shown that this can occur. 

Budvytye et al.22 showed that 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) 

bilayers exchange d54-DMPC and cholesterol from SUVs after 3 h incubation, 

however this effect was not observed and would have been clearly visible from NR 

measurements if present. Bilayers were exposed to SUV solutions of the same 
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concentration as that reported (i.e. 5mg mL-1) for 3 h (compared to 1 h in the 

previous study) and significant phospholipid transfer was not observed. Gerelli et 

al.23 studied lipid exchange between solid supported DMPC bilayers and d54-

DMPC vesicles over a time scale of 2.5-10 minutes at higher temperature (57 ˚C 

versus 35 ˚C in this study) using NR. These bilayers differed slightly from those 

used in this study in that they did not contain an aqueous tether region. In Gerelli et 

al., the solid supported DMPC bilayers were exposed to d54-DMPC vesicles at 

concentrations up to 5 mg mL-1 where it was found that complete exchange occurs 

after approximately 14 h with around 50 % exchange at approximately 3 h. This 

differs from the result observed here, where the bilayer contained 1.4 ± 0.14% d54-

DMPC (assuming an SLD of 6.82 × 10-6 Å-2 for the d54-DMPC hydrocarbon 

chain16) in the inner leaflet and 3.3 ± 0.33 % in the outer leaflet after 3 h. The much 

smaller exchange is presumably due to the temperature difference (35 ˚C versus 57 

˚C).  

The slight increase in headgroup layer thickness observed after the addition of 

HM-1 suggests a model where HM-1 is situated within mostly within the headgroup 

region of the bilayer with a small amount of penetration into the hydrophobic chain 

region. This positioning is consistent with the model reported by Michalek24 et al., 

who proposed that the interaction of HM-1 with model membranes is initiated by 

both electrostatic and hydrophobic effects.  Using tryptophan fluorescence emission 

to measure insertion depths of HM-1 into POPC:POPG vesicles, they found a 

maximum penetration depth of 4 Å into the outer leaflet with no disturbance of the 

hydrocarbon chains. Although we did not clearly observe HM-1 binding to the 
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membrane in this model, we also attempted to model the bilayer as if HM-1 caused 

penetration into the hydrocarbon chain region of the bilayer. This modelling resulted 

in much poorer fits to the data, with large increases in the χ2 values, suggesting that 

the proposed mechanism of headgroup insertion with minimal initial disruption to 

bilayer structure is correct.  Other pore-inducing mechanisms such as the barrel 

stave mechanism25 would cause significant disruption to the structure of the bilayer, 

which would be clearly visible using NR.  

A common feature of antimicrobial proteins is a relative abundance of arginine 

(Arg) and tryptophan (Trp) residues,26 and 10 out of the 60 amino acids in the HM-1 

sequence are either Arg or Trp. Trp has a tendency to insert into biological 

membranes and form a partition at the membrane-water interface,27 while Arg is 

known to provide positive charge and hydrogen bonding properties necessary for 

initial protein/peptide interactions with anionic bacterial membranes.28 MD 

simulations of small peptides also show Trp interacting with positively charged 

headgroups of lipid bilayers while also forming hydrogen bonding interactions with 

water and other components of lipid bilayers,29 which become unavailable in cases 

where it inserts further into the acyl chain bilayer core. In this case penetration into 

the hydrophobic region of the bilayer was not observed, although the relative 

abundance of Arg and Trp residues further supports a model of interaction with 

phospholipid headgroups with minimal insertion into the hydrophobic region of the 

bilayer 

After exposure to HM-1, bilayers were exposed to SUVs of opposite neutron 

contrast to observe fusion of phospholipids into the bilayer. HM-1 caused 
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incorporation of phospholipids in both DM and PO bilayers, and the effect was more 

pronounced in the PO bilayer (Table 7.2). Attempts were made to model a null 

hypothesis of no incorporation of lipid from the SUV into either the PO and DM 

bilayers. This involved using values identical or similar to those obtained before 

exposure to SUVs after HM-1 binding. These attempts were unsuccessful, with χ2 

values of 22.8 and 11.4 for DM and PO bilayers for the null hypothesis, compared 

with 2.6 and 2.0 respectively for the hypothesis that the lipids exchange.   

