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Abstract
Stainless steel (SS) is the material of choice in a number of process industries ranging from food
and dairy to pharmaceuticals. Adsorption phenomena on SS surfaces are of paramount importance
in these industries. For example, protein adsorption constitutes a major issue in process
equipment, as the associated surface fouling decreases the efficiency of the overall process and
leads to an increase in operational costs because of the need for regular cleaning. In addition, the
adsorption of proteins at solid–liquid interfaces is an important research field with relevance in
biosensor and biomaterial applications.
The primary aim of this thesis was to understand the underlying adsorption properties of selected
protein onto SS surfaces and to identify the influence of specific amino acids on bio-fouling.
Protein adsorption experiments were carried out on 316 grade SS sensors using a quartz crystal
microbalance with dissipation (QCM-D). The proteins consisted of milk proteins (α-lactalbumin,
β-lactoglobulin, α-casein, β-casein, κ-casein and bovine serum albumin), blood proteins
(cytochrome-c, haemoglobin and myoglobin) and proteins of industrial and medical relevance (αchymotrypsinogen, human recombinant insulin, lysozyme and papain). The adsorption
characteristics of the test proteins were studied and an empirical correlation relating the amount of
protein adsorbed to their physical properties was proposed. Adsorption onto a SS surface was
followed on the QCM-D in real time and the amounts adsorbed calculated using the Sauerbrey
model. In addition, the binding kinetics was modelled using different theoretical models to
describe the adsorption mechanism. In all the proteins tested, the conformational change model
was found to fit considerably well the adsorption data. Finally, the data collected were used to
identify the physical properties of proteins that induce surface binding, with hydrophobic and
aromatic amino acids having the most effect on binding.
A second aspect investigated in the present work was the determination of hydration water
present in the adsorbed layer. In fact, water molecules, solvated ions and other small molecules in
the vicinity of the surface all play an important role in protein adsorption and often constitute a
large fraction of the total measured adsorbed mass. The fraction of water present on SS surfaces
along with adsorbed proteins was determined using fluorescently labelled proteins through a
comparative study that included QCM-D experiments as well as fluorescent light intensity
measurements. The results were similar for all proteins tested, indicating that 32-45.8% of the
total mass adsorbed composed of water.
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One last aspect considered in this thesis was the influence of the putative adhesive amino acid 3,
4-dihydroxyphenylalanine (DOPA). DOPA residues are present in high levels in the adhesive
proteins from marine mussels, hence are thought to facilitate surface attachment. The role of
DOPA residues in mediating protein adhesion on SS surfaces was studied using QCM-D. Two
repetitive peptide motifs extracted from the sequence of the mussel foot protein mefp-5,
KGYKYYGGSS and KGYKYY, were selected for this study. The two peptides contained
unmodified tyrosine (Y) residues, which were chemo-enzymatically modified to DOPA using
mushroom tyrosinase. Adsorption of the two sequences on SS surfaces was tested before and
after modification of tyrosine residues to DOPA. Conversion was linearly related to the
incubation time of the peptide fragments with mushroom tyrosinase, Amount of DOPA formed
was 70-99% of the tyrosine content in the peptides. QCM-D adsorption experiments on the
DOPA-modified sequences revealed four-fold greater adhesion than for unmodified mefp-5
motifs, indicating the paramount role that DOPA has on the adsorption of peptides on 316 grade
stainless steel.
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Chapter 1 - Introduction
1-1 Background and significance
Protein adsorption on surfaces is a major issue in the chemical and process industries.
Proteins are identified as the major components in deposits formed on the surfaces of
food and biotechnology processing equipment as well as biomedical devices.
Adsorbed proteins form a bio-layer detrimental to the quality standards in industrial
production, and are often associated with biological contamination as well as
efficiency loss in industrial equipment. Considerable effort and costs are devoted to
cleaning and maintenance of fouled process equipment, with direct implications in
the process economy (Changani et al., 1997).
Implantable bio-medical devices are also extremely sensitive to protein adsorption,
and the risk of infections and/or rejection of prostheses are highly correlated to the
presence of a bio-fouling layer (Jeurnink et al., 1996c). Protein adsorption and
subsequent deposition occurs rapidly on membranes employed in biomedical
equipment for the treatment of blood and blood fractions (example, hemodialysis,
plasmapheresis, plasma fractionation and leukofiltration), usually within seconds to
minutes after the first blood contact (Sun et al., 2003, Anand et al., 2010). This leads
to a drastic change in membrane characteristics and affects the efficiency of the entire
process (Yang and Etzel, 2003).
In the present work the aim was to improve understanding of protein adsorption on
316 grade stainless steel (SS) surfaces. Protein adsorption onto material surfaces has
been extensively investigated by a variety of techniques, including ellipsometry
(Höök et al., 2002), optical waveguide lightmode spectroscopy (OWLS) (Höök et al.,
2002), atomic force microscopy (AFM) (Mulheran and Kubiak, 2009), surface
plasmon resonance (SPR) (Goda and Miyahara, 2012b) and quartz crystal
microbalance with dissipation (QCM-D) (Chandrasekaran et al., 2012, Goda et al.,
2012a, Goda and Miyahara, 2012b, Höök et al., 2002, Mulheran and Kubiak, 2009,
Otzen et al., 2003, Ngadi et al., 2012). Amongst these, the QCM-D offers a precise
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and reliable way to characterize surface adsorption in real-time and in aqueous
solutions (Shen et al., 2001).
In this thesis, adsorption experiments were carried out on a set of proteins relevant to
the food, dairy, and biomedical industries, comprising eleven proteins characterized
by different physicochemical properties. The amount of protein adsorbed on SS was
determined using QCM-D. The possibility of monitoring the adsorption process in
real time, in situ, allows an opportunity to study the adsorption kinetics and develop
suitable models to describe the adsorption and desorption phenomena.
In addition to the adsorbed protein, QCM-D measurements measure water (or any
solvent or liquid molecules) that may couple as an additional mass via hydration or
entrapment in the cavities of the adsorbed layer. This means that the layer sensed is
essentially a combination of protein and water molecules on the surface of the SS
sensor. The typical amount of coupled water has been shown in different systems to
vary significantly depending upon the nature of the film, mass uptake and protein
characteristics (Schreiber and Haimovich, 1983).
Other authors have quantified typical water and protein mass fractions using
independent experimental techniques on two different sensors to study the amount of
water present in the protein adsorbed layer. In this study, a new technique was
developed to determine the fractions of adsorbed protein and associated water on a
single sensor by using fluorescently labelled proteins. The mass of protein adsorbed
was measured by comparing flourescence light intensity (through a calibration curve
relating light intensity to dry mass adsorbed) with the wet mass as determined by
QCM-D. Because the dry and wet mass experiments were performed on the same
sensor surface, this comparison offers an improved accuracy and reliability for
estimating the water content in the protein adsorbed layers.
A solution to combat fouling of surfaces in dairy and other process industries may be
to develop a functional biofilm that would adhere strongly to the surface of SS and, at
the same time, create a barrier to repel proteins. Ngadi (2009) and others have studied
the use of synthetic polymers, mainly poly(ethylene glycol), to create a proteinrepellent coating but often such coatings require surface preparation and are unstable.
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On the other hand, there are many examples of very effective natural adhesives, such
as the glue produced by large kelps to allow them to cling to a rocky shoreline
(Dimartino et al., 2013) and plant adhesives for self-healing and protection against
defects in wood (Keckes et al., 2003, Schreiber et al., 2005). Given the natural
tendency for proteins to bind to surfaces and the tenacity of some natural proteinbased adhesives, it was hypothesized that a coating inspired by nature might
spontaneously bind, prove to be very stable, and offer a platform for subsequent PEG
modification.
―Bio-inspired coatings‖ are synthetic coatings designed to mimic the surface
characteristics of selected biological species. The objective of creating biomimetic
adhesives lies in replicating the original interaction between an organism and a
surface, whether the surface is of biological or non-biological origin (Silverman and
Roberto, 2007). This research is an inspiration from the sea mussels that are able to
adhere strongly to wet surfaces through specialized adhesive plaques, namely the
mussel threads. The amino acid 3,4-dihydroxyphenylalanine (DOPA) is found in
large quantities in mussel adhesive proteins (MAPs) and so it is hypothesized that it
strongly contributes to bio-adhesion under water (Lee et al., 2011, Waite et al., 2005).
DOPA is formed through hydroxylation of tyrosine residues by a polyphenoloxidase
enzyme (Silverman and Roberto, 2007) and are thought to be crucial for both the
adhesive and cohesive properties of mussel foot proteins ( ilke and B rner, 2012).
Another remarkable characteristic of DOPA is its structural simplicity: DOPA and its
analogues are small and are therefore easily incorporated into materials destined for
adhesion to a wide variety of substrates (Brubaker and Messersmith, 2012).
In this study, the aim was to test the hypothesis that conversion of tyrosine to DOPA
would increase surface adsorption. Two particularly interesting peptide sequences,
KGYKYYGGSS and KGYKYY, taken from the full protein sequence of Mytilius
edulis foot protein 5 (mefp-5) were specifically considered. These peptide fragments
were chosen because of their high content of tyrosine residues, 50% and 30%,
respectively, providing a good basis to study the effect of the conversion of tyrosine
to DOPA on adsorption. The peptide sequences were chemo-enzymatically modified
by hydroxylating tyrosine residues to DOPA using mushroom tyrosinase. The
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percentage conversion of tyrosine to DOPA was determined and correlated to
adsorption of the motifs on SS surface using QCM-D. Increased adsorption of the
modified peptide sequences on SS was observed and quantified. Although not tested
in the current work, the chosen sequences, once modified, can potentially be
functionalized with PEG and used as a coating on surfaces thus presenting a
promising approach towards the development of anti-fouling adhesive biofilms,
inspired by mussel peptides that could potentially be used in various applications in
the food and pharmaceuticals industries.

1-2 Thesis Rationale and objectives:
The overall objective of this study was to obtain a deeper understanding of protein
adsorption on the surface of grade 316 SS and this was achieved by adsorption
studies performed using QCM-D. The specific objectives were as follows:
1) The key objective was to improve understanding of the adsorption of proteins
(food, dairy and commercial) on SS surfaces, using QCM-D as a measurement
tool. After attaining knowledge on the amount of adsorbed proteins on the
surface, relationships were identified between the various physical properties
and their relative adsorbed masses. To fully understand protein adsorption, the
contribution of water to QCM-D measurements must be determined, so a
second objective was to estimate the amount of hydration water embedded
within an adsorbed layer of proteins on a SS surface. To meet this secondary
aim, two independent experimental methods were applied in parallel, on a
single SS sensor surface. QCM-D offers a precise and reliable way to
characterise real-time surface adsorption in aqueous solutions but gives the
total mass constituting the adsorbed layer, including water molecules in the
hydration layer (Chandrasekaran et al., 2013). On the other hand, fluorescence
excited from fluorescently labelled proteins depends only on the amount of
protein present and is independent of the associated water. Fluorescence thus
offers a method to estimate only the fraction of protein adsorbed on the
surface, excluding any water contribution (Rodahl et al., 1996a). Using this
approach to account for associated water, the actual protein mass adsorbed
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could be determined, providing an improved quantitative, comparative study
between the various protein adsorption behaviours.
2) Taking inspiration from the marine world, another focus of the study was on
developing a biofilm that would spontaneously bind to SS surfaces and to
provide further insights into protein adsorption on SS surfaces using two
particularly interesting peptide fragments, KGYKYYGGSS (Peptide I) and
KGYKYY (Peptide II), taken from the full protein sequence of mefp-5. QCMD was used to compare their adsorption onto SS surfaces before and after
modification of tyrosine residues to DOPA using mushroom tyrosinase. Here,
modification was carried out through chemo-enzymatic modification of
tyrosine residues to DOPA using mushroom tyrosinase.

A high rate of

conversion to DOPA, with up to 97.6% of the tyrosine residues converted,
was obtained for the chosen peptide fragments and significant increases in
adsorption was observed after conversion.

1-3 Thesis organization
The remainder of this thesis is organized as follows:
Chapter 2: This chapter includes relevant background and a review of previous work
on fouling, protein adsorption mechanisms on surfaces, fouling of SS, QCM-D
measurements and mussel foot proteins for adhesive applications.
Chapter 3: In this chapter the adsorption behaviour of proteins onto SS grade 316
surfaces is explored using QCM-D. The chapter consists of four major parts: (1)
experimental work on adsorption of commercially obtained proteins, using QCM-D,
(2) development and application of a new technique combining fluorescence and
QCM-D measurements on a single sensor to determine the relative contributions of
water and protein to the mass of the adsorbed layer, (3) exploring the various
parameters affecting protein adsorption, including the use of principal component
analysis to examine the influence of amino acid characteristics found on the surface
of proteins and determining an empirical equation to assess their adsorption and (4)
kinetic models that describe reversible and irreversible protein adsorption.
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Chapter 4: In this chapter, the main aim was to provide further insights into
adsorption on SS of two particularly interesting mussel peptide sequences,
KGYKYYGGSS and KGYKYY, taken from the full protein sequence of mefp-5.
These peptide fragments were chosen because of their high content of tyrosine
residues, 50% and 30%, respectively, providing a good basis to study the effect of the
conversion of tyrosine to DOPA on adsorption. The peptide sequences were therefore
chemo-enzymatically modified by hydroxylating tyrosine residues to DOPA using
mushroom tyrosinase. The percentage conversion of tyrosine to DOPA was
determined and correlated to adsorption of the motifs on SS surfaces using QCM-D.
Significantly increased adsorption of the modified peptide sequences to SS was
observed and quantified, thus identifying a promising approach towards the
development of strongly adhesive biofilms, inspired by mussel peptides that could
potentially be used in various applications in the food and pharmaceuticals industries.
Chapter 5: Conclusions and future recommendations are summarized in this chapter.
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Chapter 2 - Literature Review
2-1 Introduction to fouling
In many processing industries, fouling of heat transfer surfaces is a major
contributing factor towards reduction in process efficiencies and performance with
respect to time. Fouling is a prevalent problem in the dairy, food processing plants
and pharmaceutical industries (Changani et al., 1997). Fouling of heat exchangers has
been investigated extensively for years (Bansal and Chen, 2005). This fouling is a
serious concern as it reduces heat transfer efficiency, increases pressure drop and
eventually affects the economy of the processing plant. As a result of fouling and
deposition of milk proteins on the surface, there is a possibility of deterioration of
product quality through microbial contamination because fluids used in the process
are not heated to the required temperature for sterilization. Protein adsorbed on
medical instruments prompt the adhesion of bacteria and hence spoil the sanitary
state of the surface (Sakiyama et al., 2004).
Processing over 13 billion litres of milk every year in New Zealand means that the
efficiency of the heating process is of paramount importance (Bansal and Chen, 2006,
Changani et al., 1997). Fouling related costs include over-sizing of heat exchangers,
extra fuel consumption, additional equipment requirements, lost productivity,
manpower and environmental conditions (Bansal and Chen, 2006, Ramachandra et
al., 2005). Total fouling costs equate to 0.25% of the gross national product (GNP)
for developed countries such as USA, and 0.15% of the GNP for industrialized
countries such as New Zealand (Ramachandra et al., 2005). This would amount to
approximately 300 million NZD expenditure towards fouling and maintenance by
industries belonging to the food production sector in New Zealand (Economics,
2013).

2-1-1 Importance of fouling in dairy industries
Fouling in dairy and food processing industries is more severe than in other industries
and involves rigorous and expensive cleaning steps that must be performed regularly
(Changani et al., 1997, Bansal and Chen, 2006). Fouling on a stainless steel (SS)
surface begins with the adsorption of proteins, followed by the deposition of protein
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on top of the initially adsorbed layer. The main difference between adsorption and
deposition is that adsorption of proteins refers to the process of proteins adhering to
the bare surface, during which the protein becomes unfolded and attached by strong
polar bonds. Deposition refers to the adherence of proteins on previously attached
proteins, forming a multi-layer of adsorbed proteins on the surface (Jeurnink et al.,
1996a). Studies have also shown that an increase in deposit and thus in fouling occurs
upon heating of aged skim milk because of the action of proteolytic enzymes
produced by bacteria in milk (Jeurnink et al., 1996b). The action of these enzymes
decreases the heat stability of the milk, indicating that there may be a relationship
between the heat stability and the amount of deposit (Visser and Jeurnink, 1997).
Increased fouling resistances and therefore decreased heat transfer coefficients,
decreased processing times; and increased frequency and duration of cleaning cycles
are other effects resulting from fouling (Ramachandra et al., 2005). Daily cleaning is
often needed in food plants using cleaning-in-place (CIP) systems. Two types of CIP
treatment are currently in place in the milk processing industries: two-stage cleaning,
which involves consecutive alkali and acid wash treatments; or single-stage cleaning,
using formulated detergents as well as chelating compounds (Changani et al., 1997).
In dairy industries, about 80% of the total production costs have been attributed to
fouling and cleaning of the dairy process equipment (Bansal and Chen, 2006).
Quality issues arising from fouling are equally important and there have been
instances in the past of shutdown of dairy and process plants due to concerns in the
product quality and contamination (Bansal and Chen, 2006). For example, in a heat
exchanger, fouling depends on bulk and surface processes. The steps include
denaturation and aggregation of proteins, followed by the transport of aggregated
proteins to the surface.
Milk is a complex biological fluid that contains a number of components. Its average
composition in weight % is: water – 87.5, total solids – 13.0 (fat – 3.9, lactose – 4.8,
proteins – 3.4 (casein – 2.6, β-lactoglobulin – 0.32, α-lactalbumin – 0.12), minerals –
0.8) and small quantities of other miscellaneous species (Bansal and Chen, 2005). Out
of these, β-lactoglobulin is known to contribute predominantly in fouling (Changani
et al., 1997, Bansal and Chen, 2005, Lalande et al., 1984). Dairy fouling is simplified
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to two stages: calcium phosphate fouling and whey protein fouling. The first step
involves the deposition of calcium ions on the surface causing calcium phosphate
fouling. This is then followed by the deposition of aggregated protein molecules on
the surface, resulting in whey protein fouling (Visser and Jeurnink, 1997). Of the milk
proteins, β-casein is known to form complexes with κ-casein, either at the surface of
casein micelles or in the serum, and hence is no longer available for the fouling
reaction. The calcium content in milk from various animal sources varies greatly. The
effect of the calcium content present in milk is directly proportional to fouling of
surfaces, such as the walls of the heat exchangers (Jeurnink et al., 1996c).
Several researchers have studied the relationship between the denaturation and
unfolding of whey proteins and fouling (Dannenberg and Kessler, 1988, Bennett,
2007, Manji and Kakuda, 1986, Hiddink et al., 1986). Lalande et al. (1984)
anticipated the spread of a deposit of β-lactoglobulin along a heat transfer surface
using the kinetic data on denaturation of the particular protein given by Lyster
(Lyster, 1970, Hillier and Lyster, 1979). De Jong et al. (1997) proposed a fouling
model based on the denaturation kinetics of β-lactoglobulin. Fouling of surfaces was
found to be proportional to the heating temperature of the milk in the process. From
these studies, it was concluded that preheating the bulk of the solution strongly
influenced the rate of deposition of the milk proteins on the surface leading to
interpretation that the deposition process is measured by the bulk reactions rather than
surface reactions (Jeurnink et al., 1996c).
As mentioned above, factors such as aggregation and denaturation of proteins are
found to have a direct influence on the fouling of surfaces. Apart from these
properties, there has been little work relating the physical properties of individual
dairy proteins to their propensity to foul surfaces. In Chapter 3 of this thesis, other
physical properties such as molecular weight (MW), charge on the surface of the
protein and surface accessible amino acid residues are explored in terms of its
adsorption to SS surface.

2-1-2 Choice of SS for adsorption studies (ISSF, 2010)
In addition to its use in food industries, SS is widely used in biomedical applications
because of its high corrosion resistance and durability (Sakiyama et al., 1998). SS is
9

one of the most widely used materials for a variety of applications. Being an alloy,
there is a possibility of formation of various oxides on its surface. This in turn leads
to changes in the mechanical, chemical and physical properties of SS. The specific
composition of 316 SS is iron (Fe), 16-18% chromium (Cr), 10-14% nickel (Ni), 23% molybdenum (Mo) and smaller amounts of manganese (Mn), silicon (Si) and
phosphorus (P) (Anand et al., 2010, Corporation, 2007). SS corrosion resistance to a
large extent, is due to the Cr-rich oxide layer that acts as a barrier against diffusion of
ions between the alloy and the solution phase that it is in contact with (Donik et al.,
2009). The Cr-oxide layer is related to the denaturation process. It has been shown
that the diffusion of hydroxide ions occurs in the foulant layer with disengagement of
protein aggregates and deposits near the surface.
It was possible to quantify the rate of deposition by relating it to the concentration of
activated molecules in solution, using a model for the denaturation and aggregation of
β-lactoglobulin (Manji and Kakuda, 1986). SS defined by the oxide layer interacts
with the protein with polar interactions, bonding with charged groups in the protein,
hydrogen bonding between the amine groups in the protein and the metal oxide and
interactions with the carboxyl and hydroxyl groups of the protein. Bansal et al. (2007)
studied the interaction of whey proteins with SS. The X-ray Photoelectron
Spectroscopy (XPS) analysis used in this study showed increased intensity of carbon,
oxygen and nitrogen as a result of protein deposition on the surface. Further, analysis
of this study showed the bonding of carbon and oxygen groups on the SS played a
significant role at the interface. SS being a polar, hydrophilic surface influenced the
rate of deposition of whey proteins on the surface. In the initial few minutes, there
was maximum deposition of the proteins and the deposition gradually decreased .
These studies showed that surface chemistry also influences deposition of whey
proteins on the surfaces of SS based on the interactions of the functional groups of the
proteins with the oxide layer formed on SS (Premathilaka et al., 2007).
The level of hygiene needed during the manufacture of dairy products has increased
so that the nutritional quality of the product is preserved (Lundin et al., 2012). The
modern-day dairy industry requires clean, corrosive-resistant SS equipment to meet
the needs of the milk product consumers. Earlier adsorption studies on 316 grade SS
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and chromium show limited release of metal during protein adsorption (Lundin et al.,
2012) . 316 grade SS is used in dairy industries, this has been the choice of SS in this
thesis too for studying the protein adsorption phenomena.

