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Abstract

This thesis is concerned with the fundamental principles affecting protein
adsorption. The effects of surface chemistry and topography on protein adsorption
characteristics have been identified and quantified. Particular attention has been made
to understand how the conformation of surface-bound proteins was affected by the
surface onto which they adsorbed.

Quartz crystal microbalance (QCM), UV-Vis spectroscopy and fluorometry
were used to assess protein-surface affinity and amounts of protein adsorbed at
surface saturation levels. Infrared spectroscopy was used to quantify protein
conformational changes incurred upon adsorption. A fluorescent assay protocol was
developed for use as an external calibration method for the quantification of adsorbed
protein an d the results obtained were compared with QCM and an amido black
protein assay of the same systems. Model experiments were performed using bovine
fibrinogen (an elongated molecule) and albumin (a globular molecule) adsorbing onto
flat hydrophilic (OH terminated) and hydrophobic (CH; terminated) surfaces in the
first instance, but later superhydrophilic and superhydrophobic surfaces were also
studied. Surface curvature on the nano-scale was used to model topography, wherein
protein molecules adsorbed onto spherical substrates (15-165 nm diameter) having
chemically defined surfaces.

Results obtained indicate that both proteins exhibit a less organised secondary
structure upon adsorption onto hydrophobic compared to hydrophilic surfaces, with
this effect being greatest for albumin. Adsorption rates and binding affinities were
found to be higher on hydrophobic surfaces although the amounts adsorbed at
saturation were lower. Supporting spectroscopic data suggests that proteins undergo
surface induced deformation upon adsorption. Topography was shown to compound
the effects of surface chemistry, with fibrinogen being more denatured on surfaces
presenting high surface curvature whereas albumin was more denatured on larger
substrates. These effects are most probably due to the differing size and shape of the
proteins investigated.

This study highlights the possibility of using tailor-made surfaces to influence
binding rates and the conformation of bound proteins through protein-surface
interactions. The data presented in this thesis demonstrates our ability to control
protein adsorption characteristics through careful consideration of the underlying
surface, which may facilitate the development and fabrication of materials / surface

coatings with tailored bioactivity.
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Chapter 1: Introduction

Chapter 1

Introduction

1.1 Biomaterials

There have been many definitions proposed for the term ‘biomateriaf usually
pertaining to any natural or synthetic substance (or combination of substances) that can
be used for any period oftime to treat, augment or replace any tissue, organ or function
within the body. A more up-to-date definition has broadened to include advances in
technology such as biosensors P and drug delivery systems: ‘substances other than food
or drugs which are contained in therapeutic or diagnostic systems. s

Approximately 300,000 hip and knee implants and between 100,000 and
300,000 dental implants are used, along with many other medical implants, each year in
the US alone+ making the biomaterials market hugely profitable, Table 1.1. The
objective of modern implantology is to design devices that accommodate accelerated
and controlled healing. Research aimed towards surface modification of implants to
induce protein and cell adhesion would not only lead to rapid healing and faster

recuperation of the patient, but also allow stable fixation between the implant and
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Chapter 1: Introduction

surrounding tissue leading to early loading ofthe device. The latter point is important in

terms of decreased patient morbidity and health care costs.

Table 1.1. European Market for Orthopedic Biomaterials, statistics from 2001. Source,
Millennium Research Group.

Compound Annual Growth

Product 2001 Market Value / USSM Rate (2002-2006) / %
Bone Graft Substitutes 44.6 13.2
Growth Factors 0.5 114.0
Bone Cements 46.8 4.0
Resorbable Tissue Fixation
. 19.9 8.6
Devices
Autologous Chqndrocyte 74 239
Implantation
Hyaluronic Acid
Viscosupplementation 69.9 8.2
(Biopolymer)
TOTAL 186.1 12

Events leading to the integration of an implant into the surrounding tissue and
hence determining its performance take place at the tissue-implant interface s
Development of this interface is key in the modification and improvement of such

devices; to integrate them into the body, such that they prove to be biocompatible.

1.2 Biocompatibiiity

The general definition of biocompatibility describes the performance of a
biomaterial within its intended biological environment, ‘the ability of a material to
perform with an appropriate host response in a specific application.” The broadness of
the definition is necessary because of the two main points which one must take into
account: ‘appropriate host response’ and ‘specific application.” The nature of any
material is governed by its purpose and intended working environment. Depending on
where a specific material is implanted these two points may relate to very different
requirements. For instance a biomaterial intended for a hip replacement would require
substantial protein and cell attachment allowing it to be incorporated into the body and
function properly. If this same material were used to produce vascular stents such

results would not be desirable as a vascular stent is required to hold open a blood vessel
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Chapter 1: Introduction

and definitely does not require attachment of any bodily tissues as these would result in
the vessel being blocked.

Several other issues describing the properties of a biomaterial and / or an
implant device can be addressed. Blood compatibility - thrombus formation should
always be minimised. Inflammation - this is usually involved during a natural wound
healing process, although it should be controlled. Tissue encapsulation - the result of an
active immune response to a foreign material is not desired as it can lead to expulsion of
the material. Toxicity - obviously not desired unless the device (such as a drug delivery
system) is intended to provide such an effect. Physical and mechanical properties - if a
biomaterial or device fails either physically or mechanically it can be termed non-

biocompatible.

1.3 The Tissue-Implant Interface

It has been suggested that biological tissues interact with only the outermost
atomic layers of an implant.; Consequently much research has been devoted to methods
that modify the surfaces of existing biomaterials to achieve more desirable biological
integration by changing morphological,og physiochemical in 10 or biochemical
parameters13"15.

Biocompatibility is closely related to cell behaviour in contact with surfaces and
can be described by the response of the host to implantation and the response of the
biomaterial to the host. On implantation, foreign materials are conditioned with
biological fluid components creating the tissue-implant interface which can change with
response of the host organism and degradation of the implant material 1s Vigorous
immunological events may arise which aim to destroy any potential pathogens and
foreign bodies. The precise nature of the immune response is a consequence of the type
of material implanted and is an important factor to consider in the design of such
devices. For a material to be successful at an implantation site, the ensuing immune
reaction should be localised and not result in a reaction that will damage the material or
the host.

During any operation to implant a foreign material into a host body numerous
responses occur as a result of the surgical trauma and reaction of the host to the
implanted material. The body uses very specific cell signalling to heal wounds which is

usually disrupted by the implantation of a foreign material. The adsorption of a protein
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Chapter 1: Introduction

layer on the surface of the material is the first stage of integration although depending
on the characteristics ofthe protein layer the immune system may be alerted to a foreign
invader and trigger a cascade of reactions.17 Biological surface science is therefore a
very complex and diverse field, the aim being to initiate nonnal wound healing
responses by the control ofprotein adsorption, conformation and orientation.

The role of protein adsorption and subsequent cell adhesion to biomaterials is
key in terms of the performance of an implant; from the time of implantation and
throughout its lifetime. Before providing detail about protein adsorption, the importance

of protein structure and function in relation to protein composition will be described.

1.4 Diversity of Proteins
Proteins are complex structures consisting of one or more polypeptide strands,
each constructed from amino acids. There are 20 common amino acids having differing

chemical natures dependant on their side chains, Table 1.2.

Table 1.2. Amino acids

Amino Acid Abbreviations Molecular structure Character
O
Alanine ALA A \{\’QH
m O
Isoleucine ILE I
o)
Leucine LEU L N
O
Methionine MET M wh Non-polar.
o Hydrophobic.
Phenylalanine PHE F Frv 'A
o
Proline PRO P VNH ol
Tryptophan TRP W QyV'on
H
li AL
Valine A\ \Y% th
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Chapter 1: Introduction

Table 1.2 Continued. Amino Acids

Amino Acid Abbreviations Molecular structure Character
c
Asparagine ASN N BV g o
o
Cysteine CYS C 13 X' 0H
o ‘ 0
Glutamine GLN Q i H
Glycine GLY G IN-AQ Polar. Neutral.
Q0 Hydrophilic.
Serine SER 8 oy
OH C
Threonine THR T
ni2
c
Tyrosine TYR Y T -T T *
Aspartic acid ASP D "NV Polar. Negative.
(0] o ey
. . Hydrophilic.
Glutamic acid GLU E WA <"V Ton ydrophtlic
™ U
Arginine ARG R m Y H
H Nil,
[ o .
Histidine HIS LI LY Polar. Positive.
NN, Llydrophilic.
o
Lysine LYS K

Glycine is the simplest and smallest amino acid with a hydrogen atom side
chain, allowing much more conformational flexibility compared to other amino acids.
Alanine has a methyl group side chain giving it hydrophobic character, along with the
larger non-polar amino acids, valine, leucine, ioleucine and tryptophan. These interact
with other hydrophobic groups rather than with water and so tend to play important
roles in holding protein chains together by hydophobic bonding, stabilising the folded
conformations of proteins. Conversely, polar side chains, such as those in serine and
threonine, convey hydrophilic character.

Each protein differs from another by the composition and length of its amino
acid backbone, termed its primary structure. The polypeptide chain can fold and turn to
interact with itself or, if present, another polypeptide chain within the same protein. The
specific secondary structure is therefore determined by protein composition with each

amino acid allowing a degree of flexibility of the backbone, although segments brought
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Chapter 1: Introduction

together by polypeptide folds may interact with each other. Secondary structure
elements are local spatial structures which occur due to interactions between differing
segments of the backbone, giving rise to helix, sheet, random coil or extended chain
structures, Figure 1.1. The tertiary structure is the overall shape of the protein, formed
as a result of interaction between secondary structure elements. Electrostatic forces, Van
der Waals interactions, hydrogen bonding and hydrophobic interactions are all factors

involved in the stabilisation ofthe protein structure.

Random
Coil

Hydrogen
Bonding

Figure 1.1. Schematic of protein secondary structure elements.

The diversity of proteins is apparent when considering the number of differing
amino acid sequence lengths and combinations, giving rise to the unique features
exhibited by different proteins. The spatial arrangement of each individual amino acid
within a protein has a relative effect on its properties. Residues pointing outward would
be available for surface interaction whereas those in the core would not. Unfolding, or
denaturing of the protein would allow the inner residues to become accessible to the

external environment thereby making them available to take part in outwardly
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Chapter 1: Introduction

interactions. Such a deformation may be induced by the protein interacting with a

surface.

1.5 Protein Adsorption

The adsorption of proteins to surfaces can be defined as the accumulation of
protein at a solid-liquid interface. Driven by thermodynamics, Equation 1.1, a
spontaneous adsorption process reduces the overall energy of the system, releasing

energy as proteins move from an aqueous environment onto a solid surface.

AGads = AHads ~ TAS ads Equation (11)

Where ‘G’ is the Gibbs free energy ofthe system, 77 is the enthalpy of adsorption, T
is absolute temperature and S’ is the entropy of the adsorption process. For the process
to be spontanecous the overall free energy must be negative. This may be realised by

taking into account several factors: isw:

o Electrostatic interactions between protein and adsorbate surface, possibly along with
co-adsorption of ions. The most favourable situation for protein adsorption is that of

charge neutralisation without ion incorporation.

o Dehydration (and / or changes in the hydration state) of the adsorbate surface and
regions ofthe protein. Flydrophobic residues are normally hidden within the interior of
the proteins structure but still a large fraction of the outer surface of proteins can be

hydrophobic which is unfavourable if the protein is in aqueous medium.

o Structural rearrangements of the protein can be both entropically and enthalpically
favourable for protein adsorption, due to the decrease in ordered secondary structure
and increase in intramolecular hydrogen bonding respectively. Bonding between
neighbouring protein molecules can allow hydrophobic regions to be shielded from the
aqueous phase, due to the increase in flexibility of the polypeptide backbone brought
about by loss of secondary structure. Van der Waals, electrostatic and hydrogen bonds

can also form which are enthalpically favourable.
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Chapter I: Introduction

o Dispersion interactions - always favourable but are lower with lower molecular
weight proteins and an increase in distance between protein and the surface.
All these factors may contribute to the adsorption process although dehydration and

structural rearrangements ofthe protein are thought to be the dominant factors.

Depending on the protein solution concentration and particular protein-surface
interactions a maximum surface concentration is reached which can be in the order of
1000 times greater than the concentration of the bulk.17 At higher concentrations a
limiting value is reached, which is generally assumed to be that of a monolayer of
adsorbed protein, although a protein multilayer may accumulate at a surface due to
specific or non-specific interactions between surface-bound proteins and ‘free’ proteins
in solution. Protein-surface interactions are very important factors when considering the
adsorbed state. If the interaction is very high it is thought that protein deformation
occurs, either on adsorption or some time thereafter due to surface rearrangement, a
process sometimes termed ‘relaxation’. This probably involves the protein spreading to
increase its interaction with the surface and / or to decrease its interaction with the
aqueous phase, resulting in the immobilisation of proteins (those less likely to desorb).
Similarly, differing protein-surface interactions could force protein molecules to adopt
specific orientations. As a result the protein may lose the specific structure required for
activity, or functional sites may become obscured due to conformational / orientational

rearrangements that hinder protein function, e.g. antibody binding, Figure 1.2.

Antibody-# 3, A

Protein

Figure 1.2. Schematic of protein conformational / orientational change upon adsorption
that may hinder normal function: a) no antibody binding, b) and c) restricted binding of
one antibody and d) both antibodies may bind, due to a) orientational and b-d)

conformational control.
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Chapter 1: Introduction

Protein adsorption occurs almost immediately on implantation of
biomaterials2223 a process affected by many factors including temperature, protein
concentration, pH, ionic strength and solution composition and functional groups of
proteins and substratese, a2 .

On implantation a material is conditioned in several stages by biological fluids
and components therein.5 ; Firstly a water layer will form on the surface and
accommodate ions from the bioliquid. Shortly after, blood proteins and other
macromolecules (e.g. lipids and sugars) arrive at the surface. Since blood contains many
hundreds of differing proteins competition for the surface ensues. After a complex
process of adsorption, desorption and surface rearrangement, wherein the protein layer
composition changes dramatically over time, equilibrium is reached at the interface. It is
generally accepted that the more abundant small proteins will adsorb first due to their
rapid transport to the surface. Over time these are then replaced by larger proteins with a
greater affinity towards the surface. The ‘surface enrichment’ of fibrinogen was first
observed by Vroman and Adams and is generally termed the ‘Vroman effect.2s The
protein layer may then susequently mediate cell attachment and progressively the

material is integrated into the biological system 29,30

To briefly summarise, proteins adsorb in differing quantities, densities,

conformations, and orientations, depending on the chemical and physical characteristics

Of 'It oi
A A |

of the surface. 1 Although surface-protein interactions are not well understood,

surface chemistry has been shown to play a fundamental role in protein

< Tj
adsorption. ’ *° Moreover, the properties of protein over-layers can be altered by the
underlying surface chemistry, which directly impinges on control of conformation

and/or orientation.2s.2s

1.6 Cell Adhesion

Cells are complex, self sustaining units that interact and communicate
intracellularly via receptors located on their outer walls. Specific binding of antibodies
or antigens to these receptors creates a receptor response, which starts a chain reaction
of events within the cell leading to an appropriate trigger response. One such class of
cell receptors called ‘integrins’ bind specifically to an arginine-glycine-aspartic acid

(RGD) tripeptide found in cell adhesive proteins such as fibronectin,;o vitronectin and
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laminin, which in turn can attach to solid surfaces. Therefore it has been suggested that
adsorbed proteins may act as pilots for cell adsorption if they have the correct geometry

to mediate attachment ;435 Figure 1.3.

Cell Wall Receptors
Protein Binding
Motifs
Substrate

Figure 1.3. Model showing cell-surface attachment mediated through pre-adsorbed

proteins.

Cells sense their surroundings using protrusions termed ‘Tamellipodia ’ in
epithial cells and fibroblasts, or 'pseudopodia’ in amoebae and neutrophils. These are
micron sized sheet-like structures composed of an actin filament mesh which lies
parallel to the surface but can be pushed back across the cell if attachment to the surface
is not possible. On the ends of these, smaller hair-like protrusions termed fdopodia)
composed of long, thin actin filament bundles act as feelers to sense the extracellular
matix and substrate surface. When the fdopodia find a suitable binding site, such as the
lock and key integrin binding sites discussed earlier, a feedback signalling pathway
within the cell allows more integrin receptors to be localised in that region of the cell.
By progressively sending out lamellipodia along the leading edge of the cell focal
contacts can then be made allowing the cell to adhere and move across a surface. In fact
cells crawl across a surface allowing them to proliferate and spread. Non-adhesion of
cells is fatal, likewise, if cells adhere too tightly to a surface they cannot proliferate and
also die. A solution between these extremes is therefore the most desirable situation for
healthy, confluent cell cultures.

In a physiological environment cell adhesion always follows protein adsorption.
Although cell-surface interactions are understood to be affected by underlying surface

chemistry, structural information on surface bound protein conformations and
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geometries governing cell adhesion have not yet been elucidated. The ability of
antibody binding assays to detect the availability of specific binding sites provides
indirect evidence of protein conformational or orientational change upon adsorption,

although no structural information can be obtained from such investigationsss Other

ro-in o-i
s 9

. . . 4 .
analytical tools have been used to study protein adsorption yet only generalized
information on the adsorbed protein has been presented, implying conformational
change and detailed secondary structure analysis of the adsorbed proteins has not been

reported.

1.7 Surface Control
1.7.1 Chemistry

It has been demonstrated that the surface chemistry of an implanted material,
that is the chemical environment at the molecular level, is important and can be altered
to induce proteinsisza4o43so and cellsi'ss adhesion, although the specific mechanism is
still unknown. There is great interest in this field with a number ofreview articles being
published in recent years.s.s.27.s6

It is possible to control cell movement and growth by chemically patterning
surfaces, Figure 1.4. Hydrophobic regions hinder cell attachment and spreading
although neighbouring hydrophilic regions allow cells to attach and spread.sis2,s57's9
More recently control of cell signalling by surface chemistry has been directly
demonstrated - an extremely important break-through highlighting the importance of

protein adhesion control for cell binding eo
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Figure 1.4. Cell attachment to chemically modified surfaces, a) osteoblasts on
mercaptopropanol / octanethiol patterned surfaces with cells attaching preferentially to
hydrophilic surfacess: and b) astroglial cells bind to
N1 [3-(trimethoxysilyl)propyl]diethylenetriamine but not to octadecyltrichlorosilane

functionalised surfaces.

There are several proposed mechanisms by which cells are thought to ‘observe' surface
characteristics; cells may reach the surface by protrusions though the protein layer or by
consuming pre-adsorbed proteins altogether 17 This may be possible in the later stages
of cell adhesion, although it is more likely that adsorbed proteins themselves convey the
underlying chemistry through their specific geometry and conformation.so

It has been demonstrated that proteins adsorb in varying amounts depending on
the functional groups presented at the surface of a material 3246475152 Figure 1.5a. The
chemical nature of the surface can be modified to induce greater protein-surface affinity
by either electrostatic or hydrophobic interaction. The outer shell of adsorbing proteins
is therefore an important factor in determining how proteins bind, but generally
hydrophobic bonding is a major factor which induces rapid adsorption compared to that
observed on hydrophilic surfaces.sia

Although it is well know that the extent of protein adhesion can be directed by
surface chemical patterning, Figure 1.5b, the degree of control over the conformation
and orientation of adsorbed proteins remains largely unknown. It has been suggested
that protein-surface interactions induce deformation of an adsorbing protein molecule

but many of the techniques used to examine such ultrathin layers of adsorbed proteins
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only imply conformational / orientational change rather than providing an absolute
measure ofprotein structure.

A large number of investigations examining bound proteins have used
techniques that give limited information: fluorescence.s23 atomic force microscopy.ss ss
mass spectrometry,s7 zeta potentiales Nuclear magnetic resonance (NMR) 69
ellipsometry,7o 1 circular dichroisms: and antibody or platelet binding7274 Most of the
analytical tools used have given results where generalised information on the adsorbed
protein was obtained or conformational changes were implied and were not measured or
quantified at all. Examination of the ease of protein removal from surfaces has been
suggested by authors to provide evidence of protein structural change, although such

studies only show that conformational and / or orientation change could be occurring.

OH OH CHo CH

Figure 1.5. Protein adsorption a) schematic of protein-surface interactions and b)
adsorption onto a biotinylated stripes which appear white, whilst adsorption is hindered
on square oligo-ethylene-glycol regions.7s The white box indicates an intentionally

photo bleached area.

Circular dichroism (CD) is one of the more common methods used to study
protein adsorption onto colloidal particles and although changes in secondary structure
can be followed, this technique has inherent inconsistency problems in absolute
secondary structure determination due to variation in the deconvolution of CD specta.7s
Colloidal scattering also restricts the size of substrates that can be used which obviously
limits the range of investigations using this technique.7» Some interesting studies have,
however, been reported showing that protein stability is controlled by the chemistry of

the substrate.”® Infrared spectroscopy allows a more thorough examination ofthe bound
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protein secondary structure:s - a method also not constrained by substrate size or
material. Previous infrared studies have shown that surface chemistry affects protein
conformation although investigations have focussed on hydrophilic versus hydrophobic
polymers, taking little account ofthe surface chemistry on the molecular level, nor the
surface roughness on the nano-scale which can be experienced by adsorbing proteins.
Separating chemical and topographical effects is difficult since most topographical

.. . . .. 70
variations are accompanied by chemical heterogeneities.