Although in both cases the presence of HM-1 bound to DM and PO bilayers 

causes incorporation of phospholipids, it appears that more lipid material crosses 

from the outer leaflet to the inner leaflet in the case of DM than PO, even though 

from fitted parameters the extent of incorporation appears higher in the PO bilayer. 

This could be explained in terms of lipid flip-flop, which has been known to occur in 

various different types of bilayers. Two similar studies30, 31 which used sum-

frequency vibrational spectroscopy to measure flip-flop in phospholipid bilayers 

found that the rate constant increased with increasing temperature and that the extent 

of flip-flop was highly dependent on phospholipid packing, both of which may 

explain the difference between our results and results of previous comparable 

studies. Similarly, a higher amount of flip flop was observed in the DM bilayer at 35 

˚C as opposed to the PO bilayer which was measured at 25 ˚C. The difference may 

be due to the longer POPC/PG chains experiencing a higher activation energy (Ea) 

barrier to translocation than the DMPC/PG chains. A similar effect was outlined in a 

review by Sanderson32, who noted that higher Ea values are generally observed for 
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longer chain PC-based phospholipids. No attempt was made to observe this flip flop 

occurring in real time. 

In addition to the exchange of phospholipids observed in the hydrocarbon chain 

region, a drop in the SLD of the headgroup region was also noticed in both the 

POPC/PG and DMPC/PG bilayers, and elimination of almost all water from the 

layer, the most likely cause of which is phospholipids situated within the headgroup 

region. Without knowledge of the exact amount of HM-1 present, it is not possible 

to accurately calculate the contribution of phospholipids from SUVs and from 

phospholipids ejected from the bilayer. However, it is possible to exclude a total 

contribution from one mechanism only, meaning that HM-1 facilitates an exchange 

of phospholipids from the bilayer to the available lipid pool (i.e., SUVs) (see Figure 

7.10).  
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Figure 7.10. Schematic of experiment of observation of HM-1 mechanism. Tethered lipid 
bilayer membranes were exposed to HM-1 followed by exposure to small unilamellar vesicles of 

opposite nuclear contrast. Incorporation of phospholipids of opposite nuclear contrast were 
observed by NR.  

7.4.2 Structural Characterisation of HM-1 and lysozyme attached to 
PMMA and APTES films 

APTES and PMMA films were prepared and PEG attached, with fitted 

parameters for PEG layers shown in Table 7.3. Thicker PEG layers with a higher 

volume fraction of water were produced by tethering PEG to APTES films than to 

PMMA films. Thicknesses on PMMA films were similar to those described in 

Chapter 6, although the water volume fractions were slightly higher, resulting in a 

slightly decreased density at the surface compared with previous results. Densities 

calculated from modelling were approximately 2-3 × lower on APTES films than on 

PMMA films. This could arise from a lack of reactive sites for binding on the 

APTES film, or could result from crosslinking of linker molecules in the deposition 

solution, which was made possible because the linker was exposed to the EDC and 
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NHS coupling reagents in solution. The observation of a higher percentage of water 

and an overall thicker layer of the PEG linker on APTES films than on PMMA films 

mirrors the result observed in Chapter 6, where G4.5 PAMAM dendrimers measured 

on APTES films were also thicker and contained more water on APTES than on 

PMMA. This difference may be due to a higher amount of water in the underlying 

APTES layer. The interfacial roughness of the linkers attached to APTES was also 

slightly higher than on PMMA, mirroring the higher interfacial roughness of the 

underlying APTES layer.  

HM-1 and lysozyme were detected binding to all prepared surfaces. From 

comparing the approximate molecular dimensions obtained from solution and 

crystal structures of both proteins with modelled layer thicknesses, it appears that 

the tertiary structure of HM-1 was not disrupted at the surface. According to its 

published solution structure, HM-1 has approximate molecular dimensions of 30 Å 

× 30 Å × 20 Å whereas lysozymes dimensions are roughly 35 Å × 50 Å × 30 Å.  