2-1-3 Fouling by protein adsorption on SS
Protein adsorbed on the equipment surface is one of the main components of fouling
and is found to be a severe problem for the food industry (Murray and Deshaires,
2000). Protein adsorption and desorption behaviour on surfaces has been extensively
researched to provide a better understanding of the mechanism and kinetics of
formation and removal of fouling deposits. Protein adsorption is the first step in the
integration of implanted devices or attachment to tissues in biomedical applications.
In nano-technology, protein-surface interactions are important for the arrangement of
protein constructs, such as sensors and activators (Gray, 2004). The adsorption of
proteins at solid-liquid interfaces has also been extensively studied by various
researchers (Wahlgren and Arnebrant, 1991). Lalande et al. (1984) reported that
protein deposits in milk processing plants constitutes about 50% of the fouling. Dairy
proteins such as β-lactoglobulin and α-lactalbumin are the two major whey proteins
present in bovine milk. These proteins are found to denature relatively quickly at high
temperatures to expose their core, which contains reactive sulfhydryl groups. The
denatured protein molecules then react with other protein molecules such as caseins
and form aggregates. β-lactoglobulin contains two disulfide bridges and one free thiol
group, which is "buried" in the interior of the molecule. Upon an increase in
temperature, a conformational change occurs, making the free thiol group accessible
for disulfide-thiol exchange reactions. This in turn leads to aggregation by interaction
between the intermolecular bonds between β-lactoglobulin molecules (Jeurnink et al.,
1996a). Studies on β-lactoglobulin adsorption on SS particles have shown that there
is an adsorption of the protein to SS due to the free sulfhydryl groups (Sakiyama et
al., 1998, Ngadi et al., 2008).
Studies on adsorption of β-casein, lysozyme and apo-α-lactalbumin performed by
Ngadi et al. (2009) showed that the adsorption of these proteins to SS was governed
by diffusion-reaction mechanisms. Ngadi et al. (2009) reported that β-casein is
expected to have a monolayer on the SS surface. The viscoelastic properties such as
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density, viscosity, elasticity, and thickness of the adsorbed protein layer are correlated
to the frequency changes (Δf) and dissipation factor from the QCM-D responses,
based on the Voigt model (Liu and Kim, 2009). The mass calculated by the Voigt
model ranged from 7 – 19 mg/m2. The area occupied by this adsorbed layer on the
sensor surface (termed as ―surface density‖) was determined to be 2.3 mg/m2,
approximately 4-5 times the dry mass of the protein. The conclusion drawn was that
multi-layers of β-casein were formed due to the hydrophobic and electrostatic
interactions to the surface. The conformational changes of the protein are expected to
reveal the negatively charged surface of the protein to the negatively charged surface
and hence causing repulsion in the adsorption experiments.
Ngadi et al. (2009) also studied the adsorption of lysozyme on SS. Lysozyme showed
fully irreversible adsorption even after 30 minutes buffer wash. The Voigt mass was
estimated to be 4-16 mg/m2. The surface density was found to be 3 mg/m2 forming
multi-layers due to conformational changes and aggregation. Kim et al. (2002)
studied the irreversible adsorption of lysozyme on mica surfaces. The force-volume
data determined a single layer of lysozyme adsorbed to the surface. Once adsorbed on
the surface, conformational changes were observed due to protein-surface
interactions. The study also revealed the importance ofhydrophobic attraction and
electrostatic repulsion in adsorption.
There are two types of α-lactalbumin – holo-α-lactalbumin (native form with calcium
present) and apo-α-lactalbumin (calcium depleted). Adsorption of α-lactalbumin in its
native form on SS was another protein studied by Ngadi et al (2009). The study
showed the Voigt mass of 4-16 mg/m2, surface density of 3 mg/m2 and irreversible
adsorption of the protein on SS surface, with 5 to 12 times greater adsorption when
compared to the dry mass. Also the adsorption induced structural changes causes
irreversibility of the protein on the SS surface. Bettoni (2001) studied conformational
changes caused by the conversation of the holo-to apo-α-lactalbumin due to the
exposure of the interior hydrophobic groups to interact with the surface. Cabilio et al.
(2000) studied the native α-lactalbumin and the carboxylate groups responsible for
interaction with the surface. Out of the 21 carboxyl groups present on the acidic
amino acids of the protein, four of them were bound to the calcium in its native
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structure and the remaining 17 carboxyl groups were available for surface binding to
occur. In the apo- form all 21 carboxylate groups bind to the surface causing
increased binding when compared with the native form.
Adsorption and desorption of other proteins such as bovine serum albumin (BSA) and
gelatin have also been studied and shown to exhibit different behaviour on solid
surfaces during adsorption due to the structure of the respective proteins. Once
proteins deposit on the surface, reactions occur that lead to removal of the top metal
layer from the surface, thus commencing the adhesion of micro-organisms that can be
extremely difficult to remove (Murray and Deshaires, 2000). Earlier studies have also
reported that fouling on surfaces is caused by aggregation of protein molecules
(Bansal and Chen, 2005, Bansal and Chen, 2006). Studies also identified the
functional groups of the proteins as well as the amount of fouling occurring on SS,
detected by XPS and ellipsometry by knowing the intensity of the functional groups.
Those with lower intensity were found to be buried in the interior of the fouled
surface (Premathilaka et al., 2007). The above mentioned studies have provided
knowledge of dairy proteins adsorbed on surfaces and the mechanisms governing
them. Few of the proteins have been explored from the viewpoint of the exterior
surface properties of the protein and interactions with the surface. In this thesis, the
main aim was to study the various physio-chemical properties of proteins such as
MW, charge of the protein and surface amino acid side chains and their influence on
adsorption.

2-2 Protein structure
Proteins are complex bio-molecules comprising amino acid residues, linked by
peptide bonds, in defined sequences. Each amino acid contains an acidic carboxyl
group (carboxyl terminus) and basic amine group (amino terminus), which form a
covalent peptide bond during translation of the DNA code in protein synthesis by the
ribosome. Proteins are also known as ―amphiphilic molecules‖ that contain
hydrophobic, hydrophilic, polar, non-polar and charged (both positive and negative)
regions.
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The shape a protein folds into is known as the native state of the protein. The
structure of protein molecules is organized into four different levels: primary,
secondary, tertiary, and quaternary (Fig. 2) (Bi et al., 1984). The structure of protein
molecules is responsible for its contribution towards biological function. Proteins are
found to be stable at their individual isoelectric points (pH = pI). Changes in a
protein‘s structure are caused when denaturation occurs and hence proteins lose their
activity, which can be regained if the protein regains its native state. Several factors
such as increase in temperature, pressure or a change in pH can easily provoke
denaturate the protein (Ngadi et al., 2012).
Proteins are classified into two categories: ‗soft‘ and ‗hard‘ proteins. The ‗soft‘
proteins display large conformational changes upon adsorption. Examples include
BSA, human serum albumin (HSA), immunoglobulin (IgG), α-lactalbumin, β- casein
and haemoglobin. ‗Hard‘ proteins undergo limited or no structural rearrangements
during adsorption because of their high internal cohesion. Examples of hard proteins
include α-chymotrypsinogen, ribonuclease (RNase), cytochrome-c, lysozyme and βlactoglobulin (Ngadi, 2009).

Figure 2-1: Primary protein structure (continuous chain of amino acid residues)
(Ngadi, 2009)
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Figure 2-2: Protein in the four predominant structures (Ngadi, 2009)

2-3 Protein adsorption on surfaces
Progress on understanding protein adsorption has been considerable over the past few
years but the concept of interfacial adsorption behaviour of proteins remains unclear.
This is largely because of the higher complexity of protein adsorption that poses
experimental difficulties such as varying MW, charge and structural forms of
proteins. Theoretical understanding of proteins and their intrinsic processes have been
studied previously (Malmsten, 1998). Interaction of proteins with SS also triggers
release of metal species from these materials and mixing of these metal species with
milk can induce potential adverse health effects. The interaction of the proteins with
solid surfaces is not only a fundamental phenomenon but is also a key phenomenon to
several important and novel applications, as mentioned earlier. The interaction of
proteins with the surfaces involves both the binding and unfolding of proteins (Bi et
al., 1984).
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The desire to control, predict and understand the protein adsorption on SS surfaces
has been the ultimate goal of Chapter 3 of this thesis. This also involved goals of
studying surface coverage and kinetic details of the protein-surface interactions.

2-3-1 Parameters affecting protein adsorption
Several parameters affect surface adsorption of proteins. Briefly, these include the
MW, size of the protein, hydrodynamic radius, charge of the protein, and the
influence of the amino acids present on the exterior surface of the folded proteins that
can readily adsorb to the surface. Other factors, such as temperature and pH also
influence adsorption (Bi et al., 1984). The phenomena of protein adsorption on
surfaces are complicated due to conformational changes of proteins and folding.
However, specific characteristics of the protein are also important in surface
adsorption. For example, the charged and hydrophilic/hydrophobic residues displayed
on the surface of a protein are closely related to its structural and biological functions,
and are seldom homogeneously distributed. The presence of ―patches‖ of similar
amino acidic residues can trigger or inhibit interactions with solid surfaces,
generating specific peculiarities in the adsorption behaviour (Lins et al., 2003, Bansal
and Chen, 2006, Rabe et al., 2011). Other protein characteristics that influence the
nature of adsorption include the charge on the protein during adsorption, size
exclusion effects and surface aggregation (Rabe et al., 2011). The solvent also plays a
crucial role in the adsorption process. For example, relatively high ionic strengths can
stabilize proteins in solution, thus preventing aggregation and formation of insoluble
protein deposits on surfaces (Höök et al., 1998b, Otzen et al., 2003). In addition, the
pH of the buffer determines the charge state of both the biomolecules and the surface,
thus facilitating or preventing the adsorption interaction (MacRitchie, 1972,
Nakanishi et al., 2001, Petrone and McQuillan, 2011). The properties of the buffer
also influence the release of metal ions from the SS surface in different ways, either
directly (dissolution of ions) or indirectly (by changing the extent of adsorption of
proteins) (Lundin et al., 2012). The possibility of adsorption of potential-determining
species present in solutions should also be considered. Protein adsorption is further
complicated by the physicochemical properties of the metallic substrate such as
surface composition (including the presence of a passivating layer of metal oxides),
surface microstructure and the presence of active sites or residual materials from
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previous processing conditions (Jeurnink et al., 1996c, Visser and Jeurnink, 1997,
Rodahl et al., 1996a). It is clear that the intrinsic properties of the protein–solvent–
surface triplet will determine the overall extent and physical nature of protein
adsorption.
Studies have been performed on different properties of proteins and their influence on
adsorption. Until now, there has been no approach taken to bring all the different
properties of the protein and try determining a new way of relating them. In this
thesis, an empirical relationship is proposed to evaluate the mass constituting the
adsorbed layer only from the knowledge of the physical properties of the proteins.
This relation gives an understanding of the adsorption of proteins with relation to its
MW and charge of the protein in the buffer.
Another tool to study the different variables and its influence on adsorption was
performed by principal component analysis (PCA). This is an eigenvector-based
technique to determine new axes that span the directions of greatest variation in a
multivariate data set. The main aim of the technique is to reduce the dimensionality of
the data by projecting the data onto new axes (called principal components, PCs). The
PCs are usually linear combinations of the variables. The major variation patterns in
the data set are studied by using axis rotation in PCA (Sanni et al., 2002). In Chapter
3, PCA is explored to study different parameters of the different proteins to find a
relation between them with respect to adsorption. Several examples of the use of PCA
are mentioned here. Jufang et al. (2004) Wu (2004) studied modelling using PCA for
the adsorption of eight organic compounds on activated carbon having varying shape
and sizes. Adsorption of compounds was analysed by time-of-flight secondary ion
mass spectrometry (ToF-SIMS) data, that showed variation in peak intensity of the
protein samples (Muramoto et al., 2011). Once adsorption occurred, the ToF-SIMS
showed different composition of amino acids on the surface. Because the same 20
amino acids are present in all proteins, the difference in the relative intensities of the
amino acid fragments in the ToF-SIMS spectra contained information of the adsorbed
proteins. To analyse the results, PCA was used. To date, PCA has not been used with
respect to the different physio-chemical properties of the proteins and their influence
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on adsorption. This is the first time this technique has been implemented in the thesis.

2-3-1-1 Physiochemical properties of proteins
Protein adsorption is a complex process mainly because of the diverse nature of
proteins as mentioned earlier and the surface properties (such as chemical property,
density and architecture). Other factors include:
(i) Temperature: The temperature of milk in the heat exchanger is one of the
most important factors controlling fouling. Chen and Bala (1998) studied the
effect of fouling with respect to surface and bulk temperatures in whole and
skim milk, and whey proteins. The study resulted in identifying fouling to be
caused due to the increase in temperature. If the surface temperature was
below 68°C, no fouling was found to occur even when the bulk temperature
was higher than 84°C.

Preheating of milk resulted in denaturation and

aggregation of proteins that in turn resulted in lower fouling in heat
exchangers. The main effect of pre-heating was on β-lactoglobulin and its
association with caseins resulting in micelle formation and hence fouling
(Bansal and Chen, 2006). Studies have reported that protein adsorption is
usually found to be higher at high temperature than the room temperature due
to denaturation of the proteins (Jackler et al., 2002). In this thesis the
temperature in the experiments were maintained at 22°C, to prevent
denaturation of the proteins.
(ii) pH and Ionic strength: pH as well as ionic strength are the main contributors
to determine the electrostatic attraction or repulsion in adsorption of proteins
on surfaces. Some studies have reported that the adsorption is decreased if
both the protein and the surface are electrostatically neutral. In general the pH
of the solution alters the charge of the protein with respect to the pI of the
individual proteins. The pI of the protein represents the iso-electric point of
the protein. If the pI is greater than the pH of the solution, the protein is
positively charged and vice versa when the pI is lower than the pH of the
solution. For example, α-lactalbumin was found to have the same properties at
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both high and low pH (pH 2 and pH 11) due to the absence of calcium at these
pH‘s (Cabilio et al., 2000). Lysozyme for example, has a pI of 11 and at a pH
of 7.5, the molecule becomes positively charged and that helps in the
adsorption to chromium and SS (Lundin et al., 2012). Ionic strength is often
found to be associated with the thickness of the diffused ion layer from the
surface. If the pH is far from the pI, the effect of the ionic strength disappears
gradually and the protein adsorption no longer depends on pH (Höök et al.,
1998a).
(iii) Concentration and size of the protein: Higher protein concentration results
in increased adsorption on surfaces and a saturated monolayer is formed
quickly (Roach et al., 2005, Vörös, 2004, Baujard-Lamotte et al., 2008). After
the initial protein monolayer is established, additional protein molecules tend
to adsorb on the first layer and form a multilayer (Fig. 2-3). The proteinprotein interactions occur by hydrophobic, hydrophilic and ionic interactions
or by covalent bonding. In solution, the concentration of proteins appears to
have an effect on the denaturation state of a protein. At low concentrations, a
protein can maximize interactions with the surface both by its orientation on
the surface as well as by unfolding that leads to denaturation and irreversible
adsorption of the protein at the surface (Ngadi, 2009). At higher
concentrations of the protein in solution, the supply rate of proteins to the
surface increases and the surface will be filled with adsorbed proteins in a
shorter time span. Therefore, the surface mass density adsorbed becomes
greater as the adsorbed protein adsorbs to the surface. A small protein
generally adsorbs more than a large protein and is more compact, with a
higher mass surface density than a larger protein (Ngadi, 2009, Vörös, 2004).
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Protein has direct contact with
the surface

First layer

Protein in the second layer has direct contact
with the protein in the first layer

Second layer
First layer

Figure 2-3: Illustration of protein-surface interaction in monolayer and multilayer
(reproduced from (Ngadi, 2009))

Adsorption from high
concentration

Adsorption from low
concentration

Figure 2-4: Illustration of adsorption from higher concentration and from low
concentration onto surface with the same area (reproduced from (Ngadi, 2009)
2-3-1-2 Protein-solvent interactions
Protein adsorption onto a material surface has been extensively investigated by a
variety of techniques, including ellipsometry (Höök et al., 2002), OWLS (Höök et al.,
2002), AFM (Mulheran and Kubiak, 2009), SPR (Goda and Miyahara, 2012b) and
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QCM-D (Höök et al., 2002, Otzen et al., 2003, Mulheran and Kubiak, 2009, Goda et
al., 2012a, Goda and Miyahara, 2012b, Chandrasekaran et al., 2012). Amongst these,
the QCM-D offers a precise and reliable way to characterise surface adsorption in
real-time and in aqueous solutions (Shen et al., 2001, Rodahl et al., 1996a). Use of
the QCM-D equipped with quartz sensors coated with SS represents an ideal and
convenient tool to investigate ―wet‖ (proteins and water molecules) mass adsorbed by
proteins on a 316 grade SS surface.
2-3-1-3 Contribution by surface amino acids towards adsorption
Amino acids are the building blocks of proteins and peptides. Investigation of their
behaviour on surfaces is an essential and key step towards understanding protein
adsorption on surfaces (Lins et al., 2003). Apart from their role in protein-surface
interactions, amino acids offer exciting opportunities for

functioning of solid

surfaces due to their multi-functionality and tendency for self-organization (Pászti et
al., 2008).
Studies on bonding of amino acids to metal surfaces has used modern surface science
methods. The situation seems to be very different in wet environments used for
QCM-D. In general, the interaction between individual amino acids and the metal
surfaces is almost zero in solution phase. For example, studies have shown that there
was no adsorption of glycine or glutamine on a TiO2 surface (Pászti et al., 2008).
Additional simulation studies have helped improve understanding of the interactions
of the various types of amino acid residues on metallic surfaces. Some studies have
shown that acidic amino acids, aspartic acid (Asp, D) and glutamic acid (Glu, E) bind
strongly to titanium (Ti) surfaces (Pászti et al., 2008). Other studies have shown that
multiple lysine (K) residues show a weaker affinity to metal surfaces, even when the
surface is negatively charged (Imamura et al., 2007). When adsorption of amino acids
occurs at polar or charged surfaces, it tends to involve hydroxyl transfer reactions that
are irreversible (Trudeau and Hore, 2010). Desorption can involve breaking the
bonds in the molecule (Trudeau and Hore, 2010). On the other hand, reversible
adsorption of amino acids on a non-polar surface is largely driven by hydrophobic
interaction between the amino acids and the surface.
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The role of water as a solvent is also crucial in physisorption of amino acids. While
polar and hydrophilic surfaces can reversibly adsorb all amino acids in vacuum, they
have difficulty in adsorbing reversibly in aqueous solutions (Trudeau and Hore,
2010). This implies that the role of water as a solvent is crucial in physisorption of
individual amino acid residues in a protein, and it helps in determining the adsorbed
structure of the proteins (Trudeau and Hore, 2010).

2-3-2 Phenomena of protein adsorption
From a general perspective, adsorption of proteins on solid surfaces is a complex
phenomenon. Protein adsorption has been described by several independent
researchers (Hlady and Buijs, 1996, Draeger, Dietschweiler and Sander, Imamura et
al., 2008, Hedberg et al., 2012b). Regardless of the nature of the protein and the
surface considered, the adsorption process generally follows a few basic steps (Bird,
2002):
(i) Transport of proteins from the bulk solution phase towards the
interfacial region of the surface: The first step in protein adsorption is
driven by the Brownian motion occurring in the solution and a gradient
diffusion of protein molecules to the surfaces. This step is dependent on the
conditions such as MW of the protein and its respective size, charge of the
protein, temperature and concentration of the sample and flow rate that has
been set in the experiments.
(ii) Initial attachment of protein to the surface (initial protein-surface
interaction): The next step in protein adsorption involves the protein
molecules interacting with the surface for a sufficiently long time to achieve
adsorption. The interaction strength between the protein and the surface
determines the residence time for the initial attachment of the molecules.
There are several means by which adsorption occurs, such as random site
interaction (unordered binding), ordered adsorption, an adsorption island or a
cluster formation of proteins. The random site interaction usually involves low
coverage of proteins on the surface, while at moderate coverage the ordered
structure of proteins or their islands are formed. In the case of a mixture of
proteins, the protein with the highest concentration usually dominates the
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initial adsorption and will gradually be replaced (displaced) by the higher
affinity protein species. The initial adsorption of proteins on surfaces is
dominated by smaller proteins and then replaced by larger proteins, because
the larger protein has a greater surface area, leading to a higher affinity from
the bulk solution phase towards the surface compared with a smaller protein.
(iii) Conformational changes of proteins on the surface: During the process of
adsorption, some of the adsorbed protein molecules undergo conformational
changes (Fig. 2-5) or may be denatured due to experimental conditions such
as the temperature or pH of the solution. This might result in a change in the
interaction energy of the proteins with the surface, resulting in an increased
residence time and a stronger binding. This is because a denatured protein
spreads more broadly over a surface compared with a native protein.
Denaturation is found to be more predominant on a hydrophobic surface than
a hydrophilic surface because protein-surface interactions allow hydrophobic
residues of proteins to readily contact with the surface (Kim et al., 2002). The
structural properties of the protein also influence the adsorption and
conformational integrity of adsorbed protein molecules on the surface.
(iv) The detachment of adsorbed protein from the surface: If the binding
between proteins and the surface is weak (physical adsorption) then the
proteins may be easily desorbed back into the solution near the surface.
Protein adsorption is usually only partially reversible because proteins
undergo structural changes during adsorption and are attached by many
molecular segments to the surface (Fant et al., 2000, Baujard-Lamotte et al.,
2008, Kim and Lund, 1998, Chandrasekaran et al., 2012). Experimental
conditions such as changing the pH or increasing the ionic strength can affect
the charge of the proteins and hence its interaction to the surfaces, thus
promoting desorption (Cabilio et al., 2000).
(v) Transport of proteins from the surface: The final step of the adsorption
phenomena is the reverse of the first step. Here, the desorbed protein has an
altered structure compared with the native state of the protein. In many cases,
the desorbed proteins become reabsorbed to the surface (Ngadi, 2009).
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(a)

(b)

ii)

i)

Figure 2-5: Schematic to show (a) a globular protein, whose conformation may be
distorted on interaction with the surface and (b) a rod-like protein undergoing
multistage adsorption process where (i) initially the protein adsorbs with its long axis
parallel to the surface and (ii) rearrangement of protein molecules occurs to increase a
protein-protein interaction (reproduced from (Roach et al., 2005)).
The protein then begins to interact with the surface through a combination of forces,
mainly electrostatic, van der Waals and hydrophobic interactions. Finally, all cooperating forces attain a certain state of equilibrium that concludes the protein
adsorption process. Once adsorption has taken place, the protein can follow two
possible alternatives: if adsorption is fully reversible, then the biomolecule follows
exactly the same steps in reverse, leading to surface desorption and return to the
liquid phase. However, the proximity of the protein backbone to the surface can
trigger other interactions previously hindered by steric or spatial constraints, thus
creating a more stable and stronger interaction with the surface (Yang and Etzel,
2003, Roach et al., 2005). In this case, protein conformation changes from its native
state, a process that usually leads to denaturation and loss of biological function. In
some cases, the protein molecules can unfold, denature and/or aggregate before they
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start migrating towards the surface, phenomena that mainly depend on the nature of
the protein itself and the physical conditions of the solution. Surface adsorption and
conformational change may also occur simultaneously (Höök et al., 1998b, Shen et
al., 2001).

2-3-3 Kinetics of protein adsorption
Many attempts have been made to describe the adsorption kinetics of proteins onto
solid surfaces, from Langmuir-type adsorption models to surface-exchange reaction
denaturation models (Kim and Lund, 1998). If the adsorption process is entirely
reversible, the protein molecules can desorb completely and return to the liquid
phase. However, conformational changes subsequent to protein adsorption reported
in earlier studies indicate the formation of a stable and stronger interaction with the
surface (Roach et al., 2005).
Studies on a variety of surfaces including titanium and methylated silica have
predicted the process of protein adsorption. From this adsorption process, the kinetics
and equilibrium interaction along with the extent of protein conformational changes
has been studied (Imamura et al., 2008, Wahlgren and Arnebrant, 1991). Numerous
models have been proposed to account for the behaviour of protein adsorption. For
example, the Langmuir model has been used to describe adsorption of proteins with
different isoelectric points and sizes to titanium surfaces (Imamura et al., 2008). The
Temkin isotherm was used to describe protein adsorption to metal-chelating ligands
(Johnson and Arnold, 1995). A somewhat different model of continuous energetic
heterogeneity for a protein-surface interaction has been proposed to explain the
logarithmic-like adsorption kinetics of IgG and HSA on a quartz surface and the
Freundlich-like character of human serum albumin adsorption (Kulik et al., 2008).
Among other approaches, the random sequential adsorption model has been used to
predict both the partial irreversibility of protein adsorption and the clustering of
proteins at surfaces as well as to explain antibody binding to antigen-coated surfaces
(Rahn and Hallock, 1995). The fact that charge, size, temperature and the type of
amino acids interacting with the surface influence desorption of the proteins adds to
the complexity of protein adsorption kinetics (Kim and Lund, 1998).
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In this study, three different kinetic models – Langmuir, Freundlich and the
conformational change model were studied. Although Langmuir and Freundlich are
strictly applicable only for reversible adsorption, an additional hypothesis concerning
the use of Langmuir kinetics for irreversible adsorption was also studied in this thesis.
2-3-3-1 Langmuir Model
The Langmuir model, derived by Langmuir in 1916, is one of the simplest adsorption
models and is frequently used to describe the kinetics of protein adsorption (Brusatori
and Van Tassel, 1999, Cosman et al., 2005). The kinetic equation for the Langmuir
model can be written in terms of surface concentration ρ, as:
(

)

(1)

where, ρmax is the surface concentration of protein corresponding to a complete
surface coverage,

is the amount of protein adsorbed onto the surface at time t, C0 is

the protein concentration in the bulk liquid phase , t is the time, and ka and kd are
adsorption and desorption rate constants, respectively. As time approaches infinity,
there will be no change observed in the rate of change in surface concentration of the
protein (

), indicating the attainment of equilibrium conditions, a condition that

corresponds to an equilibrium amount of protein adsorbed ( ). This equilibrium
value depends on the specific bulk protein solution concentration of the experiment
and can be calculated from the following expression obtained by rearranging Eq. (1)
in equilibrium conditions:
(2)
A major limitation of the Langmuir equation for protein systems was that it assumes
reversible adsorption, whilst many studies have shown the irreversible character of
the adsorption process on realistic time scales.