1.7.2 Topography

Many studies have examined cell-surface interactions with respect to
topographyss'ss e.g. a study of cell adhesion on polymethylmethacrylate (PMMA) with
varying degrees of roughness in the micron range has shown that cell adhesion is related
to the degree of surface roughness.ss Studies of cell attachment to micron-sized
topographic features have demonstrated that cell growth can be guided across a surface,
Figure 1.6.5051 So-called ‘contact guidance’ has also been shown to occur on grooved
surfaces, Figure 1.6b.s,» The importance of surface features above 0.5 pm in height has
been highlighted for the control of cell-surface interactions.ss Below this feature size it
has been suggested that the chemical nature of the surface takes precedences. Other
studies report, however, that the surface densities of adsorbed protein layers are

governed by surface topographical features as small as 3-4 nm 53
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Figure 1.6. Cell attachment controlled by micron-sized surface topography: a)
hippocampal neurons on silicon pillars. Insert shows example 1 micron high features,
scale bar -4 pmso b) well-spread macrophage on micro-grooved substratum, groove

depth 71 nm &

Micron-sized features are far too large for individual protein molecules to
observe. However, if surface features are produced on the same length scale as the
proteins themselves then the architecture of the surface may be used to manipulate
protein shape and form upon adsorption. Can protein molecules mould around surface
curvature? Can packing density and / or arrangement be controlled by surface features?
These questions are a topic of much interest at present - the answers may allow one to
predict or even control the structure and therefore the activity of surface-bound proteins.

It has been shown that protein adsorption characteristics can be controlled by
changing substrate surface parameters: chemistry,7s;ss colloidal substrate size and
curvature * . Researchers have investigated the effects of surface curvature as a means
to model topography, wherein protein molecules adsorb onto colloidal substrates of

varying size. Conformational assessment of surface-bound proteins has shown that
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lysozyme and human carbonic anhydrase, two small globular proteins, display native-
like secondary structures when bound to spherical substrates with radii <15-20 nm but
exhibit a loss of ordered structure upon binding to larger substrates.rq’m’Or Albumin has
also been shown to change conformation when adsorbed and desorbed from nano-sized
particles.ss Activity of proteins was reduced upon adsorption, which also suggests a
conformational changes7s7 The extent to which the surface chemistry and topography
contributes to the control of conformation and thus the activity of surface-bound

proteins is not fully understood.

Furthermore, studies examining the effect of surface topography have focussed
only on small globular proteins such as lysosyme (MW-14.5 kDa 4.5 by 3.5 by
3.5 nm,,775s human carbonic anhydrase (MW - 28.7 kDa sy ca. spherical protein with
diameter -4.5 nm)esss and cytochrome C (MW = 15 kDa, 2.5 by 2.5 by 3.7 nm)84,90.
Other larger proteins which would dominate the implant-interface at realistic timescales

of implantation have been overlooked.

There have been no studies that examine the effects of surface chemistry with
and without surface topography on the adsorption and surface-bound characteristics of
small globular, compared to larger lion-globular proteins. Two such proteins that have

been used in investigations reported in this thesis are albumin and fibrinogen.

1.8 Aims

Previous research has shown that both surface chemistry and topography can
control cell-surface interactions although it is unclear if these changes are actually being
imposed on the protein layer, which then mediates cell attachment. Surface chemistry
can be used to control rates of protein adsorption and the amounts adsorbed, allowing
proteins to be patterned on surfaces. The structural differences between proteins
adsorbed onto differing surface chemistries are however largely unknown. Many studies
have suggested surface chemistry can induce conformational and / or orientational
changes of adsorbed proteins, but structural characterisation of surface-bound proteins
has not been critically conducted.

Micron-sized surface features used to guide cell growth are too large to affect

protein molecules, although smaller features, comparable to the protein length scale
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may offer some control over protein adsorption characteristics. Few reports have shown
variation in adsorbed protein conformation with respect to nano-scale surface curvature.
These studies are in their infancy, covering a very small length-scale range and have
focussed only on small globular proteins.

The aim of this study was to gain a deeper understanding of protein-surface
interactions. Structural differences between proteins adsorbed onto differing surface
chemistries have been investigated to understand the impact of surface chemistry on
surface-bound protein conformation. Protein adsorption onto model hydrophilic and
hydrophobic surfaces was compared to understand the differing interactions between the
proteins and the two surface chemistries. The use of albumin and fibrinogen, two
proteins found in high abundance in serum, were used to ascertain the impact of surface
chemistry on the likely performance of biomaterials. Comparison of these two proteins
having very different dimensions has allowed insight into the importance of surface
chemistry with regard to protein size and shape.

A quartz crystal microbalance was used to examine differing protein adsorption
rates and surface saturation amounts over a range of protein concentrations. Infrared
spectroscopy allowed investigation ofthe secondary structure of surface-bound proteins.
Furthermore topographical effects have been investigated, with and without the effects
of surface chemistry. Nano-sized substrates were used to present varying degrees of
surface curvature as a model for surface topography. Silica spheres were produced and
chemically modified to again compare hydrophilic and hydrophobic surface chemistry
effects on protein adsorption.

A fluorometric assay was also used to quantitatively assess the amount of
protein adsorbed onto surfaces of differing chemistry. This method was compared to
quartz crystal microbalance (QCM) which does not allow an absolute measurement of
adsorbed protein but a value relating to the total mass of an adsorbing layer (including
entrapped water) and also viscoelastic contributions. A comparison of protein
adsorption characteristics onto superhydrophobic and superhydrophilic surfaces were

also examined using this fluorometric assay.
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Chapter 2: Materials and Methods

Chapter 2:
Materials and Methods

The adsorption characteristics and surface bound conformation of proteins
adsorbing onto various chemically and topographically modified surfaces have been
investigated. This chapter covers experimental theory and explains exact experimental
details of all techniques used to prepare and characterise the materials used within the

investigations described in this thesis.

2.1 Contact Angle Measurements
When a liquid droplet rests on a solid surface thermodynamics dictates that the

total energy ofthe system £ 9be minimized. This can be expressed as,

E =Asvysv + ASU SL+ ALyyLV Equation (2 .1)

where 4 9is the area, is the surface energy and the three distinct interfaces are
accounted for: 1) the solid-liquid interface ‘SL’, 2) the solid-vapour interface ‘SV’ and
3) the liquid-vapour interface ‘LV\ By considering the geometry of the interfaces

included in Equation 2.1, the Young equation can be obtained.:
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= cos&T Equation (2.2)

YLv

A drop resting on a solid therefore rests with an equilibrium contact angle, the angle ‘9’
that the tangent to the liquid surface makes with the solid at the three phase boundary
measured through the liquid, Figure 2.1. The energetics of the system therefore govern
the droplet shape allowing characterisation of a surfaces’ wettability to be analysed via
the angle at which the droplet rests on the surface. Depending on the properties of the
three phases the liquid may spread or remain near-spherical. A small angle (<90°),
attained when water spreads over a surface, shows that the system is stablised when
having a high solid-water interfacial area, i.e. the surface is hydrophilic. Conversely,

high water contact angles (>90°) are observed on hydrophobic surfaces.

\
\

Figure 2.1. Forces acting at a solid-liquid interface.

The main characteristic that dictates wettability is surface chemistry, although
surface roughness can emphasize the effects of hydrophobicity or hydrophilicity giving
rise to superhydrophobic and superhydrophilic surfaces respectively2s A
superhydrophobic surface is defined as one which has a greater water contact angle than
that which is possible for any perfectly smooth surface, i.e. teflon is hydrophobic with a
water contact angle of-90°, but by making the surface rough this angle can be increased
to >150° - a superhydrophobic surface. Wenzel was the first to establish the effect of
surface roughness on liquid contact angles.« The ‘specific surface’ or ‘roughness factor’
which is defined as ‘r’, the ratio between the actual surface area (including microscopic
topography) and the apparent macroscopic surface area, can then be taken into account.
Modifying the surface energy components of each interface to accommodate differences
between the actual and apparent surface area, i.e. the surface energy of the solid-liquid

interface becomes rysL, etc and the modified Young equation is then,
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A #i— KjL- cos$ Equation (2.3)

7iv

Heterogeneity of the surface is a problem not allowed for in Equation 2.3. Indeed the
chemical nature of the surface was recognized to be the only factor affecting contact
angle variation prior to Wenzels investigations. Cassie-Baxter derived a two-phase

equation which compensated for differing surface chemistry./

cos# = gxcos#n + (p2cos02 Equation (2.4)

where again ‘0’ is the observed contact angle and ‘<pi’ and ‘qr’ are fractions of the

3

surface having ‘real’ contact angles ‘% i’ and ‘s’ respectively.

Figure 2.2. Schematic of wetting on a) flat hydrophobic, b) wetting rough and c) non-

wetting rough surfaces.

Porous materials, or surfaces with high aspect ratio features will either fill with liquid or
hold the liquid on the surface such that it bridges across the surface protrusions, Figure
2.2. In the latter case the fraction of the surface in contact with the liquid can be termed
\f and so the air gap under the droplet is ‘(1:/)’s Substituting these values into Equation
2.4 gives rise to the Cassie-Baxter equation which describes contact angles on such

surfaces.s

cos# =f cos#s + (1-/)cos”. Equation (2.5)
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13

where ‘% s’ is the contact angle of the liquid on a smooth surface of the solid and ‘% v’ is
the contact angle of the liquid on air which is assumed to be 180° for a suspended
droplet.

Experimentally, contact angles are measured by capturing an image of the liquid
droplet parallel to the interface using a camera, with the drop being back-lit to define its

edges, Figure 2.3. Tangents can then be drawn to find the contact angle at each edge of

the drop or the whole drop-shape can be fitted to a curve.

Syringe
Magnifying Lens
Camera

: Image
Back Light Grabber

Computer
Monitor

Figure 2.3. Schematic of contact angle measurement capture.

2.1.1 Experimental Details - Contact Angle Measurement

The wettability of surfaces prepared in this study was characterised by taking
images of 5jlil water droplet equilibrium contact angles on a Kriiss DSA10. Droplets
were applied to the surface by a microsyringe with a hydrophobised needle and images
were taken immediately to eliminate drying effects. Generally angles can be measured
with an accuracy of+1.0 ° so any given contact angle reported in this thesis is an average

of at least 3 drops, i.e. s contact angle measurements.

2.2 Quartz Crystal Microbalance (OCM)

The piezoelectric effect is the ability of a material to develop a net dipole
moment when it is mechanically deformed in certain directions with respect to its
atomic arrangement. The structure of quartz, one such piezoelectric material, consists of
helical chains of silicon tetrahedra which spiral along one axis of the crystal. In its
natural state the positive and negative ions are uniformly distributed, but upon

deformation the ions are displaced and the centres of charge no longer coincide, giving
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rise to an overall dipoles Piezoelectric materials lack a centre of symmetry else the
arrangement of ions would cause a cancellation of individual dipoles.

Conversely, an applied electric potential across a piezoelectric material results in
its mechanical deformation in a specific direction and by reversing the direction of this
potential but keeping its level constant, deformation ofthe same magnitude will occur in
the opposite direction. An alternating current will therefore excite the crystal into a
vibration state, oscillating in a particular manner depending on how the crystal was cut

and the electrodes are applied.

Optical
Axis

Figure 2.4. Schematic of AT-cut quartz crystal.

A quartz crystal microbalance uses AT-cut quartz (defined as a crystal cut at an
angle -35° to the crystal axis) and operates in a thickness-shear mode, Figure 2.4. The
shear wave, traveling in the direction perpendicular to the faces bounces back and forth
such that the top and bottom surfaces experience no shear force. The crystal will vibrate
at its resonant frequency only when the shear wave has a pathlength equal to twice the

thickness ofthe crystal or its multiples.s An expression for this can be written as,

tq- — Equation (2.6)

And by substituting v =fX the equation can be rearranged;

v
g ~ Equation (2.7)

where Hg is the thickness of the crystal, V is the velocity of the shear wave in quartz

and 7 is the fundamental frequency.
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Mass loading can be assumed to be an increase in the thickness ofthe crystal if the layer
is thin compared to the wavelength of oscillation. This thickness change can be related

to the change in frequency by first considering the properties of the overlayer and

vibration;
M .
t=— Equation (2.8)
Ap

where */ is the added thickness, ‘M 1is the added mass, ¢ ’is the area covered by the
added layer and ‘p’ is density, and the velocity of vibration through quartz which is

governed by the density pg and shear modulus Pgl

Equation (2.9)
\Po J

By substitution of Equations 2.7 to 2.9 into a simple expression relating frequency
change to an increase in crystal thickness, Equation 2.10, the Sauerbrey equations can

be derived, Equation 2.11.

df, dt
= — Equation (2.10)
Jo C
o f 2
Af =—n" Am Equation (2.11)
yPqPyq

where 44/” is the change in frequency observed in Hz and sm’ is the change in mass per

unit area ofthe crystal surface, given in g cm'2.

Sauerbrey was the first to acknowledge the usefulness of piezoelectric quartz for
the detection of mass-loading.s The main assumption is that the added overlayer is of
negligible thickness and rigid and so such devices have been mostly used in the study of
gaseous systems.s, o't The Sauerbrey relationship predicts a 1 Hz frequency shift for a
mass loading of 17.7 ng cm': for a crystal having a fundamental frequency of 5 MHz,
(where pg and 'pg>are 2.648 gem's and 2.947x 1011 g cm-1 52 respectively.)

When using QCM for liquid studies one must be aware of deviations from the

Sauerbrey equation, due to liquid density and viscosity factors. QCM measurements in

Page 32



Chapter 2: Materials and Methods

liquids were first examined by Glassfordi» and later by Kanazawa and Gordon, s who
put forward a model to predict changes in frequency when a crystal was immersed in
viscous liquids, Equation 2.12. Although such equations take into consideration the
viscous medium, properties of an adsorbing layer having viscoelastic properties are

difficult to model.

Af=-full-m L - Equation (2.12)
VnP A,

where 'ff is the frequency ofthe unloaded crystal and "pi and ‘7L are the density and

viscosity ofthe liquid.

When studying protein adhesion from an aqueous environment it should be noted that
the frequency change includes the mass of entrapped water, 14 viscoelastic effects of the
proteini+ 15 and overlayer slippage effects1417 19. For the above reasons QCM results in
this thesis are stated as changes in frequency, which, although they only give an

indication of apparent mass-loading are uncomplicated by numerous assumptions.

2.2.1 Experimental Details - QCM Experiments

Quartz crystal microbalance measurements were made using a Maxtelc PLOIO
oscillator. Dual piston liquid pumps (Waters 590) were used to linearly flow solutions at
a rate of three volume changes per minute of the FC-550 flow cell over a 25 mm
diameter 5 MHz crystal with Cr/Au plate electrodes, Figure 2.5. A steady frequency was
obtained using phosphate buffered saline (PBS) as a background solution after which a
protein solution was flowed over the crystal, pumped by a second pump at the same
flow rate as background. Frequency changes were monitored by a frequency counter
linked to a computer, acquiring data using LabVIEW 4.0 G-programming software. The
temperature was kept constant throughout each experiment using a water bath fitted
with heating and chilling units. All solutions used during the experiment were thermally
equilibrated in the water bath for at least 30 minutes prior to use. The temperature was

continuously monitored using a thermosensor immersed in the water bath.
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Figure 2.5. Schematic of QCM experimental set-up.

2.3 Fourier Transform Infrared Spectroscopy (FT-IR)

Infrared spectroscopy is the study of the interaction between infrared radiation
and matter. This covers a wide section of the electromagnetic spectrum from
14,000-10 cm'l, although the most common analysis uses only the mid-IR range
4000-400 cm"lL Molecular vibrations and associated rotational transitions can be
detected and measured by examination of the position and intensity of absorbance
bands. Covalent bonds have specific vibration frequencies within well-defined regions
of an infrared spectrum determined by the specific nature ofthe bonds. Stronger bonds
require more energy to excite them and therefore vibrate at higher frequencies. When
infrared radiation passes through a sample the absorption of energy can be expressed

by, AE = hv,where ‘/f is Planck’s constant and V is the frequency ofradiation.

In a Fourier transform infrared spectrometer the infrared beam is split by a
Michelson interferometer, with one part ofthe beam being made to travel a longer path
than the other allowing interference to occur upon recombination. By changing the
pathlength difference the interference patterns change giving rise to an interferogram
dependent on the intensity of the two beams, either passing to the detector or being
reflected back to the source. This can then be mathematically treated by Fourier
Transform methods to reveal spectral information, converting the waveform from the
time domain into the frequency domain. The advantage of Fourier Transform IR is that
the whole spectrum can be measured at once, allowing rapid data collection and better
signal-to-noise ratios than with single scan IR.

A number of different sampling techniques can be used, allowing samples of
different kinds to be analysed or information gathered on particular aspects of samples.

For example, transmission infrared spectroscopy is most commonly used for the
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analysis of solid samples. The sample is ground with potassium bromide (which does
not absorb infrared radiation in the mid-IR region), pressed into a disc and the beam is
passed directly through the sample. High intensity signals can be achieved with
adequate absorbance from the sample giving good signal / noise ratios. Transmission IR
spectroscopy can be conducted on low absorbing liquids or solutions, such as organic
solvents, but aqueous samples are strongly absorbing, requiring a very small pathlength
(-50-100 pm). An attenuated total reflectance (ATR) accessory restricts the sampling
volume so less energy can be absorbed by a solvent such as water. Surface analysis can
be conducted by bouncing the beam off a sample surface. Grazing angle infrared
spectroscopy uses a beam at a high incident angle to the sample surface so ultrathin
films (nanometers thick) can be analysed. For powdered samples, an incident beam is
scattered and has to be refocused after the sample. A diffuse reflection accessory
permits such rough surfaces to be analysed. Infrared spectroscopy is a very versatile
technique for chemical analysis, allowing specific data to be obtained by the use of
differing accessories, chosen depending on the nature of the sample and the

characteristic information required.

2.3.1 Grazing Angle (GA) Accessory for Infrared Spectroscopy

Surface films can be measured by reflecting the infrared beam off the sample
surface, Figure 2.6. Thick films (microns thick) on reflective surfaces allow relatively
good spectral quality. The intensity of the signal (and therefore relative quality of the

spectrum) is controlled by the incident angle ofthe beam 2o

Beam

Sample

Figure 2.6. Schematic of grazing angle infrared accessory.

The required thickness ‘d’ of a material coated on a reflective substrate that would give
rise to the same signal intensity as for a 10 mm thick sample analysed in the
transmission mode can be estimated by;

2d = 10cos#, Equation (2.13)
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Increasing the angle between the normal and the infrared beam increases the effective
pathlength. The most important advantage of using high angles of incidence (termed
grazing angles >80°) is that an incident beam polarized parallel to the surface can
interfere with its reflected element causing an intense standing field at the surface.2o22
This enhances the absorption signal intensity by a factor of -20-25 relative to the
adsorption ofthe perpendicular beam component..:

The use of a metal substrate also causes a signal enhancement due to the metal
surface selection rules. The laws of electrostatics state that at any point near the surface
of a conductor the electric field is perpendicular to the surface, whilst inside the
conductor the net electric field is zero. Therefore an electric field applied parallel to the
surface of a conductor will generate a field of equal strength inside the conductor but in
an opposing direction, canceling each other out at the surface. If the external field is
applied perpendicular to the surface the induced dipole inside the conductor is parallel
to the source field, therefore the net electric field at the surface is not zero. Since an
absorbance in an infrared spectrum is caused by the interaction between the infrared
beam and oscillating dipoles of sample molecules, those dipoles perpendicular to a

metal surface are enhanced.zo

2.3.2 Attenuated Total Reflectance (ATR) Accessory for Infrared Spectroscopy

Attenuated total reflection is one of the most common infrared sampling
techniques for liquids, especially aqueous solutions wherein water strongly absorbs
beam energy. ATR solves this problem somewhat by not transmitting the beam directly
through the sample. The beam is reflected by a series of mirrors through a crystal
termed an internal reflection element (IRE). As the beam bounces though the crystal a
standing wave is established at the crystal face allowing a ‘tail’ of electromagnetic
radiation to penetrate through the crystal, termed an evanescent wave, Figure 2.7. The
depth of penetration ‘dp’ of this wave out of the crystal is governed by the radiation
wavelength ‘A’, the angle of incidence 76i\ the refractive index of the crystal nf and
the external media ‘ne)

/T
d Equation (2.14)

where nac =ne/ nc(ne<ng.[23]
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Evanescent Wave

] Y
Infrared Beam To Detector

Figure 2.7. Schematic of an attenuated total reflectance crystal. Insert shows an

evanescent wave.

The penetration depth for most crystals is less than 1 micron permitting only a small
volume closely confined to the crystal surface to be sampled. The type of crystal chosen
depends on the spectral window required and sampling conditions. Zinc selenide (ZnSe)
has a wide spectral window in the mid-IR range but can easily be damaged by strong
acids or alkalis so germanium is used in such cases. Diamond is an extremely good IRE
due to its wide spectral range and robustness, although its cost is a major disadvantage
for multi-bounce ATR cells and it is usually used only as a single-bounce crystal. A
greater number of reflections, determined by the length of the ATR crystal, permits a
greater volume of sample to be analysed by a passing beam giving rise to better signal
to noise ratio without the need for a large number of spectra to be accumulated and then

averaged. This has an advantage if changes with time are being assessed.