Modelled thicknesses for lysozyme layers, on the other hand, indicate that the 

tertiary structure of the protein may be disrupted. The measured protein layers were 

approximately 20 Å on every surface, and up to 27 ± 1 Å on PMMA, which is only 

slightly smaller than its smallest dimension of approximately 30 Å. Even though the 

protein appears partially denatured, some extent of tertiary structure may still be 

present. The reasons for the possible denaturation are not clear from these 

measurements, however charge interactions with APTES films are unlikely. The 

pKa of lysozyme is 11.4,33 making it positively charged under the pH conditions 

used during measurements (pH 7.4). The pKa of APTES has been reported 
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differently by various sources34, 35, 36 (as low as 7.6 and as high as 11) and would be 

expected to have a net positive charge or no charge at all in the pH 7.4 buffer – in 

either case the possibility of strong attractive electrostatic interactions with the 

protein can be neglected. Electrostatic interactions are however possible with 

negatively charged carboxyl groups of oxidised PMMA, which have a pka of 4.5.37 

Other possible forces contributing to partial denaturation at the surface include H-

bonding or possible hydrophobic interactions on PMMA films. In particular, H-

bonding has been reported as being important to the tertiary structure of human 

lysozyme.38 The increased stability at the surface of HM-1 may be explained by 

HM-1’s four disulfide bonds, which would protect it from possible conformational 

changes induced by non-covalent forces from the surfaces. 

The direction of the protein attachment to the surface is controlled by the 

positions of the available attachment points on the two surfaces and the proteins. 

Attachment points to APTES films were assumed to be acidic amino acid residues 

containing -COOH sidechain functionality (aspartic acid and glutamic acid) and the 

C-terminus, which are all shown in blue in Figure 7.11. For attachment to -COOH 

films, -NH2 functionality is required and lysine and the N-terminus are shown in red. 

Since in both cases the potential binding sites are evenly distributed throughout both 

proteins, it is likely that the proteins are bound on the surface in varying directions. 

If there is a particular active site in the protein, it may be inaccessible if it faces the 

surface rather than the solution, and it is expected that this will reduce the effective 

protein activity on the surface. 
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Figure 7.11. Possible attachment points for HM-1 to APTES (A) and PMMA films (B) and for 
lysozyme to APTES (C) and PMMA films (D). For APTES NH2 surfaces, aspartic acid and 

glutamic acid sidechains plus the C-terminus are shown in blue. For PMMA COOH surfaces, 
lysine sidechains plus the N-terminus are shown in red. 

 

Surface coverages of all proteins are shown in Table 7.4 and ranged from 

approximately 0.2 – 0.8 mg m-2. No obvious trend was apparent, although with the 

exception of the PMMA-lysozyme dataset, lysozyme densities tended to be lower 

than HM-1 at approximately 0.2 mg m-2. Previous studies on the importance of 

density to the antimicrobial activity of surface-attached antimicrobial peptides have 

been performed, where it was found that density is a factor when it comes to the 

killing capacity of surfaces,39, 40 with more densely packed surfaces being more 

effective at killing bacteria. Other studies have suggested that orientation of the 

peptide41 and length of spacer used42 are the larger influences on activity. In any 

case, while lower, the densities of lysozyme are in the same order of magnitude of 
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HM-1, meaning that they would not necessarily be expected to cause an 

accompanying decrease in killing capacity of the surface.  

The reason for the generally higher density of HM-1 over lysozyme may lie in the 

respective pIs of both proteins. The pI of lysoszyme is 11.433 and while no reported 

value is available for HM-1, it can be estimated by inputting its sequence to the 

Swiss Institute of Bioinformatics (SIB) online computation tool,43 which gives a 

value of 9.0. This means that lysozyme would be expected to carry a higher amount 

of positive charge and would experience a higher amount of electrostatic repulsions. 

If a higher surface density were desired, this could be achieved using a deposition 

buffer closer to the pI of each protein, however this would need to be a different 

strategy from EDC/NHS coupling, which is not effective above pH 7.6.44  

7.4.3 Antimicrobial activity of HM-1 and lysozyme surfaces 
All surfaces structurally characterised above were assessed for antimicrobial 

activity using a variation of the Japanese Industrial Standard JISZ 2801.1 HM-1 

surfaces were tested against E. coli and lysozyme surfaces were tested against B. 

subtilis. Of the eight protein-containing surfaces tested, only APTES-PEG-HM-1 

and APTES-PEG-lysozyme showed any bacterial killing activity, with all other 

surfaces displaying no knockdown of bacteria after 24 h incubation at 37 ˚C. 