2-3-3-2 Freundlich Model
The Freundlich Adsorption kinetic equation is mathematically expressed as:
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(3)
At equilibrium conditions, the equation reduces to:
(4)
where α1, α2 are the reaction orders for the adsorption and desorption reactions,
respectively,

and

( )

The Freundlich isotherm is known to be applicable only within certain concentration
limits because, given an exponential distribution of binding sites, the number of sites
increases indefinitely with a decreasing association constant, implying that there are
an infinite number of sites (Umpleby II et al., 2001).
2-3-3-3 Conformational Change Kinetic Model
The rate at which a ligand reaches equilibrium is determined not only by the
association rate constant and the protein concentration, but also by the dissociation
constant. An alternative approach is to measure the association and dissociation
constant in a single experiment. In this approach, protein at a specific concentration is
passed through the QCM-D flow modules and the total binding at multiple time
intervals measured. The dissociation is initialized with the start of the buffer wash
and the dissociation measured is included along with the equilibrium Langmuir
surface concentration. The approach yields an alternative, continuous evaluation of
the adsorption and desorption phases (Gillard et al., 2006). The protein concentration
and time, t0, at which the dissociation phase starts, are the input parameters in this
model. This model follows the scheme (Motulsky, 1999):
(5)
(6)
In this equation, the formation of [
bound on the surface) and [

]

]

(protein-substrate complex, reversibly

(protein-substrate intermediate with irreversibly

bound protein on the surface) are assumed to have an association rate constant (ka) of
similar magnitude and the dissociation constant (kd) for [
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]

. When the

[

]

does not readily return to its native [ ] state, then the dissociation is minimal

and can be neglected, hence the rate of change equation is given by:
[

]

[

]

[

]

(7)

The integrated forms of the equations (when dissociation is neglected) are given by:
[ ]
[

[ ]
]

(

)

(8)

[ ](

)

(9)

Equation (16) is the rate constant obtained when the dissociation of [

]

taken into account in the expression for the rate of formation of [

. Equations

]

is also

(14) to (20) show the step-by-step calculation required to solve the kinetics of protein
adsorption; in this case there is no assumption of the protein being reversibly bound
to the surface. Equations (12) to (14) are used in equation (15) that gives the solution
for calculation of the association phase of the binding of protein.

and

( ( )) are the initial conditions. Once the protein binding is saturated
(a steady state) on the QCM-D sensor, the buffer is injected. This step represents the
the start of protein dissociation.
[ ]

Step 1:

(10)

Step 2:

(11)
[

Step 3:

[

[

Step 4:
Step 5:

(

(

)

( ( ))

(

(
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[
(
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]

]

Step 6:
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]
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)
)
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)
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(

( ( ))(

( )

(14)

[

]

)

(15)
(16)

where [

]

denotes the protein-substrate intermediate with irreversible protein

bound to the surface, in units of the mg/m2.

2-3-4 Techniques for measurement of protein adsorption
To date, several techniques based on different principles such as optical adsorption,
refractive

index

changes,

radio-labeling,

electromechanical

microbalances,

fluorescence markers and many others have been used to study protein adsorption on
different surfaces (Höök et al., 2002, Jordan and Fernandez, 2008). Other techniques
that have been explored for measuring protein adsorption are the QCM-D, AFM,
XPS, surface-nuclear magnetic resonance (NMR) and other optical techniques, such
as, OWLS and SPR. A number of the optical techniques such as ellipsometry, OWLS,
SPR and XPS are described briefly below.
2-3-4-1 Atomic Force Microscopy (AFM)
AFM is a scanning probe technique for analyzing surface topography and protein
adsorbed on surfaces. It directly measures the real-space topography of surfaces on a
nanometer scale and detects the spatial distribution of adsorbed proteins. The AFM
force measurements measure interaction forces between protein and protein-resistant
layers (Hemmerlé et al., 1999).
The AFM has a sharp tip at the end of the cantilever. The interaction between the tip
and the surface occurs when the tip is brought close to the surface and high resolution
images can be obtained when the tip is scanned through the entire surface. Three
imaging modes as shown in Fig. 2-6 are used to produce the images of the sample
surface:
(1) Contact mode: In the contact mode, the tip of the AFM probe is in permanent
physical contact with the sample.
(2) Tapping mode: Here the probe is oscillated such that the tip contacts the
sample intermittently. The resonance frequency controls the probe-sample
interaction force. This mode is generally applied to soft films.

29

(3) Non-contact mode: The force applied by the AFM probe to the sample is
reduced in the non-contact mode. This mode allows easy and productive
image of delicate samples (Ngadi, 2009).

(a)

(b)

(c)

Figure 2-6: AFM Imaging Modes: (a) Contact-mode, (b) Tapping mode and (c) Noncontact mode (Ngadi, 2009)
AFM provides a 3-dimensional (3-D) surface profile with high resolution and does
not require any pretreatment of the surface, thus not affecting the sample for analysis.
The disadvantage of the AFM is that it can only probe a maximum height of 10-20
μm (Lee et al., 2006a, Lee et al., 2006b). The low scanning speed of the AFM is also
one of its disadvantages, inducing thermal drift and distortions in the image (Khulbe
et al., 2008). As a topographical scanning technique, AFM does not help to
understand the nature of the adsorbed film and its sharp tip could damage the
adsorbed layer (King et al., 2009).
Recent studies suggest that high-speed AFM provides quick and reliable information
about the structural changes in biomolecules during adsorption onto the surfaces.
High-resolution and high-speed capabilities of this recently developed AFM could be
used in the imaging of secondary structures on adsorbed protein onto surfaces. It also
has the capacity to accurately measure changes in the water layer structure at protein
surfaces and detects small interactions of water with the protein‘s active site which is
not possible to study these phenomena by using conventional high-speed AFM (Ando
et al., 2008). Minimal contact force exerted along with high precision positioning of
the probe used in high speed AFM techniques allows accurate imaging of the
biological samples (Zou et al., 2004, Ren and Zou, 2014).
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2-3-4-2 Ellipsometry
Ellipsometry, is one of the most extensively used optical techniques for measuring the
thickness,

and the refractive index,

of the adsorbed layer.

The basic principle behind this technique is that the polarization state of an incident
light beam is changed upon reflection at a planar surface. This occurs due to changes
in the dielectric properties of the interfacial region. These changes in the interface are
brought about by the changes in the amplitude and phases of the oscillating parallel
and perpendicular vector components of the electric field. A change in the state of
polarization is described by the ellipsometric angles, ψ and Δ, where ψ represents the
ratio of the reflection coefficients for parallel and perpendicular polarized light with
respect to the analyzer position and Δ is the difference in phase change between
parallel and perpendicular light with respect to the polarizer position (Azzam and
Bashara, 1977, Arwin, 2000). The surface mass density, Γ (mass per unit area) is then
calculated using the Feijter‘s formula (De Feijter et al., 1978):
(17)

where,

is the refractive index change per unit protein concentration (protein

specific) while n0 is the refractive index measured in bulk. Also

and

can be

calculated directly from the measurements in change in polarization.
Characterization using ellipsometry has been used to study biological samples and
also offers the possibility to quantify adsorption and desorption processes on surfaces.
One of the merits to ellipsometry is that compared with the other techniques, studies
have shown the determination of layer thickness and orientation of the adsorbed nonsymmetrical shaped proteins can be derived (Arwin, 2000).
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Figure 2-7: Principle of Ellipsometry (Brockman, 2007)
Ellipsometry provides information on adsorbed proteins and other bio-molecules on
surfaces and the properties of these adsorbed films. Being an optical technique, the
disadvantage of this technique is that only the adsorbed molecules are detected by
ellipsometry and not any solvent or water that is trapped in between the adsorbed
layers.
2-3-4-3 Optical Waveguide Lightmode Spectroscopy (OWLS)
The OWLS technique is based on the use of He-Ne laser coupled into a planar
waveguide via optical grating (Tiefenthaler and Lukosz, 1989).
The variation principle behind OWLS is that, the angle of the incident light beam
excites the different guided transverse electric (TE) and transverse magnetic (TM)
modes and this when coupled with the light intensity is measured with the help of a
photo detector. Measuring the shift of these in coupling angles allows the monitoring
of the macromolecules adsorbed above the grating surface.
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Figure 2-8: Principle of OWLS (Székács, 2009)
The variables

and

of thin (<50nm) and homogenous adsorbed layers can be

determined from the phase shifts between TE and TM (Tiefenthaler and Lukosz,
1989). The surface mass density of the adsorbed layer is then calculated in a similar
manner to ellipsometry using the Feijter‘s formula (De Feijter et al., 1978).
A merit to OWLS in comparison with the ellipsometry technique is that the light
beam does not have to pass through the solution to interact with the surface. Hence,
the changes in the optical properties of the solution do not affect the measurement of
the adsorbed layer. The disadvantage of this technique is that only highly transparent
surfaces can be investigated and not opaque surfaces (Ngadi, 2009). OWLS relies on
the refractive indices of the proteins in the solution, the measured adsorbed mass
includes the mass of the proteins and not that of the water (or solvent) that is trapped
between the adsorbed particles.
2-3-4-4 Surface Plasmon Resonance (SPR)
SPR spectroscopy is an optical technique that is sensitive to changes in the refractive
index of the thin films assembled on a noble-metal surface (Jönsson and Johansson,
2004) .
SPR utilizes surface plasmon polarization excitations that consist of charge-density
waves propagating along the interface between a metal and a dielectric material
(prism), to sense the local refractive index in the liquid close to the gold surface. This
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phenomenon occurs when an incident beam of p-polarized light of a given angle is
passed through a prism. The photon-plasmon surface electromagnetic waves are
created at this metal-dielectric interface and these waves then propagate parallel to the
metal dielectric interface and the associated optical electric field decays exponentially
away from the surface with a typical decay length of 200 nm. The detector
continuously records the position of the reduced light intensity and calculates the SPR
angle of the reflected light reported in resonance units (RU) (Ngadi, 2009).

Figure 2-9: Principle work of a SPR (Sabban, 2011)
As adsorption of proteins occurs on top of a surface, the angle of the SPR is changed
in accordance to it. The change in the SPR angle is proportional to the mass adsorbed
at the surface according to,
(18)
where Δ

is the surface mass density adsorbed,

is a factor that contains an

instrument constant, ΔRU is the measured change in response units, and β is a factor
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that compensates for the decrease in the SPR signal with distance from the gold
substrate (Ngadi et al., 2008).
SPR helps in evaluating the kinetics of the adsorbed layer but only for compact and
dense adsorbed layers. SPR, being an optical technique, greatly limits the
determination of the film thickness. The adsorbed mass determined by the SPR is
based on the difference in refractive index between the adsorbed proteins and other
bio-molecules and water displaced by the biomolecules upon adsorption. This means
that water trapped between the protein adsorbed layers is not included in the
determination of the mass.
2-3-4-5 X-ray Photoelectron Spectroscopy (XPS)
XPS is a quantitative surface characterization technique. The principle behind XPS is
the bombardment of the sample surface with x-rays resulting in the removal of
electrons from atoms in the material (Premathilaka et al., 2007). The element is
analyzed by the binding energy of the ejected electrons providing the elemental
composition of the surface in general. In XPS, electrons are released from the sample
by the process of photoemission. An electron is ejected from an atomic energy level
by an X-ray photon and its energy is analyzed by the spectrometer. The XPS process
is represented in Fig. 2-10 for the emission of an electron from the 1s shell of an
atom.

Figure 2-10: Principle of XPS
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The main advantage of XPS is that it detects both the chemical state on surfaces and
is also quantitative. XPS is capable of detecting the difference in chemical and
oxidation states between samples. One of the major limitations of the XPS is that only
~10 μm of the surface area can be measured and the samples must be compatible with
the ultrahigh vacuum environment. Because XPS is a surface technique, it is limited
to measurements of elements having atomic numbers of 3 or greater, making it unable
to detect hydrogen or helium (Andrade, 1985).

2-3-5 Quartz Crystal Microbalance - Dissipation
The core part of this research work uses of the QCM-D technique to monitor the
protein adsorption on surfaces in the aqueous phase. Although optical techniques like
the ones mentioned above are used to estimate dry protein mass, QCM-D determines
the total ―wet‖ (protein and water molecules) mass adsorbed on the surface (Yu et al.,
2012, Gray, 2004).
QCM-D is an experimental approach capable of measuring changes in adsorbed mass
and viscoelastic properties of adsorbed material via differences in the frequency and
decay of oscillation, respectively (Rodahl and Kasemo, 1996). QCM-D is an
instrument that has become widely used to study soft and solvated surfaces. This
technique includes a mass sensing device with the ability to measure very small mass
changes, either a monolayer or a single layer of atoms on a quartz crystal (sensor) in
real-time. Hence, QCM-D is a rapid tool for studying protein adsorption kinetics in
aqueous solution (Shen et al., 2001). The possibility of monitoring the kinetics of
adsorption allows an opportunity to model the adsorption and desorption with rate
equations.
The basis of QCM-D operation relates to the quartz‘s property of piezoelectricity.
The QCM-D sensor is made of a thin piezoelectric quartz crystal, sandwiched
between a pair of metal electrodes that establishes an electric current across the
diameter of the crystal (Höök, 1997). The resonant frequency of the oscillating crystal
surface is related to the total oscillating mass adsorbed on the surface over time, while
the energy dissipation, shown in Fig. 2-11(c) is related to the viscoelastic properties
of the oscillating mass on the sensor surface. For viscoelastic masses, such as
biomolecules, the change in the adsorbed mass is detected using both frequency and
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dissipation changes. For a rigid protein, the change in the adsorbed mass is detected
only by the frequency change.

Figure 2-11: The main components in QCM-D where, (a) typical QCM-D sensor with
Gold (Au) electrodes, (b) quartz crystal with alternating current applied across
electrodes, (c) short circuiting the alternating current and, (d) the oscillatory decay as
the quartz disk comes to rest (Dixon, 2008)

Figure 2-12: Quartz resonator in QCM-D depicts a typical sensor surface (Hellstrom,
2007)
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When an AC voltage is applied over the electrodes, the crystal is made to oscillate at
its fundamental frequency ( ). When sufficient voltage is achieved, and the
fundamental frequency is attained the resonance is excited. The resonant is measured
in terms of maximum amplitude of the signal attained. The shift in the dissipation is
measured by the QCM-D system as a result of change in damping of the QCM-D
crystal during measurements that occurs when the viscoelastic properties of the
adsorbed layer changes. The dissipation factor is defined as follows (Ngadi, 2009):
(19)
where

is the energy dissipated during one oscillation and

is the

energy stored in the oscillating system. The QCM hence measures simultaneously
changes in resonance frequency,

and dissipation,

(the frictional and viscoelastic

energy losses in the system) due to adsorption and desorption of bio-molecules on the
sensor surface. Change in frequency corresponds to the mass adsorbed while changes
in the dissipation are related to the shear viscous losses brought about by the adsorbed
layers, and thus provide information that helps to identify structural differences
between different adsorbed systems, or structural changes in the same type of
molecule, or aggregation of molecules during the adsorption process (Q-Sense).
The main advantages of QCM-D are that the acoustic basis of the technique allows
measurement of thicker films of adsorbed proteins than thinner layers of biomolecules. It also detects subtle changes in the solution – surface interface, that could
be due to density – viscosity changes or viscoelastic changes in the adsorbed
interfacial material (Marx, 2003). The change in frequency acquired with QCM-D
measure water coupled as an inherent mass, and/or entrapment in cavities in the
adsorbed film and the layer is sensed as a "hydrogel" composed of the
macromolecules and coupled water. The additional information contained in energy
dissipation data from QCM-D increases the capacity for an in-depth analysis of the
adsorbed layers (Q-Sense). The major disadvantages of the QCM-D are the need of
large sample volumes for experimentation and the measured adsorbed mass is the
average mass across the sensor surface (Garg et al., 2011).
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2-3-5-1 Data Interpretation of QCM-D
The QCM-D result can be analyzed either using the Sauerbrey model or the KelvinVoigt viscoelastic model (Voigt model). Both the models are present in Q Tools
(provided by Q-Sense, ATA Scientific, Tarren Point, NSW, Australia). These models
are briefly described below:
Sauerbrey Model
Prediction of linear relationship between the deposited mass per unit area (
the measured

) and

was derived by Sauerbrey (1959). The relationship is as follows:
(20)

where,

,

and

are the specific density, the shear wave velocity and the

thickness of the quartz sensor, respectively, and n is the number of the overtone (n =
1, 3, 5, 7, 9…). For a 5 MHz quartz crystal, the constant C is equal to 17.7 ng/cm2Hz
(Malmström et al., 2007). The Sauerbrey model is valid only when the adsorbed layer
of biomolecules is rigid and viscoelastic effects are negligible, as the main
assumption in this model is that the resulting change in the resonant frequency is
directly proportional to the mass adsorbed on the surface, with no change in
dissipation energy. In case of the material adsorbed behaving as a viscous layer,
energy dissipation affects the change in measured resonance frequency and the
Sauerbrey model underestimates the actual mass of the adlayer. A good method to
characterize the rigid and viscoelastic properties of the layer adsorbed is to evaluate
the ΔD/Δf ratio, from the slope of a ΔD vs. Δf plot. As a rule of thumb, if only a
small dissipation shift is observed, i.e. ΔD/(-Δf/n) << 4*10-7 Hz-1 for a 5 MHz sensor,
then viscoelastic dissipation of energy can be neglected and the Sauerbrey model can
be safely used for interpretating of the data (Irwin et al., 2005, Stengel et al., 2005b,
Reviakine et al., 2011).
Kelvin-Voigt Viscoelastic Model (Voigt Model)
In some cases, the adsorbed film does not form a rigid layer (for example, very
hydrated layers) and in these situations the Sauerbrey Model becomes invalid. Figure
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2-13 represents the adsorbed layer formed on the sensor surface. For films that are
‗soft‘ and not fully coupled to the oscillation of the crystal, the Sauerbrey Model
underestimates the mass of the film on the sensor surface and in this case the Voigt
model is implemented for calculation on thickness of the adsorbed layer on the
surface (Malmström et al., 2007, Stengel et al., 2005b, Irwin et al., 2005).

Figure 2-13: System modeled by the Kelvin-Voigt Viscoelastic Model. The quartz
crystal is covered by a thin film that can be described by ρf, μf, ηf and δf under no slip
conditions. The film is covered by a semi-infinite Newtonian fluid with ρ0 and η0
properties.
In brief, the Voigt-based viscoelastic model consists of four parameters; effective
film density (

), film shear viscosity (

), film shear elastic modulus (

), and the

film thickness ( ). As the viscous layers (adsorbed films) give rise to different
penetration depths of the harmonic acoustic frequencies, multiple frequencies are thus
simultaneously fitted to calculate the values of
layer

,

,

and

. The mass of the

is obtained as a product of the fitted value of thickness,

with the

estimated effective layer density.
2-3-5-2 Water content in protein adsorbed layers
As mentioned earlier, QCM-D detects the total adsorbed mass that includes water
molecules trapped in the adsorbed protein layers. It is essential to detect the
percentage of water in these layers for accurate determination of the protein adsorbed
on the surface. The typical amount of coupled water involved has been previously
studied by different techniques on the basis of the nature of the film, mass uptake and
protein characteristics (Schreiber and Haimovich, 1983).
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Other authors have combined two different and independent experimental techniques
on two different sensor surfaces to study the amount of hydration water present in this
protein adsorbed layer; for example, one sensor in QCM-D and another in SPR.
Although attempts are made to keep conditions comparable between the two systems,
nonetheless, the results from subtracting the (―dry‖) mass from the optical technique
from the (―wet‖) mass of the QCM-D to determine the protein and water fractions
may not be entirely accurate. Usually, these are QCM-D for the determination of the
wet mass and SPR or ellipsometry to estimate the dry mass. For example, using
QCM-D and SPR, the adsorption of ferritin on gold surfaces was studied by Caruso et
al. (1997), who determined that 43% of the adsorbed layers were water. Yugi et al.
(2012) also compared SPR and QCM-D results and found that ~25-67%

was

associated water. Anand et al. (2010) considered blood proteins on various metallic
surfaces and found that, on average, ~58% was associated water. Independent studies
by Heiden et al. (2007) reported that more than 90% of the mass detected on the
QCM-D sensor was due to trapped water molecules. In addition to QCM-D and SPR,
Höök et al. (2002a) used ellipsometry to study adsorption of proteins on titanium
oxide surfaces. On comparison of the QCM-D wet mass to the dry mass obtained by
ellipsometry, they found that 34-56% of these adsorbed layers was associated water.
The main drawback in the above mentioned analysis is that different surfaces that
have been utilized to compare dry and wet mass of proteins adsorbed. The above
mentioned studies detect and compare masses on separate principles. For example,
SPR is an optical technique and the dry mass obtained is compared with the QCM-D,
an acoustic technique for wet mass. This causes uncertainty and inconsistency. On
the other hand, in this study, the wet and dry mass analyses are being performed
independently using the same SS sensor surface through the QCM-D and the
fluorescent microscope. .

2-4 Bio-inspired coatings development
After protein adsorption was studied in depth, the aim of the thesis was to study a
particular adhesive available in nature and test its adhesiveness to SS. The focus was
on one particular post-translational modification of tyrosine to DOPA in peptide
fragments. The peptide fragments were produced synthetically, while the conversion
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of tyrosine to DOPA was performed chemo-enzymatically using mushroom
tyrosinase. The adsorption of these modified peptide fragments, compared with their
unmodified counterparts are reported in detail in Chapter 4. Below, is a review of
related work on bio-inspired adhesives, as these provide a background to the study of
bio-inspired coatings.
Nature has been developing adhesives for millions of years in its own way. The
earliest reported uses of adhesives were caulking ships with tars and sealing jars of
spices with asphalt by the Phoenicians (Creton and Papon, 2003). Naturally available
adhesives that have already been exploited for many technical applications include
casein, latex rubber, tree gum, and adhesives of natural textiles, production of paper
and sealing of jars (Rischka et al., 2010). The industrial development of adhesive was
first observed in the 15th century. Although the application of natural adhesives still
plays a vital role, modern adhesives have been associated with the development of
synthetic polymers in the 20th century (Creton and Papon, 2003). ―Bio-inspired
coatings‖ are named after their origin – from biological species. There have been
various proven applications of adhesion obtained from the biologicals including the
use of plant based adhesives for self-healing (Keckes et al., 2003, Schreiber et al.,
2005). On the other hand, animals producing sticky compounds defend themselves
against predators and to hunt their prey (Voigt and Gorb, 2008, Flammang, 2006).
The key interest of the bio-mimetic coatings is the interaction between the material
and a surface, whether the surface is of biological or non-biological origin (Silverman
and Roberto, 2007). The choice for this study was mussel foot protein. Instead of
studying natural mussel protein (that contributes to adhesion) we used specific
fragments of the mussel proteins to study adsorption on SS (Section 2-5-1), in
particular after modification of tyrosine residues to DOPA.

2-4-1 Marine adhesives
The biological adhesives are broadly categorized into four genera: freshwater
caddisfy larva, sandcastle worms, acorn barnacles and blue mussels. These are
categorized on the basis of the broad range of function of the adhesives – mechanistic
features and unique adsorption characteristics. The caddisfy larvae make use of the
sticky underwater silk to exploit their habitats, whereas the sandcastle worms live in
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tubes that have been assemble by sand, shell fragments and underwater proteinaceous
glue. Acorn barnacles glue their base plate to the rocks. Mussels hang on with a
handful of high-tech threads that mitigate the mechanical mismatch between hard
rock and the soft invertebrate. Other examples include snails, brown algae (kelp),
tubeworms and starfishes (Stewart et al., 2011).

2-4-2 Special characteristic features of mussel adhesives
Mussel attachment to varied surfaces (Fig. 2-14) has been one of the earliest observed
means of bio adhesion. Freshwater mussels or molluscs, of the subfamily Dresisena
adhere to temporarily or permanently in an aqueous environment to a variety of
surfaces (Francisco and Heather, 2010). They use a proteinaceous secretion called
―byssus‖ that enables a strong, durable adhesion. The term ―byssus‖ (Greek – ―bysso‖
for flax linen) was coined accidently by Aristotle (Ehrlich, 2010). Mussel byssi
originate from a root that is attached to the byssal reactor muscle and a stem that
extends from the root. Byssal threads terminate into byssal plaques (Francisco and
Heather, 2010).