2.3.4 Amide I Analysis - Component Peak Fitting

Protein infrared spectra contain peaks arising mainly from amide bond
vibrations. Bands due to the amide I, II, III, vibrations are sensitive to the secondary
structure content of proteins, although of the three the amide I band is the most intense
and also the most sensitive to secondary structure changes and has therefore received
most attention for quantitative analysis.o4 The amide I band centered at -1700-
1600 cm': is largely due to C=0 stretching vibrations. This band is a summation of
several component bands, each arising from specific secondary structures located within

the protein.
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Figure 2.8. General infrared spectrum ofprotein highlighting amide I band.

Because the amide I band is sensitive to changes in secondary structure it has been
widely used for protein conformational studies.2528 Amide bonds within differing
secondary structures have specific vibrational frequencies, Figure 2.8. From previous
studies, component bands with maxima at 1685-1663 cm'l can be assigned to p-sheet
structures, at 1655-1650 cm'l to a-helices, at 1648-1644 cm'l to random chains, at
1639-1635 cm'l to extended chains and at 1632-1621 cm'l to extended chains or
p-sheets / turns. Bands observed at lower wavenumbers -1616-1610 cm'l are often
considered to arise from inteimolecular bonding.2628 These component bands are
largely overlapping and all contribute to the characteristic broad amide I band observed
in IR spectra. The overall shape of the band is therefore determined by the various
secondary structure components of the protein analysed: a-helices, p-sheet, p-turn and

unordered structures.2528

2.3.5 Experimental Details - Fourier Transform Infrared Spectroscopy

All infrared spectroscopy measurements were conduced using a Magna IR-750
infrared spectrometer (Thermo Nicolet) either by transmission IR or using one of the
following accessories: grazing angle, single-bounce ATR or multi-bounce ATR,
experimental details for each set-up are given below. Spectrum collection parameters

were as follows unless otherwise stated: resolution set at 4 cm"l, interferometer speed
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set to 0.4747 cms'l, averaging 512 scans. Data was acquired using Omnic V7.1

software.

Spectra were smoothed by 9 point adjacent averaging using Origin V6.1
software and curve fitted using Galactic Grams V5.1. The fitting procedure was such
that the amide I band was treated, having a linear baseline between 1720-1590 cm’l
fitting component peaks with a Gaussian band profile. Amide II baseline limits were set
as 1590-1480 cm'l. Component peak positions were determined using a number of
tools. Examination of amide I band derivative spectra allows small changes in the band
profile to be highlighted. Likewise Fourier deconvolution can be used - by changing
bandwidth and enhancement parameters, true component peak positions can be

9 R091

identified. Literature values were also considered to determine the best possible
fitting of amide I bands. Although peak centres were not fixed during fitting, limit
ranges of+2.5 cm’labout the estimated peak centre were set. Peak width at half height
were set a maximum limit of 30 cm"1 for all peaks above 1620 cm"l and 25 cm'l for

lower bands.

2.3.5.1 Grazing Angle

Infrared analysis of protein bound to flat chemically modified surfaces was
conducted using an FT-80 grazing angle accessory (Thermo Nicolet) continuously
purged with dry air/nitrogen for a minimum of 12 hours prior to sample analysis. A
polariser, set to allow only p-polarised light to pass through the sample was used to
obtain enhanced spectra. Ti/Au coated slides chemically modified using heptanethiol or
mercaptoethanol (see section 2.9) were incubated in protein solutions, removed after a
time, rinsed in distilled, deionised water and dried under a stream of nitrogen before

immediate examination.

2.3.5.2 Single-Bounce ATR

Protein bound to the surface of silica spheres was analysed using a Golden Gate
single bounce diamond ATR accessory (Graseby Specac) continuously purged with dry
air for a minimum of 12 hours prior to analysis. After incubation in protein solutions,
allowing proteins to adsorb on the substrate surface, sample spheres were removed by

centrifugation, rinsed with distilled deionised water to remove any unbound protein and
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analysed immediately. The samples were pressed onto the ATR crystal using a sapphire

top-plate to ensure good contact.

2.3.5.3 Multi-bounce ATR

A germanium ATR trough accessory was plasma coated with hexane and allyl
amine monomers to afford model hydrophobic and hydrophilic surfaces with defined
chemistry. These were prepared at the University of Nottingham by Dr. M. Alexander
and Dr. C. Fotea. After fitting the ATR into its holder the system was continuously
purged with dry air for at least 3 hours prior to use (usually 12 hours). The mirror
velocity was increased to 0.6329 cm s'lto maximise the rate of spectra collected,
although a balance was made between the quality of spectra, speed of acquisition and
the number of scans averaged. Background spectra of protein-free buffer were recorded
averaging 512 scans immediately before sample spectra were taken. The background
solution was quickly removed from the ATR trough and on addition of 1mgmL'l
protein solution in buffer, spectra were recorded averaging 100 scans. Spectra were
continuously taken for 6 hours using a Macro Basic program designed specifically for
this task. Amide I and amide II bands were analysed having a linear baseline between
1720-1480 cm-1.

Macro Basic is a programming software allowing any number of data collection
or data treatment steps to be automated. A number of programs were designed and built
to allow spectra to be recorded at exact intervals over a number of hours, and also to
treat data, assessing peak height, area, position and relative ratios of specific peaks in

each infrared spectra collected.

2.4 Ultraviolet-Visible (UV-Vis) Spectroscopy

Spectra arising from the interaction of matter with ultraviolet and visible
radiation are associated with transitions between electronic energy levels. These energy
levels are generally between a bonding and non-bonding electron orbital, with the
wavelength of excitation therefore being a measure ofthe orbital separation. Transitions
occurring above 200 nm involve the excitation of electrons from ‘p’, ‘d” and ‘n*

orbitals.32

Page 40



Chapter 2: Materials and Methods

The Beer-Lambert law states that the amount of energy adsorbed is independent
of the incident intensity, being proportional to the number of absorbing molecules,

given by;

logl0"y =e-c-!/ Equation (2.15)

where T and /0’ are the intensities of the transmitted and incident beams respectively,
ie>is the molar extinction coefficient, V is the concentration of adsorbing species and

7’ is the pathlength.

Stronger absorption therefore occurs when more adsorbing molecules are present,

allowing concentration to be measured as a function of absorbance.

2.4.1 Experimental Details - UV-Vis Spectroscopy: Construction of Protein
Adsorption Isotherms

Batch experiments were conducted at 25 °C and ambient pressure. A range of
concentrations (0.1-3.0 mg m 1'l) of BSA and Fg in PBS were prepared. Silica spheres
were sonicated in PBS to form homogeneous dispersions prior to the addition of
protein. With stirring, the silica suspension was added to each protein solution to give a
total substrate surface area per solution of 0.2 m mL" . Solutions were stirred for 1 hour
and left to stand for a further 2 hours to minimise any shearing effects due to stirring.
After this time, solutions were centrifuged to induce sedimentation of the silica. To rule
out the possibility of protein sedimentation a blank experiment with protein only was
carried out. Residual protein concentration in solution was determined using a Unicam
UV2 UV-Vis spectrometer using a quartz cell with 1 cm path length, measuring
absorbance at 280 nm. Calibration was carried out using a series of protein solutions of
known concentration, Figure 2.9. Each experiment was performed in triplicate. The
silica particles were collected, rinsed with PBS to remove any excess protein solution

and analysed by infrared spectroscopy immediately.
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Figure 2.9. Calibration plots for BSA and bovine fibrinogen UV2s0 assay.

2.5 Surface Area and Porosity Analysis
2.5.1 Sample Characterisation by Nitrogen Adsorption

Nitrogen gas adsorption can be used for surface area analysis and can also yield
information about pore structure. Samples must first be degassed by moderate heat
treatment under vacuum to remove any contaminants from the surface and are then
thermally equilibrated in liquid nitrogen, again under vacuum. An adsorption isotherm
can then be constructed by admitting a small amount of nitrogen until a predetermined
relative pressure ‘P/Po’ is achieved. The inlet of nitrogen is monitored so that the exact
amount of adsorbate required to reach this relative pressure is known. A range of
pressures are monitored from 0 to 1 by successive injections of nitrogen. Conversely, a
desorption isotherm can be constructed by sequentially lowering the relative pressure
until a vacuum is reached. The shape of the isotherm is therefore dependent on the
interaction between nitrogen and the sample material, giving information about energy
of adsorption, surface area, the level of porosity and pore structure. Pores can be
categorised depending on size: micropores (< 20 A diameter), mesopores (20 - 500 A
diameter) and macropores (> 500 A diameter).

There are five classical isotherm shapes reported by Brunauer, Deming, Deming

and Teller (BDDT), Figure 2.10.33
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Type Type I Type I

P/P0O p/p0 p/p0

Type IV Type V

P/P, P/P.

5
Figure 2.10. Isotherms according to BDDT. ‘W’ is the mass ofnitrogen adsorbed

Type 1 adsorption isotherms arise from microporous solids having low surface
area, which governs the total amount of adsorbate reaching a limiting value at higher
partial pressures. A similar case is observed in type 2 isotherms wherein the amount
adsorbed plateaus when monolayer coverage is complete but again increases due to
multi-layer adsorption. These are normally observed for non-porous or macroporous
materials. Type 3 isotherms are quite rare and are observed when the adsorbate-
adsorbate interactions are higher than the adsorbate-adsorbent interactions. Type 4
isotherms have a steep slope at high partial pressures indicating capillary condensation
in mesopores. Type 5 adsorption isotherms are also rare, similar to the type 2 but

indicating the presence of mesopores.

2.5.2 BET Surface Area Measurement
From the mass of nitrogen adsorbed over a range of partial pressures the surface

area ofthe sample can be found using the Brunauer, Emmett, Teller (BET) method,3

| 1 (C-) P
+

Equation (2.16
WJC Pn a (2.16)

e

Where ‘W], corresponds to a monolayer mass of nitrogen and ‘C* is the BET constant,
related to the adsorbant / adsorbate interactions, ‘EFal Large ‘C’ values are obtained for

high affinities and low (but still positive values) for low affinities.

E-E
E=¢ R Equation (2.17)
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where tE9is the heat of monolayer adsorption, ‘Ef the heat of adsorbate liquefaction,
‘iC is the gas constant and ‘T is the temperature.

By constructing an isotherm over the partial pressure range 0f 0.05-0.3 a plot of

1 ) P ) row ) 1
B against — has a gradient yw r and ay-intercept —
Wi(py P)-il pr

allowing the BET constant and surface area to be calculated as;

Gradient 1 . WNA
C- — +1 and W, = - — — giving surface area =— — —

Intercept Gradient + Intercept M
where,

N = Avogadro’s number (6.023 x 1028 molecules/mole)
M = Molecular weight of nitrogen
Acs = Cross sectional area of a single molecule which for nitrogen is taken to be 16.2 A?

for a hexagonal close packed monolayer at 77 K

Information about the porosity can also be gained from nitrogen adsorption
isotherm shape analysis. Porous materials characteristically exhibit hysteresis where the
desorption profile does not follow the path of the adsorption isotherm. Below a critical
temperature nitrogen usually adsorbs to form multilayers and the presence of pores may
not only effect the number of adsorbate layers, but may also induce capillary

condensation. Five distinct cases have been identified, Figure 2.11.35
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Figure 2.11. Isotherms showing hysteresis.

The differing isotherms relate to differently shaped pores, cylindrical (type A), slit-
shaped (type B), wedge-shaped with open ends (type C), wedge-shaped having narrow
necks at one or both ends (type D) and ink-bottle shaped (type E).

2.5.3 Total Pore Volume and Average Pore Radius

The total pore volume can be determined by the amount of vapour adsorbed at
relative pressures close to unity, assuming that at this pressure all pores are filled with
liquid. The volume of liquid nitrogen, ‘Vng9 is related to the volume of nitrogen

adsorbed  Vads by the following equation;

PV .V

a’ ads m

Vig = RT Equation (2.18)

where Pal ‘T and ‘V,,” are the ambient pressure, temperature and molar volume of
liquid nitrogen (34.7 cm3mol'l) respectively. The average pore radius, Gp9can then be
found under the assumption that unfilled pores at this pressure have little contribution to

the total pore volume.

2V

1ig .
=g Equation (2.19)

where 'S’ is the surface area.

Page 45



Chapter 2: Materials and Methods

There are many ways to assess porosity such as mercury porosimetry, electron
microscopy or gas adsorption analysis. One method commonly used is that proposed by
Barrett, Joyner and Halenda (BJH) which allows an estimation of pore size distribution
assuming cylindrical pores.36 At high relative pressures ~ 1 the largest filled pores of
radius 7pj are comprised of a physically adsorbed layer of thickness 7/ and an
evaporative inner layer (termed the Kelvin capillary) of radius V/f, Figure 2.12, the
latter being reduced with a decrease in pressure.

The relationship between the pore volume ‘J*/’ and the Kelvin capillary volume

‘VK is given by;

vi- o Equation (2.20)
K

Boundary between
physically adsorbed
, layer and Kelvin
capillary

Inner surface
of pore

Figure 2.12. Cylindrical pore model.

By reducing the pressure the volume ofthe adsorbent decreases by 'AVj as the pores
empty, reducing the physically adsorbed layer thickness by Vh/\ Over a given decrease
in pressure, if the average change in thickness is 'Atin the largest pore volume can be

expressed as;

Vpl = AF, Equation (2.21)

At,
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Further reduction in pressure decreases not only the liquid volume from the next largest
pore but also reduces the physically adsorbed layer in the largest pores. The reduction in

volume ofthe second largest pores can be written as;
\ 2

k.. =(af:-f42) r2 Equation (2.22)
Vi +° 22 2

where 4 VA2 ’is the volume desorbed by thinning ofthe second largest pore,

FA, — Equation (2.23)

where 'AcA is the average area exposed in the previously emptied pore by the
desorption of the physically adsorbed layer. Equation (2.23) can then be written as a

generalised expression of stepwise desorption of nth stages.

Equation (2.24)

Equation (2.24) includes the summation of all average areas of pores emptied excluding
the final pore size. This must be included to give a complete expression, achieved by

substituting Equation 2.24 into Equation 2.22 to give;

Vo m Equation (2.25)

The area Ac’ for any size pore is not constant, varying with each desorption step and
therefore must also be evaluated.
The area 4p of each pore can be calculated from the pore volume if it is assumed that

cylindrical pores are present,
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An=—— Equation (2.26)

It is assumed that all pores with an average radius ‘rp’ are emptied of their condensate

during a relative pressure decrease, with an average core radius *rc’ given by,

e~ rp~tr Equation (2.27)

where 'tr is the thickness ofthe physically adsorbed layer at the corresponding value of

P/Po.

Then by letting,

e - ¢ Equation (2.28)
r r
p p

and substituting V into Equation 2.25 gives,

pn

Atn/

\ rkn + /2y

Vo  AK.,-A/,f> Equation (2.29)

Equation (2.29) can then be used for the computation ofpore size distributions.

2.5.4 Experimental Details - Nitrogen Adsorption Analysis

All nitrogen adsorption analysis was performed using a Quantachrome
Nova3200 instrument and vacuum degassing of all samples for a minimum of 12 hours
at 120 °C immediately prior to analysis. Sample silica spheres were dispersed by
sonication in water and freeze-dried to prevent aggregation. Partial pressures in the
range 0.05-1 were covered using a 56 point analysis adsorption and desorption profile.
Multipoint BET analysis was conducted to assess surface area and the BJH method was

used to assess pore size distribution.
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2.6 Protein Adsorption

The Langmuir isotherm (Type 1) describes adsorption onto a surface with a
fixed number of adsorption sites, wherein surface coverage and therefore the adsorption
process is complete upon monolayer adsorption. The Langmuir model describes the
relationship between the adsorbate surface concentration ‘O’ and the concentration in

the phase adjacent to the surface ‘C\ written as;

D= Equation (2.30)
Om 1+KdC

where ‘On is the maximum adsorbate binding capacity and ‘KJ is a binding affinity
constant. Some of the assumptions of this model are not necessarily true for protein

adsorption.

Equation (2.30) can be derived by considering the adsorption of molecules ‘M onto

vacant surface sites S’ where an equilibrium constant %" governs S + M~J SM, i.e.

Ao L— . Equation (2.31)

[SM] is proportional to the surface coverage ‘O’ (0<0<1), and [S] is proportional to the

number ofvacant sites |1-6 )|

e

[M](I- & Equation (2.32)

Rearrangement and substitution of ‘6 = @/Qm gives Equation 2.30.

Deviations from the Langmuir model may be due to multiple-site binding and lateral

interactions between binding species. The main assumptions within this model are that

the surface is completely homogenous, with each vacant surface site filled by one

adsorbing species. Proteins which spread or denature as they bind to the surface are not
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accounted for. Other models such as that proposed by Freundlich incorporate
parameters that try to factor in some of these problems.ss However, these parameters
must be fixed when fitting protein saturation curves to give any real meaning to the
information obtained. Several previous studies have highlighted these problems.sg.0
Protein adsorption data within this thesis was found to fit well with Langmuir type

curves as described above.

2.6.1 Experimental Details - Protein Adsorption
Protein adsorption was analysed by a number of techniques: QCM and UV and
FTIR spectroscopy, fitting data to a Langmuir curve. See individual sections for

experimental details.

2.7 Electron Microscopy

The basic principles involved in electron microscopy are that a stream of
electrons are focussed and accelerated towards a sample using a series of apertures,
lenses and an applied electric potential. A number of interactions can occur between the
sample and the electron beam which can be measured and interpreted, yielding
information about the sample, Figure 2.13. A number of interactions involve electrons
being scattered, transmitted or emitted from sample can be used for sample imaging.
High energy incident electrons may transfer part of their energy, and in so doing eject
lower energy electrons out of sample atoms. Several of these emitted electrons, termed
‘secondary electrons’ can be produced by a single incident electron. Upon emission, the
sample atom undergoes relaxation wherein an electron from an outer orbital moves to
fill a now unfilled orbital of lower energy. Energy is given out during relaxation, usually
in the form of X-rays to balance the total energy ofthe atom. Each element discharges
X-rays having specific energy and so these can be used for elemental analysis, a method

called energy dispersive X-ray analysis (EDXA).
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Figure 2.13. Principle interactions involved in electron microscopy.

2.7.1 Transmission Electron Microscopy (TEM)

As the electron beam interacts with the sample some electrons are transmitted
directly through, depending on the density and mass of the material. This portion is
focussed onto a detector affording an image relating the intensity of the transmitted
beam to its spatial geometry, i.e. where the beam interacted with the sample.

Transmission electron microscopy is useful for the measurement of nano-sized particles.

2.7.2 Scanning Electron Microscopy

Due to their low energy only secondary electrons arising from atoms near the
sample surface (<10 nm) can be detected and again can be interpreted as intensity in
relation to spatial geometry. As the beam is rastered across the sample surface any
changes in topography will effect the yield of secondary electrons detected making

scanning electron microscopy a useful tool to examine surface morphology.

2.8 Proteins Studied
2.8.1 Bovine Serum Albumin (BSA)

With a molecular weight of ss kDa albumin is the most abundant protein in the
circulatory system acting as a multifunctional transporter protein, having a
concentration of approximately 50 mg mL-i plasma. Synthesised initially as pre-
proalbumin by the liver the signal peptide is removed affording proalbumin which is
further processed to form albumin by removal of the six residue propeptide from the

new N-terminus.
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Early research led to the belief that serum albumin had an ellipsoid shape with
dimensions of 14 by 4 by 4 nm although 'H NMR studies indicate a heart-shaped
structures: in good agreement with X-ray crystallographic data . Figure 2.14. Data on
the secondary structure of albumin is somewhat contradictory with some researchers
suggesting predominantly alpha-helical (50-68%) structure with the remaining being
made-up of beta-sheet (16%- 18%)43'45 but with other research pointing towards the
protein polypeptide containing no beta-sheet structure but having turns and extended

flexible regions instead46.

Figure 2.14. Secondary structure of BSA showing a-helixes in red and (3-sheet in
yellow. The outer molecular surface is shown in grey.

[http://www.ncbi.nlm.nih.gov/entrez, PDB; code: 1A06]

The bovine serum albumin molecule is homologous to human serum albumin (HSA)47
comprising three domains that are sub-divided into nine loops (L1-L9) held together by
seventeen disulphide bridges. An unusual structural feature amongst extracellular
proteins is the presence of a single sulfhydryl group at Cys-34. The net charge on
domains I, I and III are -10, -s and O respectively at neutral pH 4s However, when in a
solution with a pH below its iosoelectric point (pl=4.7) the net charge of the whole

molecule is positive. Likewise above this point the net charge is negative.

2.8.2 Bovine Fibrinogen (Fg)

Fibrinogen, found in the circulatory system at a concentration of 2.6 mg mL4 is
the key structural glycoprotein in blood clotting which upon thrombin activation self-
assembles forming a fibrin clot. Having a mass of 340 KDa the elongated molecule,

46 by 4 by 4 nmas=a9 1S a genuine covalent dimer, the two halves of which have identical
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sequences being linked by a central globular domain. Each monomer has three non-
identical chains, Aa, Bp and y, connected together at the N-terminus by eleven
disulphide bridges forming the ‘disulphide knot’. The C-terminus of each chain is
globular. Those of the p and y chains extend forming dumbell shaped ends to the
molecule termed the ‘D’ regions, whilst the Aa chain globular domains, termed the aC
units, interact with each other at the central ‘E’ region, Figure 2.15. Fibrinogen is
comprised of mainly helical secondary structure (35%) and beta-sheet (21%), with 13%
beta turn and the remainder comprised of random chains.so It has an isoelectric point of

pi-5.5.