APTES-PEG-HM-1 surfaces were very effective against E. coli showing complete 

knockdown of all cells on the surface compared to no activity in an APTES-PEG 

control. Similarly, a near complete knockdown of 2.2 × 104 CFU was observed for 

APTES-PEG-lysozyme films against B. subtilis, although in this case limited 

knockdown was also observed on the APTES-PEG control surfaces, although not on 



 

 

	

Chapter	7:	Activity	of	Surface-Attached	HM-1	and	Lysozyme	

	

	 	

	

178	

	

	 	

the clean glass slide control. The disparity in the knockdown between the glass slide 

and the APTES-PEG control surfaces indicates that the PEG surface itself contains 

some degree of lethality towards B. subtilis, although the surface-bound lysozyme 

clearly impacts the surface lethality.  

The observed killing activity of HM-1 attached to the APTES-PEG films shows 

that the fusogenic mechanism still functions where the mobility of the protein is 

restricted. The mechanistic investigations above imply that the killing mechanism of 

HM-1 does not require penetration into bacterial cells, with cell membrane leaflets 

unperturbed by the binding of HM-1. The mechanism of lysozyme involves 

interactions with Gram-positive bacterial cell walls,45 and its functionality when 

tethered to the surface suggests that although its activity may be limited by lack of 

movement and being constrained to a surface it is not prevented. 

The PEG-based spacer has been required to allow the surface tethered proteins to 

demonstrate antimicrobial activity. This is consistent with the improved 

functionality of antibodies coupled with PEG linkers reported in Chapter 6, and also 

with the improved antimicrobial activity of surface-tethered antimicrobial peptides 

attached to PEG-based spacers that has been previously reported46. However, it is 

not clear why the HM-1 and lysozyme were inactive on the PMMA films. The most 

obvious difference between the PMMA and APTES-based PEG surfaces is the 

higher hydration observed in the underlying PEG layers on the APTES films, which 

were modelled as 76 ± 2 and 85 ± 1 % water, with accompanying thicknesses of 16 

± 1 and 17 ± 1 Å, respectively. In contrast, PEG films on PMMA contained less 

water and were thinner overall, with 22 ± 2 and 29 ± 1 % water with accompanying 
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thicknesses of 13 ± 1 and 12 ± 1 Å (Table 7.3).  Spacer length has been reported to 

influence activity of antimicrobial peptides attached to surfaces,42 although the 

difference in distance from the underlying PMMA and APTES layers is small and is 

unlikely to contribute to the difference in activity. The higher hydration in the 

underlying PEG layer is the only clear difference derived from the modelling of NR 

data and based on these results may be the main contributer to the improved activity.  

The structural characterisation from NR measurements does not give indications 

as to why there is a lack of antimicrobial activity on the non-active surfaces. There 

are no clear differences in protein layer thickness, water percentage, or density 

observed. It is possible that a major determinant of surface activity is indeed 

hydration of underlying layers, although flexibility of linkers has been previously 

shown to play an important role in activity,42 and it is possible that a higher degree 

of this is present on APTES-PEG films compared with PMMA-PEG. A lack of 

flexibility and lateral mobility has been previously suggested as a reason for 

decreased activity of antimicrobial peptide-based surfaces,47 and this could also 

provide a reason for why HM-1 and lysozyme are inactive on APTES and PMMA 

films containing no linker.  

An additional possible contributing factor in the lack of activity of HM-1 and 

lysozyme on PMMA and PMMA-PEG films is that they are likely to be attached via 

lysine sidechains. It has been previously reported that cationic sidechains (such as 

those found in lysines) are important to the activity of antimicrobial proteins and 

peptides,48 since they carry positive charge, which is important for initiating 

electrostatic attraction with negatively charged cell membranes of bacteria. Surface 
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binding interactions would remove this positive charge and would have the potential 

to disrupt initial interactions of proteins with bacteria.  

7.5 Conclusion 
A new antimicrobial protein killing mechanism was studied with NR using 

tethered lipid bilayers as a bacterial cell membrane mimic. Complete bilayers with 

mixed phospholipids were formed using DMPC and negatively charged DMPG in a 

3:1 ratio, as well as d31-POPC and POPG in the same ratio. Bilayers were exposed 

to HM-1, followed by SUVs of identical lipid composition with opposite neutron 

contrast, so that if phospholipid incorporation were occurring, it would be detected 

using NR. Measurements showed that phospholipids were incorporated into the 

bilayers at significantly higher levels in the presence of HM-1 than in control 

experiments. The lipid material incorporated into the bilayer due to the presence of 

HM-1 showed a higher concentration in the inner (near-surface) leaflet of the 

tethered lipid bilayer. Moreover, the extent of the incorporation of lipids from the 

SUVs was higher in the PO bilayer than the DM bilayer.  