Figure 2-14: Mussel attachment to (a) Seaweed, (b) Other mussels and (c) SS
(Silverman and Roberto, 2007)
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The first description of the mollusc byssus was done in 1711. The work described that
the byssal thread of Mytilus edulis displayed different morphology throughout the
length of the byssus. They emerged from the mussel as the proximal thread and
attached to the surfaces at the distal thread and plaque. Byssal threads range from 2 to
4 cm long and 0.1 mm in diameter. They have a flexible and soft core that is enclosed
within a hardened sheath or cuticle. The core has three unique collagens – precol C,
precol D and precol NG. They also contain the five major proteins (termed Mefp –
Mytilus edulis foot proteins 1 to 5). Table 2-1 lists the different foot proteins
contributing to the adhesive properties of mussels.
Table 2-1: Byssal protein adhesive properties (Francisco and Heather, 2010)

Biological Classification

Adhesive materials classification

Byssus

Region

Mussel proteins Function
identified

Curing mechanism

Plaque

Primer
layer

fp-3,5,6

Primer
plaque/
primer

Couple with inorganic
(metals) and organics

Plaque
foam

fp-2

Stabilize

Interand
intramolecular cross-linking

Thread
collagen
anchor

fp-4

Thread
sheath
(cuticle)

fp-1

Varnish/coa
ting

Interand
intramolecular cross-linking

Thread

Polyphenol
oxidase
Thread
core

Oxidation

distal precol –D
proximal
PTMP-1

Rigid

Inter-and
intramolecular cross-linking

precol- Elastic
Rigid

Non-gradient
Precol-NG

Rigid
elastic
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and

This byssal thread and adhesive plaque is formed by the secretion of the liquid
protein from within the gland. Solidification of this secreted liquid occurs rapidly and
provides a stable attachment (Silverman and Roberto, 2007, Ehrlich, 2010, Francisco
and Heather, 2010). The bysuss thread holds the animal firmly to the substrate
against the activity of waves and predators. Each byssal thread has the potential to
withstand a tensile force of 0.25 N, and nearly double this magnitude if it is dry. The
molluscs has therefore developed effective strategies to survive turbulent and windy
shores (Ehrlich, 2010).
2-4-2-1 Importance of 3, 4-dihydroxyphenylalanine (DOPA) in adhesion
Nature impressively demonstrates the use of polyphenolic compounds in different
materials. Different marine organisms use these compounds as adhesives (Rischka et
al., 2010). The reactive functional moiety of interest is frequently a special phenolicbased structure, DOPA that has the ability to react in different ways with itself or
with other functional groups (Yu et al., 1999, Rischka et al., 2010). ‗Catechols‘ are
phenolic compounds that contain hydroxyl groups in the ortho position and are useful
in chemical linkage or chelation (Rischka et al., 2010). DOPA has played a double
role in marine adhesion, being important for both the cohesive and adhesive
properties of the mussel adhesive. DOPA shows specific interactions with metal and
metal oxide surfaces. Cross-linking between DOPA molecules also play an important
role in adhesion. Earlier adsorption studies have shown the nature of aggregated
adsorbed layers of mussel proteins (due to the presence of DOPA) on surfaces
(Haemers et al., 2003).
Mytilus edulis foot protein-1 was the first of the polyphenolic proteins to be identified
(Waite and Tanzer, 1981). The primary location of the Mefp-1 is in the byssal threads
and it has a molecular mass of 115 kDa and 897 amino acids. Mefp-1 protein is
mainly built from two building blocks of 71 deca-peptides containing the amino acid
residues AKSTYP`P``TYK, that comprises of the major consensus repeat and the 12
deca-peptides of AKPTYK (here three post-translational modifications have been
observed: Y represents DOPA – conversion of tyrosine to DOPA, P` represents trans2, 3-cis-3, 4-dihydroxyproline, and P`` represents trans-4-hydroxy-L-proline). Mefp-1
proteins constitutes over 10-15 mol% DOPA content (Francisco and Heather, 2010,
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Silverman and Roberto, 2007, Ehrlich, 2010). Mefp-1 requires oxidation of tyrosine
residues by enzymes such as catechol oxidase, tyrosinase, or sodium periodate for
conversion to the reactive DOPA residues required for strong adhesion. This
particular adhesive protein is now commercially produced and available from several
companies (Silverman and Roberto, 2007).

Figure 2-15: (a) Anatomy of Mytilus edulis and byssus structures (Silverman and
Roberto, 2007) and (b) location of adhesive-related proteins identified in Mytilus
edulis (Silverman and Roberto, 2007)
Mefp-2 is found in the byssal plaques, constituting 25-40% of the plaque proteins.
Unlike Mefp-1, this protein is smaller and has a molecular mass of 42–47 kDa. Only
2–3% of DOPA is found in Mefp-2 and there is no hydroxylation of proline to trans2, 3-cis-3, 4-dihydroxyproline or trans-4-hydroxy-L-proline. The stabilization role in
the byssus has been suggested to occur due to the high cysteine content (6 to 7 mol
%) in the Mefp-2 (Ehrlich, 2010, Silverman and Roberto, 2007).
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Figure 2-16: Hydroxylation of tyrosine residues in Mytilus edulis (Silverman and
Roberto, 2007)
Mefp-3 is the smallest of the byssal adhesive proteins identified and has a molecular
mass of ~ 5 to 7 kDa; it contains no repeats and has over 20 to 25 mol% of DOPA
residues in its composition. The molecular mechanism for the binding of Mefp-3 to
substrates has still not been completely explored, although it is predicted that the
influence of factors such as exposure time to surfaces, water temperature and age of
the animal plays a key role in expression levels of the protein (Silverman and
Roberto, 2007).
Mefp-4 is found in the bulk adhesive of the plaque, having a MW of 79 kDa. This
protein contains very high amounts of levels of glycine, arginine and histidine and
about 5% of DOPA in its sequence (Silverman and Roberto, 2007, Ehrlich, 2010).
Mefp-5 is one of the most recently discovered adhesive proteins. It is relatively small
having a MW of 9.5 kDa comprising of 74 residues and 27% DOPA content (Ehrlich,
2010, Silverman and Roberto, 2007). Mefp-5 is found to be rich in non-aromatic
residues – lysine and glycine represent 65% of the composition. Mefp-5 also has the
highest DOPA content - one in four amino acids of the sequence is DOPA (Ehrlich,
2010).
A newly discovered protein Mefp-6, that could possibly explain the link between
DOPA-rich proteins and plaque proteins has been identified. It has a MW of 11.6 kDa
and higher tyrosine content than DOPA (Silverman and Roberto, 2007).
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2-5 Synthetic production of DOPA in fragments
2-5-1 Choice of study fragments
Development of synthetic polymers has been a potential source for functionally
equivalent adhesives found in nature. Mefp-5 is the least polymorphic of the plaque
proteins with abundant of glycine and lysine amino acid residues(Lee et al., 2011). In
addition to DOPA, there is potential involvement of lysine in adsorption(Yu et al.,
1999). In this study we have chosen fragments of the whole protein (mefp-5) because
of the presence of DOPA. Two fragments containing 50% and 30% tyrosine
respectively, KGYKYY and KGYKYYGGSS have been chosen for chemoenzymatic modification. They were subjected to chemical modification for formation
of DOPA residues and the adhesion properties were studied using QCM-D.

2-5-1 Chemo-enzymatic modification of tyrosine to DOPA
Waite et al. (2000) studied the adhesive properties of natural mussel substances in
detail. Although natural extraction has been initially used to isolate mussel adhesive
protein for commercial purposes, this process is labor-intensive and requires around
10,000 mussels for 1 mg of protein (Dodson et al., 1979). There have been attempts
to express functional and economical mussel adhesive proteins, but these have failed
in many instances due to the presence of the highly biased amino acid composition
(five amino acids comprise ∼89% of the total amino acids in mefp-1), different codon
usage between mussel and other expression systems (problem in utilizing transfer
RNA (tRNA)), and the small amount of adhesive produced (Hwang et al., 2004). The
focus of this study is to explore adsorption of fragments of mefp-5 having higher
amounts of tyrosine, 50% and 30% respectively (KGYKYY and KGYKYYGGSS),
obtained from synthetic production. These fragments were then subjected to
mushroom tyrosinase to modify tyrosine to DOPA residues.

2-5-2 Analysis of DOPA produced by high performance liquid
chromatography (HPLC)
Tyrosinase (EC 1.14.18.1) is a copper-containing oxido-reductase catalyzing two
sequential reactions: hydroxylation of monophenols to o-diphenols (cresolase
activity) and the subsequent oxidation of o-diphenols to o-quinones (catecholase
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activity), both requiring molecular oxygen as the oxidizing agent (Xu et al., 2012,
Taylor, 2002). Mushroom tyrosinase was employed for hydroxylating tyrosinecontaining sequences in peptides to DOPA. Ito et al. (1984) have a simple and rapid
method for quantificating of DOPA produced from chemo-enzymatic conversion
using tyrosinase at 0, 30, 60 and 120 minutes with BSA. Gieseg et al. (1984) also
followed a similar approach of incubating proteins with tyrosinase for modification to
occur at 0, 1, 2.5, 4 and 6 hours with bovine insulin.

2-5-3 Adsorption of modified and unmodified fragments
The function of the mussel adhesive thread is to hold the animal firmly to the
substrate against the activity of waves and predators. It is therefore important that it is
not only strong but also able to absorb energy imparted by breaking waves and strong
surges. Each byssus thread can withstand a tensile force of about 0.25 N (Ehrlich,
2010). The role of DOPA in the mussel adhesives has been best understood as it
related to solidification of the secreted adhesive liquids, a process that derives from
protein crosslinking reactions giving rise to highly cross linked bulk protein matrix.
DOPA residues are found to interact with organic and inorganic surfaces through π
electron interactions (Waite, 1976). DOPA is also capable of both donating and
accepting hydrogen bonds, which allows DOPA to compete well with water bonding
to hydrophilic and polar surfaces (Lee et al., 2006a).
In this study, the main differences in adsorption of the modified and unmodified
fragments of the mefp-5 proteins are explored. Earlier results have shown the
adsorption of complete mefp fragments to surfaces. For example, DOPA residues can
form coordinate metal ion complexes with SS and titanium, thus increasing the
interaction of DOPA with the surface (Monahan and Wilker, 2003, Sever et al.,
2003).
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Chapter 3 - Protein adsorption studies on
stainless steel sensors using a quartz crystal
microbalance with dissipation
Introduction
In this chapter the adsorption behaviour of proteins onto SS grade 316 surfaces is
explored using QCM-D. The chapter consists of four major parts: (1) experimental
work on adsorption of commercially obtained proteins, using QCM-D, (2)
development and application of a new technique combining fluorescence and QCMD measurements on a single sensor to determine the relative contributions of water
and protein to the mass of the adsorbed layer, (3) exploring the various parameters
affecting protein adsorption, including the use of principal component analysis to
examine the influence of amino acid characteristics found on the surface of proteins
and determining an empirical equation to assess their adsorption and (4) kinetic
models that describe reversible and irreversible protein adsorption.

3-1 Materials and methods
3-1-1 Materials
All test proteins (α-lactalbumin, β-lactoglobulin, α-casein, β-casein, κ-casein, bovine
serum albumin, cytochrome-c, haemoglobin, myoglobin, α-chymotrypsinogen,
human recombinant insulin, lysozyme and papain), fluorescein iso-thiocyanate
(FITC), ammonia, hydrogen peroxide, di-methyl sulfoxide (DMSO), Trizma salt and
sodium carbonate salt was purchased from Sigma Aldrich (Sydney, Australia).
Decon-90 was purchased from Decon Laboratories, UK and MilliQ water was
obtained from Merck Millipore (Billerica, MA). SS sensors were purchased from QSense (ATA Scientific, Tarren point, NSW, Australia).
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3-1-2 Methods
The QCM-D E4 system obtained from Q-Sense, was used for adsorption studies.
Experimentation and analysis were performed using QSoftTM and QToolsTM to
control the system and analyse data, respectively, both provided by Q-Sense. The
peristaltic pump used to feed fluids through the QCM-D system was obtained from
Ismatec IPC-N Pump (IDEX Health & Science, Wertheim, Germany). A UV Ozone
chamber (Bioforce Nano from Q-Sense (Gotenberg, Sweden)) is used for irradiating
the sensors. A NanodropTM Spectrophotometer A280 nm (Thermo Scientific, DE,
USA) was used for quantification of proteins. A Nano-Zetasizer (Malvern, UK) was
used for determining diameter of the protein. A HiTrap desalting column (GE
Healthcare Life Sciences, Connecticut, USA) was used for buffer exchange. For the
fluorescent work, a Leica DM500 microscope was used for fluorescent images and
ImageJ software for analysis.

3-1-3 Protein adsorption studies on stainless steel using QCM-D
3-1-3-1 Buffer solution
10 mM Tris buffer (pH 7.5) was prepared by dissolving 1.2 g of Trizma salt (MW
121.4 g/mol) in 1 L MilliQ water. The buffer was degassed prior to loading on the
QCM-D.
3-1-3-2 Sample Preparation
The test proteins in this study were divided into three groups: milk proteins (αlactalbumin, β-lactoglobulin, α-casein, β-casein, κ-casein and bovine serum albumin),
blood proteins (cytochrome-c, haemoglobin and myoglobin) and proteins of industrial
and medical relevance (α-chymotrypsinogen, human recombinant insulin, lysozyme
and papain). Protein solutions at desired concentrations (0.1, 0.25, 0.5, 0.75, 1, 1.5
and 2 mg/mL) were prepared in 10 mM Tris buffer (pH 7.5). Quantification of
protein samples was performed using the NanodropTM Spectrophotometer A280 nm.

51

3-1-3-3 QCM-D Experimental Method
All experiments were run in triplicate. Experiments were carried out at 22°C using
clean stainless steel coated quartz sensors mounted in a Q-Sense E4 system equipped
with four measuring chambers. Q-Sense sensor crystals used in the experiments were
coated with SS grade 316, characterized by an isoelectric point of ~ 3-4. The detailed
chemical composition of the metal surfaces, XPS survey reports, roughness data, and
metal deposition methods of the SS coating on the sensor crystals were extensively
reported in Anand et al. (2010). The solutions were fed to the QCM-D system using a
peristaltic pump at a flow rate of 0.1 mL/min. The adsorption tests include a
preliminary equilibration with pure Tris buffer to obtain the signal baseline.
Equilibration was followed by the adsorption step, where protein solutions were
recycled at known concentrations through the flow cells until stable frequency and
dissipation signals were obtained. Subsequently, a desorption step was carried out
using plain Tris buffer to monitor removal/desorption of the protein from the surface.
This step was continued until stable signals were obtained. The frequency and
dissipation signals were recorded using QSoft™ control software and further
analysed by applying the Sauerbrey model on QTools™ software (both programs
supplied with the QCM-D instrument).
The SS sensors were cleaned at the end of each experiment with 1% Decon-90
prepared in MilliQ water. A second ex situ cleaning of the SS sensors was performed
between experiments using Pirhana solution (5:1:1 mixture of MilliQ water, ammonia
(25%) and hydrogen peroxide (30%)), followed by a MilliQ water rinse. Sensors
were then dried using nitrogen gas and UV irradiated using a UV Ozone chamber for
10 minutes.

3-1-4 QCM-D data interpretation using the Sauerbrey model
The Sauerbrey model assumes that the adsorbed layer was rigidly coupled to the
sensor and viscoelastic effects are negligible. Following this assumption, the resulting
change in the resonant frequency, Δf, was directly proportional to the mass
accumulated onto the surface, Δm, accordingly to the following relationship
(Sauerbrey, 1959):
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Where the adsorbed material behaves as a viscoelastic layer, energy dissipation
affects the change in measured resonance frequency and the Sauerbrey model
underestimates the actual mass of the adsorbed layer. A good indication of whether
the adsorbed layer was rigid or viscoelastic can be attained through evaluation of the
dimensional ratio ΔD/(-Δf/n), obtained from the slope of a ΔD vs. Δf plot. As a rule of
thumb, if the dissipation shift observed with respect to the frequency change was
small, then viscoelastic dissipation of energy can be neglected and the Sauerbrey
model can be safely used for interpretating of the QCM-D data (Irwin et al., 2005,
Stengel et al., 2005a, Reviakine et al., 2011). For a 5 MHz sensor, the adsorbed layer
can be assumed rigid when ΔD/(-Δf/n) << 4 10-7 Hz-1 (Reviakine et al., 2011).

3-1-5

Determination

of

water

in

the

adsorbed

layers

(Fluorescent labelling of proteins)
3-1-5-1 Buffer solution
100 mM carbonate buffer (pH 9) was prepared by dissolving 10.6 g of sodium
carbonate salt (MW 105.99 g/mol) in 1 L MilliQ water.
3-1-5-2 Sample Preparation
All the protein solutions were prepared in 100 mM carbonate buffer (pH 9) at a
concentration of 1 mg/mL and labelled with FITC. The labelling was performed by
adding 50 µL of freshly prepared FITC solution (1 mg of FITC in 1 mL of DMSO) to
1 mL of protein solution at room temperature for 3 hours. After this step, carbonate
buffer was exchanged to Tris pH 7.5 using a 5 mL HiTrap desalting column.
3-1-5-3 Experimental Protocol
Adsorption experiments were carried out using a QCM-D as described in Section 3-13-3. Briefly, the adsorption tests included a preliminary equilibration with pure Tris
buffer followed by the adsorption step, where labelled protein solutions were pumped
into the flow cells until stable frequency and dissipation signals were obtained. The
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total wet mass of protein adsorbed onto the SS sensor was calculated from the
frequency and dissipation signals as recorded using QSoft™ control software and
further analysed applying the Sauerbrey model on QTools™ software (QCM-D
experiments and analysis as described above) (Sauerbrey, 1959). At the end of the
adsorption experiments, the SS sensors were removed from the flow cells, dried for 2
– 3 hours and fluorescent images were obtained using a Leica DM500 microscope
under 1X magnification for 2.2 seconds. Fluorescence intensity calculations were
performed using ImageJ software.
To obtain a calibration curve to correlate the amount of dry protein on the SS surface
with fluorescent intensity, 0.25 µL of protein solutions at different concentrations
(0.015 – 2 mg/mL) were spotted on a new sensor surface and dried for 2 – 3 hours.
Fluorescent images were obtained and processed as above to obtain fluorescent
intensity data.

3-2 Results and discussion
3-2-1 Adsorption of commercial proteins on SS using QCM-D
The objective of the work presented here was to provide information on the
adsorption behaviour of selected proteins present in milk and blood fractions as well
as other proteins of industrial and medical relevance.
For consistency and to allow for a direct comparison between the different
experiments, the pH of the Tris buffer was set to 7.5 in all tests, a value chosen as a
compromise between the fluids commonly treated in the food and biomedical
industries: the pH of milk is 6.5–7.1 (Anema et al., 2004); the pH of egg is 7.3–8.5
(Scott and Silversides, 2000); the pH of blood/plasma is 7.35–7.45 (Waugh and
Grant, 2010).
Figure 3-1 shows a time profile for the frequency and dissipation signals of a typical
experiment. After the initial equilibration step with pure saline buffer (point A in Fig.
3-1), introduction of the protein solution (point B in Fig. 3-1) caused a large drop in
the frequency signal, followed by a slower frequency decrease. The first abrupt signal
change is associated with rapid protein adsorption over the SS sensor surface as the
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result of: i) maximum mass transport rate through the boundary layer above the SS
surface, in which the protein concentration in the liquid in contact with the surface
was practically zero at the beginning of the loading step, and ii) complete availability
of the sensor surface to bind the protein molecules introduced. About 80% of total
adsorption occured in the first 10 min of the loading stage. This is further explored in
Section 3-2-1-1.

Figure 3-1: Representative example of a QCM-D adsorption experiment. Signals for
the run carried out with β-lactoglobulin at a concentration of 0.25 mg/mL and 7th
overtone. A: equilibration with pure Tris buffer at pH 7.5; B: protein load; C:
desorption in absence of protein (buffer).
3-2-1-1 Study on primary adsorption on SS and protein adsorption factor
Because of the design of the QCM-D flow chamber, primary adsorption is likely
limited by protein diffusion through the boundary layer rather than the surface
reaction in itself (Höök, 1997). This was supported by the observation that, under the
experimental conditions employed, the flow regime in the measuring chamber was
laminar, with values for the Reynolds number in the order of 0.1–1. The Reynolds
number was calculated with the following equation and values.
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(22)
where Q is the flowrate (0.100 mL/min, DH is the diameter of the sensor (1.4 cm),
is the kinematic viscosity (0.01 cm2/s) and A is the area of the sensor (1.54 cm2).
On the other hand, the flow conditions commonly used in industrial practice are fully
turbulent, implying thinner boundary layers and faster kinetics for overall adsorption
(diffusion + surface reaction). These points clearly indicate that initial protein
adsorption was effectively an instantaneous process compared with the time scales
involved in industrial practice. Protein adsorption continued to occur, but more
slowly in the following few hours as shown by the decrease in the frequency (Fig. 31). The time needed to reach surface saturation depended mainly on protein type
rather than protein concentration but in all cases it occurred between a lower limit of
about 40 minutes for β-lactoglobulin and an upper limit of 4.5 hours for blood
proteins (Refer Appendix I – Fig. A-11). During this stage, the protein molecules
already adsorbed can desorb from the surface and return back in solution or shuffle
and rearrange in the attempt to achieve lower energy configurations, as well as
change their local conformation. The dynamic changes occurring make available
additional adsorption sites on the surface, resulting in the slow but steady adsorption
necessary for complete surface saturation. In this final condition, a dynamic
equilibrium was reached between the new biomolecules adsorbing on the surface and
the proteins leaving the SS surface. To evaluate the nature of the interaction between
protein molecules and the SS surface, pure Tris buffer was used as a washing step in
the QCM-D following the adsorption step. During this stage, a fraction of the proteins
previously adsorbed desorbs from the sensor surface, with an associated gain in the
frequency signal (point C in Fig. 3-1). However, regardless of the duration of the
washing, the frequency signal did not approach the zero baseline. This observation
was further tested in an experiment in which the washing stage lasted more than 48
hours. Hence, for the system investigated and the proteins used, protein adsorption on
SS was a combination of both reversible and non-reversible adsorption.
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In the first ten minutes of adsorption, the frequency change was large (Fig 3-1)
corresponding to the maximum adsorption of proteins on the surface (refer Eq. (22)).
To further understand the adsorption, these first ten minutes of adsorption were
studied in detail. The protein adsorption factor, K, defined as the sum of the mass
transfer and surface reaction in series was also determined at 50%, 60%, 70%, 80%,
50%<x<70% and 50%<x<80% of the first 10 minutes for five test proteins. This
range was selected to understand which part of the primary adsorption in the first ten
minutes was responsible for the maximum coverage of proteins on the surface.
To study protein mass transfer study the bulk solution phase to the surface, both
reversible and irreversible Langmuir kinetics were considered;
Reversible kinetics cen be described by:
(

(

))

(

)

(23)

and
Irreversible kinetics can be described by:
(

)

(24)

where, q was the amount of protein adsorbed, qm was the maximum adsorbed protein
on the surface,

was the change in adsorption with respect to time, c* was the

interfacial concentration in the liquid phase, ka was the adsorption constant and kd was
the desorption constant.
At the beginning of adsorption, we can neglect the desorption effects. Also we have q
<< qm ; hence Eq. (24) can be rewritten as follows:
(25)
The value of c* was determined by the boundary layer mass transport of the protein,
where flux of protein travelling through boundary layer was equal to the amount of
protein adsorbing;
(

)

(26)
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Rearranging,
(27)

where,

was the constant for the final adsorbed mass on the sensor and Da

represents the Damköhlar number (Da =

) and represents the ratio between

the characteristic time for film mass transfer and reaction time.
If, Da >> 1, then tf >> tr, mass transfer was film controlled and c* = 0 and
if, Da << 1, then tf << tr, mass transfer was reaction controlled and c* = c
It is worth noting that c* is a value generated as a compromise between the velocity
boundary layer mass transfer and reaction rate for times close to zero. This would not
be valid at longer times. In fact at longer times, the r.h.s of Eq. (23) must take into
account other effects such as desorption and a surface that was not totally free. Under
this approximation, i.e., t = 0; Eq. (27) can be rewritten as follows:
(28)

where;

(29)

K represents the overall adsorption factor of proteins and was the result of two
resistances in series: mass transfer ( ) and surface reaction (

).