Side View

Top View

imu*

Figure 2.15. Views of the fibrinogen molecule with colour scheme - Aa-chain blue,
BP-chain in green, y-chain in red and anti-parallel Aa-chain in light blue. The central

arrow points in the direction of axial rotation. Adapted from reference 51.

Mamalian fibrinogens principally differ only by the addition or removal of a small

number of residues allowing models of fibrinogen from different sources to be used for

general discussion ofthe structure and its characteristic properties.
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2.8.3 Experimental Detail - Protein Solutions

Bovine fibrinogen (Fg, type I-S, lyophilized powder, 90%) and bovine serum
albumin (BSA, fraction V, lyophilized powder, 98%) were obtained from Sigma and
used as received. Phosphate buffered saline (PBS) was freshly prepared using sodium
salts: NaF"PCAf and Na:HPos (200 mmol phosphate) and NaCl (100 mmol) obtained
from Aldrich to give pH 7.4 at 25 °C. Protein solutions with concentrations in the range
s-2000 pg mL-1 were prepared immediately before use by dilution of a stock solution.

Distilled deionised water with a conductivity of -1 pS was used for all experiments.

2.9 Protein Assays
2.9.1 Fluorimetrv - Nano Orange Fluorometric Protein Quantification

The Nano Orange protein quantification kit (Molecular probes, Nesss)
containing a fluorescent protein dye allows for the accurate determination of protein
concentration in the range 10-0.001 pg mL"l The Nano Orange reagent is virtually non-
fluorescent in aqueous solution, but upon binding to proteins the surfactant dye
molecule undergoes a dramatic fluorescence enhancement s having a broad excitation
peak centered at 470 nm and a broad emission peak centered at 570 nm. A number of
studies have examined pH.s; contaminants« and temperature affects;s on the assay,
reporting use of the fluorescent dye for up to s hours after addition of protein with no

loss in sensitivity.

2.9.2 Amide Black Staining Assay

Naphthol blue black can be used as a protein stain to assess relative amounts of
protein adhering to surfaces.ss After protein incubation the stain is added which strongly
interacts with the surface-bound protein, possibly forming a complex between a protein
amine group and the sulphonic acid groups of the dye molecule s7,ss The protein-dye
interaction can then be disrupted by the addition of sodium hydroxide, allowing the dye
to be recovered in solution and analysed by its characteristic absorption band at
620 nm s9 This staining method is not directly quantitative as it requires calibration,
which is difficult for surface-bound protein analysis, especially for such small quantities

-300 ng cm"2.
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2.9.3 Experimental Details - Protein Assay

Protein adsorption isotherms were constructed by incubating a range of protein
solution concentrations over a surface, rinsing to remove any unbound protein and
analysing the remaining surface-bound protein. To allow a variety of surfaces to be
analysed glass rings were attached to surfaces prepared on microscope slides such that
each ring defined the boundary of a well in which protein solution could be incubated.
A number of adhesives were tested although polyvinyl acetate (Loctite) was found to be
the best due to its lack of porosity and ease of use. In this way multi-well plates were

produced specifically for each experiment, Figure 2.16.

Protein After incubation aliquots can
solution be removed and analysed
added

Any Surface
coating can be
/ analysed

idp = 9 mm
height = 5 mm

Figure 2.16. Multi-well plates fabricated to investigate any type of surface.

2.9.4 Experimental Details - Nano Orange Protein Quantification

Calibration for each protein was conducted separately, data for each
concentration being collected in triplicate, Figure 2.17. The Nano Orange working
solution was prepared as follows, using concentrated (500 times concentrated solution
as supplied) Nano Orange protein quantitation reagent and concentrated (10X) Nano
Orange protein quantitation diluent. As an example, to prepare 50 mL of Nano Orange
working solution, SmL of 10X diluent solution was mixed with 45 mL distilled
deionised water. 100 pL ofthe 500X Nano Orange reagent was added and the solution
again mixed thoroughly. The vials were covered to prevent photodegradation.

Protein solutions were prepared in the range 6-2000 pg mL'1 by successive
dilution of a freshly prepared 2 mgmL': stock solution. 200 pL aliquots of each
solution were pipetted into Eppendorf tubes and the solvent taken to dryness using a
speed vac. concentrator (Stratech Scientific, London). To each tube 300 pL of Nano

Orange working solution was added and vortex stirred for 20 minutes. The samples
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were heated to 96 °C for 10 minutes, allowed to cool to room temperature and again
vortex stirred to ensure homogeneity. 250 pL of each sample was pipetted into a black
96-well plate and analysed using a Spectra Fluor microplate reader (Tecan), with
excitation / emission wavelengths set at 485 / 595 nm, 3-10 flashes per well with 40ps

integration time.

y =427.19x +993.31 € y =239.65x + 955.86

0.9981 §> Rs=0.9823
3030
no (

y « 919.6x + 55,985 ﬁ)]m Ty =670.21x +28.651
R2« 0.9999 iw ) o R'=0.9997
1500 1y
m
* $ p [
Albumin Concentration / jig mL Fibrinogen Concentration / jig mL

Figure 2.17. Calibration plots for A) BSA and B) bovine fibrinogen Nano Orange

assay. Inserts show enlarged lower concentration range.

Protein solutions in the range 6-2000 pg mL-1 were incubated for 1 hour over a
specific surface (either thiol self assembled monolayers or sol-gel coatings, see sections
».10 and 2.13 respectively) in the multi-well plates prepared as above, after which time
the surfaces were rinsed three times with distilled, deionised water to remove any
unbound protein. Surface-bound protein was then detached by three sequential rinsing
cycles using 250 pL ethanol (Haymans) and distilled deionised water. All wash
solutions were collected and solvent was removed using a speed vac. concentrator
(Stratech Scientific, London). Quantification of the protein removed from the surface

was then conduced by fluorometric assay.

2.9.5 Experimental Details - Amido Black Staining Assay

Protein solutions in the range 6-2000 pg mL': were incubated for 1 hour over a
surface in the multi-well plates prepared as above, after which time the surfaces were
rinsed three times with distilled, deionised water to remove any unbound protein, Figure
2.18. 200 pL of the stain solution containing 10% methanol (Haymans), 80% distilled
deionised water, 10% glacial acetic acid (Fisher) and 1% wt naphthol blue-black

(Sigma) was added into each well and left for 5 mins. Surfaces were then rinsed to
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remove any unbound dye using distilled deionised water followed by three rinse cycles
in wash solution containing 38% methanol, 60% distilled deionised water and 2%
glacial acetic acid. The bound dye was then detached into solution by placing 250 pL of
the eluent solution into each well and leaving for 30 mins. The eluent solution contained
50% each ethanol (Haymans) and 50 mM sodium hydroxide (Fisher) containing
0.1 mM ethylenediaminetetraacetic acid disodium salt (EDTA) (Fisher). 200 pL was
then removed from each well into a clear 96 multiwell plate and analysed in a Spectra

Fluor microplate reader (Tecan) using a 620 nm incident filter with a 450 nm reference

filter.
Rinse wok X » » Rinse
QQRQ QQj [QQRQ dQ
Incubate Protein Incubate Dye Solution
Solution

Figure 2.18. Schematic of Amide Black assay.

2.10 Self Assembled Monolayer (SAM) Formation Using Thiols

Self-assembled monolayers are a popular means of creating chemically well-
defined surfaces. Due to the speed and ease of preparation and the high quality of order
that can be obtained, thiols adsorbing to a gold surface are one of the most attractive
systems of this kind. Formed by the interaction of a disulphide so thiol (sulphydrylysiss
or thiolsulphatess with gold these monolayers can be formed from a gas or solution
phase.

The formation of a monolayer occurs with the sulphur group attached to the gold

and the tail group ofthe thiol pointing away from the surface, Figure 2.19.

R R R R R R R

S § § 8§ 8§ S8 S
Gold Surface

Figure 2.19. Schematic of thiol self assembled monolayer formation.

The actual reaction mechanism remains somewhat of a mystery although the generally

accepted scheme is shown below, Equation 2.33 65,67.6s
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R-S-H + Au  R-S'-Au++ HH: Equation (2.33)

The most common method to form thiol monolayers is by the immersion of a clean gold
surface into an organic solvent containing the thiol at low concentration (typically
1-10 mM). The driving force for monolayer formation is the maximization of gold-
sulphur bonds and chain-chain hydrophobic interactions, which results in a densely

packed, almost crystalline monolayer.ss

2.10.1 Experimental Details - Preparation of Thiol SAMs

Chemically defined surfaces were prepared from self assembled monolayers
(SAMs) of thiols: heptanethiol and mercaptoethanol (Sigma) to give hydrophobic and
hydrophilic surfaces respectively. Gold coated microscope slides and QCM crystals
were incubated in 1m M ethanolic solutions of the desired thiol, incubating for a
minimum of 12 hours to ensure reproducible organised monolayer formation. After this
time the surfaces were rinsed in ethanol to remove any non-bound thiols and dried under
nitrogen immediately before use. Surface wettability was characterized as described in
section 2.1 giving contact angles which are in good agreement with those reported
previously by others.ss'71 Heptanethiol treated surfaces showed a contact angle of 94°,

whereas on mercaptoethanol treated surfaces the contact angle was 48°.

2.11 Preparation of Gold-Coated Surfaces

A gold surface was required in most cases to allow chemical modification by
self assembly (see above) but infrared experiments also benefited from the reflective
conductive layer, giving rise to enhanced signal (see above). Substrates were prepared
by sputter deposition of 30 nm gold onto glass microscope slides using 3 nm thickness
titanium as an adhesive layer. This was conduced using an Emitech K575 fitted with a
quartz crystal microbalance thickness monitor. The surfaces were washed in ethanol
(Haymans), dried under nitrogen and stored in a desiccator before use. Quartz crystal
microbalance (QCM) crystals with Cr/Au electrodes (Testbourne LTD) were cleaned
before use using piranha etch solution, 37% IT2 SO : 98% IT:O: at a ratio of 3: 1 72(Sigma
and Fisher Chemicals respectively) rinsing thoroughly with distilled, deionised water

and ethanol (Haymans) before use.
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2.12 Preparation of Silica Spheres

Mono-disperse silica spheres of varying sizes were prepared by the Stober
processrs via the condensation of silicic acid. The general reaction scheme is shown in
Figure 2.20, although it should be noted that many other routes also result in the
formation of silica.

QH OQH OH QH
I I

1 I
9 c2h5 Base OH Base OH OH LXVEAO r®T,sVSi*~0r*S "M,
Rl . . . 7>
&2?—15-83130182@,5 Hydl’OlX]SlS HO Sli7 0 HCondensatlon véi—n-.S{«, ........... ». HO o) EOV Ol[f 9 HON OH
0 OC2Hs iH AN°0-  OH----em-- 1 1, 1 L.
HO N ferffc °H
Silica Network

Figure 2.20. Reaction scheme ofbase catalysed silica formation.

Briefly, batches of spheres were prepared by the addition of ammonia to ethanolic
solutions of tetraethoxyorthosilicate (Aldrich) to make a total volume of 200 mL,
specific sphere sizes and preparation conditions are given in Table 2.1. These were
stirred overnight and left to stand at 25 °C for more than 5 days. Spheres were collected
by centrifugation and acid treated using 1M HCI (Fisher) to ensure all terminal ethoxy
groups were converted to hydroxyl groups. Silica spheres were washed by repeated
sonication and centrifugation cycles until the water removed had a conductivity of
~5 pS. Transmission electron microscopy (TEM) was used to measure particle size. A

minimum of 40 particles for each sample were measured.

Table 2.1. Reaction conditions for sphere preparation

Surface Area Sphere Radius Concentration of Reactants /Mol
/m V /nm Water TEOS Ammonia
373 75 £ 0.2 6.00 0.5 0.025
350 9.6 £ 04 6.00 0.5 0.050
327 144 + 2.1 6.00 0.5 0.070
174 41.0 £ 1.8 6.00 0.5 0.100
81 61.3 £ 3.1 6.00 0.5 0.200
65 81.8 =+ 3.9 5.56 0.22 0.723

Surface area measurements were performed by nitrogen adsorption analysis as
described in section 2.5, using a Quantachrome Nova3200 system after degassing the
samples overnight under vacuum at 120 °C. Methyl terminated spheres were produced

by silylating hydroxyl-terminated particles with a vast excess of chlorotrimethylsilane
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(31.5 mmol, 98% Aldrich) in toluene (Fisher), stirring overnight and washing in
toluene. The surface chemistry of the silica particles as prepared was analysed by
infrared spectroscopy using a Nicolet Magna IR-750 spectrometer fitted with a Golden
Gate attenuated total reflection (ATR) accessory (Thermo Nicolet). Spectra were
recorded at 4 cm'1 resolution, averaging 256 scans. Surface wettability was
characterised by measuring equilibrium water contact angles on a Kriiss DSA10. A 5 pi
water droplet was deposited onto loose powdered samples by microsyringe and images

were taken immediately to eliminate drying effects.

2.13 Preparation of Foamed Silica Materials

Foamed silica materials were produced as bulks and surface coatings via acid
hydrolysis and subsequent base condensation of methyl-triethoxysilane. The general
reaction scheme is shown in Figure 2.21, although it should be noted that many other

routes also result in the formation of silica.

GH,  (CH3 CH3  (CH3

9 HS CH3 CH3 CH3 ..Si—~0*Si~orSi-'0'-'SN ~,,
i i H ion | 1 e % "eoA A G
C3fst s € 2l Y Arolsis g o . pCondensagion 1 ! -HO BRY o o MOV off
A k k - H—
CHC CH:iH3c H
Silica Network

Figure 2.21. Reaction scheme of silica material production.

Sol-gel foams were prepared by mixing dimethyl formamide (DMF, Acros 99%) as
solvent (2.5 mL, excess), hydrochloric acid [1.5 mL of 0.12M or 1.2M diluted from
37% HC1 (Analar, Aldrich)] and methyl triethoxysilane (MTEOS, Lancaster 98%)
(2.5 mL, 12.55 mmol) allowing to stir for 1 hour. After this time 1.625 mL of ammonia
solution (of varying dilution, diluted from Fischer 35%) was added, the liquid mixed
rapidly and then transferred to polystyrene containers to set. The materials were left
sealed for 20 h to ensure complete gelation; they were not heated while wet to prevent
excessive dissolution and re-deposition.;+ DMF evaporates slowly under normal
conditions, so solvent exchange was necessary, achieved by placing the samples in a
large volume of methanol (Haymans) and exchanging it each day for three days. Once
dry the samples were placed in a Pyrex® beaker and heated to various temperatures to
cross-link and eventually oxidise the materials. To avoid overheating, cracking and

inconsistencies, the samples were heated at a rate of 2.5 °C min"1 in a Carbolite AAF
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11/3 furnace and held at the maximum temperature for 100 min before cooling to room
temperature at around 5 °C min' .

Flat methyl-silica films were prepared using isopropanol (2.5 mL) as solvent,
hydrochloric acid (1.5 mL of 1.2M) and MTEOS (0.22 mL, 1.10 mmol).7« After
stirring for 1 hour an aliquot was spread onto a glass substrate to allow the solvent to
evaporate. The film was then heated to 200 °C for 1 h (2.5 °C min'l) to cross-link the
unreacted silane groups.

Films of porous gels were formed by hydrolysing MTEOS in DMF and adding
ammonia solution as above. DMF was chosen as it has a relatively high boiling point
and is miscible with water. Tests using propan-2-ol as co-solvent were unsuccessful as
evaporation of the solvent during gelation caused the gels to show radial structure.7*
After adding ammonia solution, 0.4 mL of the mixture were placed onto a microscope
slide (76.2 by 25.4 mm) and a hydrophobic plate placed on top. These were prepard by
incubating microscope slides in 1:20 diluted ‘Extreme Wash-In Solution’ (Grangers) in
deionised water for 10 mins, rinsing in deionised water and heating to 100 °C on a
hotplate for 5 min. Glass coverslips were used as spacers to ensure reproducibility of
film thickness, Figure 2.22. Gelation was allowed to proceed for at least 4 hours, after
which time the hydrophobic slip was removed using forceps. DMF was replaced with

methanol as for the preparation ofthe bulk materials and the gel was allowed to air dry.

Sol-gel Solution .
Hydrophobised Plate

Figure 2.22. Production ofporous films.
Films were heat treated at a rate of 2.5 °C min': to cross-link silane groups and remove

residual solvent. A final temperature of 200 °C gave hydrophobic films whilst further

heating exceeding 400 °C gave hydrophilic films..
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Chapter 3
Interpretation of Protein
Adsorption:
Surface-Induced

Conformational Changes

3.1 Introduction

Biocompatibility is closely related to cell behaviour on contact with implant
surfaces,l°9 and is decided by two main factors; the response of the host to the implant
and the response ofthe implant in the host. It has been suggested that biological tissues
interact with only the outermost atomic layers of an implant.'s and consequently, much
research has been devoted to methods that modify the surfaces of existing biomaterials
in order to achieve more desirable biological integration. Changes in morphological,

physicochemical and biochemical aspects of biomaterials have been investigated.»
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Cell adhesion is mediated by interaction with pre-adsorbed proteins during
implant integration. The adsorption of proteins from blood to biomaterial surfaces is a
dynamic process during which proteins may bind, rearrange and detach. Figure 3.1.'
Thus, the biomaterial surface can be coated with a range of proteins long before any

interaction occurs with platelets or cells.

Figure 3.1. Schematic of possible protein adsorption processes.

Although it is now generally accepted that the initial stages of protein
adsorption to biomaterials plays an important role in the incorporation of the implant.
earlier research in this field mainly focused on cell-surface interactions.«:7 A number of
factors including surface chemistry, charge, topography, and wetting behaviour have
been shown to play a role in determining cell growth and proliferation, as discussed in
Chapter 1.

Proteins adsorb in differing quantities, densities, conformations and
orientations, depending on the chemical and physical characteristics of the surface.s 1
Protein adsorption is a complex process involving Van der Waals, hydrophobic and
electrostatic interactions and hydrogen bonding. Although surface-protein interactions
are not well understood, surface chemistry has been shown to play a fundamental role
in protein adsorption.s o012 Moreover, the properties of protein over-layers can be
altered by the underlying chemistry, which directly impinges on the control of surface-
bound protein conformation and / or orientation.sio Adsorbed proteins may act as pilots
for cell adhesion if they have the correct geometry to mediate cell attachment. For

example, integrin binding sites of cells interact with specific peptide regions within
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proteins (e.g. the RGD tripeptide in fibronectin‘T). If these are exposed and available
then attachment may occur.

Although cell-surface interactions are understood to be affected by underlying
surface chemistry, structural information on surface bound protein conformations and
geometries governing cell adhesion have not yet been elucidated. The ability of
antibody binding assays to detect the availability of specific binding sites provides
indirect evidence of protein conformational or orientational change upon adsorption,
although no structural information can be obtained from such investigations.is Other
analytical tools have been used to study protein adsorption.is+1s These methods yield
only generalized information on the adsorbed protein implying conformational changes;
however, no quantitative data on the secondary structure of the adsorbed protein has
been presented.

During the past decade substantial progress has been made in understanding the
mechanism of protein adsorption. Researchers have developed a number of techniques,
e.g. QCM, i5.17 surface plasmon resonance (SPR). 111517 ellipsometry,is FTIR, s atomic
force microscopy (AFM,), 912,171 to tackle this problem although none alone are able to
monitor the whole process of adsorption, rearrangement and possible desorption. Here
we describe the use of a quartz crystal microbalalance (QCM) and grazing angle
Fourier Transform infrared spectroscopy (GA-FTIR) to obtain information on protein
adsorption characteristics. To our knowledge this is the first report illustrating the use
of QCM together with GA-FTIR to assess protein-surface interactions. QCM allows an
insight into the rate and amounts of protein adsorbed whilst FTIR allows the assessment
of protein conformation that has previously been well documented, i0,15.20,21 although
here surface-bound protein is assessed.

We describe the adsorption characteristics oftwo plasma proteins: bovine serum
albumin (BSA), the most abundant plasma protein which transports fatty acids along
with other small molecules throughout the circulatory system and bovine fibrinogen
(Fg), the most abundant protein involved in the coagulation cascade.

It is important to understand the effects of different surface properties on protein
adhesion, i.e. chemistry and topography. Here we focus on the influence of surface
chemistry. The two surfaces examined exhibit differing wetting behavior due only to

their contrasting chemically defined surfaces.
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3.2 Results and Discussion

3.2.1 Hydrophilic and Hydrophobic Surfaces

The surfaces used in this study were prepared by self assembled monolayer
formation of heptanethiol and mercaptoethanol, chosen for their contrasting chemistries
as described in section 2.9. Surface wettability was investigated to assess
hydrophobicity as discussed in section 2.1. Water contact angles of 94° and 48° were
found for CHs and OH terminated surfaces respectively, Figure 3.2, which are in good

agreement with previous reports.2zizs

Figure 3.2. Water contact angles on a) hydrophobic and b) hydrophilic surfaces.

3.2.2 Quartz Crystal Microbalance (QCM) Measurements

A quartz crystal microbalance was wused to compare the adsorption
characteristics of albumin and fibrinogen onto model hydrophilic and hydrophobic
surfaces. A steady frequency was obtained by flowing a buffer solution over the crystal
before flow was diverted allowing a protein solution to flow at the same rate over the
crystal face, as described in section 2 .2

As an example of the data obtained Figure 3.3 shows the QCM adsorption
profiles of fibrinogen onto a hydrophobic alkane terminated surface. With increasing
protein concentration a greater frequency shift and higher rate of frequency change was

observed for adsorption onto both CHs and OH terminated surfaces.
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Fibrinogen
Concentration 200
/ jig mL'1
=20-
27
-600
it -40-
5 -800
0-516
+-1000
-1000
D -60-
cr
" -1200
-80- -1400
- <1600
-100
0 1000 2000 3000 4000 5000 6000

Time After Protein Flow/s

Figure 3.3. Fibrinogen adsorption profiles onto CH3terminated surfaces.