Following on from mechanistic investigations, HM-1 was tethered to PMMA and 

APTES with and without the PEG surface linker in order to test its surface killing 

capacity against E. coli, with parallel tests done using lysozyme against B. subtilis. 

PEG was tethered to PMMA and APTES films and it was found that it formed 

slightly thicker layers of higher hydration on APTES on PMMA. It was found that 

lysozyme forms relatively thin layers around 20 Å, suggesting partial denaturation. 

The density of lysozyme at the surface was relatively low compared to HM-1, which 

may be due to electrostatic repulsions. HM-1 was observed binding in layers 
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approximately of approximately 30 Å, showing no indications of denaturation from 

deductions based on its dimensions, which may be due to a higher degree of internal 

stability due to its four disulfide bonds.  

All surfaces characterised using NR were tested for antimicrobial activity against 

E. coli (HM-1) and B. subtilis (lysozyme), and it was found that only APTES-PEG-

HM-1 and APTES-PEG-lysozyme posess antimicrobial activity. The non-PEG films 

may be inactive due to a lack of flexibility of the proteins at the surface while it is 

speculated that the use of lysines as the binding point for tethering the protein to 

PMMA-COOH surface may prevent the initial electrostatic interaction between the 

protein and the target bacteria, which is critical to the mechanism of lethality. 

Overall, it is clear from these results that changing the mode of binding of 

antimicrobial proteins to surfaces can have large effects on their antimicrobial 

activity.   
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Chapter 8: Summary and Future Work 

8.1 Summary 
The overall aim of this research was to understand commonly used surfaces for 

protein binding and to study whether changing the mode of binding can have an effect 

of activity on the surface-bound biomolecule, focussing on antibodies and 

antimicrobial proteins. Currently, antibodies are used as biorecognition elements in 

many ELISA-based tests1 due to their high specificity and surface-bound 

antimicrobial proteins are an interesting candidate for use as antimicrobial surface 

coatings. A challenge in the use of these biomolecules on surfaces is preserving the 

solution activity. Moreover, the use of these biomolecules on surfaces comes with 

drawbacks, as their activity in solution relies on a high degree of mobility and 

hydration, which can be inhibited upon binding to surfaces. The first part of this 

research used NR to understand the aqueous solution structure of PMMA and APTES 

films, which are commonly used surfaces for protein and antibody binding. It was 

found that thin PMMA films (100 – 200 Å) desorb from silicon surfaces partially, 

forming hydrated layers at the silicon interface. Additionally, bulk layers of low 
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hydration comprising most of the mass of the film are formed and have low 

interfacial roughness with the surrounding aqueous solution. At ambient temperature 

these PMMA films remain stable over the course of at least 30 h, although 

irreversibly desorb upon heating. APTES films were deposited at a range of 

concentrations and reaction times and measured using NR and XRR, in order to study 

the aqueous solution structure and to attempt optimisation of these films for 

biomolecule binding. It was found that without control of water in the deposition 

reaction, a wide variation of films were produced. When water was systematically 

removed from the reaction solvent, control was gained over film thickness and 

density. PMMA and APTES films produce surfaces with -COOH and -NH2 

functionality, respectively, allowing testing of biomolecules attached via different 

coupling chemistries and potentially different orientations.  

The second part of this research studied antibodies physisorbed onto PMMA films, 

using NR, with the aim of understanding the structure of antibody layers formed 

using common deposition methods. Subsequently, BSA, a protein commonly used for 

surface blocking in order to prevent non-specific antibody binding, was measured at 

the surface using NR. It was found that antibodies adsorb in a ‘flat-on’ orientation, 

which is in agreement with previous studies.2 BSA was observed interacting 

primarily with the PMMA film, with only a small amount of material observed above 

the original antibody layer. Deductions from modelled layer thicknesses suggested 

that the tertiary structure of BSA may be disrupted at the PMMA surface.  