In Eq. (28), dq/dt represents the initial slope of the measurements; if a linear
relationship occurs between the slope, dq/dt, and protein concentration in the liquid
phase, c0, then we can immediately evaluate the overall adsorption, K. Once K is
determined, ka can be determined from knowledge of qm and the evaluation of kf
through the available mass transfer correlations.
To evaluate

, the sensor surface was considered here as a laminar plate and hence

the mass transfer for the sensor was considered as follows (Incropera and DeWitt,
2001),
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(
where,

)

( )

(30)

, D was the diffusivity of the protein (experimental (Dexpt) and

theoretical (Dtheo)), L.a was the area of the sensor (0.00015 m2) and velocity, v0 , was
calculated as follows:
(31)
where, Q was the flowrate (0.1 mL/min) and

was the cross-sectional area

(area of the sensor).
The diffusivities of the proteins to be used in Eq. (30) were calculated experimentally
(Dexpt) and compared with the theoretical values (Dtheo) (Tyn and Gusek, 1990) along
with a constant for the finally adsorbed mass on the SS sensor, kf (Table 3-1). It can
be seen here that Dexpt was approximately equal to Dtheo. Similarly, kf,expt was equal to
kf,theo.
Table 3-1: Experimental and theoretical diffusivities

Dexpt

Dtheo

1/kf,expt
7

1/kf,theo

(*10 )

(*107)

(*10 )

(*107)

cm2/s)

cm2/s)

(cm/s)

(cm/s)

α-lactalbumin

10.6

11.6

5.2

4.9

β-lactoglobulin

7.8

8.1

6.3

6.2

α-casein

11.2

11.8

4.3

4.8

β-casein

1.4

1.25

2.0

2.2

α-chymotrypsinogen

10.2

9.3

5.3

5.6

Protein

7

Figure 3-2 shows protein adsorption factor values at 50%, 60%, 70%, 80%,
50%<x<70%, 50%<x<80% for four out of the five test proteins, excluding beta59

lactoglobulin. α-lactalbumin and α-chymotrypsinogen followed a similar trend of
increase in protein adsorption factor during the first ten minutes. This higher protein
adsorption factor to the SS surface is due to the immediate adsorption of the proteins
on the surface, which could be due to the change in the binding sites of these protein
as temperature and time of adsorption onto the SS surface increased (Corredig, 2004).
α-casein and β-casein had higher protein adsorption factors compared to αlactalbumin and α-chymotrypsinogen. One of the reasons that could contribute to a
higher protein adsorption factor is the self-association characteristics of the caseins.
At increased ionic strength and pH 7.5, the casein monomers exist in a rapid
equilibrium to the oligomers and so the adsorption factor of these proteins on the SS
surface increases with formation of the oligomers (McSweeney, 2013). The protein
adsorption factor for β casein at 80% of maximum adsorption is almost five times that
of α-casein. The reason for β-casein having a very high adsorption factor could be its
aggregation and the corresponding formation of oligomers present at pH 7.5
(McSweeney, 2013). Although equilibrium exists between the monomers at
oligomers at pH 7.5, there was a continuous distribution between the monomer and
the largest polymer at 22°C. There was a shift in equilibrium towards increasing the
number of monomers in the solution so there are many more monomers accumulate
to aggregate and move from the bulk solution phase to the surface - adsorbing to the
SS compared with the polymers. Eventually this increases the protein adsorption
(Cosman et al., 2005).
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Protein resistance (K) (*10-6 cm/s)

0.8
0.7

α-lactalbumin

α-casein

β-casein

α-chymotrpsinogen

0.6
0.5
0.4
0.3
0.2
0.1
0

Figure 3-2: Comparison of protein adsorption s at 50%, 60%, 70%, 80%,
50%<x<70%, 50%<x<80% of the first ten minutes of adsorption for four test
proteins.
β-lactoglobulin on the other hand has a much higher protein adsorption factor than to
the other four test proteins. Between 50% and 80% adsorption, the protein adsorption
factor 12x10-6 cm/s (not shown in Fig. 3-2). Binding studies of β-lactoglobulin
showed that the protein undergoes several conformation changes between pH 2-9 that
could lead to aggregation of the protein and this enhances movement from the bulk
solution phase to the SS surface (McSweeney, 2013). Helices content found in the βlactoglobulin create a compact non-polar core by hydrophobic interactions. Dill et al.
(1995) also suggested the complication in the protein structure was higher due to the
higher helices content and this compactness by means of hydrophobic, ionic and van
Der Waals interaction leads to protein folding. Earlier studies have shown that in the
pH range 2.5 to 7.5 and at 22C, β-lactoglobulin dimer formation occurs and hence
predominant aggregation (Schmitt et al., 2001). The protein adsorption factor in this
study suggests aggregation and conformational change in β-lactoglobulin similar to
that reported. Hence, in β-lactoglobulin, most of the protein is present as aggregates
that move towards and adsorb on the surfaces rather than being dispersed in the liquid
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phase, which contributes to the protein being adsorbed onto SS at much higher levels
than the other proteins used.
3-1-3-2 Rigidity of protein adsorbed layers on SS
The dissipation signal decreases slightly between the loading and washing steps (Fig.
3-1). This indicates that the adsorbed layer contributes to the vibrational energy of the
QCM-D sensor. Depending on the change in the dissipation signal, the adsorbed layer
could be considered as viscoelastic or rigidly coupled to the sensor surface. For this
reason, the dissipation signal was used to calculate the ΔD/(−Δf/n) ratio, which was
then compared with the 4 × 10−7 Hz−1 threshold suggested by Reviakine and also used
by other researchers to distinguish between rigid or viscoelastic adsorbed layers
(Höök et al., 1998b, Höök et al., 2002, Reviakine et al., 2011).

Table 3-2: Effect of β-lactoglobulin concentration on frequency, dissipation and
dimensional ratio at overtone 3 (n =3), for rigid layer rheology, calculated using the
Sauerbrey model.
Concentra-

Frequency

Dissipa-

ΔD/(−Δf/n)

tion

(f) (Hz)

tion (D)

(x 10-7)

(x 10-7)

β- lactoglobulin

(mg/mL)
0.10

8

5

1.8

0.25

10

7

2.1

0.50

10

2

0.6

0.75

12

4

1.0

1.00

14

5

1.1

1.50

11

5

1.4

2.00

15

8

1.6

For all proteins, the dimensional ratio was 1.5 – 2.2 × 10−7 Hz−1 (Refer Appendix I:
Table A-1). Hence, the layer formed by the adsorbed proteins was considered rigidly
coupled to the QCM-D sensors and the Sauerbrey model was considered valid for
determining the corresponding surface concentration for the system. Table 3-2 shows
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values for frequency and dissipation for overtone 3 (n = 3) for β-lactoglobulin.
Overtone 3 was chosen here due to its stable signal for all concentration of the test
proteins. All the values fell in the dimensional ratio of 0.6 – 2.1 x 10-7 Hz -1.
α-Lactalbumin
β-Lactoglobulin
α-Casein
β-Casein
κ-caesin
BSA
Cytochrome-c
Haemoglobin
Myoglobin
α-Chymotrypsinogen
Lysozyme
Papain

8
7

qirr (mg/m2)

6
5
4
3

y=x

y = 0.8x

2
1
0
0

2

q4tot (mg/m2)

6

8

Figure 3-3: Correlation between total protein adsorbed (prior to buffer rinse - qtot) and
irreversibly bound protein (after washing – qirr). For the sake of clarity, the lines with
equations y = x and y = 0.8x are also included.
During washing, not all the protein molecules previously bound desorb from the
sensor surface, indicating simultaneous reversible and irreversible adsorption. The
total surface calculated at the end of the adsorption stage, qtot , accounts for both types
of surface binding. However during the washing stage only the protein reversibly
bound can desorb, so the surface concentration estimated at the end of the washing
stage corresponds to the fraction of irreversibly adsorbed molecules, qirr.

The relative extents of total (qtot) and irreversible (qirr) adsorption are shown in Fig. 33. The qirr, was around 80% of qtot, during the loading stage, independent of the value
and protein type or concentration. This behaviour has been observed in other
researchers investigating adsorption of HSA, lysozyme, BSA and bovine
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submaxillary gland mucin (BSM), and depicts an adsorption feature common to many
proteins (Hedberg et al., 2012b, Lundin et al., 2012). It is likely, that irreversible
adsorption was intimately associated to the primary protein layer that forms after the
initial interactions were established and, that formed when they were processing in
the first 10 minutes of contact at the latest. Therefore, for the times generally
considered in the food and biomedical industries, it must be concluded that an
adsorbed layer is immediately and ubiquitously present on untreated SS surfaces after
contact with any fluid containing proteinaceous species.

3-2-2 Study on dairy protein-associated water and its
adsorption effects on SS surfaces by comparison with
fluorescent labelling and QCM-D
In QCM-D measurements, water (or any solvent or liquid molecules) may couple as
an additional mass via hydration or entrapped in the cavities of the adsorbed layer
(Macakova et al., 2007, Anand et al., 2010, Goda and Miyahara, 2012b). This means
that the layer sensed was a combination of protein and water molecules on the surface
of the SS sensor. The typical amount of coupled water in different systems can vary
significantly depending upon the nature of the film, mass uptake and protein
characteristics (Schreiber and Haimovich, 1983).
As an alternative technique for comparison of the QCM-D wet mass, dry mass
calculated using fluorescent labelling technique has been proposed in the current
work. This labelling represents a method to estimate only of protein adsorbed on a
surface excluding any water contribution (Rodahl et al., 1996a). FITC was used to
attach a fluorescent label to proteins via the amine groups. The isothiocyanate group
reacts with amino terminal and primary amines in proteins (Schreiber and Haimovich,
1983). FITC absorbs light maximally at 480 nm and fluoresces maximally at 520 nm.
The two techniques measure adsorbed amounts in the same adsorption experiment,
but by two independent methods through the QCM-D and the Leica DM500
fluorescent microscope (Leica Microsystems, Germany) as mentioned earlier in
Section 3-1-3.
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The dairy/milk proteins (α-lactablumin, β-lactoglobulin, α-casein, β-casein, κ-casein)
were used in a fluorescent trial.

Concentrations of each protein were prepared and

0.25 μL was spotted on the SS sensor surface in two rows. Figure 3-4 is a
representative example for dried α-lactablumin. Once spotted, the sensors were
allowed to dry in a humid environment at room temperature (22°C) for 2–3 hours
(until dried). These were done in triplicate using three different 316 SS grade SS
sensors provided by Q-Sense. In Fig. 3-4, the dry spotted protein concentrations have
been photographed at an exposure time of 2.2 s. The least concentration (0.015
mg/mL) has the least fluorescence and the fluorescence intensity increased as protein
concentration of the spotted protein increases. These experiments allowed the
intensity to be correlated with the dry mass of the fluorescent protein adsorbed on the
sensor surface (Fig. 3-5).

4

8

3

7

1

2

6

5

Figure 3-4: Fluorescence of dried α-lactalbumin spots on the SS surface under 1X
magnification, exposure time of 2.2s. The spots correspond to (1) 0.015, (2) 0.03125,
(3) 0.0625, (4) 0.125, (5) 0.25, (6) 0.5, (7) 1, and (8) 2 mg/mL.
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Figure 3-5: Calibration curve of low concentrations of dry mass of alpha-lactalbumin
by fluorescent labelling.
Once fluorescence of the dry spots of protein was measured for their fluorescence
intensity, the wet concentrations from the QCM-D adsorption experiments were
determined. A single 316 SS grade SS sensor was used in the adsorption experiments.
The SS sensor was equilibrated with 10 mM Tris buffer until a stable frequency
signal was obtained. The protein solution 0.5 mg/mL was passed through the sensor
at 0.1 mL/min (22°C). The sensor was then finally re-equilibrated with the buffer
solution. The sensors were then carefully removed, wiped with a Kim wipe
(Kimberly-Clark®, Texas, US) to remove free water and placed in the humid
environment at 22°C and allowed to dry. At the end of adsorption experiments,
fluorescent intensity on the QCM-D sensors was measured at an exposure time of 2.2
s under the fluorescence microscope (Fig 3-6). The intensity of this sensor was then
plotted on the calibration curve used to estimate the mass of dry protein present on
the surface (Table 3-3).
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0.1 cm
Figure 3-6: Wet mass of α-lactalbumin adsorbed on the SS surface after the
adsorption experiments using 0.5 mg/mL. The green fluorescence represents protein
and the black spaces represent water (no protein content) at 50X magnification.
The mass of protein and water molecules (adsorption experiments) was compared
with mass of the dry protein (calibration of dry spotted proteins) to determine relative
content of water and protein in the adsorbed layer. The results summarized in Table
3-3 indicate the hydration water present in the adsorbed layer (QCM-D adsorption
experiments) for the test proteins.
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Table 3-3: Wet and dry masses of the adsorbed test proteins on SS surface
Water % in

Protein

Wet mass

Dry mass

(mg/mm2)

(mg/mm2)

Ratio

QCM-D

(Wet/dry

adsorption

mass)

experiments
(wet basis)

α-lactalbumin

3.25 ± 0.36

1.76 ± 0.07

1.85

45.8

β-lactoglobulin

5.55 ± 0.50

3.20 ± 0.09

1.68

42.3

α-casein

5.28 ± 0.29

3.30 ± 0.05

1.60

37.5

β-casein

4.80 ± 0.09

3.20 ± 0.06

1.50

33.3

κ-casein

6.62 ± 0.25

4.50 ± 0.08

1.47

32.0

5.0
κ-Casein

4.5
qm,irr (mg/m2)

4.0
α-Casein

3.5

β-Casein

3.0
2.5
2.0

βLactoglobulin

1.5

αLactalbumin

1.0
0.5
0.0

-0.6

-0.5
-0.4
-0.3
ρq (elementary charge/kDa)

-0.2

Figure 3-7: Trend of dry irreversible surface concentration with charge density for the
proteins tested
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Figure 3-8: Correlation between the estimated dry mass by the QCM-D and
fluorescent technique
The estimated QCM-D dry mass was calculated from the fraction mass (ratio of
wet/dry mass) obtained from the ―wet‖ mass experiments. There was a direct
relationship (R2=0.9) obtained between the mass estimated by the QCM-D technique
and the spot drying fluorescence technique. α-lactalbumin contained the most
hydration water, followed by β-lactoglobulin. These two proteins are highly
hydrophilic, and would trap the water molecules while adsorbing to the SS surface
(Schatzberg, 1967). In contrast, the caseins probably have a tendency to form large
aggregates and consequently exclude water molecules (Schatzberg, 1967, Fahmy,
1995, McSweeney, 2013). The amount of water present in the adsorbed layers is than
the amount of the protein, irrespective of the protein. Water and protein make almost
even contribution to the layer only for the case of α-lactalbumin. The ratio between
wet and dry mass was always less than 2 (Table 3-3).
Previously literature used two separate experiments with different sensors to measure
the protein and water. The different instrumentations, more importantly with the
different topographies of the sensor surfaces, would bias calculations of water
content. In this work, the water content was 32% - 45.8% (wet basis), half of that
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reports using two different measurements. For the first time, we propose a method
determining accurate values for protein adsorption onto surfaces that involve
measuring QCM-D and fluorescent measurements on QCM-D, using the same sensor
(316 SS grade provided by Q-Sense), hence removing uncertainties about the proteinsurface interactions.

3-2-3 Parameters affecting protein adsorption
Finding useful relationships between the physicochemical properties of the proteins
and their adsorption behaviour was of paramount importance for predicting the
amount of protein adsorbed on a surface without the actual need to perform a
complete experiment. Unfortunately, experimentation is extremely difficult because
of the multifaceted and complex structure of proteins. As well as the principal
properties of molecular weight, hydrodynamic radius, isoelectric point and
electrostatic charge, many different specific characteristics, such as 3-D structure and
folding, presence of post-translational modifications, repeat motifs, and the
abundance of certain amino acids (AA) on the surface differentiate the various
protein molecules. In an effort to offer a general yet useful method to predict the
adsorbing behaviour of proteins on SS surfaces, the attempt to correlate the
concentration irreversibly adsorbed to the main properties of the proteins. Different
generic parameters such as, pI, MW, charge, hydrodynamic radius, hydrophobicity
factor and surface accessible amino acid composition were considered, but none of
these was able to reliably describe the adsorbing attributes of the proteins used. Under
the hypothesis that the key factor driving surface fouling was closely related to the
protein‘s electrostatic charge, and that the electrostatic charge was distributed over
the entire protein, we propose to define the protein‘s charge density of a protein, ρpq,
as the ratio between the charge of that protein at the pH of the buffer and the
molecular weight of the protein.
Some of the parameters of the test proteins considered in this study are given in Table
3-4. The MW, charge and protein dimensions were considered for producing an
empherical relationship and principal component analysis (PCA). The crystal
structures of the proteins have been used to study the accessible amino acid residues
on the surface and their influence in protein adsorption studies using PCA.
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Table 3-4: MW, net charge at pH 7.5 and protein data bank (PDB) ID for the proteins
tested.

Commercial

Blood

Milk

Group

Proteins

MW
(kDa)

Charge Protein Dimensions PDB ID
(Rose et
at pH 7.5
(Å)
al.,
2011)

α-lactalbumin

14.1

-7.0

1.9 (Gast et al.,
1998)

1A4V

β-lactoglobulin

18.2

-7.9

4 (Ngadi, 2009)

1B0O

α-casein

22.9

-11.9

3.7 (Pessen et al.,
1991)

3AT2

β-casein

23.5

-7.9

2.9 (Pessen et al.,
1991)

1QF8

κ-casein

19.0

-1.2

1CK1

BSA

66.5

-16.6

8.9 (Pessen et al.,
1991)
14.0*4.0*4.0
(Wright and
Thompson, 1975)

Cytochrome-c

11.9

9.1

1 (Banci et al., 1997)

1AKK

Haemoglobin

16.0

-0.8

1.7 (Fermi et al.,
1984)

2HHB

Myoglobin

17.0

0.3

1.5 (Maurus et al.,
1998)

1AZI

αchymotrypsinogen

-2.0

2 (Frigerio et al.,
1992)

1ACB

13.9

Human
recombinant
insulin

5.0

-3.6

1.4 (Bi et al., 1984)

4FG3

Lysozyme

14.3

7.9

1.8 (Rypniewski et
al., 1993)

132L

Papain

23.4

6.0

71

1.7 (Janowski et al.,
2004, Kamphuis et
al., 1984)

3V03

9PAP

For many proteins there is a positive linear relationship (R2= 0.94) between qirr and
ρpq for the majority of the proteins tested (Fig. 3-9), especially for those with negative
or slightly positive charge density values. The correlation indicate the relationship of
electrostatic attraction forces acting between the protein molecule and the SS surface.
As the pH of the buffer (7.5) was higher than the pI of most of the proteins in solution
(Table 3-4) the proteins are negatively charged. As the isoelectric point of SS is ∼ 3–
4 (Anand et al., 2010), the SS surface was negatively charged at the pH used in the
experiments. The less negative the protein, the lower the energetic barrier it must
overcome to approach the metal surface and the greater the likelihood of establishing
other types of stronger and more stable interactions.
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Figure 3-9: Relationship of maximum irreversible surface concentration with protein
charge density.
The charge density of positively charged proteins such as cytochrome-c, lysozyme
and myoglobin does not affect the adsorbed mass on the sensor surface. With these
proteins, the maximum concentration value was between 4 and 5 mg/m2 was
achieved. Lack of effect is probably because the maximum adsorption condition for
positively charged proteins corresponds to complete monolayer surface coverage of
the sensor surface. According to this hypothesis, the mass/thickness of the adsorbed
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layer will be proportional to the molecular weight of the proteins, so larger proteins
produce a thicker adsorbed layer or, in other words, a layer characterized by a higher
surface concentration.
This relationship exists for the proteins (Fig 3-10) with a maximum adsorption of 4–5
mg/m2 surface (R2= 0.83). The minor deviations from this linear correlation are
probably due to random, imperfect molecular packing on the surface, that inevitably
have small voids that cannot be filled by adsorption of additional protein molecules.
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Figure 3-10: Relationship between irreversible surface concentration and molecular
weight for the positively charged proteins.
The two linear correlations in Fig. 3-9 and Fig. 3-10 gives the following empirical
relationship:
{

(
(

)
)

(32)
where molecular weight was in kDa, charge density was in elementary charges per
kDa and the resulting surface concentration was in mg/m2. The maximum error in the
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proposed correlation was less than 15% for proteins with ρq< 0.1, while the maximum
error for ρpq> −0.1 was only 7.5%. In the transition zone, i.e. −0.1 < ρq < 0.1, the two
correlations give similar results, with relative errors below 5%.
These simple relationships can be used to estimate the amount of protein irreversibly
adsorbed onto SS surfaces from knowledge of only two physical parameters of the
protein, namely molecular weight and total charge of the protein. The total maximum
protein that will be adsorbed onto SS surfaces can be determined combining Eq. (31)
with the observation that on average

. Exceptions to the relationship

α- and β-caseins do not fit the model. Even though the caseins were negatively
charged, they adsorb at a similar or greater extent than the positively charged
proteins. Caseins have a high number of phosphor-substituted serine residues known
to have high affinity towards iron oxides (Suci and Geesey, 2001), iron ions (Bernos
et al., 1997, Stewart et al., 2011) and chromium oxide-hydroxides (Degenhardt and
McQuillan, 1999, Connor and McQuillan, 1999). Release of these metal ions was
observed from SS surfaces of biomedical implants (Hedberg et al., 2012a, Lundin et
al., 2012)and a passive layer of metal oxides is ubiquitously present on SS surfaces
(Lundin et al., 2012, Shi et al., 2012). Caseins can self-associate (Section 3-2-1-1),
forming equal numbers of monomers and larger oligomers/polymers. The equilibrium
for β-caseins, shifted towards formation of monomers at temperatures higher to 22°C
(McSweeney, 2013). These factors could attribute to the increased adsorption of
caseins on the SS surfaces.
Proline residues constitute 5–10% of the total amino acid content in caseins, which is
significantly higher than the average 3% proline content in the other proteins. Proline
residues enhance flexible conformations and favour structural rearrangements
following a surface interaction (Yeung et al., 2002). This open structure would both
increase the surface area for adsorbing other casein proteins as well as allow
rearrangements in the backbone, favouring stronger surface interactions. In addition,
caseins self-polymerize through intermolecular hydrophobic forces, favouring
aggregation and precipitation of the protein molecules (Imamura et al., 2008). These
factors give rise to a thicker and more complex adsorbed layer explaining the higher
surface concentration of adsorbed caseins. The example of caseins shows that
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deviations from Eq. (31) are possible and must be carefully taken into consideration,
especially when the protein being studied was prone to aggregation and precipitation.