Although this trend is true for both fibrinogen and BSA, differing protein-surface
interactions are apparent from the shapes of the adsorption profiles. At higher
concentrations the equilibrium protein surface concentration increases to a limiting
value due to surface saturation. At lower concentrations it is expected that protein
molecules will adsorb until an equilibrium surface concentration is reached. At this
point the amount of protein adsorbing is equal to that desorbing from the surface. The
rate of adsorption of BSA onto the CH: terminated surface is greater than that onto the
OH terminated surface tested, whereas Fg seems to undergo a similarly rapid

adsorption process on both, Figure 3.4. The data shows that BSA has a weaker

attraction towards the hydrophilic than the hydrophobic surface.
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Figure 3.4. Initial adsorption profiles of a) BSA and b) fibrinogen onto CH3 (O) and
OH (A) terminated surfaces. Initial bulk protein concentration was 1 mg mL'lL Inserts
show derivative plots of early stages of adsorption with solid symbols corresponding to

those ofthe main figure.

A convenient method to assess the protein-surface affinity is to deduce ‘binding
constants’ that compare the rate of adsorption to desorption. When data is fitted to a
Langmuir curve, the binding constant ‘A’ and a saturation value for the amount
adsorbed can be estimated. ‘A’ relates to the affinity of the adsorbent to the adsorbate
with a high value representing higher affinity, as discussed in Chapter 2. Langmuir
isotherms for BSA and Fg onto CHs; and OH terminated surfaces were fitted using
Origin v6.1 software and are shown in Figure 3.5, and values (Table 3.1) of ‘A’ were

calculated as 5.3 and 5.4 for BSA onto OH and CPIL; terminated surfaces respectively.

— [— [—
0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Inital Concentration Protein Solution /mg mill Inital Concentration Protein Solution /mg mC.1

Figure 3.5. Langmuir adsorption isotherms of a) BSA and b) fibrinogen onto CHs (O)

and OH (A) terminated surfaces.

Surface saturation frequency shift values of 47.2 and 40.9 Hz were also
obtained for BSA adsorption onto the hydrophilic and hydrophobic surfaces
respectively. Greater amounts of BSA can adsorb to a hydrophilic surface, although

higher affinity towards the hydrophobic surface causes deformation of the protein (see
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later) and this helps to explain the lower surface coverage at saturation. Similarly Fg
has a greater affinity towards the CHs terminated surface {k= 36.0 versus 10.9 for the
OH surface) and has lower saturation values (92.6 versus 102.0 Hz). The greater
frequency shift due to greater mass loading was as expected for the higher molecular

weight fibrinogen.

Table 3.1. Binding constants and saturation values for BSA and Fibrinogen

Binding Saturation

Constant Values /Hz
BSA OH" 5.3 47.2
BSA CH/ 5.4 40.9
Fg OH 10.9 102.0
Fg CH3 36.0 92.6

aOH and CH3represent hydrophilic and hydrophobic surfaces respectively

The adsorption profiles of both proteins on the surfaces tested, Figure 3.4,
indicate that for albumin onto alkane terminated surfaces and fibrinogen onto both
surfaces adsorption is rapid, slowing as surface coverage increases. Proteins adsorbing
later in the process compete for free sites that become fewer as coverage increases.

The adsorption process for fibrinogen is complex and this is clearly visible in
the derivatives of the adsorption profiles (Figure 3.4 inserts). Adsorption appears to
occur in a stepwise fashion with initial rapid adsorption and sequential slowing
(-50 sec), followed by a second rapid adsorption stage, again progressively slowing but
over a longer time period (-60 min). The results may indicate that the protein initially
adsorbs rapidly with its long axis parallel to the surface, thus covering the surface
quickly. After this time, rearrangement of the protein to perhaps a perpendicular
orientation may allow further protein molecules to adsorb on the uncovered, tree sites, a
process that is observed as a second rapid adsorption stage. A schematic of possible
protein adsorption processes is shown in Figure 3.6. Such surface rearrangement may
be driven by increased hydrophobic interaction of the fibrinogen molecules as their

long axes become aligned parallel to each-other.
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Figure 3.6. A schematic to show adsorption of a) a globular protein (e.g. BSA) whose
conformation may become distorted o1 interaction with the surface and b) rod-like
protein that undergoes a multistage adsorption process where (i) initially the protein
adsorbs with its long axis parallel to the surface and then (ii) rearrangement occurs to

increase protein-protein interaction and surface concentration of protein.

Multi-stage adsorption of fibrinogen was only observed at high concentrations,
supporting the proposal for molecular rearrangement of the protein on the surface. At
high protein concentrations adsorption is rapid as shown in Figure 3.4, wherein
rearrangement occurs in a step-wise fashion giving rise to distinct adsorption as
highlighted by derivative plots in Figure 3.4. At lower concentrations adsorption is
slower, allowing rearrangement to take place over a long period of time. In this case
there are no defined stages indicating rearrangement.

In contrast, albumin seems to undergo a single step adsorption process at the
concentrations used. Albumin is approximately globular in shape compared to
fibrinogen, so adsorption in any orientation would result in almost the same surface
area coverage and packing, Figure 3.6.

It should be noted that the initial adsorption of fibrinogen appears to be affected
by the underlying surface chemistry. Derivatives of adsorption profiles show that the
first adsorption stage is faster and well defined onto a CHs terminated surface, but the
second adsorption stage reaches a maximum rate of adsorption earlier in time compared
with adsorption onto an OH terminated surface. This data suggests that there is a
greater attractive force between a fibrinogen molecule and a hydrophobic compared to
a hydrophilic surface. Albumin adsorbs more rapidly to the CH: surface than onto the
OH terminated surface, which may be due to hydrophobic interactions between the

protein and the surface.
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3.2.3 Grazing Angle Infrared Analysis

Infrared spectroscopy has been used in this study to assess the conformational
state of proteins adsorbed on surfaces modified with CH; groups (hydrophobic) and OH
groups (hydrophilic). Grazing angle infrared spectroscopy allows the analysis of
ultrathin films such as an adsorbed layer of protein by directing the infrared beam to the
sample surface at a high incident angle, as discussed in section 2.3. A surface
enhancement effect observed when using a conductive substrate also increases the
quality spectra. Infrared spectra of proteins consist mainly of amide band vibrations,
Figure 3.7. The amide I region (-1700-1600 cm'l), largely due to a C=0 stretching
vibration, has been widely used for conformational studies, as discussed in Chapter

2 10,1820,21 plowever? few studies have examined surface-bound proteins on well defined

chemical surfaces.

0.08-

Nogobpnce.

0.06-
0.04-
0.02-
0.00
3500 3250 3000 1500 1250 1000

Wavenumber /cm'l

Figure 3.7. Example infrared spectrum of BSA.

Differences in the amide bond orientations within a protein backbone due to
varying secondary structures; a-helices, p-sheet, p-turn and unordered, give rise to
different vibrational frequencies, observed as component peaks which contribute to the
characteristic amide I band. The overall shape and maxima of this band are determined
by the secondary structure of the protein analysed. S Component amide I bands
can be curve fitted to assess protein conformations.

The amide II region (1500-1600 cm'l) contains information from the in-plane
N-H bend and C-N stretch of the amide bond. This band is less sensitive to

conformational changes compared to the amide I region, although the amide I/II

intensity ratio has been identified as a useful tool to qualitatively assess orientation
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changes. 10,25 The selection rules for vibrational transitions observed at a grazing angle
allow only those dipole moments normal to the surface to absorb. Because the dipole
moments of the amide I and II are approximately perpendicular to each otherzs the ratio
ofthese two bands changes ifthe adsorbed protein changes conformation or orientation.
Therefore, time dependent conformational / orientational investigations of surface-
bound proteins can be performed. As an illustration of the data obtained within this
study Figure 3.8 shows example infrared spectra of fibrinogen and albumin attached to

CIT3 and OH terminated surfaces.

c
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Wavenumber/cm'l Wavenumber /cm'l

Figure 3.8. Amide I bands with fitted component peaks: a) and b) fibrinogen, ¢) and d)
BSA; a) and c¢) OH terminated surface, b) and d) CHs terminated surface.

Amide I and II maxima and intensity ratios for the proteins adsorbed onto both
OH and CHs terminated surfaces are presented in Table 3.2. No significant changes in
either peak position or their relative intensities were observed with time, suggesting that
after an initial one hour adsorption period no further conformational or orientational

changes are observed for either protein on either surface.

Page77



Chapter 3: Surface chemistry Induced Protein Conformational Changes

Table 3.2. Infrared data obtained for adsorbed proteins. Errors are standard deviations

obtained from data collection in triplicate.

Incubation Amide 1 Amide 11 AIIE;SESIH/ I

Time /hrs Maxima /cm-1 Maxima /cm- . Y

Ratio
1662.7 £0.3 1541.2+3.2 1.05+0.020
BSA OH" 1

4.5 1661.2+0.9 1538.2+0.7 1.00+0.005

" 1 1667.8 £2.5 15457+ 19 1.01 £0.001

BSA CH3 4.5 1666.5 £3.2 1545.4+0.6 1.02 £ 0.001
Fo OH 1 16663 £2.0 15412+ 56 1.02 £0.016
£ 4.5 1667.0+0.9 1540.8+2.5 1.03+0.016
Fg CH3 | 16682+ 1.0 15473 £0.7 1.04+0.002

4.5 16664+ 1.1 15447+ 19 1.05+0.003
"OH and CH3 represent hydnDphilic and hycirophobic surfices respectively

Results of the amide I band analysis show that protein secondary structure is
affected by protein-surface interactions. Both proteins exhibit different conformations
on the two underlying surface chemistries, with albumin in particular showing the
strongest apparent change with respect to surface chemistry. Figure 3.8 shows the
amide I regions of albumin and fibrinogen attached to CHs; and OH terminated surfaces
respectively, whilst conformational data are summarised in Table 3.3. It is clear from
the markedly differing band shapes and the shift of the peak maxima to higher
wavenumber on the hydrophobic compared to hydrophilic surfaces that the proteins are

held in differing conformations due to their interaction with the surface.

Table 3.3. Conformational analyses of adsorbed proteins on OH (hydrophilic) and CH3

(hydrophobic) surfaces. Structure percentage values are given. Errors are standard

deviations obtained from data collection in triplicate.

Incubation BSA OH" BSA CH3" Fibrinogen OH Fibrinogen CH3
Ti
1me 1Hour 4.5 Hours 1Hour 4.5 Hours 1Hour 4.5 Hours 1Hour 4.5 Hours
(% Structure)
(B-sheet/ 53047 52425 70+ 17 69+ 12 6442.8 62469 o £24 73418
Random

a-Helix 32+ 19 34+04 17+£0.9 17+x0.6 25+£27 234+3.0 16+2.4 15+ 1.2
p-Turn/ Sheet 15+ 15 14+ 1.6 13+£1.7 14+£0.6 10+3.7 13+2.2 15+2.7 12+0.4
"OH and CH3represent hydrophilic and hydrophobic surfaces respectively
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Curve fitting analysis of component bands demonstrates that on the alkane
terminated surface, proteins lose a large percentage of their a-helical character; shown
by a decrease in the percent area of the component band centred at -1655 cm»1 with a
concurrent increase in the (3-sheet or random structure component. This behaviour was
observed to a greater extent for albumin than fibrinogen. The component band centred
at 1638 cm-: for fibrinogen was larger on the alkane surface, which can be related to the
extended chain conformation of this protein. These findings suggest that both proteins
are somewhat denatured on interaction with a hydrophobic surface, losing a large
degree oftheir helical secondary structure. This change in conformation may arise from
a stronger interaction with the surface due to hydrophobic bonding, a feature that has
been previously reported for both BSA and fibrinogen along with other proteins,
studied by SPRi1 and AFM

The exposure of a hydrophobic protein to water is energetically unfavourable.
Whilst the enthalpy of this interaction is small and negative, the Gibbs free energy will
increase as a result of the negative entropic contribution (AG=AH-TAS), as discussed in
Chapter 2. As a protein molecule interacts with a surface, the energy of the system is
minimised. Here a large positive change in entropy occurs on the loss of water from the
protein and from the surface. When the surface is hydrophobic, adsorption is even more
energetically favourable, thus the affinity of a protein will be greater towards a
hydrophobic compared to a hydrophilic surface unless the protein in question contains
few hydrophobic regions on its surface. Exclusion of water also allows a greater
proportion of the protein molecule to interact with the surface, which may help to
explain the greater conformational change of albumin on the hydrophobic surface.
Upon binding, hydrophobic surface interactions from the outer layer and possibly from
the inner core of the protein may occur. The protein will be distorted as the structure
deforms to maximise any such surface interactions, Figure 3.9. The degree of
conformational change will therefore be dependent on the protein-surface interactions
and the internal bonding strengths holding the protein in its particular conformation.

If a protein molecule were to deform, spreading over the surface, the amount of
surface area required per molecule would increase. This would mean that less surface
area is available for further protein molecules to adsorb, Figure 3.9. This would
ultimately lead to a lower maximum surface saturation value, as was observed by

QCM.
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Figure 3.9. Schematic demonstrating protein spreading, the interaction area shown as a

black line.

In a similar argument to that above, fibrinogen molecules may adsorb with their
axis parallel to the surface, although a minimum energy could be achieved if the
fibrinogen molecules stacked to reduce their interaction with water, Figure 3.6. Some
supporting evidence for such a behaviour is provided by the multi-stage adsorption

process measured by QCM.

3.3 Conclusions

In summary, this study demonstrates the use of QCM and grazing angle infrared
spectroscopy for the study of protein-surface interactions. Serum albumin and
fibrinogen readily adsorb onto hydrophilic (OH terminated) and hydrophobic (CHs
terminated) surfaces. Albumin adsorbs more rapidly onto hydrophobic compared to
hydrophilic surfaces possibly due to its higher affinity towards the former. When
adsorbed onto hydrophobic surfaces albumin has a lower degree of ordered structure,
with predominantly a loss of helical structure. A higher saturation value is apparent for
albumin adsorbing onto hydrophilic surfaces which may also support the hypothesis
that proteins denature to a greater extent on hydrophobic surfaces.

Fibrinogen adsorbs rapidly to both surfaces in contrast to albumin and is less
deformed in its surface-bound state. Infrared conformational analysis suggested that

adsorption induced deformation of fibrinogen occurs to a greater extent on the

Page 80



Chapter 3: Surface chemistry Induced Protein Conformational Changes

hydrophobic compared to hydrophilic surface, which supports the QCM data showing a
higher binding affinity towards the former. Again higher saturation values are observed
for fibrinogen adsorbing on hydrophilic surfaces.

Both proteins show a rapid initial adsorption within the first few minutes which
slows until an equilibrium adsorption level is reached within one hour. After this time
few time-dependant conformational changes are apparent suggesting that protein
deformation occurs either instantaneously upon adsorption or at a short time afterwards.

At high concentrations (>0.5 mg mL-1) fibrinogen undergoes a multi-stage
adsorption process, unlike albumin which was found to adsorb in a single stage process
at all concentrations used. This suggests a rearrangement or orientational change for
fibrinogen upon binding, possibly due to protein-protein interactions. Adsorbed
fibrinogen molecules may reorient moving their long axis perpendicular to the surface,
a rearrangement driven by increased hydrophobic interaction between adsorbed
molecules, Figure 3.6.

This study highlights the ability to control protein conformation and orientation
upon adsorption through surface-protein interactions. By further understanding the
interface between biomaterial and biomatter, protein adhesion and subsequent cell

mediation can be controlled to either promote or hinder integration.
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Chapter 4
Surface Tailoring for
Controlled Protein
Adsorption: Effect of

Tonogranhv and Chemistry

4.1 Introduction

Protein adsorption is of relevance to a wide audience due to many possible
applications, especially with the increasing interest in nanotechnology. The interaction
of proteins on surfaces is of crucial importance, particularly in biochip developments, i3
biosensors,+ medical device coatings,s drug deliverys and even in the fabrication of a
new class of hybrid materials7. Immobilisation of proteins / enzymes and conservation
oftheir activity may give rise to functional surfaces suitable for use in many fields such
as biosensors and biocompatible materials development. However, the protein-surface
interactions that underpin the behaviour of immobilised protein molecules are not well

established.
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It has been shown than protein adsorption characteristics can be controlled by
changing substrate surface parameters.» 1o The previous chapter has demonstrated that
surface chemistry, plays an important role in determining adsorbed protein
conformation as well as rates of adsorption and amounts of protein adsorbed, through
the interaction between the functional groups ofthe substratum and those ofthe protein
backbone, Figure 4.1. Topography has also been shown, to some extent, to impact on
the conformation of bound proteins, wherein varying sized colloidal substrates have
been employed, using surface curvature as a means to model topography on the

1142
nanoscale.

Such topographical changes can alter the activity of adsorbed protein
molecules, 11,13 a finding which supports a change in protein conformation having
occurred. The investigation of topographical effects is somewhat sparse at present, with

only a small number ofreports covering a narrow size range.

OH OH CH, CH-

Figure 4.1. Surface characteristics which may control protein adhesion parameters.

Although both surface chemistry and topography are known to be important
parameters that control protein conformation and thus the activity of surface-bound
proteins once adsorbed, the extent to which each factor contributes is not fully
understood. Furthermore, studies examining the effect of surface topography (through
surface curvature) have focussed on small globular proteins such as lysosyme (4.5 by
3.5 by 3.5 nm) 11,14 and cytochrome C 10,15.

Here we broaden the knowledge base by investigating the effects of surface
chemistry with and without surface curvature, using two model proteins: bovine serum
albumin (BSA) - a small globular protein and bovine fibrinogen (Fg) - a rod-like
protein. Both are of significant relevance not only as model systems, but also to
biocompatibility and drug delivery applications due to the high abundance of these

proteins at implant sites.
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In shown in Chapter 3, both albumin and fibrinogen undergo conformational
changes when adsorbing onto solid surfaces, becoming more denatured (having less
ordered secondary structure) on hydrophobic surfaces.is A large number of other
investigations examining bound proteins have used techniques that give limited
information. Circular dichroism (CD) for instance is one ofthe more common methods
used to study protein adsorption onto colloidal particles, although changes in secondary
structure can be followed this technique has inherent inconsistency problems in absolute
secondary structure determination.i» Colloidal scattering also restricts the size of
substrates that can be used which obviously limits the range of investigations using this
technique . Infrared spectroscopy (IR) has been used in this study, allowing a more
thorough examination of the bound protein secondary structure:s as it is a method not
constrained by substrate size or material. Previous studies examining how surface
chemistry affects protein adsorption have focused on the effects of surface chemistry
alone, most taking little account of surface roughness on the nano-scale that can be
experienced by adsorbing proteins. The study presented in this chapter is the first report
examining how proteins of differing size and shape (albumin and fibrinogen) interact
with surfaces having defined chemistry and topography.

Substrates having diameters in the range ca. 15-165 nm have been synthesised
and chemically modified to give model hydrophilic (hydroxy terminated) and
hydrophobic (alkane terminated) surfaces. It was the intention that the particles would
coincide with protein dimensions. The smaller substrates present high surface curvature
whilst the larger substrates are perceived as pseudo-flat surfaces, in relation to the sizes
of the protein molecules used. Infrared spectroscopy has been employed to assess, in
detail, conformational and also orientational differences of proteins bound to a range of
surfaces presenting contrasting surface chemistry and curvature. Due to the high
substrate surface area used, it was possible to measure protein loss from solution
directly via ultraviolet (UV) spectroscopy. Together, these complimentary techniques
have been used to elucidate the adsorption characteristics of two serum proteins.

By understanding protein-surface interactions, it is hoped that functionalisation
of surfaces will give rise to new materials with preserved or even enhanced protein /

enzyme activity for use in a range of biotechnology applications.
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4.2 Results and Discussion
4.2.1 Surface Characterisation

Silica particles were formed via the Stober processi» to afford batches of
monodisperse spheres. Each sample batch was analysed by transmission electron
microscopy (TEM) to assess the average particle size. Substrates were required to
present a range of surface curvature, from those coinciding with protein dimensions
with high surface curvature, to those substrates being much larger presenting a pseudo-
flat surface. Particles having diameters in the range 15-165 nm were used. Samples
were freeze dried to minimise aggregation although when applied as a powder to
transmission electron micrograph (TEM) grids loose clusters of particles were apparent,

Figure 4.2.
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Figure 4.2. Transmission electron micrographs of sample silica spheres of average
radii, a) 7.5 nm, b) 9.6 nm, c¢) 14.4 nm, d) 30.6 nm, e) 41.0 nm and f) 82.5 nm, inserts

show enlarged regions.

Analysis by IR showed that after work-up, terminal ethoxy groups were still

present on the silica spheres, so acid treatment was necessary, Equation 4.1.
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R3Si- OEt +H30 +=>R35i- O-H+ EtOH +H+ Equation (4.1)

The enlarged aliphatic stretching region of infrared spectra taken of samples before and
after acid treatment are shown in Figure 4.3, wherein unwanted terminal ethoxy groups

were removed to give hydroxyl terminated substrates.