The third part of this research explored ways of improving currently used 

antibody-surface attachment methods and in particular to explore the question of 
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whether controlling the method of surface binding leads to improvements in antigen 

capture efficiency. Three different surface linkers, all hypothesised to impart 

improved hydration and flexibility to attached antibodies, were tethered to PMMA 

films. It was observed that one of the linkers, a G4.5 PAMAM dendrimer, formed a 

thin layer relative to its molecular dimensions, with a low volume fraction of water, 

which had not been previously observed in the literature. To further explore surface-

dendrimer binding, G2.5, G4.5 and G6.5 PAMAM dendrimers were tethered to 

APTES films, where higher degrees of hydration and thicker overall layers were 

observed, suggesting that these parameters may depend on underlying surface 

hydration. Antibodies were tethered to all PMMA-linker films where a flat-on 

orientation was again observed. A much higher extent of antigen binding was 

observed using covalently tethered antibodies than on controls (which used 

physisorption).. The PEG-based linker showed the highest levels of hydration and had 

the greatest antigen capture efficiency of 49%. The increased sensitivities of 

covalently attached antibodies using surface linkers in this study could lead to 

improvements in sensitivity if applied in real testing systems and could allow for 

more economical use of antibodies in the future.   

The final part of this research sought to investigate whether the improvements in 

antibody activity observed using surface linkers transfers to surface immobilised 

antimicrobial proteins. HM-1 and lysozyme were tethered to APTES and PMMA 

films with and without the PEG linker. Lysozyme surfaces were tested for activity 

against B. subtilis and HM-1 surfaces were tested against E. coli. HM-1 is a relatively 

newly discovered protein and it has been proposed3 but not proved that its killing 
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mechanism involves fusion of bacterial membranes. In order to better understand and 

clarify this mechanism, it was studied using NR, where incorporation of 

phospholipids into tethered lipid bilayer membranes was directly observed for the 

first time. After surface tethering of HM-1 and lysozyme, they were structurally 

characterised using NR, where it was found that the tertiary structure of lysozyme 

may be disrupted, whereas no evidence of a similar effect for HM-1 was found, 

possibly due to the four disulfide bonds preserving its internal stability. After carrying 

out antimicrobial assays, it was observed that only the APTES-PEG-based protein 

films displayed killing activity, which may have been due to the extra conformational 

flexibility imparted by the PEG linker. The lack of killing activity of the remaining 

surfaces may be explained by a lack of hydration and restriction of mobility of the 

immobilised proteins at the surface, or interference with residues important for 

activity. 

8.2 Future Work 
There are several directions this work could take in the future. This research 

showed that control of attachment of antibodies is a determining factor in antigen 

capture efficiency. Although work in this area has already begun,4-6 further studies are 

required to test the specific effects of hydration and whether control of antibody 

orientation produces further advances in capture efficiency, which will improve the 

sensitivity of testing systems and make them cheaper to produce and potentially more 

readily available. For surface testing systems, the use of more structurally robust 

detection elements will provide further advances. The use of aptamers as 

biorecognition elements has already begun7-9 and may supersede antibodies entirely, 
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due to their relative low cost,10 robustness11 and potential for regeneration and 

reuse,12 which is currently impossible with most antibody surfaces.  

Similarly, use of linkers appeared to be advantageous for the activity of surface-

immobilised antimicrobial proteins. Advances in this area would also use linkers of 

increasing hydration and flexibility in order to understand in detail how important 

these factors are to activity, as has been suggested by this work. From the lack of 

activity of proteins bound directly to PMMA and APTES surfaces, it appears that 

increasing distance from the reactive surface and reducing potential H-bonding and 

hydrophobic interactions may be influential to activity. Targeting fundamental factors 

important to survival of bacteria will provide the next level of advancement in the 

challenge of creating antimicrobial surfaces. Antimicrobial proteins may provide a 

good starting point in the challenge of how to kill bacteria while remaining non-toxic 

to human hosts, although will most likely be supplanted by surfaces which mimic 

protein killing mechanisms while retaining a higher degree of stability in a variety of 

conditions. 

For the next level of advances in both sensing and antimicrobial surfaces to 

become a reality, further research on parameters such as spacers and surface 

attachment techniques are important, although for surface attachment to be perfected, 

a thorough understanding of the structure of these molecules while attached to 

surfaces and the conformational changes they undergo upon binding is required. It is 

hoped that the findings presented in this thesis provide an advancement on current 

knowledge of biomolecules on surfaces and contribute towards design of improved 

sensor and antimicrobial surfaces.  
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