3-2-4 Molecular models for surface accessible amino acid types
The calculations for surface accessible area were performed on NetSurfP of the
Expasy tool (Swiss Institute of Bioinformatics) (Artimo et al., 2012). The initial step
for this analysis, considers all the exposed AA of the particular protein was
considered. Once known, the threshold of the relative and absolute accessible surface
area of the particular amino acid was taken into account and a 50% threshold of these
exposed AA as the basis in this study. After this analysis was performed, the AA was
grouped by hydrophobicity, hydrophilicity, basic, acidic and aromatic residues.
To confirm to the data obtained, measurements were performed with the NanoZetasizer, and diameters of the proteins were measured using the dynamic light
scattering (DLS) principle (Section 3-2-7). The accessible amino acid residues on the
surface of the protein were also visualized using VMD software to supplement the
PCA results (University of Illinois, United States) (Humphrey et al., 1996). Papain
(Fig. 3-11) and other molecules (data not shown) were studied in the similar manner.
The various regions are indicated by colour, where:
(a) represents the hydrophilic (green) and hydrophobic (white) residues on the
surface of the molecule
(b) represents the charged AA present on the surface and accessible to the surface
of SS where acidic (positively charged are red) and basic (negatively charged
are blue); and
(c) represents the aromatic (purple) AA present on the surface of the papain
molecule.
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Figure 3-11: Accessible residue types of papain molecule (PDB ID: 9PAP)

3-2-5 Principal component analysis of the relationship between
protein properties and adsorption
After developing of the empirical relationship, the physical parameters were
determined by PCA to further understand how the physiochemical parameters
influence protein adsorption. PCA can be considered as a method which projects
observations from a p-dimensional space with p variables to a k-dimensional space
(where k < p) where the maximum amount of information (information was measured
through the total variance of the scatter plots) from the initial dimensions is
conserved. If the information associated with the first two or three axes is a sufficient
proportion of the total variability of the scatter plot, the observations can be
represented on a 2- or 3-D chart, thus making interpretation much easier.
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For this analysis, the following parameters were considered: charge of the protein at
pH 7.5, protein dimensions and surface accessible amino acid residues (hydrophobic,
hydrophilic, acidic, basic and aromatic). The calculations for surface accessible AA
were performed using NetSurfP tool in the Swiss Institute of Bioinformatics – Expasy
website (Artimo et al., 2012, Lins et al., 2003). The tool needs the sequence of the
particular protein in single letter amino acid code. From this sequence, the buried and
the exposed AA, relative and absolute accessible surface areas are calculated. As the
initial step for this analysis, all exposed AA‘s of the particular protein are considered.
Once known, the threshold of the relative (area of the particular residue with respect
to other residues in the protein) and absolute (area of the residue with respect area of
the entire protein) accessible surface area of the particular amino acid was taken into
account. The 50% threshold of the absolute accessible surface area (ASA) of these
exposed AA was used as the basis in this study. The other thresholds tested were 15%,
25% and 75% of the exposed AA but they were not the best for further studies (data
not shown). For this analysis to be performed, the AA were grouped by:
1) Hydrophobicity (alanine – Ala (A), glycine – Gly (G), isoleucine – Ile (I),
leucine – Leu (L), methionine – Met (M), phenylalanine – Phe (F), proline –
Pro (P), tryptophan – Trp (W), tyrosine – Tyr (Y), valine – Val (V)),
2) Hydrophilicity (arginine – Arg (R), asparagine – Asn (N), aspartic acid – Asp
(D), cysteine – Cys (C), glutamine – Glu (G), lysine – Lys (K), serine – Ser
(S), threonine – Thr (T)),
3) Basic (arginine, lysine, histidine – His (H)),
4) Acidic (aspartic acid, glutamic acid – Glu (E)) and
5) Aromatic acids (aspartic acid, phenylalanine, tryptophan, tyrosine).
β-lactoglobulin is discussed here as an example. Table 3-5 contains the data using the
NetSurfP tool. The exposed AA with an absolute surface area (ASA) threshold of
50% was considered. After this analysis, the AA was classified as hydrophobic,
hydrophilic, basic, acidic and aromatic residues. The sum of the AA was then
calculated for the amino acid residue category. Once this was done, the percentage
content of the AA present in each category was calculated using shown in Eq. (33).
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Based on 50% of surface area, the percentage of hydrophobic, hydrophilic, basic,
acidic and aromatic AA in β-lactoglobulin that are accessible are 54%, 67%, 21%,
37% and 3% respectively.

(33)
Table 3-5: Exposed AA, RSA and ASA for β-lactoglobulin from NetSurfP (Petersen
et al., 2009)
RSA Threshold: 50 %
AA

Seq no

RSA

ASA

AA Seq no RSA ASA

A

34

0.6

61

I

78

0.7

126

A

142

0.8

91

I

147

0.6

102

D

11

0.6

80

I

162

0.6

109

D

33

0.6

83

K

8

0.7

148

D

98

0.5

75

K

77

0.8

159

D

130

0.7

94

K

100

0.6

125

E

51

0.8

135

K

138

0.6

123

E

89

0.5

88

K

141

0.6

125

E

112

0.7

120

L

1

0.6

111

E

114

0.5

91

L

87

0.6

116

E

127

0.7

127

N

63

0.7

106

E

131

0.7

126

P

50

0.8

119

E

134

0.6

105

P

79

0.6

91

E

157

0.7

119

P

113

0.7

96

E

158

0.6

99

P

144

0.7

101

G

9

0.5

42

Q

13

0.7

132

G

64

0.5

41

Q

35

0.6

104

H

161

0.6

101

A similar analysis was done for all the test proteins used in this study. A PCA was
then performed using the XLSTAT tool in Microsoft Excel 2010 (Fahmy, 1995).
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The PCA computation used Pearson's correlation matrix, which produces the classical
correlation coefficient. The next step is to identify the axes for the plots. To avoid
misinterpreting the results, in this study, the variability described by the first two
factors was very high (64%).
The correlation matrix shows the correlation between the various data sets chosen for
analysis. The protein charge at pH 7.5 is negatively correlated (r = -0.692) to protein
dimensions (Table 3-6). We can also see that the charge of the protein has low
correlation with the other variables. This means that charge of the does not have a
large influence on adsorption effect compared with the other variables and the charge
would be dependent on the specific amino acid types that are found in the particular
protein.
Table 3-6: Correlation matrix (R2 values) from PCA analysis

Protein charge at pH7.5
Protein Dimensions
(Å)
50% Hydrophobic
ASA
50% Hydrophilic ASA
50% Basic ASA
50% Acidic ASA
50% Aromatic ASA

F1
1

F2
-0.7

F3
0.2

F4
-0.3

F5
0.2

F6
-0.5

F7
0.2

-0.7

1

0.2

0.1

0.1

-0.1

0.1

0.2

0.2

1

-0.5

0.3

-0.4

0.8

-0.3
0.2
-0.5
0.2

0.1
0.1
-0.1
0.1

-0.5
0.3
-0.4
0.8

1
0.3
0.5
-0.5

0.3
1
-0.1
0.011

0.5
-0.1
1
-0.4

-0.5
0.0
-0.4

The eigenvalue, indicate the quality of the projection from the N-dimensional initial
table (N=8 in this study) to a lower number of dimensions. These values are
summarized in Table 3-7. Table 3-7 are related to the fit factors (Table 3-6). The first
eigenvalue is 2.815 and represents 40% of the total variability (Table 3-7). If we
represent the data on one axis, we can see percentage of total variability of the data.
Each eigenvalue corresponds to a factor, and each factor to a dimension. A factor is a
linear combination of the initial variables, and all the factors are un-correlated (r=0).
The eigenvalues and the corresponding factors are sorted by descending order of the
initial variability they represent (converted to %). Protein charge was not highly
correlated with most of the factors dimension (r = -0.69).
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Table 3-7: Eigen values, variability and cumulative percentages
F1

F2

F3

F4

F5

F6

F7

Eigenvalue

2.8

1.7

1.2

0.7

0.4

0.1

0.1

Variability (%)

40.2

24.1

17.5

10.1

5.4

1.5

1.1

Cumulative %

40.2

64.3

81.9

91.9

97.3

98.9

100.0

The first two eigenvalues allow us to explain 64% of the initial variability of the data
and the first three eigenvalues explain 82% of the variance, confirming that the maps
based on the first two or three factors are a good quality projection of the initial multidimensional table. Although eight variables were considered, the number of factors
was seven here..
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Figure 3-12: Eigenvalues of factors considered and cumulative value
The first map (Fig. 3-13) on correlation circle (on axes F1 and F2) shows a projection
of the initial variables in the factors space. When two variables are far from the center,
and are close to each other, they are significantly positively correlated (r close to 1). If
they are orthogonal, they are not correlated (r close to 0) and if they are opposite each
other, they are significantly negatively correlated (r close to -1). When variables
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are close to the center some information is carried on other axes, so any interpretation
might not be accurate. This can be confirmed by looking at the correlation matrix or
by looking at the correlation circle on axes F1 and F3.
Later in Fig. 3-13 the 50% threshold of the absolute surface areas of the hydrophobic
and the aromatic amino acid residues and 50% threshold of the absolute surface areas
of the hydrophilic and the acidic amino acid residues are positively correlated. On the
other hand, protein dimensions are orthogonally placed with respect to the 50%
threshold of the absolute surface areas of the hydrophilic and the acidic amino acid
residues and hence they are not correlated.
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Figure 3-13: Correlation circle for F1 and F2, with variability of 40% and 24%,
respectively
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Figure 3-14: Correlation circle for F1 and F3, with variability of 40% and 18%,
respectively
The correlation circle shows that the protein charge and the 50% threshold of the
absolute surface areas of the hydrophobic amino acid (f = 3) are positively correlated
(Fig. 3-14). These trends will be helpful in interpreting the next map. To confirm that
a variable was well linked with an axis, the squared cosines were determined (Table
3-8). The greater the squared cosine, the greater is the link with the corresponding
axis. The closer the squared cosine of a given variable is to zero, the greater care when
interpreting results in terms of trends on the corresponding axis.
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Table 3-8: Squared cosines of the variables

F1

F2

F3

F4

F5

F6

F7

F1
0.305 0.588 0.055 0.004 0.002 0.029 0.017
F2

0.004 0.868 0.000 0.097 0.000 0.015 0.016

F3

0.669 0.139 0.032 0.100 0.016 0.024 0.020

F4

0.590 0.000 0.212 0.008 0.177 0.008 0.005

F5

0.012 0.018 0.923 0.002 0.029 0.014 0.002

F6

0.576 0.003 0.001 0.368 0.038 0.002 0.012

F7

0.660 0.072 0.005 0.126 0.115 0.013 0.009

A further step in PCA is to ―rotate‖ the components or data sets. The most common
form of rotation is the varimax where reorientation of the axes occurs in the principal
component space and the components are analysed and interpreted more easily. In this
study, the factor loadings after varimax rotation reflect how much the variable
contributes to that particular principal component.
The first factor (Factor 1) explains 40% of the total variance (Table 3-9). The other
four significant parameters are: the percentage of the 50% threshold of the absolute
surface area accessible for the hydrophobic, hydrophilic, acidic and aromatic amino
acid residues. The percentage of accessible hydrophobic residues has a maximum
positive loading of 0.818. This indicates the proteins do not bind to the water
molecules but aggregate by self-associating with neighbouring protein molecules in
the solution and then adsorb to the surface. The percentage of accessible aromatic
residues has a maximum positive loading of 0.812, indicating that the higher the
aromatic residue contents in a protein the higher would be the binding to the surface.
The charge of the protein also has a positive loading (0.552). Several studies on
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adsorption have shown that the charge on a protein surface contributes significantly
towards protein adsorption (Dietschweiler and Sander, Goda and Miyahara, 2012b).
Phenylalanine, tryptophan and tyrosine are the major aromatic groups in proteins and
these residues enhance protein folding (Taniguchi).
The percentage of accessible hydrophilic and aromatic amino acid residues have a
strong negative loading (-0.768) as does accessible acidic amino acid residues (0.759) having negative correlation with adsorption. There is a high probability that
water molecules are trapped in between the protein layers (Anand et al., 2010). Also,
as the surface was negatively charged, the lower the percentage of accessible acidic
residues on the surface, the higher the adsorption of the particular protein on the SS
surface.

Table 3-9: Factor Loadings for Principle Component Analysis
Properties

F1

F2

F3

Protein charge at pH7.5

0.552

-0.767

0.234

Protein Dimensions (Å)

-0.061

0.931

-0.008

50% Hydrophobic ASA

0.818

0.373

0.179

50% Hydrophilic ASA

-0.768

0.022

0.461

50% Basic ASA

0.111

0.136

0.961

50% Acidic ASA

-0.759

0.053

-0.037

50% Aromatic ASA

0.812

0.268

-0.070

Eigenvalue

2.815

1.689

1.228

Variability (%)

40

24

18

Cumulative (%)

40

64
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Factor 2 (24% of the total variance) was associated to the protein dimensions. Protein
with larger dimensions probably adsorb more readily to the SS surface than smaller
protein molecules.
Factor 3 (18% of the total variance) has a strong positive loading (0.931) and was
associated to the percentage of accessible basic/positive residues. At pH 7.5, the SS
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surface was negatively charged and has greater affinity proteins that have a higher
percentage of positively charged or basic residues on the protein surface.
Overall, protein adsorption on the stainless surface could be attributed to the
following three significant factors;
a) Factor 1: Positive correlation to the accessible hydrophobic, aromatic residues and
protein charge at pH 7.5
b) Factor 2: Positive correlation to protein dimension
c) Factor 3: Positive correlation to percentage of accessible basic residues
The ultimate result of performing PCA is given in Fig 3-15 gives a 2-D map of the
data. BSA is not grouped with the other proteins, indicating that the adsorption of
BSA probably is a different mechanism (from Fig. 3-3 and 3-4). As the remaining
proteins have in a similar range, it is difficult to interpret adsorption in terms of
physiochemical parameters of these proteins from the 2-D plot.
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Figure 3-15: 2-D plot of the proteins with the factor loadings
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2

3

4

The PCA data plotted in 3-D in Fig. 3-16 PCA. Papain is in Quadrant I and its
adsorption is therefore positively correlated with Factors 1 and 3; implying that papain
adsorption has features of Factors 1 and 3 but not of Factor 2. Therefore adsorption
does not depend on dimension of the protein. On the other hand, lysozyme is in
Quadrant III and is positively correlated with Factors 1 and 2 and negatively
correlated with Factor 3. This means adsorption does not depend on the basic/positive
residues of the protein. α-casein is in Quadrant IV and its adsorption is positively
correlated with Factor 1 and negatively correlated with Factor 3. Hence, adsorption
depends on the basic/positive residues exposed on the surface that can bind to the
negatively charged SS. For example, papain, as can be observed in Fig. 3-16, falls in
Quadrant I, having a positive correlation with Factor 1 (aromatic residues). in the
PDB micrographs (Fig. 3-11) as papain has very high number of the aromatic residues
exposed on the surface, which contribute to the increased adsorption on SS surfaces.

Figure 3-16: 3-D scatter plot for the proteins, their adsorption on SS compared to the
factor loadings
PCA gave an insight on how different properties of the proteins affect adsorption and
helped categorize them by their individual properties. The proteins studied had
different characteristics and therefore were different quadrants. However results
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obtained from PCA show that is no general conclusion that could be drawn for the
entire set of proteins only for individual properties of individual proteins with respect
to few of its properties.

3-2-5 Kinetic models to study reversible and irreversible
adsorption on SS sensor surface
After studying protein adsorption and identifying the parameters affecting adsorption
onto surfaces, the kinetics of the adsorption mechanism were investigated. Protein
adsorption involved both reversible and irreversible kinetics (Fig. 3-1) and that
almost 80% of the adsorbed protein was irreversibly bound to the surface. As both
reversible and irreversible adsorption occurs, three standard models have been
considered – Langmuir, Freundlich and Conformational change kinetic models.
After applying the Sauerbrey model to the data, simple kinetic models were used to
describe the experimental adsorption/desorption data. Fitting the Langmuir and
Freundlich models were performed using Origin 8.6 Pro software.Graphpad Prism®
software (version 6.0, San Diego, CA) was used for the Conformational change
kinetic model.
Data from α-casein adsorption discussed here. Experiments were carried out at
concentrations ranging from 0.1 to 2 mg/mL. Once the Sauerbrey analysis had been
performed, the mass adsorbed (mg/m2) was plotted against protein concentration in
the feed (mg/mL). The fit of the Langmuir, Freundlich and Conformational change
with the data are shown in Fig. 3-17. The fitted values for the three models can be
seen in Table 3-10.
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Figure 3-17: Langmuir, Freundlich and Association and Dissociation models for
adsorption of α-casein to SS
Table 3-10: Fitted values of Langmuir, Freundlich and Conformational Change
models for α–casein adsorption to SS
Langmuir isotherm

ρmax = 506.44 and KD = 0.25

Freundlich isotherm

ρmax = 381.15 and α = 0.38

Conformational change isotherm

ρmax =177 and KD = 0.09

The protein adsorption data fits the Freundlich approximation better than the
Langmuir isotherm (Appendix I). The Langmuir and Freundlich kinetic models gave
reasonable fits for α-casein adsorption using Sauerbrey mass (ng/cm2), but could not
describe protein desorption during washing. This indicates the Langmuir and
Freundlich assumptions of reversible protein-surface binding were invalid for the
consideration used. There are large differences between protein adsorption and
desorption, leading to an apparent irreversible adsorption process. The models do not
recognize any change in surface concentration once the maximum surface
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concentration has been attained. Other proteins tested also did not fit the two models
well.
The ka, kd and KD values of the models are the correlation coefficients (R2). The ka
values in the Langmuir and Freudlich models are lower to that of the Conformational
change model.
The protein molecules irreversibly adsorbed make a primary layer and play a direct
role in the overall fouling phenomena as they encourage successive deposition of
other biological material. Therefore attention was directed towards the irreversible
contribution to total adsorption rather than explaining the reversible binding
phenomenon. Also, reversible adsorption accounts for only 20% of total binding.
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Figure 3-18: Effect of protein concentration on surface for irreversibly adsorbed
protein. The Langmuir best-fit curves are also presented.
The calculated surface concentration of protein irreversibly adsorbed on to the QCMD sensor is asymptotic (Fig. 3-18) for selected proteins belong in the three main
classes (milk protein – BSA, blood protein – cytochrome-c and commercial protein –
papain). This behaviour is typical of adsorption processes with a saturation limit and
included in the Langmuir, Freundlich or Toth adsorption models. Although these
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models have been extensively used to model adsorption of proteins on to solid
supports (Hlady and Buijs, 1996, Suen, 1996, Dimartino et al., 2011), they are based
on completely reversible adsorption. This condition did not exist under the conditions
used in this study. However, the mathematical form of the Langmuir model is a
convenient tool for estimating the asymptotic value of the adsorbed layer
concentration. The Langmuir model relates the amount adsorbed on a surface to the
concentration of the same species in solution : where qm,irr and kd are the two
parameters of the Langmuir isotherm and correspond to the maximum amount
absorbed on the surface and dissociation constant of the solute–surface interaction,
respectively. The Langmuir equation was applied the experimental adsorption data
and the parameters are summarized in Table 3-11.
Table 3-11: Langmuir parameters used to describe irreversible adsorption data of the
test proteins.

Commercial

Blood

Milk

Group

Proteins

qm (mg/mL)
Langmuir for
irreversible
adsorption

Kd (mg/mL)
Langmuir for
irreversible
adsorption

α-lactalbumin

181

0.35

β-lactoglobulin

205

0.08

α-casein

517

0.28

β-casein

634

0.35

BSA

343

0.28

Cytochrome-c

426

0.07

Haemoglobin

398

0.08

Myoglobin

461

0.05

α-chymotrypsinogen

431

0.10

Lysozyme

400

0.37

517

0.10

Papain
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The parameters qm,irr and Kd listed in Table 3-11 were determined for irreversibly
bound protein, even though the Langmuir model assumes a reversible mechanism.
The factor Kd of the affinity of a species to adsorb onto a material surface, and in
particular it represents the protein concentration of protein in solution for which half
the saturation was attained. Therefore, the smaller the Kd, the smaller the
concentration in the liquid phase required to foul the surface. The blood proteins
investigated all have a relatively low Kd, indicating these proteins are good fouling
agents for SS surfaces. This behaviour may be associated with theit high content of
positive and metal chelating AA residues (Banci et al., 1997). Caseins have high
fouling behaviour (Jeurnink et al., 1996c, De Jong, 1997, Bennett, 2007). Although
they have smaller affinity towards the surface, they by a relatively higher maximum
adsorption than the blood proteins tested. However, aside from some exceptions all
proteins investigated had a narrow range of maximum adsorption and binding
affinities. These results of are in agreement with previous studies on protein
adsorption onto 316 grade SS surfaces. For example, Ngadi et al. (2012) estimated
the adsorbed layer produced by α-lactalbumin using the Voigt model, to be about 2.5
mg/m2. However, the Voigt model overestimates the mass adsorbed when
viscoelastic effects are negligible, and the Sauerbrey model offers a more accurate
estimate for the adsorbed layer. This observation explains the marginally smaller
values determined in the present work. Karlsson et al. (2005) measured βlactoglobulin adsorption by ellipsometry, with surface concentrations in the range of
1 mg/m2. This value was slightly lower than estimated through QCM-D. The
difference is possibly because QCM-D accounts both for the adsorbed protein present
onto the surface and associated water molecules embedded in the hydration layer
(Section 3-2-2).

3-2-6 Rate of adsorption vs. amount adsorbed
As well as determining the kinetic constants, the different phases involved in
adsorption of proteins on the SS surfaces over time were by plotting the rate of
adsorption against the mass adsorbed on the surfaces (Fig. 3-19). The rate of
adsorption was calculated from experimental data as the ratio between change in
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adsorbed mass (Δm) and with time (Δt). This graph indicates that adsorption of
proteins occurs in three phases/regimes: (i) the initial adsorption is associated with
the dynamics of the protein solution filling the measuring chamber. (ii) The next
regime involves interactions between the protein molecules and the surface, with fast
adsorption at the beginning of the run characterized by low surface coverage of the
proteins, because all binding sites on SS are available for the protein at the start. In
other words, the decreased adsorption rate indicated that the incoming proteins have
fewer or limited binding sites on SS for adsorption. Some of the protein molecules
could be very loosely bound and hence may return solution instead of being adsorbed
to the surface. Because the protein solution was recycled, these free unbound proteins
return to the solution and are re-introduced for adsorption to SS again. Until the
frequency signal becomes stable (Fig. 3-1), the protein molecules try to bind to the
SS, once the frequency is stable, no more sites are available for binding. Proteins also
bind to water molecules and the QCM-D senses both the protein and the water
molecules on the surface. (iii) When the surface is completely saturated with the
protein molecules, all the sites available on the surface are occupied by the protein
molecules and either a multilayer may start to form or proteins rearrange on the
surface to allow further monolayer binding. In this phase, the rate of adsorption (i.e.
rate of accumulation/aggregation of proteins on top of the protein layer or
rearrangement to enable further surface binding) remains constant.
α-casein was discussed as an example (Fig. 3-19). Lower concentrations resulted in a
lower surface coverage. Also, the adsorption rate in the second regime is maximum
when only a relatively small surface coverage was attained when working at low
concentrations, while the rate remains at the maximum until a higher surface
coverage was achieved in the case of high protein concentration in solution. For
example when α-casein concentration, at c0 = 0.1 mg/mL the rate decreases after
having reached a maximum surface adsorption rate of 0.04 mg/m2s at 0.5 mg/m2
adsorbed protein, but when the protein concentration is at 1.75 mg/mL, adsorption
rate is a maximum of 0.11 mg/m2s until the mass of protein adsorbed was almost 3.0
mg/m2. These data suggest that there are other, more subtle, mechanisms associated
with adsorption than the simple steric hindrance by the protein already present on the
surface.
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Figure 3-19: Rate of adsorption vs. amount adsorbed (α-casein)

3-2-7 Geometric modeling
After the kinetic fitting adsorption rate was studied at various concentrations test
protein, was investigated for the way the protein molecules would orient themselves
on the surface. The QCM-D experimental data used the Sauerbrey model for
modeling the protein binding to the surface, did not predict the orientation of the
protein molecules on the SS surface. The theoretical dimensions of the proteins are
already known but, for accuracy, the protein diameters were obtained the NanoZetasizer (Table 3-12) and used to calculate the surface coverage. The particle
diameter was measuring triplicates at 0.5 mg/mL protein solutions.
Five different models are proposed for orientation (geometric modeling) of the
proteins on the surface.
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Table 3-11: Nano-Zetasizer measurements (n=3)
Protein
α-lactalbumin
β-lactoglobulin
α-casein
β-casein
BSA
Haemoglobin
Myoglobin
α-chymotrypsinogen
Lysozyme

Size: Diameter
(nm)
(± 0.005 nm)
2.465
4.605
3.995
4.734
4.665
2.366
2.545
2.529
2.529

Published Protein Dimensions (nm)

2.9 (Pessen et al., 1991)
1 (Banci et al., 1997)
3.7 (Pessen et al., 1991)
4.0 (Wright and Thompson, 1975)
1.9 (Gast et al., 1998)
1.7 (Fermi et al., 1984)
1.5 (Maurus et al., 1998)
8.9 (Pessen et al., 1991)
8.9 (Pessen et al., 1991)

3-2-7-1 Spherical model
The first model approximated protein molecules as spheresand model was the first
assumption for geometric modeling. The placement of protein molecules on the
surface is shown in Fig. 3-20. The proteins can form a monolayer or multilayer. This
model assumes that only protein molecules are adsorbed on the SS surface. Another
assumption here is that stable frequency intials, the entire surface is packed with the
spherical protein molecules there are no spaces and hence the surface is completely
saturated.