Q

3100 3000 2900 2800

Wavenumber /cm'1l

Figure 4.3. Infrared spectra of C-H stretching region of silica particles, a) pre-acid, b)
post-acid treatment and c) after further methyl termination. Inserts adjacent to
corresponding spectra show water droplets placed on hydrophilic and hydrophobic

spheres.

Nitrogen adsorption analysis was used to determine the surface area for each

batch of spheres, using BET analysis as described in Chapter 2. Data obtained from

TEM and surface area measurements are summarised in Table 4.1.

Table 4.1. Spheres prepared for protein adsorption experiments.

*Sphere Radius / nm Surface Area/ m2 g

7.5 £ 0.2 373
9.6 + 0.4 350
144 + 2.1 327
30.6 £ 1.6 174
41.0 £ 1.8 81
81.8 = 3.9 65

* From TEM measurements.
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Further treatment with chlorotrimethylsilane allowed both hydrophilic and hydrophobic

spheres ofthe same size to be available for further experimentation, Equation 4.2.

R3Si- OH +Cl—Si(CH)3=>R3S5i - O - Si(CH)3+HCI Equation (4.2)

Surface chemistry was checked by ATR-IR, Figure 4.3c. The ability of a water droplet
to spread over a surface was used to assess the wettability of the spheres. The contact
angle between the solid-liquid and the liquid-air interface depends on the relative
interfacial energies of the surface and the liquid. Water contact angles shown in
Figure 4.3 inserts demonstrate the difference in wettability observed for the treated
substrates. Here the substrates could be considered as randomly stacked spheres. The
water droplet rested on the silylated spheres showing that they were hydrophobic, in
contrast to the hydrophilic samples onto which the water droplet rapidly spread over the

surface and entered the space between the spheres.

4.2.2 Protein-Surface Affinity and Saturation Levels

All analyses conducted were experimentally normalised to surface area to
eliminate problems associated with available protein adsorption sites. Due to the high
surface area of the substrate the difference in free protein before and after incubation
was ecasily observed by a reduction in absorbance at 280 nm. A range of protein
concentrations were used well within detection limits.

The shape of an adsorption isotherm can yield information about the affinity of
an adsorbing species towards the surface as well as the maximum equilibrium surface
concentration of adsorbed protein. As shown in Chapter 3, surface protein
concentrations reach an equilibrium value in approximately one hour of incubation,
which is consistent with other studies.2i2s The substrates in this study were silica
spheres and hence sonication of the silica particles was performed in order to break any
aggregates. Protein solutions diluted from a stock were added into homogenous silica
particle dispersions to achieve desired final protein concentrations, each solution having
the same total volume. The solutions were stirred for one hour to ensure protein and
silica sphere mixing and to avoid any aggregation of silica particles in the presence of
proteins. The solutions were then left standing for a further two hours to minimise any

shearing effect due to stirring.
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Figure 4.4. Example saturation curve for BSA adsorbing onto ca. 80 nm hydrophobic

substrates.

Vials were then centrifuged and the amount of free protein remaining in each
solution was assessed by UV spectroscopy, quantifying by means of a calibration curve
(Chapter 2). As an example of the data obtained the saturation curve of BSA onto
ca. 80 nm hydrophobic substrates is shown in Figure 4. 4. By fitting the data to a
Langmuir model, estimates of affinity and maximum amount of protein adsorbed can be
found (section 2.6). The binding constant is related to the equilibrium between
adsorbing and desorbing species and directly correlates with the affinity of the

adsorbate to the adsorbent, a higher value indicative of a stronger attraction.

Affinity Constant ~ Saturation Value

6 3 e

jg ' BSA 1 Fg a> ¢)
jr4
m a rfe-i
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Figure 4.5. Plots showing variation in a) and b) affinity constant and c¢) and d)
saturation amounts of BSA and Fg with a range of sized hydrophilic and hydrophobic

spheres. Error bars show 95% confidence limits.

Figure 4.5 shows changes in affinity constants and saturation values for BSA

and Fg adsorbing onto hydrophilic and hydrophobic substrates of varying sizes.
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In general, with decreasing substrate size, i.e. higher surface curvature, the
binding affinity of BSA increased with the saturation values following an opposite
trend. Similar to the results discussed in Chapter 3 which compared protein adsorption
onto ‘flat’ surfaces of different wettabilities, albumin typically adsorbed in lower
quantities onto hydrophobic compared to hydrophilic curved surfaces tested.

A plot ofthe maximum amount of protein molecules adsorbing over a range of
particle sizes can be constructed from the saturation value data. Figure 4.6 compares
protein saturation values obtained experimentally with those predicted for a close
packed mono-layer of each protein. Schematics of monolayer protein adsorption are
shown as inserts in Figure 4.6.

Values of molecules per particle were estimated, taking surface area of a sphere
to be equal to red2, where ‘d’ is the sphere diameter. It is acknowledged that these vales
are slight over-estimates of the actual surface area available for protein adsorption due
to the porous nature ofthe particles. Protein molecular dimensions (given in section 2.8)
allowed estimates of surface area per adsorbed protein molecule. The packing density of

close packing circles is = 0.9069 that of square packing circles, although it
V 6

should be noted that care should be taken when using this packing factor to estimate
close packing protein molecules as these are non-rigid masses, and may spread as they
interact with a surface. For this reason the area per protein molecule was taken as the
square dimensions ofthe molecule, i.e. for fibrinogen end-on adsorption an area of 4X4
nm was assumed.

Experiments were conducted keeping total substrate surface area constant, and
as all size and concentration parameters are known (of both substrate and protein
molecules), the number of protein molecules adsorbing per substrate sphere can be
calculated. Albumin adsorbs in lower amounts to all hydrophobic surfaces in the range
tested, but increases with an increase in particle size due to the greater surface area
available. It should be noted that a close-packed monolayer was not reached during this
investigation, possibly suggesting that albumin denaturation hinders such a packing

arrangement (see below).
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Figure 4.6. Saturation values obtained for a) BSA and b) fibrinogen onto -A -
hydrophilic and -O - hydrophobic surfaces tested. Inserts show schematic of surface-

bound proteins adjacent to corresponding monolayer lines.

Fibrinogen follows similar trends observed for albumin, with high affinity
constants and low saturation values when adsorbing onto smaller particles. Due to
fibrinogen shape, two possible adsorption orientations can be achieved as discussed in
the previous chapter: side-on - with its long axis perpendicular to the radius or end-on -
with it axis perpendicular to the radius. Interestingly for particles smaller than ~30 nm
radii, the amount of protein adsorbed corresponds well to a side-on monolayer.
Figure 4.6b insert. Above this particle size a side-on monolayer is exceeded although an
end-on monolayer is not reached, possibly due to the constraints of close packing.
Generally fibrinogen adsorbs in similar amounts to both hydrophilic and hydrophobic

surfaces.
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4.2.3 Conformational Assessment

Infrared spectroscopy using an attenuated total reflectance (ATR) accessory has
allowed adsorbed protein conformation to be analysed. The powdered samples could
have been investigated using transmission infrared spectroscopy but the atmospheric
water bands between 1850-1500 cm': caused problems as they obscured the amide I
band of interest, making protein conformational assessment difficult. The ATR
accessory permitted complete purging of the infrared spectrometer, removing moisture.
Another advantage of using ATR is that the sample can be completely recovered
avoiding unnecessary complications (such as dialysis) that would be present if
transmission spectroscopy was used. The sample can then be re-run at a later date, or
analysed further by different techniques such as thermogravimetry (TGA), differential
scanning calorimetry (DSC) or dynamic light scattering (DLS), each of which could
give further insight into protein adsorption characteristics.

Protein infrared spectra consist mainly of amide band vibrations as discussed in
Chapter 2. Briefly, the amide I band centered -1700-1600 cm': is largely due to C=0
stretching vibrations arising from amide bonds within the protein structure. Each
secondary structure gives rise to specific vibrational bands making the amide I band
sensitive to changes in secondary structure. From previous studies, peaks with maxima
at 1685-1663 cm'1 have been assigned to P-sheet structures, 1655-1650 cm': to
a-helices, 1648-1644 cm-: to random chains, 1639-1635 cm': to extended chains and
1632-1621 cm'1 to extended chains or P-sheets / turns. Bands observed at lower
wavenumbers -1616 cm': are often considered to arise from intermolecular

bOl’ldil’lg.u'zs

The secondary structure variation of albumin and fibrinogen when adsorbed
onto varying sized particles is shown in Figure 4.7. Albumin has a less organised
secondary structure when adsorbed onto larger particles, predominantly losing helical
structure with a corresponding increase in random coil / extended chain. Such trends are
observed for both hydrophilic and hydrophobic surfaces although a greater loss of
structure is observed on the latter. This data supports earlier findings that proteins
become more denatured when adsorbed onto hydrophobic compared to hydrophilic

surfaces, Chapter 3.
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Figure 4.7. Conformational assessment of surface bound BSA a) and b); fibrinogen c)

and d) onto hydrophilic a) and ¢); hydrophobic b) and d) spheres of varying radii.

In contrast, fibrinogen becomes more disordered on smaller particles, losing
helical structure at the expense of an increasing random component. Onto particles
above 30 nm, little variation in fibrinogen conformation is observed. This trend is
apparent for both hydrophilic and hydrophobic surfaces, again being more pronounced

on the latter.

Similar to the amide I band, the amide II band centred at around 1500-1600 cm-:
is composed of component in-plane N-H bending and C-N stretching bands of the
amide bond. Due to the lower intensity and different vibrational modes contained, this
band is less sensitive to conformational changes compared to the amide I region. The
amide I/Il ratio has, however, been used to qualitatively assess conformation
Jorientation changes.lR Our data suggests subtle differences in the orientation of
albumin and fibrinogen when adsorbed onto differently sized spheres. Although such a
ratio can give little quantitative information it is interesting to observe variation in
bound protein structure and one can use this as a secondary measure of conformation /

orientation change.
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Generally higher amide I/II ratios are observed for albumin and fibrinogen with
increasing substrate size, Figure 4.8. This indicates that both proteins bind having
different geometries onto substrates with differing surface curvature. These data show
significantly different amide I/Il ratios (both height and area ratios) for proteins
adsorbed onto particles above -30 nm radius compared to proteins adsorbed on smaller
particles. This corresponds well with the amide I curve fitting analysis, again suggesting
that both albumin and fibrinogen have differing conformations and/or orientations when
adsorbing onto small particles with radii <30 nm than when adsorbed onto larger
particles. Band ratios for albumin are greater than those observed for fibrinogen which

may indicate a greater degree of structural change.
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Figure 4.8. Variation in amide I/II, a) height and b) area ratio. Error bars show standard

deviation ofsamples measured in triplicate.

4.2.4 Protein-Protein Interactions

The extent of intermolecular bonding can be used as an indication of lateral
protein-protein interactions experienced by neighbouring bound proteins. It has been
suggested by others that amide I component bands centred at -1610 cm': are sensitive
to hydrogen bonding and can be used as a measure of intermolecular protein-protein
interaction.2s'26 Analysis of the contribution of this peak to the total amide I area,
suggests that the interaction between bound proteins (both BSA and Fg) is generally
greater on hydrophilic compared to hydrophobic surfaces, Figure 4.9. This is probably
an effect of surface induced deformation as spreading of the protein would reduce the
interaction area between neighbouring adsorbed proteins. Fibrinogen, however, again
shows differing characteristics on spheres with radii <30 nm, where intermolecular
bonding becomes higher for hydrophobic substrates. A trend towards higher

intermolecular interaction with increasing sphere size suggests greater lateral interaction
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between bound proteins, which is expected from the geometry of adjacent protein

molecules.
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Figure 4.9. Bound protein-protein interactions ofa) BSA and b) Fg on -A -

hydrophilic and -O - hydrophobic spheres of varying radii.

4.3 Discussion

Protein surface interactions can induce conformational changes in the adsorbing
protein molecules. It has been reported previously that both BSA andFg undergo
greater conformational disordering when adsorbing onto hydrophobic rather than
hydrophilic surfaces, a finding supported by this study. However, few studies have been
conducted that examine the effects oftopography on protein adhesion. Here we describe
protein surface interactions of albumin and fibrinogen using surface curvature as a
measure oftopography.

Albumin and fibrinogen interact very differently in relation to changes in
surface curvature. Although research into the effects of surface topography on protein
adsorption is in its infancy, an investigation examining lysosyme adsorption, a small
globular protein comparable in size to albumin, strongly suggests that substrate
curvature modifies protein conformation upon binding. . Few differing particle sizes
were analysed and structural detail of the adsorbed species was limited such that only
protein molecules adsorbed onto the smaller particles were able to be investigated.
Furthermore, previous investigations have concentrated on small globular
proteins.io12,1427 To our knowledge there has been no systematic evaluation of protein
responses to surfaces, taking into account protein size and shape as well as surface
curvature and chemistry. Here we extend the knowledge-base of protein-surface
interactions by examining the above effects on binding and structural characteristics of

two geometrically very different proteins. In addition a number of particle sizes were
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investigated, ranging from those presenting high surface curvature to those for which

the protein molecules would observe a pseudo-flat surface.

4.3.1 Albumin

Particles with high surface curvature were found to stabilise the native-like
conformation of albumin. Figure 4.10, thus supporting the earlier results on lysosyme
adsorption". The same effect for variants of human carbonic anhydrase, other globular

proteins of comparable size to albumin, have also been reported. °’

Denatured élb!lmm Native
Fibrinogen

Figure 4.10. Schematic demonstrating control of conformation and orientation by

surface curvature.

By modeling a globular protein as a non-rigid mass it can be seen that with an
increase in particle size, the interaction area, i.e. the surface area in close proximity to
the protein, is increased, Figure 4.11. This value tends to a limiting value as surface
curvature (convex) decreases until a flat surface is reached, although it could again

increase if concave surface curvature is also considered.
Protein
Surface

Flat — Highly Curved
Interaction Area

Figure 4.11. Schematic showing increase of interactions area as surface becomes flat.
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We have also shown that the effects of surface curvature are also compounded
by variation in surface chemistry. Albumin becomes more disordered upon binding to
both flat (Chapter 3: Figure 3.8 and Tables 3.2 and 3.3) and curved hydrophobic
surfaces compared with hydrophilic surfaces of the same geometry, Figure 4.7. Such
disorder is more pronounced on particles with radius larger than ~30 nm. Albumin
amide I/II ratios are fairly constant below 30 nm but also show a change above this size,
Figure 4.8, demonstrating a difference in orientation / conformation of albumin bound

on particles above and below this size.

4.3.2 Fibrinogen

Fibrinogen, in sharp contrast to albumin, becomes more denatured upon binding
to smaller particles, i.e. those having higher surface curvature. In Chapter 3 it was
proposed that fibrinogen, having a rod-like shape, can adsorb in two possible
orientations: side-on - with its long axis parallel to the particle radius, or end-on - with
its long axis perpendicular to the radius. The study in this chapter demonstrates that
side-on orientation is favoured on smaller particles, Figure 4.6. A large change in
fibrinogen conformation was observed on adsorption to particles with radii less than
30 nm (3/5th of the length of fibrinogen). Upon adsorption the molecule possibly wraps
around the surface. Protein structural perturbation would therefore be expected to be
greater on small particles with higher curvature, as was observed with the loss of the
helical component. Such conformational change would be encouraged by an increase in
protein-surface interaction that would probably also hinder surface rearrangement ofthe
protein to the end-on orientation (discussion in Chapter 3). When adsorbing onto larger
particles, surface curvature may be too small to induce such structural alteration. An
end-on orientation could then be reached, the adsorption process being driven by
increased protein-protein interactions. This hypothesis is supported by the increased
amide I/II ratios and observed intermolecular bonding on particles with radii >30 nm,
Figures 4.8 and 4.9 respectively. Furthermore, if rod-like proteins were to adsorb onto
highly curved surfaces in an end-on orientation their backbones would be separated and
neighbouring proteins would interact with each other to minimise solvation by water

around their hydrophobic domains, Figure 4.12.
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Figure 4.12. Schematic demonstrating the importance of close packing to reduce

solvation of hydrophobic fibrinogen molecules adsorbed in an end-on orientation.

Therefore onto highly curved surfaces an end-on orientation of fibrinogen is not
feasible. The effects of surface curvature on fibrinogen conformation are emphasised by
surface chemistry - a finding also observed for albumin. Fibrinogen has a greater
degree of random coil / extended chain structure on hydrophobic surfaces, as does
albumin, suggesting that hydrophobic protein-surface interactions govern the structure

of surface-bound protein.

4.4 Conclusions

Protein-surface interactions play an important role in determining the adsorbed
conformation and, therefore, activity of surface bound proteins / enzymes. Here we
describe the effects of surface curvature, with and without surface chemistry. Albumin
and fibrinogen have dramatically differing interactions largely due to their differing
shapes. Trends in binding affinity and surface saturation amounts correspond well with
the extent of conformational change of the bound proteins as assessed by infrared
spectroscopic methods. Together these data describe how the structure of albumin, a
globular protein, is stabilised by high surface curvature. On the other hand, fibrinogen, a
rod-like protein, is distorted by wrapping around surface curvature, inducing secondary
structure loss.

By first understanding how biomolecules are affected by the nature of surfaces,

control of their bound states can be achieved. This may give rise to an array of new
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tailor-made materials / surface coating technologies for applications such as biosensors,
hybrid materials, nanotechnology and biocompatible surfaces. Of particular current
interest is the control over enzymatic activity or cell adhesion that can be harnessed by

fine tuning surface coatings.
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Chapter 5
Rapid Quantification of
Surface-Bound Proteins bv
Fluorometric Assay -
Comparison with OCM
and Amido Black Assay

5.1 Introduction

Protein adsorption has become a research area of great interest due to its
importance in biomedical: and biosensor applications2. The adsorption process depends
largely on the specific protein-surface interactions that govern binding, possible
orientational control and protein conformational change occurring as the protein
molecules adheress Water molecules and solvated ions are also incorporated into an
adsorbed protein layer, supporting electrostatic requirements.

Advances in staining methodologies have allowed specific identification and
quantification of much smaller amounts of proteins in solution. Fluorescent dyes extend
detection limits down to the ng mL:': range compared to the more traditional methods

such as the Bradford assay or ultraviolet (UV) spectroscopy which only extend to the
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pg mL'1 range. These fluorescent assays are a powerful tool for the accurate
quantification of low protein concentrations in solution, although the quantification of
surface-bound proteins still poses a problem. Investigations of surface-protein
interactions commonly use a colloidal solid phase with a large surface area, measuring
the remaining protein in solution after incubation and calculating the adsorbed amount
by mass balance, as discussed in chapter 4.5 Proteins labelled with a radioactive or
fluorescent tag have been used, 17 although one must be wary that the inclusion of such a
label may change the specific protein-surface interactions under investigation, causing
unwanted conformational and / or orientational changes thereby affecting protein
adsorption characteristics.

Other techniques used to study protein adsorption processes are dependant upon
theoretical assumptions which may not be strictly true for such systems. The quartz
crystal microbalance (QCM) is a very sensitive technique (ng cm'2) relating the mass of
an adsorbing layer to an observed oscillatory frequency shift of a quartz crystal. The
problem here is that the frequency changes are connected with the total mass loading
(including water and ions) as well as viscoelastic contributions from the adsorbing
protein.s 10 Ellipsometric techniques measure small changes in the refractive index at an
interface, which can be related to adsorbing layer thickness using an average density
estimate. 1 Such assumptions however may lead to mis-interpretation of data. Other
methods commonly used to study protein adsorption such as atomic force microscopy
(AFM,) 1244 infrared (IR) spectroscopy.«i1 circular dichroisms,:s and X-ray
photoelectron spectroscopy (XPS), 12,16 give information on conformation and relative
amounts adsorbed but do not readily give an absolute quantification of surface-bound
protein. Direct assessment of surface bound proteins using specific antibody binding
assays are strongly affected by the conformational and orientational geometry of the
adsorbed species.i; If the antibody binding site within the protein is blocked then
attachment may not be possible, leading to inaccurate results.

The nature of QCM and ellipsometric techniques, along with other methods used
to study protein adsorption processes, limits the types of surfaces that can be analysed,
restricting their ability to assess rough or porous surfaces. .1 Flowever, it has been shown
that protein-surface interactions are strongly directed by the topography of the

surfacess A label-free technique for the accurate quantification of adsorbed protein in
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the nanogram range, applicable over a wide range of surface textures would allow
investigation of protein adsorption to be followed across a broad range of surfaces.

This chapter describes the development of a rapid assay for the quantification of
surface-bound protein using a fluorescent dye, Nano Orange (Molecular Probes) that
can be used as a stand-alone method or serve as an external calibration in conjunction
with other methods. The adsorption of two serum proteins: fibrinogen and albumin,
onto model hydrophobic and hydrophilic flat surfaces was investigated and the results
obtained by fluorescence assay were compared to those obtained using QCM and amido
black staining. Furthermore adsorption onto porous surfaces using superhydrophobic
and superhydrophilic coatings as models was also examined to show the feasibility of

the technique.

5.2 Results and Discussion
5.2.1 Surface Characterisation

A water droplet will rest on a solid surface with an equilibrium contact angle,
the angle that the tangent to the liquid surface makes with the solid at the three phase
boundary measured through the liquid, dependent on the nature of the surface, as
discussed in chapter 2. The energetics of the system therefore govern the droplet shape
allowing characteristic surface wettability to be analysed via the angle at which the
droplet rests on the surface.is A small angle (<90°), attained when water spreads over a
surface, shows that the system is stabilised when having a high solid-water interface, i.e.
the surface is hydrophilic. Conversely, high water contact angles (>90°) are observed on
hydrophobic surfaces

The surfaces used within this study were chosen for their contrasting
chemistries. Flat surfaces treated with heptanethiol and mercaptoethanol to produce
thiolated self assembled monolayer gave water contact angles of 94° and 48°

respectively.

5.2.2 Protein Adsorption

The main limitation of standard staining methods for protein adsorption analysis
is that they are not directly quantitative. After incubation of protein solution the dye is
added which binds to the surface-bound protein. After rinsing to remove any unbound

stain the remaining dye is then analysed, Figure 5.1. Unlike solution phase assays a
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calibration curve is not easily constructed because the quantity of protein bound to the
surface, and hence the corresponding amount of dye is not known. Only a relative
assessment of adsorbed proteins can be found. 1920 Calibration methods for the amide
black assay have been suggested that require samples containing proteins to be
suspended on cellulose sheets which are then air dried and subsequently stained 1 Such
methods are labour intensive and time consuming and because the actual surface of
investigation is not used during calibration, accurate quantification is difficult. Ifthe dye
binds specifically to certain domains or functional groups within the protein, changes in
conformation and / or rearrangement may also cause a change in the amount of dye that
can bind. A calibration method which can examine the specific protein-surface system

of interest would be expected to give greater precision.

Dye Molecules

ABroteind * Rinse

Figure 5.1. Schematic of staining of surface bound proteins using specific binding dyes.

Because it has recently been highlighted that surface topography plays an
important role in controlling protein adsorption characteristics (chapter 4).:.4 porous
surfaces have also been analysed using the fluorometric assay. The wuse of porous
materials also acts to highlight the limitations of common methods used to investigate

protein adsorption such as QCM and ellipsometry.

5.2.3 Techniques Compared

A Nano Orange fluorescent assay has been used to quantitatively assess the
amount of protein adsorbed onto a surface. This is an absolute method which can
therefore be used as an external calibration for other methods that give only relative
data. Results obtained from the Nano Orange assay were compared to QCM
measurements and an amido black assay of the same protein-surface systems. The
flexibility of this fluorescent assay will allow many other surface analysis techniques to

be calibrated.
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5.2.3.X Quartz Crystal Microbalance (QCM) Measurements

Quartz crystal microbalance (QCM) technology measures frequency changes of
an oscillating quartz crystal that arise due to the addition of an overlayer on the surface
ofthe crystal. If the overlayer is rigid, the frequency change can easily be related to the

adsorbed mass by means ofthe Sauerbrey equation:2

1
S
Y/PqPq

Af=- m Equation (5.1)

where ‘Af is the change in frequency observed in Hz, %in’ is the change in mass
(g cm'2), and pg and pg are the density and shear modulus of quartz respectively.
When using QCM for liquid studies one must be aware of deviations from the
Sauerbrey equation, due to liquid density and viscosity factors as well as viscoelastic
contributions of the overlayer, as detailed in chapter 2.1« The energy of the crystal
oscillation is dissipated through a non-rigid overlayer such as adhering protein
molecules, making accurate determination of the actual adsorbed protein mass difficult,
especially because the mass loading in such a system includes water molecules and ions

entrapped within the protein layer.

5.2.3.2 Amide Black

Amido black staining is commonly used for electrophoresis to highlight protein
bands in gels, although it has been used to assess relative amounts of adsorbed protein. s
The dye molecule, naphthol blue black strongly interacts with proteins possibly forming
a complex between an amine side chain and the sulphonic acid groups of the dye
molecule.” ' Because of the strong absorption band of the dye at 620 nm, this method
is very sensitive to small amounts of proteins, but does require external calibration.
After protein incubation the solution is removed and the surface is rinsed to remove any
unbound protein. The addition ofthe stain allows only the bound protein to be analysed,
although the specific attachment between the dye and protein molecules means that the

geometry ofthe bound protein affects the amount of dye captured at the surface.
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5.2.3.3 Nano Orange

The Nano Orange protein quantification kit (Molecular probes, Nssss ) allows
accurate determination of protein concentration in the range 10-0.001 pgrnE'l The
Nano Orange reagent is virtually non-fluorescent in aqueous solution, but upon binding
to proteins the surfactant dye molecule undergoes a dramatic fluorescence
enhancement,s having a broad excitation peak centered at 470 nm and a broad emission
peak centered at 570 nm. A number of studies have examined pH..s contaminent.»; and
temperature effects " of the assay, reporting use of the fluorescent dye for up to s hours
after addition of protein with no loss in sensitivity. The use of Nano Orange to follow
protein adsorption processes allows detection and quantification of the total amount of
protein present. The major disadvantage of this method is that this dye is non-protein

specific preventing investigation of mixtures of protein.

5.2.4 Calibration Using Nano Orange and Comparison with Data Obtained Using
QCM and Amido Black Assay

Saturation curves can be constructed over a range of concentrations which give
information on protein-surface interactions. By fitting the data to a Langmuir curve,
Equation 5.2, relative protein surface saturation amounts ‘Q f and binding affinities 'K*

can be found from the shape ofthe curve, as discussed in previous chapters.

KC
a,=T7KC Equation (5.2)
where ‘Q’ and ‘C’ are the adsorbate surface concentration and the concentration in the

phase adjacent to the surface respectively.

Fibrinogen and albumin were used as model proteins due to their relatively high
abundance in plasma making their investigation applicable to biomaterial evaluation.
Here we show fibrinogen adsorbing onto a chemically defined hydrophilic surface as
example data to demonstrate calibration of QCM and amido black protein assay.

Saturation curves constructed using the three techniques are shown in Figure 5.2.
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Figure 5.2. Saturation curves of fibrinogen adsorbing onto a model hydrophilic surface.

Each of the saturation curves differ slightly due to the limitations of the three
techniques. Obviously the ‘Om values will differ because each of the methods gives a
number relating to the quantity of protein assessed, i.e. a frequency is given in Hz for
QCM. The fluorescence assay is the only method giving an absolute determination of
the amount ofadsorbed protein.

Binding affinity values should be the same for all techniques used to assess
protein adsorption because this value relates to the equilibrium linking adsorbing and
desorbing species, however, differences can be seen which demonstrates variability
between the methods. The detection method in each case could be affected by varying
parameters having an impact on the binding constant. It might be expected that a higher
value is found using QCM because the frequency shift includes viscoelastic factors of
the adsorbing layer. As protein is adsorbed the mass of water trapped between
neighbouring bound proteins will also contribute to the observed frequency change,
which will make adsorption appear to be more rapid initially, slowing earlier than it
actually does. Amido black staining could be affected by the orientation or
conformation ofthe bound protein, wherein geometric rearrangement ofthe protein may
cause different amounts of amine groups to be presented at the surface of the protein,
therefore having an impact on the number of dye molecules interacting with the protein.
Such differences may be useful if structural changes are investigated but the specific
binding nature of the naphthol blue black stain may influence quantitative analysis.
Nano Orange, however, uses a surfactant-type molecule which binds to the hydrophobic
regions of proteins. The fluorescent assay protocol described in this paper removes the
protein molecules attached to the surface after incubation allowing the fluorescent dye

to bind around the whole outer protein surface. Unlike the amido black assay the
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fluorescent assay is less affected by surface induced conformational changes of the
protein.

The Lineweaver-Burke linear form of each saturation curve can be obtained by
plotting 'I/Q' vs ‘7/C’ over a range of concentrations. Any deviation from an ideal
Langmuir curve can then be assessed. Such discrepancies may occur when investigating
protein adsorption due to the nature of the protein-surface interactions including
multiple-site binding and lateral interactions between binding proteins. The main
assumptions within this model are that the surface is completely homogenous with each
vacant surface site filled by one adsorbing species, and also that there are no lateral
interactions between bound species. Although the Langmuir model is generally a good
fit for most protein adsorption systems, proteins that spread or denature as they bind to
the surface are not accounted for and lateral interactions are likely. Deviations from the
Langmuir curve may also occur due to inaccuracies in measurement at the lower limits
of detection. For this reason only those points lying on a linear region have been used,

as shown in Figure 5.3.

QCM Amido Black l;luorescence
C

1/Protein Concentration /mg mu'""

Figure 5.3. Linear form of saturation curves for QCM, Amido black and fluorescence
assays.

The amount of fibrinogen adsorbed onto the hydrophilic surface is directly
related to the concentration ofthe incubated protein solution by the line equation from
the Nano Orange linear Langmuir plot, Figure 5.3c. Using this as a calibration method
for the other methods a plot can be constructed relating the QCM frequency shift and

amido black absorbance units to the mass of fibrinogen adsorbed, Figure 5.4.
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Figure 5.4. Calibration plot for QCM and Amido Black using a fluorescence assay as

an absolute measure of surface bound protein.

If calibration is conducted on the same protein-surface system then it may be useful to
convert data by means of calculation rather than graphically. This can be done by
constructing the linear Langmuir plots for each method as shown in Figure 5.3, and
relating the y-axis ofthe non-calibrated method to adsorbed protein mass from the Nano

Orange assay (plotted in ng mL'l) using the following equation:

1 1 (Gradienta- Gradient”)

Massing cm~ Concentration fmgm L5 Equation (5 3)

[P}

where subscripts ‘a’ and ‘b’ denote values obtained for fluorescence and the

non-quantitative technique respectively.

Due to small changes which may arise between proteins adsorbing onto different

surfaces (see below) it may be best to calibrate each protein-surface system separately.

5.2.5 ‘Flat’ Hydrophilic vs Hydrophobic Surfaces

To further establish the use of the fluorescent assay method for the
quantification of surface bound protein the adsorption characteristics of fibrinogen were
investigated further, comparing hydrophilic and hydrophobic surfaces. Albumin

adsorption onto the model surfaces was also studied. It should be noted that
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protein-protein variability may cause differences in detection; therefore calibration
should be conducted for each protein used.

The adsorption profiles and saturation curves for albumin and fibrinogen onto
heptanethiol and mercaptoethanol surfaces obtained using QCM have been previously
reported and described in chapter 3. It was found that proteins binding strongly to
surfaces become deformed, spreading over the surface giving rise to lower total

amounts adsorbed.s

5.2.5.1 Quartz Crystal Microbalance (QCM)

QCM results showed that both albumin and fibrinogen adsorbed more rapidly
onto hydrophobic surfaces although this effect was much more pronounced for albumin,
as detailed in chapter 3. A lower saturation level was observed for both proteins
adsorbing onto hydrophobic substrates, suggesting surface induced deformation due to
hydrophobic binding. Mass loading calculated using the Sauerbrey equation gave values
in the region of 1720 and 780 ng cm' for fibrinogen and albumin respectively,
Table 5.1. The fraction of this mass contribution arising from entrapped water and
viscoelastic effects cannot be calculated from QCM data alone. Other researchers often
use a combination of techniques to gain a more complete picture about the adsorbing
species. For instance, ellipsometry can give information on adsorbed layer thickness
which can be used in conjunction with QCM to better estimate the mass of adsorbed

layer.

Table 5.1. Data obtained from QCM measurements (chapter 3).s

Saturation Mass of adsorbed Protein from Nano Orange
Sauerbrey Mass
Frequency Value Assay /ng cm'2
Loading /ng cm'2
/Hz Using OH Calibration Using CH3 Calibration
Fg OHa 102.0 1805.4 377 341
FgCH3a 96.2 1702.7 280 289
BSA OH 47.2 835.4 240 337
BSA CH3 40.9 723.9 218 289

"OH and CH3represent hydrophilic and hydrophobic surfaces respectively.

Flere we used the Nano Orange calibration ofthe QCM to assess the actual protein mass
absorbed, finding values similar to those reported by others using surface plasmon

resonance:s and radiolabellingso Small differences were observed when cross calibration
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was checked, i.e. using the calibration plot for fibrinogen onto hydrophilic surfaces to
assess the amount of fibrinogen adsorbed onto a hydrophobic surface and vice versa.
Results show that fibrinogen calibrations were consistent although much larger variation
was observed for albumin, Table 5.1. This is possibly because albumin deforms to a
greater extent than fibrinogen, supporting data reported in chapters 3 and 4.5 Because
proteins can denature and spread as they adsorb onto a surface, having differing
conformations and orientations on different surfaces, each protein-surface system tested

was calibrated separately.

5.2.5.2 Amido Black Assay

As with QCM results the amide black assay showed an increase in the amount of
protein adsorbed with increasing protein concentration, Figure 5.5. On all surfaces
tested fibrinogen gave rise to a higher absorbance in the amido black assay when
compared to albumin, most probably due to fibrinogen having a higher number of

amino acids with amine side chains that bind to the dye molecule.
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o
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a Fg Hydrophobic
0.01 +  BSA Hydrophilic
) o BSA Hydrophobic
0.00-
0.0 0.5 1.0 1.5 2.0

Protein Concentration / mg mL"
Figure 5.5. Saturation curves for fibrinogen and albumin onto ‘flat’ hydrophobic and

hydrophilic surfaces obtained using the amido black assay.

The amido black assay, in good agreement with QCM data, showed that

fibrinogen and albumin adsorbed in higher amounts to hydrophilic surfaces.
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Table 5.2. Data obtained from amido black assay.

Saturation Value Mass ofadsorbed Protein from
/102 Abs 620 nm  Fluorescence Assay /ng cm

Fg OHa  7.743 + 0.224 450 35
Fe CRYD  6.531+ 0.349 285 + 26
BSA OH  5.224+ 0.751 301 + 1
BSA CH3  2.981+ 0.597 271 + 11

aOH and CH3represent hydrophilic and hydrophobic surfaces respectively.

5.2.5.3 Nano Orange Assay

Absorbance values obtained when conducting an amido black assay of surface
bound protein allows only relative amounts of protein to be assessed. Likewise,
problems associated with QCM mass measurement of non-rigid systems can result in
misleading or inaccurate quantitation. External calibration is therefore required when
using such methods to achieve quantitative information. Solution phase protein assays
can easily be calibrated by a number of common methods such as UV spectroscopy or
the Bradford assay, although these are limited to solutions with concentrations above
50 pg mL+1 and 1pg mL-: respectively. An assay examining a monolayer of adsorbed
protein in the range of 300-400 ng cm" would require the use of a surface area of
approx{mately 4 cm” for the adsorbed protein quantity even to be detectable by these
methods. Fluorometric assays are much more sensitive to small amounts of protein
stretching the limits of detection down to ng mL'l. The Nano Orange fluorescence assay
can either be used as a calibration for other methods or as a stand-alone method for the

detection of surface bound proteins.
Saturation curves constructed using Nano Orange show the same trends as those

for QCM: and amido black although the surface concentration of protein can be

assessed directly, Figure 5.6.
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Figure 5.6. Saturation curves for a) fibrinogen and b) albumin onto ‘flat’ hydrophobic
and hydrophilic surfaces obtained from Nano Orange assay. Solid lines show fitted

Langmuir curves.

Binding affinities can be found from the shape ofthe fitted Langmuir curve. The
‘k’> value relates to the equilibrium position between adsorbing and desorbing species,
being higher with higher adsorbate-adsorbent interaction. Binding affinity values from
QCM will include entrapped water mass and viscoelasctic contributions for the
adsorbing layer. The non-specific nature ofthe amido black stain can cause variations in
results due to the geometry of the surface-bound protein as discussed above. Nano
Orange is not affected as much by such factors and can therefore be considered to give
more accurate information with regard to binding affinity.

The binding affinities of fibrinogen and albumin adsorbing onto hydrophilic and
hydrophobic surface are compared in Table 5.3. All three techniques show that both
proteins tested have a higher affinity towards hydrophobic surfaces, although bind with
lower saturation values. This is consistent with the hypothesis that proteins may deform

to a greater extent upon binding to a surface with a high protein-surface affinity.

Table 5.3. Data obtained from Nano Orange fluorometric assay.

QCM Binding Amido Black Nano Orange

. Binding Binding

Affinity Affinity Affinity
Fg OHa 10.9 3.8840.34  1.43+0.29
FgCH 3b 36.0 115842.90 533 + 1.01
BSA OH 53 110033 248+ 1.05
BSA CH; 5.4 123+ 053 4.00 % 0.86

"OH and CH: represent hydrophilic and hydrophobic surfaces respectively.
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Examination of the protein binding affinity of the different proteins to the
hydrophobic versus hydrophilic surfaces was found to vary in a similar fashion,
irrespective of the analysis techniques used. Thus for fibrinogen the affinity to the
hydrophobic versus hydrophilic surface was found to be approximately 270 % higher
from the fluorometric assay, 230 % from QCM and 200 % from the amido black assay.
Albumin also showed a greater affinity towards hydrophobic surfaces.

The protein adsorption trends observed by QCM and amido black assay were
verified by the Nano Orange assay, although the differences reported between the
techniques highlight the possibility for mis-interpretation when using the

non-quantitative techniques in isolation.

5.2.6 Porous Surfaces

Many techniques used to study protein adhesion processes cannot be employed
when examining porous or very rough surfaces. QCM crystals can be coated with any
number of surfaces but problems associated when using rough surfaces with QCM are
well known. Liquid may become entrapped at the surface, acting as a rigid mass causing

1519

a crystal response.T Other mechanisms accounti*ng for this differing frequency
response have been proposed, including interfacial slip where the liquid slips across the
surface of the crystal due to the shear mode of oscillationss.;s Porous materials
produced from hydrophobic materials are superhydrophobic, meaning that water on the
surface will not enter the pores but instead bridge across neighbouring pore walls.ss It is
also possible that entrapment of gas within the pore network is responsible for the
differing QCM frequency response to mass loading.Tg Ellipsometry also cannot be used
to examine porous or rough surfaces because any adsorption inside a material cannot be
observed.

With the recent interest in superhydrophobicity and superhydrophilicity for a
number of applications,ss-«o and protein adsorption being shown to be controlled by
surface topography.+ porous materials are of potential interest for biomedical and
biosensor applications. It is clear however that conventional quantification techniques
have inherent problems when rough or porous surfaces are to be analysed. For this
reason we show the use of Nano Orange for just such an investigation, comparing it to
amido black staining as above.

Porous silica materials were used that can be produced as superhydrophobic

surface coatings and by thermal treatment be switched to become superhydrophilic.ss
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These materials have high surface areas exceeding 300 m’ g'1 onto which protein

adsorption may take place, Figure 5.7.

Figure 5.7. Scanning electron micrograph of porous material. Insert shows enlarged

region. Scale bars indicate 10 pm.

The water contact angle on the flat hydrophobic material is ‘#s’ = 107°, whereas the
porous hydrophobic material having the same surface chemistry has a water contact

3

angle = 152°. From the Cassie-Baxter relationship, Equation 5.4;9 it can be shown
as water does not penetrate into the pores of the hydrophobic material, only -16.5 % of
the base of the water droplet will interact with the surface material, the remainder of the
base being entrapped gas. This should restrict the available surface area for protein

adsorption.

cost#,. =/ cos#v+(1-/) cos#v Equation (5.4)

where \f is the fraction of the droplet base in contact with the surface and ‘#x’ is the

contact angle of water on air - assumed to be 1 80°.
When these porous materials are hydrophilic the surfaces are superhydrophilic, with the

liquid phase readily penetrating into the pore network providing a much greater surface

area for protein adsorption.
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The porosity of the material used was characterised by nitrogen adsorption,
having predominantly micropores that proteins would be too large to enter. The external
surface area available for protein adsorption was found to be 36.0 m:g- by the
difference between total and micropore surface area. The V-t method was used wherein
the micropore volume was determined by the de Boer method, involving the
measurement of nitrogen adsorbed at low pressures. A t-plot is a visual representation of
volume of gas adsorbed versus the statistical thickness of the adsorbed film, ‘f . Using
the value of 36.0 m: g1 surface area of the sample used it was calculated that each well
used for protein incubation had approximately 440 times the available surface area

compared to flat surfaces tested.

Data from the fluorometric analysis was normalised to available surface area per
well, i.e. a much larger surface area was available for protein adsorption when using
superhydrophilic compared to superhydrophobic surfaces. However, very low saturation
values were observed for both proteins adsorbed onto superhydrophilic surfaces, with
approximately a 100-fold decrease compared to flat surfaces, Figure 5.8a, data is

summarized in Table 5.4, (compared to Table 5.2).
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Figure 5.8. Saturation curves for albumin and fibrinogen onto a) superhydrophilic and
b) superhydrophobic surfaces obtained using the Nano Orange assay. Lines show fitted

Langmuir curves.

This difference in the amount of protein adsorbed may be due to differences in
protein transport to the surface of the material. Transport of a protein molecule to a flat
surface would depend largely on its diffusion through the liquid to the solid-liquid

interface. When considering porous materials most ofthe surface area is within the bulk
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and although the protein solution can penetrate into the porous network a longer period

oftime may be required for the protein adsorption process to reach equilibrium.

Table 5.4. Fibrinogen and albumin adsorption parameters onto superhydrophobic and

superhydrophilic surfaces by fluorometric analysis.

L . Saturation

Binding Affinity Value / ng cm-
Fg OHa 0.76 £ 0.20 4.62 £ 0.63
Fg CH3b 3.62 £ 1.32 2994 £319
BSA OH 5.08+0.67 3.09 £0.10
BSA CH3 3.34+ 1.23 2410 £267

°OH and CH3represent hydrophilic and hydrophobic surfaces respectively.