Figure 3-20: Spherical model where the protein molecules are considered as spheres
occupying the SS surface
3-2-7-2 Concentric Circle model
The second model assumes water molecules are trapped in the protein layers formed
on the surface. The QCM-D detects the adsorbed layer. Although the Sauerbrey
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model assumes the surface to be rigid, earlier research shows water in the bound
layer on the surface occurs during the adsorption phenomena (Macakova et al., 2007,
Anand et al., 2010). This model is an improvement on the spherical model, where the
protein molecules are considered as spheres with layer of water surrounding each
sphere. The water molecule coats the protein molecule and hence the diameter of the
water is greater than that of the protein molecules (Fig 3-21). This did not seem to
occur in practice because the diameter of the water molecules was smaller than that of
the protein (~ 0.25 nm) (Schatzberg, 1967).

Figure 3-21: Concentric circle model where water molecules surround each
spherically arranged protein molecules
3-2-7-3 Cylindrical model
In this third model the protein molecules are considered as cylinders rather than
spheres either with top-on orientation where the protein molecules are arranged in a
longitudinal manner or end-on orientation where the protein molecules have a
latitudinal arrangement (Fig. 3-22). The diameter and height of the protein molecule
are considered as two different dimensions rather than the single dimension
considered in the first two models.
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Figure 3-22: Cylindrical model, with top-on orientation and end-on orientation of the
protein molecule
3-2-7-4 Truncated cone model
The recently developed truncated model involves coats of hydrodynamically-trapped
water that surrounding each adsorbed protein molecule (Reviakine et al., 2011). The
protein molecule was considered as a cylinder and the water molecule as a truncated
cone, together are considered in this approximation (Fig. 3-23). Further
approximations can be performed on this model, (considering the overlapping layers
of the liquid trapped and approximation towards angle of attachment of the liquid
with the adsorbed protein molecule). This model is a good approximation against the
other four models.

Figure 3-23: Truncated cone model where protein molecules are considered as
cylinders and water molecules around them forming a truncated cone (overlapping
water molecules between neighboring proteins adsorbed on the surface)
These four models were used to predict surface coverage for different concentration
of α-casein. The spherical, concentric and cylindrical models predict very high
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coverage (> 1000%) of some protein concentrations, inferring multiple layers would
be formed.

However, the truncated cone model has comparatively less surface

coverage. For example, at the lowest concentration of 0.1 mg/mL of α-casein, only
38% of the entire surface was occupied by the protein molecules. At a higher
concentration of 1.5 mg/mL there was 91% of the sensor surface saturated with the
protein molecules (Table 3-12). This analysis helps to gain a better understanding
regarding the assumption of orientation of protein molecules on the surfaces. Also,
this work lead to the determination of the percentage of water in the protein-water
adsorbed layers on the SS sensor.
Table 3-12: Surface coverage using the geometric models
Concentratio
n (mg/mL)

0.10
0.25
0.50
0.75
1.00
1.25
1.50
1.75

Molecule
s on
sensor
surface
(*1012)
3.16
3.70
4.82
5.88
6.34
6.36
7.60
9.79

Spherica
l model

Conce
n-tric
circle
model

500
585
762
930
1003
1006
1203
1550

503
588
766
935
1009
1011
1209
1557
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Cylindrical Cylindrical
model (top model (end
on
on
orientation) orientation)
182
212
277
338
364
365
437
562

82
118
167
245
295
315
401
465

Truncate
d cone
model

38
44
58
70
76
76
91
117

Chapter 4 - Chemo-enzymatic modification of
tyrosine to DOPA and testing its adhesiveness to
stainless steel
Introduction
The main aim of the work described is to provide further insights in two particularly
interesting peptide sequences, KGYKYYGGSS and KGYKYY, taken from the full
protein sequence of the mussel foot protein mefp-5. These peptide fragments were
chosen because they have a high content of tyrosine residue content, 50% and 30%,
respectively, providing a good basis to study the effect of converting tyrosine to
DOPA on adsorption to SS. The peptide sequences were chemo-enzymatically
modified by hydroxylating tyrosine residues to DOPA using mushroom tyrosinase.
The percentage conversion of tyrosine to DOPA was determined and correlated to
adsorption of the motifs on SS surfaces using QCM-D. To confirm the effectiveness
of modification of tyrosine residues to DOPA, model proteins lysozyme and insulin
were tested before proceeding to testing the peptide sequences. The adsorption of a
complete hybrid sequence of mefp-151 (combination of six decapeptides of mefp-1
on either side of one complete sequence of mefp-5), with 32 tyrosine residues and
accounting for 4% of the total protein content was also studied (Choi et al., 2012,
Waite et al., 1985). This sequence was produced by recombinant methods and was
kindly gifted by Professor Hyung Joon Cha, Pohang University, South Korea
(Dodson et al., 1979). A high rate of conversion to DOPA, in which up to 97.6% of
the tyrosine residues were converted, was obtained for the chosen peptide fragments
and significant increases in adsorption observed after conversion.

4-1 Materials and methods
Equipment and reagents are described in Section 3-1-3.
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4-1-1 Materials
Human recombinant insulin was purchased from Sigma Aldrich (Sydney, Australia).
Peptides I and II (KGYKYYGGSS and KGYKYY respectively, both of which are
present in mefp-5) were obtained from GenScript (Piscataway, NJ, USA). The mefp151 sequence was produced recombinantly and was kindly gifted by Professor Hyung
Joon Cha, Pohang University, South Korea (Dodson et al., 1979). Tricholoroacetic
anhydride (TCA) was obtained from Merck & Co., Inc. (New Jersey, USA), argon
and nitrogen gases were obtained from BOC gases (Christchurch, New Zealand).
HPLC-grade acetonitrile was obtained from JT Baker®, Mallinckrodt Baker Inc., (PA,
USA), and Decon-90 was purchased from Agar Scientific (Chelmsford, United
Kingdom). All other chemicals used in this work, including L-tyrosine, L-DOPA,
mushroom tyrosinase (~2000 units/mg), mercaptoacetic acid, phenol, sodium
carbonate salt, Trizma salt and anhydrous trifluoroacetic acid (TFA), were obtained
from Sigma Aldrich (St. Louis, MO). All buffers were degassed prior to use.

4-1-2 Methods
To separate unreacted tyrosinase, SephadexTM Peptide size exclusion chromatography
(SEC) column 10/300 GL (GE Healthcare Technologies, Uppsala, Sweden) was used
for the peptide fragment and a Superdex 75 SEC column was used for lysozyme and
human recombinant insulin. Analytical HPLC was carried out on a Shimadzu™ SCL
10A instrument (Shimadzu Corporation, Japan) connected to an Aqua™ C18 column,
(250 mm x 4.6 mm ID, 5 μm column, Phenomenex, Auckland, New Zealand) and
equipped with a RF-10AXL Shimazdu fluorescence detector Model-1050 (Shimadzu
Corporation, Japan). Yasara Biosciences (Vienna, Europe) was used for modeling
peptide structure.

4-1-2 Modification of tyrosine to DOPA
Tyrosine residues present in the peptide fragments were converted to DOPA by
reaction with mushroom tyrosinase, using methods described by Ito et al. (1984) and
Gieseg et al. (1993). Briefly, 100 nmol/mL of lysozyme, insulin or the peptide
fragments were incubated with 200 units/mL of mushroom tyrosinase for 0 (control),
2, 4 and 6 h in a final volume of 1 mL of 100 mM sodium phosphate buffer pH 7.4. (1
tyrosinase unit is defined as the amount of enzyme that produces a 0.001/min increase
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in absorbance at 280 nm in a 3-mL reaction mixture containing L-tyrosine at pH 6.5
and 25°C). Reaction was quenched by denaturing the tyrosinase enzyme using 0.5
mL of 5% v/v TCA solution.

4-1-3 Separating unreacted tyrosinase using size exclusion
chromatography
After DOPA modification, the samples were pre-filtered through a 0.22 μm syringe
filter (25 mm diameter, MS

®

PES syringe filter, and injected onto a SephadexTM

Peptide SEC column 10/300 GL (GE Healthcare Technologies, Uppsala, Sweden) for
the peptide fragment and a Superdex 75 SEC column for lysozyme and human
recombinant insulin. The columns were connected to an AKTAexplorer10 and used
to separate unreacted tyrosinase. Briefly, 500 μL of the samples were injected into the
system, using 10 mM Tris, pH 7.5 as buffer at a flow rate of 0.25 ml/min. This
procedure simultaneously enabled i) separation of the modified proteins and peptide
fragments from the mushroom tyrosinase enzyme and ii) buffer exchange from the
reaction mixture to Tris buffer. 200 μL protein and peptide samples were collected for
subsequent acid hydrolysis.

4-1-4 Gas phase acid hydrolysis
Protein/peptide hydrolysis was carried out on the DOPA-modified samples using acid
vapor, following a protocol similar to the one previously described by Ito et al.
(1984) and Gieseg et al. (1993). In brief, 200 μL of the purified protein and peptide
fractions after separation of unreacted tyrosinase was placed in a 7.5 mm i.d. glass
Durham tube and dried under vacuum overnight. The Durham tube containing the
dried protein/peptide sample was then placed into a Pico-Tag vial (Millipore,
Bedford, USA) containing 1 mL solution of 6 M hydrochloric acid (HCl), 1% w/v
phenol and 50 μL mercaptoacetic acid. Argon was thoroughly flushed through the
Pico-Tag vials for 5 minutes to remove any air, then the argon was extracted using a
vacuum pump connected to a Speed Vac ® Plus AR system (Savant instruments,
New York, USA) for five seconds, ensuring that the vacuum gauge pressure was
below 200 mTorr. Acid hydrolysis was eventually carried out by incubating the vials
in an oven at 110ºC for 24 h. The samples were then lyophilized using the Speed Vac
system connected to a -110ºC freeze trap. The lyophilized samples were re-dissolved
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in 200 μL of 0.1% TFA and transferred to Eppendorf tubes for centrifugation at
20,000 × g for 10 minutes. 20 μL of the supernatant (clear liquid overlying the
precipitate) was used for high-pressure liquid chromatography (HPLC) analysis of
DOPA as described below.

4-1-5 Quantification of DOPA and tyrosine residues
Analytical HPLC was carried out on a Shimadzu™ SCL 10A instrument connected to
an Aqua™ C18 column, (250 mm x 4.6 mm ID, 5 μm column) and equipped with a
RF-10AXL Shimazdu fluorescence detector Model-1050. The mobile phase consisted
of 0.1% (v/v) TFA adjusted to pH 2.5 with 10 M NaOH. 20 μL of the hydrolysate
was routinely injected and eluted with using an acetonitrile gradient elution. The
gradient began at 100% 0.1% TFA pH 2.5 with 1% acetonitrile where the acetonitrile
linearly increased to 15% by 14 min and 50% by 16 min. This was maintained for 7
minutes to clean the column, after which the acetonitrile concentration was returned
to 1% by 30 min. The eluted DOPA and tyrosine peaks were detected at
approximately 5 and 7 min respectively, at an excitation wavelength of 280 nm and
emission wavelength 320 nm. The identities and concentrations of DOPA and
tyrosine in the hydrolyzed samples were confirmed using pure amino acids as
reference standards. The DOPA and tyrosine standards were diluted with 0.1% (v/v)
TFA to final concentrations of 2 and 20 μM respectively. The hydrolyzed samples
were injected in triplicate runs. The analysis of reference standards and samples
resulted in highly repeatable peak areas with retention times varying within 5%
between runs.

4-1-6 Adsorption tests of modified proteins/peptides on
stainless steel surfaces
As described earlier in Section 2-5, protein adsorption studies were carried out on
unmodified and modified peptide fragments using QCM-D. The dissipation changes
observed during adsorption experiments were negligible so the Sauerbrey model was
used for quantifying the mass adsorbed.
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4-2 Results and discussion
Lysozyme, human recombinant insulin and mefp fragments were modified to DOPA.
Lysozyme and human recombinant insulin were chosen for proof of concept as they
have three and four residues of tyrosine, respectively. The studies performed with
lysozyme and insulin were to check the effectiveness of tyrosinase in forming DOPA
from tyrosine. These proteins are easily available and economical for use in this
experiment as a proof of concept.
Mefp fragments have a high DOPA content, which aids the adherence of mussels on
rock surfaces. Out of the six mefps currently identified, mefp-5 and mefp-6 have been
found to be mainly responsible for this adhesion (Waite et al., 2005, Benedict
Christine and Picciano Paul, 1989, Lee et al., 2006b). Two synthetic peptides, Peptide
I (KGYKYYGGSS) and Peptide II (KGYKYY), were used in the present study.
These peptide sequences represent specific fragments of the mussel adhesive protein
(mefp-5), and were converted to KGY*KY*Y*GGSS and KGY*KY*Y*, where Y*
denotes DOPA. Conversion of tyrosine to DOPA was done using mushroom
tyrosinase at reaction times of 2, 4 and 6 h and percentage conversions determined.
Adsorption to SS surfaces of the unmodified peptide fragments and those modified by
different levels of conversion to DOPA were studied using QCM-D to determine the
differences in binding between the two forms. The adsorption of chemoenzymatically modified fragments and the recombinantly modified mefp-151
sequence were then compared.

4-2-1 Separation of unreacted tyrosinase by size exclusion
chromatography
After modification, the unreacted tyrosinase (119 kDa) was separated from lysozyme
(14.3 kDa), human recombinant insulin (5 kDa), the Peptide I fragment (1.1 kDa) and
Peptide II fragment (0.8 kDa) by size exclusion chromatography (SEC), with
simultaneous buffer exchange from the 100 mM sodium phosphate in the original
samples to a 10 mM Tris buffer. Fractions of the protein and peptide fragments were
collected and subjected to acid hydrolysis for analysis.

102

Modification of peptide I is discussed as an example. The elution profile for Peptide I
showed tyrosinase eluted at approximately 10 minutes and the modified peptide
sample eluted at 25–26 minutes (Fig. 4-1). The tyrosinase elution peak increased as
reaction time was increased through 2, 4 and 6 h. This discrepancy in the peak heights
for the tyrosinase and modified peptides were due to the clogging of the tyrosinase on
top of the SEC column. The modified peptide fragments eluted in three of the 0.5 mL
fractions, which were pooled before the concentration of the peptide sample using the
NanodropTM Spectrophotometer by absorbance at A280 nm.

2 hour modified
4 hour modified
6 hour modified
Tyrosinase control
0 hour sample

Time (mins)
Figure 4-1: Effect of the reaction time on elution for chemo-enzymatically modified
Peptide I fragment.
The good separation of the modified fragments from the tyrosinase enabled unreacted
tyrosinase to be removed and samples containing modified fragments could then be
used for acid hydrolysis, analysis of DOPA and adsorption on SS.
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4-2-2 Oxidation of proteins by tyrosinase
4-2-2-1 Lysozyme and human recombinant insulin
For acid hydrolysis, mercaptoacetic acid (reducing agent) was added and oxygen
removed by flushing the hydrolysis vessel with an inert gas (argon). The recovery of
DOPA was also aided by gas phase hydrolysis, where only the acid vapor came into
contact with the protein sample. These steps were essential for detecting DOPA in the
hydrolysates because DOPA is labile (Ito et al., 1984, Gieseg et al., 1993). As
reaction time with tyrosinase increased, the amount of DOPA formed also increased.
At 6 h, 0.5 pmoles DOPA were formed per nmol protein (Fig. 4-2).
0.6

pmoles DOPA/nmoles protein
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Figure 4-2: Effect of reaction time on DOPA formation in lysozyme.
Almost 18 pmoles of DOPA was formed for every nmol of insulin after 6 h of
reaction with tyrosinase. The higher DOPA formation is due to insulin having more
of tyrosine residues than lysozyme

104

20
pmoles DOPA/nmoles protein

18

16
14
12
10
8
6
4
2
0
0

1

2
3
4
Tyrosinase incubation time (h)

5

6

Figure 4-3: Effect of reaction time on DOPA formation in insulin.
4-2-2-2 Peptide fragments
The main focus of this study was to understand the adsorption of modified peptide
fragments using tyrosinase. Once lysozyme and insulin had been studied, the focus
was moved onto the peptide fragments. The synthetic peptide analogues Peptide I and
Peptide II have three tyrosine residues, corresponding to 30% and 50% tyrosine
content, respectively. Based on optimum conversion of tyrosine residues to DOPA
using mushroom tyrosinase obtained in the previous studies Ito et al. 1984 and
Gieseg et al. 1993, reaction times of 2, 4 and 6 h were chosen for the peptide
fragments. The controls for both the peptides were the 0 h samples containing the
peptide and tyrosinase in 10 mM Tris buffer. All samples were processed by SEC to
remove unreacted and (TCA) deactivated mushroom tyrosinase, before being
subjected to acid hydrolysis. The contents were determined of DOPA analysis by
reversed-phase HPLC using a fluorescence detector. Pure DOPA and tyrosine were
the reference standards. The fluorescence peak areas of DOPA were proportional
DOPA concentration in the sample and were quantified against the standard. DOPA
eluted at approximately 5 minutes and tyrosine at approximately 7 minutes (Fig. 4-4).
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Figure 4-4: HPLC elution profiles for 20 µg/mL tyrosine and 1 µg/mL DOPA
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Figure 4-5: Effect of tyrosinase reaction time on elution profile of modified peptide
fragment I.
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The peptide fragments at 0 time point showed only a single large peak corresponding
to tyrosine at approximately 7 minutes (data not shown). The peak at 5 minutes in the
elution profiles for peptide II with mushroom tyrosinase indicated DOPA formation
(Fig. 4-5). The amount of DOPA formed increased with reaction time.
0.45
% DOPA residues formed / % total AA
residue in the peptide
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Figure 4-6: Effect of tyrosinase incubation time on DOPA formed in peptide
fragments I & II.
The amount of DOPA formed was directly related to tyrosinase reaction time (Fig 46). The amount of DOPA formed in Peptide II increased because of the higher
content of tyrosine residues. Based on the HPLC analysis of supernatants of acidhydrolysed peptide fragments for DOPA concentration, it was observed that 0.15
µmole of DOPA was formed per µmole of the Peptide II at 2 h or 0.15 µmol of
DOPA formed from 0.5 µmol of tyrosine present in the Peptide II (containing 50%
tyrosine), showing that approximately 30% of the tyrosine residues were modified to
DOPA at 2 h. At 4 h, approximately 50% of the tyrosine residues were modified and
at 6 h about 80% of the tyrosine residues were converted to DOPA in Peptide II. In
Peptide I (containing 30% tyrosine), the conversions of tyrosine residues to DOPA
was approximately 26%, 57% and 83% at 2, 4 and 6 h, respectively.
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The conversion factor represents the amount of DOPA determined from the tyrosine
residues present in the sample. For example, after 2 h of incubation Peptide I had
~73% conversion, so out of the 30% tyrosine content (three tyrosine residues in
KGYKYYGGSS), at least two of the tyrosine residues were converted to DOPA.
After 4 h of incubation, ~2.5 residues were converted (~84% conversion) and finally
after 6 h of incubation with the enzyme almost all three tyrosine residues were
converted to DOPA (~99%). Similarly, for Peptide II (50% tyrosine containing
peptide KGYKYY) after 2 h of incubation out of the three tyrosine residues ~81%
were converted to DOPA denoting the formation of two DOPA residues. After 4 h of
incubation, ~2.5 residues were converted (~87% conversion) and after 6 h all the
three tyrosine residues were converted to DOPA (~97%). As observed, the 6 h
modified sample of both the peptides has the maximum conversion of tyrosine to
DOPA of ~97-99%.

4-2-4 Protein adsorption studies using QCM-D
Adsorption curves obtained in the QCM-D shows that the maximum adsorption for
the insulin was 1 mg/m2 and this insulin almost completely desorbed from the sensor
surface when it is re-equilibrated with the buffer solution. Insulin that was reacted
with tyrosinase for 6 h contained DOPA residues and reversibly adsorbed to a
maximum of 8 mg/m2 and adsorbed irreversibly at 2 mg/m2. Insulin has a lower less
tyrosine content (16% of total residues. Therefore, only 3% was found to be
converted after 6 h of reaction with tyrosinase; thus there was only a small amount of
irreversible adsorbed mass on the sensor. Lysozyme had almost no irreversible
adsorbed mass on the surface because only 1% of the tyrosine residues had been
converted to DOPA (data not shown).
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Figure 4-7: Typical QCM-D adsorption curves for insulin (modified and unmodified)
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Figure 4 9: Effect of tyrosinase on peptide fragments on SS surfaces. Peptide I and II
controls represent the peptide-only samples and the 0 h controls represent peptides
and tyrosinase incubated together but immediately.
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Figure 4-9 shows that the adsorption behaviours of modified and unmodified peptide
samples, both the peptide-only control and 0 h controls differed. This could be
attributed to the fact that tyrosinase activity on the peptide fragments at the 0 h time
point is rapid and hence some oxidation of the tyrosine residues could take place
almost instantaneously, resulting in increased adsorption when compared with the
peptide-only control fragments (Fig. 4-7). Surface adsorption increased for peptides
as the reaction times of the peptides with tyrosinase increased. For example, Peptide
II had similar total and irreversible mass adsorbed and very low reversible mass
adsorbed on the sensor surface after 6 h of modification with tyrosinase. Thus, the 6 h
modified sample of Peptide II was more strongly adsorbed onto the SS surface than
the other samples and it contained a higher percentage of DOPA. Hence, this stronger
adhesion was attributed to the presence of higher numbers of DOPA residues in the
peptide fragment. Additionally, DOPA residues are known to form coordinate metal
ion complexes with, for example, SS and titanium, thus increasing the interaction of
DOPA with the surface (Monahan and Wilker, 2003, Sever et al., 2003). Reaction of
peptide samples with tyrosinase for 6 h showed almost complete conversion of
tyrosine to DOPA (~ 97-99%). When compared with the peptide-only control
samples, the adsorption of the 2 h modified samples showed 4-fold increases; 4 h
modified samples showed ~ 5-fold increases; and the 6 h modified samples showed ~
9-fold increases. Catechol moieties in the DOPA residues may also play a major role
in the adsorption of the peptides through hydrogen bonding, metal ion chelate
complexes or covalent cross-links of DOPA with the metal surface (Waite and
Tanzer, 1981).
DOPA in the peptide fragments formed by chemo-enzymatic synthesis was compared
to the DOPA formed in the mefp-151 hybrid sequence in vivo (post-translational
modification). Adsorption of mefp-151 on the SS surfaces was also studied. The
mefp-151 adsorption of 5 mg/m2 on the SS surface was lower than that of the 6 h
modified Peptide II sample that adsorbed, which is 8 mg/m2 irreversibly on the
surface. It was observed that the mefp-151 had an equal amount of total and
irreversible mass adsorbed on the surface, suggesting that there was no loss of
adsorbed mefp-151 on the SS and hence very strong adsorption of the DOPA groups
to the metal ions.
110

14
Peptide I

Peptide II

12
10
qirr (mg/m2)

y = 0.2533x - 15.865
R² = 0.891

8
6

4
2
0
70

75

80

85
% conversion

90

95

100

Figure 4-8: Relationship of DOPA content (as percentage converted) on SS.
The irreversibly bound protein (qirr) on the SS surface was was directly related to
total % conversion of tyrosine to DOPA (Fig. 4-9). The regression correlation for
peptide I was R2 = 0.93 and for peptide II was R2=0.99. The overall linear trend for
both the peptides is observed to have a R2 = 0.89. The correlation line had an
intercept value of -16 here, which does not make mechanistic sense but the
percentage conversion was directly studied only from the 2 h time point onwards.
Lower time reactions after 30, 60 and 90 minutes of reaction of the peptides with
tyrosinase were not analysed but may have shown a more sensible trend as time
approached zero. It is observed that for adsorption on SS studied at 2, 4 and 6 h qirr
increased with each consecutive time point. For example, both peptides showed 5
mg/m2 irreversible adsorption on the surface after 4 h, compared with 10 mg/m2 after
6 h. The very high increase in the irreversible adsorption of the peptide on the surface
is attributed to their DOPA content. When considering the overall trend line, the
maximum irreversible adsorption was observed after 6 h, with almost 80-83%
conversion from tyrosine to DOPA and the adsorption was four-fold higher than the
control sample (containing only tyrosine and no DOPA). DOPA residues have been
found to interact with organic and inorganic surfaces through π electron interactions
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(Waite, 1976). DOPA is also capable of both donating and accepting hydrogen bonds
and this allows DOPA to compete well with water bonding on hydrophilic and polar
surfaces (Lee et al., 2006a).