The superhydrophobic materials show a massive increase in the surface
concentration of surface bound protein when normalised to available surface area,
Figure 5.8b. These values far exceed those for flat surfaces which may suggest that the
protein serves as a surfactant allowing the aqueous phase to interact with a greater
substrate surface area than expected (see above). The adsorbed protein layer may aid the
protein solution to penetrate further into the porous coating expanding the surface area
in contact with the aqueous phase and thus allow more protein molecules to adsorb. In
this way the protein front may push into the pored network.

Binding constants show that fibrinogen has a greater affinity towards
superhydrophobic compared to superhydrophilic surfaces. Albumin in contrast to
fibrinogen is shown to have a higher affinity towards the superhydrophilic compared to
superhydrophobic surface which indicates a significant difference in protein adsorption
characteristics with regards to surface roughness effects on hydrophobicity and
hydrophilicity.

Amido black assay was also used to assess fibrinogen and albumin adsorption
onto these porous materials. Higher quantities of both proteins were found to adsorb
onto superhydrophilic compared to superhydrophobic materials when data was not
normalised to surface area, Figure 5.9. Due to difficulties in determining the actual
surface area presented to the protein solution by the superhydrophobic material only

relative amounts of protein can be assessed. Data is summarised in Table 5.5.
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Figure 5.9. Saturation curves for a) fibrinogen and b) albumin onto superhydrophobic
and superhydrophilic surfaces constructed using amido black assay. Solid lines

represent fitted Languir curves.

The saturation values show an increase in the amount of protein adsorbing per well of
approximately 700% when comparing to porous to flat hydrophilic surfaces, although
these values are again much lower than would be expected for a material offering such a

large surface area for protein adsorption.

Table 5.5. Fibrinogen and albumin adsorption parameters onto superhydrophobic and

superhydrophilic surfaces by amido black assay.

Saturation
Binding Affinity Value /1 0:
Abs 620 nm
Fg OHa 2.47 + 0.60 54.8 £4.9
Fg CHj” 4.60+0.98 6.0 £3.6
BSA OH 1.38 £0.45 365+ 5.4
BSA CH3 1.04 £0.32 104 £ 1.5

"OH and CH3represent hydrophi ic and hydrophobic surfaces respectively.

Binding constants were found to differ somewhat compared to those on flat surfaces.
Fibrinogen again had a higher affinity towards the superhydrophobic compared to
superhydrophilic material, although affinities towards both surfaces were about 40 %
and 60 % lower than on the corresponding hydrophilic and hydrophobic flat surfaces
respectively. Binding constants for albumin were similar to those on the flat surfaces
however average values possibly indicate a slightly higher affinity towards the

superhydrophilic surface, which supports data obtained by fluorometry.
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5.3 Discussion

A novel use for the Nano Orange assay has been discussed, either as an external
calibration for other methods or as a stand-alone method for quantifying protein
adsorption. Data obtained for fibrinogen and albumin adsorbing onto flat chemically
defined hydrophilic and hydrophobic surfaces was compared for QCM, amido black and
fluorometric assays. The values obtained correspond well with those expected from
previous reportszeso These techniques were chosen to highlight the limitations of
current methods used to study protein adsorption, using fluorometry as a means to
quantify the amount of protein adsorbed onto various surfaces. The use of an off-the-
shelf fluorescence protein quantification kit (Molecular Probes) to analyse the amount
of protein adsorbed onto surfaces that can then be used to calibrate other non-
quantitative methods has been demonstrated.

Results showed trends in protein adhesion parameters which were common for
all three methods used, (Tables 5.1-5.3). A greater quantity of fibrinogen compared to
albumin adsorbed on surfaces having the same chemistry, with both proteins generally
having a higher affinity but lower saturation values on hydrophobic surfaces. This may
indicate that as the protein molecules interact with the hydrophobic surface, deformation
of their secondary structure occurs to minimize interaction with surrounding water, as
discussed in previous chapters. Surface-protein hydrophobic bonding which is known to
play a dominant role in surface-protein interactions possibly drives the adsorption
process and structural change.s

Some differences between the methods were, however, highlighted which may
be due to the non-specific binding of the fluorescent dye used due to its surfactant
nature. The Nano Orange assay showed a greater difference between the amount of
fibrinogen adsorbed onto hydrophilic compared to hydrophobic surfaces, which may
indicate that a large proportion ofthe QCM frequency shift arises from the viscoelastic
properties of the adsorbing protein layer. Albumin however is much smaller in size than
fibrinogen and so viscoelastic effects are assumed to be lower. The proportions of
albumin adsorbed onto the two surface chemistries correlate well between QCM and
fluorometry, although the amido black assay results differ. Variation may be due to the
specific binding of the amido black stain which could be hindered by conformation or
orientational changes ofthe surface-bound proteins.

Binding affinities assessed by all three methods showed good correlation, with

fibrinogen having a higher affinity towards hydrophobic compared to hydrophilic
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surfaces, with an increase of 270 %, 230 % and 200 % being observed by fluorometric
analysis, QCM and amide black assay respectively. Albumin also has a higher affinity
towards hydrophobic surfaces with values reported by QCM and amido black assay
being in good agreement.

The porous coatings investigated allowed protein adsorption to be assessed on
superhydrophilic compared to superhydrophobic materials. It was assumed that because
the aqueous phase penetrated into the hydrophilic network a much higher surface area
would be available for protein adsorption, and conversely that a lower surface area was
presented by the superhydrophobic material due to bridging-type wetting, as discussed
above. Results showed that the surface density of protein when normalised to surface
area was much less than would have been expected. This could be due to protein
transport through the porous material which may extend adsorption equilibrium times
dramatically. Saturation values on superhydrophilic materials were also quite different.
A much greater amount of protein was observed on superhydrophobic surfaces than was
expected, which may be explained by the surfactant nature of the adsorbing layer,

although this is currently a hypothesis that requires further investigation.

Binding affinities for proteins adsorbing onto porous materials were also quite
different from those on the flat surfaces tested. Fibrinogen showed a greater affinity
towards the superhydrophobic compared to superhydrophilic materials but values were
-50 % and 70 % lower than those on flat hydrophilic and hydrophobic surfaces
respectively. Albumin was found possibly to have a slightly higher affinity towards the

superhydrophilic compared to the superhydrophobic surface.

5.4 Conclusions

Techniques such as QCM and ellipsometry are commonly used for the study of
protein adsorption, although such methods rely on basic assumptions that may not be
strictly true for protein adsorption systems. These problems can lead to the
misinterpretation of data, especially when calculating the mass of protein adsorbed at a
solid-liquid interface. Other methods used to compare protein adsorption onto different
surfaces, such as amido black staining, only give an indication of the relative amounts
adsorbed. The key issue with all these techniques is that they lack the ability to give

quantitative information.
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The use of fluorimetry has allowed the detection and accurate quantification of
protein in solution in the order of nanograms per mL, permitting measurement of
protein adsorbed onto flat surfaces of a ‘usable size’ for laboratory methods. The
adsorption characteristics of fibrinogen and albumin onto model hydrophobic and
hydrophilic surfaces have been analysed by QCM, amido black staining and results
compared to those obtained by fluorometric assay. Furthermore, the use of porous
coatings was investigated with results from amido black and fluorometric methods
being compared. The latter investigation could not be conducted by QCM due to
practical experimental difficulties involved with flowing liquids over superhydrophobic
surfaces giving an unstable resonant crystal frequency, and problems associated with
data interpretation as described above.

Because the results from the three methods are largely comparable over the
range of protein concentrations analysed, it is possible to use the protein quantities
determined by fluorometric analysis as a means of standardising or calibrating both
QCM and amido black assay methods. A protocol has been developed wherein a
standard off-the-shelf fluorometric assay can be used either in collaboration with other
methods, acting as an external calibration, or as a stand-alone assay as a novel method
for constructing protein saturation curves. The benefits of this method over current
techniques are the speed and absolute quantification of protein loading, as well as the
different types of surfaces which can be investigated.

This fluorometric method is three orders of magnitude more sensitive than
standard colourimetric methods used to detect proteins, which means that to detect sub-
monolayers of protein, considerably smaller surface areas can be used. Experimentally
this is more practical when studying flat surfaces. Non-porous materials can also be
used allowing protein adsorption to be further characterised on materials exhibiting
superhydrophobicity and superhydrophilicity.

It was found that the presence of surface roughness affects the binding
characteristics of proteins, with albumin possibly having a higher affinity towards
superhydrophilic compared to superhydrophobic materials. Protein adsorption
characteristics are known to be controlled by surface chemistry and topography, with
many studies examining the effects of hydrophobic compared to hydrophilic surfaces.
To our knowledge this is the first report examining protein adsorption onto
superhydrophilic and superhydrophilic materials. Topographically textured and porous

surfaces may complement surface chemistry affects, leading to the enhancement of
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biomaterials and biosensor devices. Because conventional techniques that are used to
monitor protein adsorption processes only give an indication of processes occurring at

solid-liquid interfaces, the search for new methods that give absolute information is

essential.
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Chapter 6:
General Discussion.

Conclusions and Future

Work

6.1 Discussion and Conclusions

The previous chapters of this thesis examine the influence of surface parameters
on protein adsorption processes. Surface chemistry has been shown to play an important
role in the rate and total amount of protein adsorbed at equilibrium and in Chapter 4 the
effect of surface topography in combination with surface chemistry was also considered
using nano-sized surface curvature as a model system. This chapter includes a general
discussion of the data presented, highlighting the key issues advances reported in this
thesis. The final sections focus o11 areas which could be investigated further to develop a

greater understanding ofthe principles affecting protein adsorption.
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Two model surfaces were chosen allowing the investigation of protein
adsorption with respect to surface wettability, comparing hydrophilic to hydrophobic
surfaces. Albumin and fibrinogen are two serum proteins having contrasting sizes and
shapes which are found in high concentrations at medical implant sites. These proteins
were therefore chosen as model proteins to examine the influence of surface parameters
with respect to medical implant surfaces. Because of the many thousands of proteins
present in serum it was also useful to observe effects related to the differing size and
shape ofthe adsorbing proteins.

Data shown in Chapter 3 strongly suggests that albumin and fibrinogen imdergo
differing adsorption processes due to their differing shapes. Fibrinogen is elongated and
so can adsorb in two distinctly different orientations and therefore adsorbs in a two-
stage process which was observed by QCM. Upon adsorption from solutions
>0.5mgmL: it was found that fibrinogen adsorbed in a stepwise fashion, wherein the
primary adsorption took place with the molecule most probably lying with its long axis
parallel to the surface. It is suggested that rearrangement then takes place, driven by
intermolecular hydrophobic bonding between neighbouring adsorbed fibrinogen
molecules, resulting in the molecules standing with their long axis perpendicular to the
surface. Albumin, in contrast, is a globular protein which can adsorb in many differing
orientations to achieve the same surface coverage and was seen to undergo a
single-stage adsorption process.

Several studies by others have implied that proteins may become denatured on
some surfaces spreading as they attach, although detailed assessment of this structural
change had not been conducted. Particular attention to the conformational analysis of
surface-bound proteins has been made throughout the investigations reported here. The
data shown in Chapter 3 show that both albumin and fibrinogen experience a stronger
affinity towards hydrophobic compared to hydrophilic surfaces. This strong interaction
causes a greater degree of protein deformation as confirmed by a loss of ordered
secondary structure. In Chapter 4 the influence of surface chemistry was shown to be
compounded by surface curvature. Onto particles with radii > 30 nm fibrinogen was
found to adsorb with similar conformation to that on ‘flat’ surfaces, although onto
smaller particles (with higher surface curvature) fibrinogen experienced greater
deformation possibly due to the molecule folding around the observed surface
curvature. Albumin, again due to its differing shape, was found to behave in an

opposing manner, having more disordered structure on larger particles. This is possibly
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due to the globular protein having a larger protein-surface interaction area on the larger
particles.

The methods commonly used to study protein adsorption are directly
quantitative. Many techniques such as QCM and ellipsometry rely on basic assumptions
which may not be strictly true when examining protein adsorption systems. Other
methods are strongly affected by the adsorbed conformation and orientation of the
adsorbed protein which may lead to mis-interpretation of results. Some information on
the relative amounts of protein adsorbed can be gained but such methods do not readily
give absolute quantification of surface-bound protein. For these reasons Chapter 5 was
dedicated to the calibration of surface analysis techniques. A fluorometric assay was
employed for the absolute quantification of surface-bound protein. A protocol was
established whereby any number of surfaces could be investigated.

QCM data presented in Chapter 3 was compared to an amido black assay of
albumin and fibrinogen adsorbing onto hydrophilic and hydrophobic surfaces. Results
show that the fluorometric assay can be used to act as either an external calibrant for
other techniques or as an independent assay. The nature of QCM and ellipsometric
techniques dictates that flat surfaces must be used when studying adsorption processes.
This severely limits the investigation of protein adsorption onto topographically
different surfaces, a surface parameter which has been shown to have a major impact on
adsorption characteristics. The fluormetric method described in Chapter 5 was used to
study the adsorption of fibrinogen and albumin onto very rough, porous surfaces to
highlight its advantage over other techniques. Materials with contrasting wettabilities
were prepared, allowing superhydrophobic and superhydrophilic coatings to be
compared. Roughness enhanced wettability is an emerging area of interest in both
chemistry and physics due to the interesting differences of the materials related to their
flat counterparts. Results showed interesting differences compared to other protein-
surface systems studied in this thesis, with albumin possibly having a higher affinity
towards superhydrophilic compared to superhydrophobic materials. A much greater (10
fold) amount of protein was found to adsorb onto superhydrophobic surfaces than was
expected. The data was normalised to the surface area expected to be available for
protein adsorption although the adsorbed protein may act as a surfactant guiding layer
allowing the protein solution to enter pait-way into the surface. This would expose more
surface area onto which protein adsorption may take place, thereby accounting for the

increase in protein quantity observed.
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From the above discussion it is clear that surface-protein interactions are
governed by the nature of the underlying surface onto which they adsorb. Surface
chemistry at the molecular level and topography on the nano-scale have been shown to
impact on protein-surface affinity and therefore on the rates and total amounts adsorbed
upon surface saturation. Once adsorbed the chemistry and topography also dictate to
what extent a protein molecule is denatured and therefore how much activity will be
retained. The investigation of other parameters will lead not only to a better
understanding of protein-surface interactions but fine tuning of the parameters relating
to a specific application, such as medical implant coatings, will bring about tailored

material properties.

Surface
Characteristics

Environmental

Solution Parameters Parameters
Protein
Surface Bioelectronics

. Interactions
Biosensors
Hybrid
Materials
Drug Delivery

Anti-Bacterial / Fungal

Systems Coatings

Figure 6.1. Protein-surface interactions are at the heart of many of today’s leading

research areas.

Once the principles underpinning the control of protein adsorption, and in
particular the conformation (and thus activity) of surface-bound proteins have been
established, a new era in the design of advanced materials will be possible. A new breed
of so-called ‘smart materials’ will impact on almost every aspect of life, from medical
implants with rapid and controlled healing abilities to ultra-antibacterial surface

coatings, Figure 6.1.
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6.2 Further Work

Some other investigations that could be carried out to further understand the
importance of surface characteristics in relation to protein adsorption are listed below.
These are an extension ofthe work reported in this thesis. Simple extensions such as the
investigation onto differing chemical surfaces are not listed. Hydrophilic and
hydrophobic model chemistries have been covered herein, but an obvious progression
would be to examine surfaces with differing charge, such as amine or carboxylic acid

terminated surfaces.

6.2.1 Infrared Experiments Supporting Chapter 3

Infrared spectroscopy has been used to assess the conformation of surface-bound
proteins as described in Chapters 3 and 4, although the technique can also be used to
follow the adsorption process in situ. Various surfaces could be assessed by deposition
of, for example, polymer layers on the upper surface of an ATR crystal. If coatings are
used that are transparent or weakly adsorbing in the infrared range of interest then an
adsorbing layer of protein can be detected, although it should be noted that such
coatings must not exceed the thickness of the evanescent wave penetration depth,
equation 2.14. Some initial data is shown below for just such a study, comparing
hydrophilic and hydrophobic surfaces. An increasing amide I or amide II band indicates
a higher quantity of protein adjacent to the crystal surface, Figure 2a. Differences
between the amide I/II ratios may indicate changes in orientation with respect to time,

as highlighted for fibrinogen in Figure 6.2b.
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Figure 6.2. Fibrinogen adsorption followed by FTIR-ATR, a) adsorption onto a plasma
deposited hexane polymer (water contact angle 90°), b) comparison of amide I/Il areca
ratios for adsorption onto plasma deposited polymers: O hexane CA 90°, o hexane with

some surface hydroxyls CA 60°, A allylamine CA -30° and O zinc selenide CA -25°.
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Onto successively hydrophobic surfaces fibrinogen amide I/II ratios tend to decrease.
This may indicate the denaturing of the adsorbing protein. Further investigation of the
spectra recorded over the varying time domains will allow conformational changes to be
assessed with respect to time. I hypothesise that onto hydrophilic surfaces a gradual
decrease in ordered secondary structure will be observed until the adsorbing protein
molecules reach conformational equilibrium within a few minutes of attachment.
Proteins adsorbing onto hydrophobic surfaces however will most probably become
denatured very rapidly upon adsorption, with their ordered secondary structure steadily

decreasing over time as relaxation occurs until the protein layer reaches equilibrium.

6.2.2 The Vroman Effect - Competitive Binding of Proteins

The investigations reported in this thesis examine only single protein systems,
although physiological enviromnents would be flooded with many hundreds of differing
proteins, each adsorbing and desorbing at differing rates due to specific and non-
specific protein-surface interactions. The Vroman effect suggests that the initial
adsorbed protein layer will change over time until an equilibrium is reached, at which
time some proteins will dominate the surface. Such surface enrichment, as discussed in
Chapter 1, will be governed by protein-surface interactions. Surface chemistry and
topography can be used to control protein-surface affinity and the conformation of
surface-bound proteins. Because different proteins react differently to these changes (as
reported for fibrinogen and albumin) it may be possible to use surface chemistry and
topography together to control which proteins are present at an interface. I hypothesise
that the Vroman effect can be shifted by changes in surface parameters.

An adaptation of the protocol described in Chapter 4 can be made to extend the
investigation to monitor multi-component protein systems. Briefly, proteins can adsorb
onto varying nano-sized particles with defined terminal chemistry from solutions
confining protein mixtures. After a required incubation period aliquots can be taken and
the proteins remaining in solution separated and quantified, Figure 6.3. The amount of

each protein adsorbed can then be calculated by mass balance.

Page 137



Chapter 6: Discussion, Conclusions and Future Work

Protein solution

added Separate by
chromatography
1) Incubate
(0]
2) Centrifuge
Particle
suspension .
Time

Figure 6.3. Schematic of proposed protocol to assess competitive adsorption with

respect to surface chemistry and topography.

Differing incubation times can be investigated to build up a picture of the whole
adsorption and enrichment process, whist a wider experiment can be conducted over a
number of sized particles with a range of surface chemistries, using a long incubation
time to make certain that equilibrium has been established. Simple protein mixtures in
ratios which are representative of those observed in a physiological environment could
be used as a starting point, although much more sophisticated mixtures could be
accommodated after initial method development.

The results of such a study would have an enormous impact on the biomaterials
community, highlighting the types of surfaces which could be most useful, i.e. those

which guide surface enrichment of the cell adhesive proteins.

6.2.3 Cell-Surface Interactions - Nano-Topography

Protein conformations and adsorption characteristics have been investigated onto
nano-sized particles. A direct extension of the work described in Chapter 4 and a
progression of the experiments described in section ... would be to examine how
cells interact with proteins adsorbed on such substrates. This could be achieved by
forming a close packed layer of the silica particles as shown in Figure 6.4. and
incubating cells in media over these surfaces. Cell-surface attachment proceeds via
interaction with the pre-adsorbed protein layer as described in Chapter 1. By examining
how cells adhere and proliferate on these surfaces and comparing the observed effects to
the conformations of the bound proteins, a broader picture of how surface topography

impacts on biocompatibility issues can be realised.
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Figure 6.4. Scanning electron micrographs of close packed silica spheres on a glass
substrate, a) top face of sphere array and b) a boundary showing the multi-layers of

packed spheres.

The silica sphere arrays shown in Figure 6.4 were formed by a ‘reverse dip-coating'
process wherein the meniscus of a silica / ethanol suspension lowers as the solvent
evaporates. Varying sized spheres can be used and these can be chemically modified by
silylation, allowing differing surface chemistries to be investigated.

Inverse opaline surfaces can also be formed having even smaller surface
features. These can be fabricated by spin coating polymers over silica sphere arrays and

subsequently etching away the silica, Figure 6.5.

Silica
Polymer
Im m -

Figure 6.5. Schematic of inverse opal formation showing scanning electron

micrographs of surfaces before and after etching.
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In-filling of the inverse opal pores with a second material may allow alteration not only
of the chemistry presented at the surface but also material properties such as elasticity,

stiffness, etc.

6.3 Concluding Remarks

From the investigations reported in this thesis the impact of surface chemistry
and topography on the adsorption characteristics of proteins is clear. It has been shown
that protein-surface interactions differ greatly depending on the type of protein and the
substrate used. The key issues highlighted here are that protein-surface affinity, and
therefore the amount of specific proteins at saturation can be controlled. Furthermore it
has been demonstrated that conformational changes of surface-bound proteins, which
link directly to their activity, can be guided by the underlying surface. Armed with this
knowledge one may investigate further to establish the criteria for enhanced materials-
those which can either induce rapid cell adhesion or prevent proteins from binding at the

two extremes.
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