4-2-5 DOPA interaction with surfaces
Hlady (1996) studied adsorption of DOPA on a titanium oxide (TiO2) surface using
AFM. The basic amino acids, which are positively charged at neutral pH, were
responsible for adhesion to surfaces. Histidine (H) has the ability of forming metal
coordination complexes when pH is higher than the pI of the protein molecules in
solution. pH is higher than pI of the protein, the surface is negatively charged, which
enhances adsorption of basic amino acid residues (K and R) onto the oxide layer by
electrostatic interactions (Hlady and Buijs, 1996). Another cohesive property of
DOPA is covalent cross-linking between the DOPA molecules, which the covalent
cross-linking promotes formation of triss-dopa-Fe(III) complexes at the interface of
the surface (Hlady and Buijs, 1996). The role of DOPA in the adhesion process has
also been studied by Yu et al. (1999). In this study, the DOPA-K copolymer both
with and without the oxidant hydrogen peroxide (H2O2) rapidly oxidized, of which
decreased the co-polymer‘s adhesive-forming ability. Cohesive bond failure was
observed in slowly oxidized samples which allowed catechol to be the active form of
DOPA in surface adhesion (Bitton and Bianco‐Peled, 2008). Catechol form strong
hydrogen bonds with hydrophilic, polar surfaces such as, SS and titanium. Transition
metals are also key reagents in protein cross-linking. The iron center cross links with
DOPA residues to form a very strong metal-protein interaction (Wiegemann, 2005).
The adhesive property of mussel proteins has been shown to be due to the DOPAcontaining peptides.

4.3 Conclusions
In this study, tyrosine residues in two peptide fragments derived from mefp-5,
KGYKYYGGSS and KGYKYY, were converted to DOPA by treating them with
tyrosinase. These linear peptide fragments showed that all the tyrosine residues could
easily be converted to DOPA. The resultant DOPA sidechains could then easily
interact with the SS surface. An analysis of the effect of total conversion of tyrosine
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to DOPA on adsorption showed that the latter increased as DOPA formation
increased with the tyrosinase reaction time The greatest adsorption, 80-83%, was
observed after 6 h reaction, an approximately 9-fold increase in adsorption when
compared with the control samples. Adsorption studies of tyrosine-containing
fragments indicate successful chemo-enzymatic conversion to DOPA and confirmed
that DOPA is responsible for a marked increase in adsorption to surfaces.
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Chapter 5 - Conclusions and recommendations
5-1 Conclusions
5-1-1 Protein adsorption studies on stainless steel sensors using
a quartz crystal microbalance with dissipation
Adsorption behaviour of proteins onto 316 grade SS surfaces was investigated using
QCM-D measurements. The proteins formed an adsorbed layer that cannot be
removed by simple buffer wash, and more complex cleaning protocols were required
to strip the bio-layer irreversibly adsorbed to the surface. This layer is rigidly coupled
to the QCM-D sensor and its viscoelastic characteristics can be neglected.
The mass of protein adsorbed is the result of reversible and irreversible adsorption.
Data showed that irreversible adsorption was the main contributor, accounting for
80% of the total mass adsorbed. Irreversible adsorption is a relatively fast process,
usually occuring in the first few minutes of contact between the protein and the
surface. To predict the amount of protein adsorbed on SS, a simple empirical
relationship correlating surface concentration, qm,irr, to protein charge density, q, was
developed.
Under the operating conditions used in the experiments, the SS surface was
negatively charged. Hence, negatively charged proteins adsorbed less due to their
charge density, and electrostatic repulsion is the main energetic barrier to overcome
for surface adsorption. Positively charged biomolecules could achieve maximum
surface coverage, and the mass/thickness of the adsorbed layer is linearly related to
the molecular weight of the protein. The research is the first time a simple
relationship to estimate the extent of the adsorbed protein layer when SS and protein
solutions are in contact has been determined. This developed relationship will allow
other characteristics such as reduction in heat transfer coefficient in process
equipment in the food industry or decrease in mass transport rates in biomedical
devices to be estimated. PCA allowed the contribution of several protein properties
(e.g. hydrophobicity, size, charge, presence of specific residues, etc.) on the
adsorption prediction to be determined. These properties were correlated to the mass
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adsorbed on SS surfaces. However, no clear conclusions could be drawn for the set of
proteins used.
A secondary objective of the research was to determine water content in the adsorbed
layers. α-lactalbumin had the most hydration water, followed by β-lactoglobulin.
These two proteins are highly hydrophilic, and therefore should entrap high water
when adsorbing to the SS surface. The casein species used did not produce adsorbed
layers with significant water content because they form large aggregates by selfassociating with neighbouring protein molecules that exclude water molecules.
Published research on protein adsorption based on the execution of two separate
experiments with different sensors, introducing possible bias associated with using
different instruments but, more importantly, errors because the sensor surfaces have
different topographies and compositions. This thesis describes a new method
involving QCM-D and fluorescent measurements on QCM-D to measure surface
adsorption, using a single 316 grade SS sensor in a single experiment, to measure
total mass adsorbed by QCM-D and protein mass adsorbed by fluorescence intensity
simultaneously on a single 316 grade SS sensor. The current research thus measured
water content in the adsorbed layer using two methods on a single sensor, resulting in
estimates of 32% - 45.8% (wet basis); half of that which most researchers record.
This approach removes the uncertainties associated with using differing surfaces for
each measurement technique.

5-1-2 Chemo-enzymatic modification of tyrosine to DOPA and
testing its adhesiveness to SS
Tyrosine residues in two peptide fragments, KGYKYYGGSS (peptide I) and
KGYKYY (peptide II), derived from mefp-5, were converted to DOPA by treating
with mushroom tyrosinase for 2, 4 and 6 h. Linear peptide fragments were used so all
the tyrosine residues were easily accessible for conversion to DOPA. The DOPA
formed could then easily interact with the SS surface. Conversion of tyrosine to
DOPA and its effect on adsorption was analysed. As tyrosinase reaction time
increased, DOPA formation increased linearly and adsorption of these samples on SS
increased. The adsorption studies on tyrosine-containing fragments indicate
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successful chemo-enzymatic conversion to DOPA and also confirm that DOPA
markedly increases adsorption to surfaces. Peptide II that had been tyrosinase treated
for 6 h had total mass adsorbed and very low reversible mass adsorbed on the sensor
surface. Thus, Peptide II samples were more strongly adsorbed onto the SS surface
than the model proteins used in this study and contained a higher percentage of
DOPA. This stronger adhesion was attributed to the of higher DOPA residues in the
peptide fragment. Compared with the peptide-only control samples, the adsorption of
the 2 h modified samples adsorbed 4-fold, 4 h modified samples showed ~ 5-fold
increases; and the 6 h modified samples showed ~ 9-fold increases. The catechol
moieties in the DOPA residues may also play a major role in the adsorption of the
peptides through hydrogen bonding, metal ion chelate complexes or covalent crosslinks of DOPA with the metal surface.

5-2 Recommendations for future work
The following work is recommended for the future:
1) Further experiments could be done to investigate the effect of various factors
such as buffer pH and temperature on overall adsorption of peptides/proteins
on SS surface.
2) Mussel peptides contain other post-translationally modified amino acids that
could possibly contribute to their adhesive properties. For eg. serine to
phosphoserine modification is also considered important for adhesion. The
recommended peptide fragments could be post-translationally modified and
tested for adhesiveness
I: YHYHSGGSYHGSGYH (15mer peptide) - Partial fragment of core peptide
of mefp-5 containing H and S. Serine can be converted to phosphoserine.
II: GGYKGKYYGKAKKYYYKYKNSGKYKY (26mer peptide) - Partial
fragment of mefp - 5 peptide containing G, K and Y (to be converted to
DOPA).
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III:

YHYHSGGSYHGSGYHGGYKGKYYGKAKKYYYKYKNSGKYKY

(41mer peptide) - Repetitive fragments containing G, K and DOPA with the
influence of H and S.
3) Having identified that there is DOPA-metal interaction, it might be possible to
use the peptide fragments containing DOPA to form a bio-film by
functionalizing the bio-layer or the fragment, after tethering it to a PEG (polyethylene glycol) using other reactive side chains and binding it on to the SS
surface,. A bio-inspired adhesive formed in this way could form a stable
coating on the SS surfaces and prevent its fouling. This bio-inspired adhesive
could be used in several other industries and applications.
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Appendices
Appendix I: QCM-D raw data
Voigt and Sauerbrey mass analysis
This appendix presents the QCM-D raw data analysis.
The masses calculated with the Voigt model (using different overtones) during the
initial adsorption on the sensor surface for β-lactoglobulin and haemoglobin are given
in Fig A-1 and Fig A-2, respectively. The shear analysis for β-lactoglobulin is given
in Fig. A-3.
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Figure 0-1: Voigt mass analysis for β-lactoglobulin for the first 5 minutes
Figure A-2 represents the Voigt mass for haemoglobin (different overtones) for the
first 5 minutes to observe the change in mass that occurred immediately on the
surface of the sensor.
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Figure 0-2: Voigt mass analysis for haemoglobin for the first 3 minutes
1.80E+07
1.60E+07

Shear (Pa)

1.40E+07
1.20E+07

Shear-all

1.00E+07

Shear-3

8.00E+06

Shear-5
Shear-7

6.00E+06

Shear-9

4.00E+06

Shear-11

2.00E+06
0.00E+00
0

50

100
Time (mins)

150

Figure 0-3: Shear analysis for 0.1 mg/mL-lactoglobulin
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The Sauerbrey mass for β-casein at different concentrations tested are predicted in
Figs. A-4 – A-9. The mass adsorbed after insulin has been modified with tyrosinase is
given in Fig. A-10. Fig A-11 shows the adsorption of myoglobin, taking around 4.5
hours to reach 80% adsorption of the protein on the surface.
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Figure 0-4: Effect of initial -casein solution concentration on mass adsorbed to SS
316
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Figure 0-5: Effect of initial α-chymotrypsinogen solution concentration on mass
adsorbed to SS 316
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Figure 0-6: Effect of initial α-lactalbumin solution concentration on mass adsorbed to
SS 316
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Figure 0-7: Effect of nitial α-casein solution concentration on mass adsorbed to SS
316
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Figure 0-8: Effect of initial lysozyme solution concentration on mass adsorbed to SS
316
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Figure 0-9: Effect of initial haemoglobin solution concentration on mass adsorbed to
SS 316
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Figure 0-10: Effect of initial human recombinant insulin solution concentration on
Sauerbrey mass adsorbed to SS 316
A6
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Figure 0-11: Sauerbrey mass for myoglobin at 1 mg/mL adsorbed to SS 316
Table A-1 represents the dimensional ratio for the test proteins at overtone 3 (n=3)
and the choice of model for determining the mass adsorbed on SS.
Table 0-1: Effect of protein concentration on frequency, dissipation and dimensional
ratio at overtone 3 (n =3).
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β- lactoglobin

Haemoglobin

Protein

Conc.
(mg/ml)
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0.25
0.50
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0.50
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2.00
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0.50
0.75
1.00
1.50
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0.50
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1.50
2.00

Frequency
(Hz)
23
22
24
28
28
36
34
8
10
10
12
14
11
15
13.5
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30
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60
16
18
23
26
24
25
24

Dissipation
(*1E-6)
0.8
0.4
1.2
0.2
0.4
1.6
3.4
0.5
0.7
0.2
0.4
0.5
0.5
0.8
0.2
0.9
1.8
2.2
3.2
2.7
2.8
1.5
0.6
0.5
0.1
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0.6
0.6

A7

ΔD/(-Δf/n)
(*1E-6)
0.104
0.055
0.150
0.021
0.043
0.133
0.300
0.188
0.210
0.060
0.100
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0.220
0.218
0.169
0.140
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Model
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Isotherms & Kinetic Modeling
The adsorption isotherms and Conformational Change modelling for the various test
proteins are presented in Figs. A-11 – A-30.
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Figure 0-12: Langmuir and Freundlich model isotherms for BSA adsorption
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Figure 0-13: Effect of BSA concentration in Conformational Change model kinetics
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Figure 0-14: Langmuir and Freundlich model isotherms for lysozyme adsorption
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Figure 0-15: Effect of lysozyme concentration in Conformational Change model
kinetics
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Figure 0-16: Langmuir and Freundlich model isotherms for α-lactalbumin adsorption
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Figure 0-17: Effect of α-lactalbumin concentration in Conformational Change model
kinetics
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Figure 0-18: Langmuir and Freundlich model isotherms α-chymotrypsinogen
adsorption
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Figure 0-19: Effect of α- chymotrypsinogen concentration in Conformational Change
model kinetics
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Figure 0-20: Langmuir and Freundlich model isotherms for β-casein adsorption
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Figure 0-21: Effect of β-casein concentration in Conformational Change model
kinetics
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Figure 0-22: Langmuir and Freundlich model isotherms for β-lactoglobulin
adsorption

0 .1 m g / m l
F it :0 .1 m g / m l

2

A m o u n t a d so rb e d (n g /c m )

300

0 .2 5 m g / m l
F it :0 .2 5 m g / m l

200

0 .7 5 m g / m l
F it :0 .7 5 m g / m l
1 m g/m l
F it :1 m g / m l
100

1 .5 m g / m l
F it :1 .5 m g / m l
2 m g/m l
F it :2 m g / m l

0
0

100

200

300

T im e ( m in s )

Figure 0-23: Effect of β- lactoglobulin concentration in Conformational Change
model kinetics
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Figure 0-24: Langmuir and Freundlich model isotherms for haemoglobin adsorption
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Figure 0-25: Effect of haemoglobin concentration in Conformational Change model
kinetics
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Figure 0-26: Langmuir and Freundlich model isotherms for myoglobin adsorption
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Figure 0-27: Effect of myoglobin concentration in Conformational Change model
kinetics
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Figure 0-28: Effect of α – casein concentrations in Langmuir model kinetics
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Figure 0-29: Effect of α – casein concentrations on Freundlich kinetic models

A17

Figure 0-30: Effect of α-casein concentration on the Conformational Change model
kinetics
Table 0-2: Adsorption/desorption rate constants obtained for five test proteins by
fitting the experimental data with the Langmuir and Freundlich kinetic models
Test Proteins

Langmuir

Freundlich

ka

KD

(1/Ms)

(M)

2.0E-03

6.0E-02

3.0E-02

α-lactalbumin

R2

α

R2

0.33

0.88

ka

KD

(1/Ms)

(M)

0.78

2.0E-3

8.1E-02

1.3E-02

0.89

4.0E-2

1.0E-02

2.2E-02

1.6E-02

0.71

1.2E-2

2.7E-02

0.21

0.79

α- casein

7.0E-02

7.1E-02

0.88

5.0E-2

9.0E-02

0.25

0.87

β-casein

1.6E-01

1.5E-02

0.55

1.5E-1

1.5E-02

0.38

0.52

BSA
βlactoglobulin

A18

0.21

0.91

Table 0-3: Adsorption/desorption rate constants obtained for five test proteins by
fitting the experimental data with the Conformational Change model
Rate constants values of the

Test Proteins

Conformational Change Model
ka

kd

KD

(1/M s)

(1/s)

(M)

R2

BSA

5.0E-01 1.8E-03

3.6E-03

0.95

β-lactoglobulin

8.0E-02 3.0E-03

3.8E-02

0.96

α-lactalbumin

7.0E-02 5.0E-04

7.5E-03

0.97

α- casein

2.5E-01 2.2E-03

8.0E-03

0.96

β-casein

1.6E-01 2.7E-03

1.7E-02

0.97

Rate of adsorption
The different protein adsorption phases onto SS were studied over time. This was
done by plotting the rate of adsorption was plotted against the mass adsorbed on the
surfaces, as shown in Fig. A-31 – A-38.
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Figure 0-31: Effect of BSA solution concentration on adsorption rate
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Figure 0-32: Effect of lysozyme solution concentration on adsorption rate
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Figure 0-33: Effect of α-lactalbumin solution concentration on adsorption rate
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Figure 0-34: Effect of α-chymotrypsinogen solution concentration on adsorption rate
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Figure 0-35: Effect of β-casein solution concentration on adsorption rate
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Figure 0-36: Effect of β-lactoglobulin solution concentration on adsorption rate
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Figure 0-37: Effect of haemoglobin solution concentration on adsorption rate
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Figure 0-38: Effect of myoglobin solution concentration on adsorption rate
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Comparison of β-lactoglobulin adsorption on two surfaces (gold
& SS)
Desorption step of β-lactoglobulin from the SS sensor and removal efficiency of the
adsorbed protein layer depended on water content of the adsorbed layers. For the gold
sensor protein adsorption was high, protein-protein interactions and protein-surface
interactions were dominant, and protein removal was limited, as shown in Table A-1.
The buffer wash was conducted for the same time for both surfaces (~100 mins).
More protein desorbed from the SS sensor than from the gold sensor. The secondary
structure is important when proteins bind strongly to the metal surface (gold) but less
important with SS. The removal efficiency of adsorbed protein layers by buffer was
affected by (i) destabilizing the protein secondary structure, which increased proteinprotein interactions and protein-surface interactions on Au surfaces and (ii) water
content adsorbed onto the SS surfaces. The gold surface is inert and the secondary
structure of the proteins interacts with other proteins or the surface. The SS surface
has negatively charged oxide layers so interaction between surface and water
molecules is more prevalent than interaction between the proteins or the protein and
the surface. Removal efficiency of protein layers would also be affected by the
dominant non-covalent interactions between protein molecules and between them and
the surface.
Table 0-4: Concentration of β-lactoglobulin on SS and gold surfaces as a function of
solution concentration
Protein
(mg/ml)

conc.

SS surface (ng/cm2)

Gold surface (ng/cm2)

Adsorbed mass Desorbed mass

Adsorbed mass Desorbed mass

0.10

161±5

121±3

86±5

71±3

0.25

186±3

135±6

114±9

77±5

0.50

198±7

177±5

140±3

82±2

0.75

211±2

178±7

154±2

88±3

1.00

222±8

181±9

168±7

100±8

1.5

231±3

189±2

173±6

101±9

2.0

245±9

191±8

202±6

124±6
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Modification of the tyrosine residues in β-lactoglobulin:

Mass adsorbed (ng/cm2)

SS

SS, PTM

Gold
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Figure 0-39: Effect of β-lactoglobulin concentration on adsorbed mass of modified
and unmodified tyrosine residues in SS and gold surfaces
Table 0-5: Mass of protein adsorbed on SS and Gold, along with post translational
modification of protein on SS and gold
Conc.

SS

SS,

Gold

Gold,

Ratio of

Ratio of

(mg/ml)

(± 10

modified

(± 10

modified

unmodified

modified

ng/cm2)

(± 15

ng/cm2)

(± 5

b/t Gold &

b/t Gold

ng/cm2)

SS

& SS

ng/cm2)
0.10

121

383

71

155

59

40.5

0.25

135

405

77

166

57

41

0.50

177

410

81

185

46

45

0.75

178

438

88

198

50

45

1.00

181

458

100

205

55

45

1.50

189

465

101

238

53

51

2.00

191

487

124

244

65

50
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Geometrical modeling of proteins:
Formulae:
SA of sphere:
SA of cylinder:

cm2
cm2

SA of truncated cone: (

(

(

))) cm2

where, R= radius of the base of the truncated cone & r is the radius of the top of the
cone (=radius of the protein)

Table 0-6: Geometrical modeling data for proteins

αchymotrypsinogen

α-lactalbumin

Lysozyme

BSA

Protein

Conc.
(mg.ml)
0.10
0.25
0.50
0.75
1.00
1.50
2.00
0.10
0.25
0.50
0.75
1.00
1.50
2.00
0.10
0.25
0.50
0.75
1.00
1.50
1.75
2.00
0.10
0.25
0.50
0.75
1.00
1.50
2.00

Molecules/SS
surface (*E-14)
6E-15
2E-14
3E-14
3E-14
4E-14
6E-14
6E-14
2E+13
3E+13
1E+13
2E+01
2E+13
2E+13
3E+13
2E+12
2E+12
8E+12
8E+12
1E+13
1E+13
1E+13
2E+13
1E+13
1E+13
1E+13
1E+13
2E+13
2E+13
2E+13

Mod
el I
1
3
4
5
7
9
11
803
971
498
885
542
771
960
94
146
483
491
677
724
863
1134
641
664
847
920
954
1018
1059
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Model
II
1
3
4
5
7
9
11
820
992
509
904
553
788
981
96
148
489
497
685
734
874
1149
649
672
858
931
966
1030
1072

Model
III
2
5
9
10
14
18
21
948
1147
589
1045
640
911
1134
33
51
167
170
235
251
299
393
242
251
320
347
360
384
400

Model
IV
3
8
14
16
23
29
34
948
1147
589
1045
640
911
1134
33
51
167
170
235
251
299
393
242
251
320
347
360
384
400

Model
V
2
4
7
8
11
14
16
173
210
108
191
117
167
207
4
6
21
21
29
31
37
49
18
18
23
25
26
28
29

β-casein
β-lactoglobulin
Haemoglobin
Myoglobin

0.10
0.25
0.50
0.75
1.00
1.50
1.75
2.00
0.10
0.25
0.50
0.75
1.00
1.50
1.75
2.00
0.10
0.25
0.50
0.75
1.00
1.50
2.00
0.10
0.25
0.50
0.75
1.00
1.50
2.00

3E+12
4E+12
9E+12
1E+13
2E+13
2E+13
2E+13
1E+13
7E+12
7E+12
7E+12
7E+12
8E+12
8E+12
8E+12
8E+12
1E+13
1E+13
2E+13
2E+13
2E+13
2E+13
2E+13
2E+13
2E+13
2E+13
6E+13
6E+13
0E+00
8E+13

710
849
1971
2402
3618
3860
5027
2402
1419
1452
1559
1567
1598
1605
1669
1686
642
789
883
894
920
944
1111
1201
1301
1342
1754
3955
4008
5102
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712
852
1978
2411
3631
3874
5045
2411
1424
1457
1565
1573
1604
1611
1692
1692
652
800
895
906
933
958
1127
1216
1317
1359
1775
4004
4057
5165

277
332
770
939
1414
1508
1965
939
770
788
846
851
867
871
915
915
882
1083
1212
1227
1264
1297
1526
1062
1150
1187
1550
3497
3543
4511

277
332
770
939
1414
1508
1965
939
770
788
846
851
867
871
915
915
882
1083
1212
1227
1264
1297
1526
1062
1150
1187
1550
3497
3543
4511

31
37
85
103
156
166
216
103
3
3
4
4
4
4
4
4
37
45
50
51
52
54
63
61
66
68
89
202
204
260

0.11±0.04

0.11±0.02

0.13±0.05

0.20±0.05

80%

50%<x<70%

50%<x<80%

0.09±0.02

60%

70%

0.07±0.03

50%

α-chymotrypsinogen
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0.64±0.04

0.64±0.30

0.50±0.01

0.20±0.03

0.04±0.04

0.01±0.04

β-casein

0.40±0.03

0.02±0.04

0.14±0.01

0.09±0.02

0.03±0.05

0.02±0.01

α-casein

12.00±1.44

10.10±1.60

10.00±1.50

4.30±0.09

2.40±0.04

2.40±0.03

β-lactoglobulin

0.30±0.02

0.24±0.04

0.04±0.01

0.03±0.01

0.03±0.09

0.02±0.06

α-lactalbumin

Protein adsorption factors

Tables A-7 represents the protein adsorption factors for five test proteins at various

percentages of primary adsorption.

Table 0-7: Protein adsorption factor, K (*1E-6) (cm/s) for five milk proteins at 50%

60%, 70%, 80%, 50%<x<70% and 50%<x<80% of the first 10 minutes of adsorption

Appendix II: QTools Tutorial
Fit Analysis
Step 1: Once the QTools software is running, the first step would be to split the four
sensors into different sheets to evaluate the data more easily

Figure 0-40: Step I in QTools – Split of 4 sensors into different worksheets

Figure 0-41: Representation of a worksheet
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Step 2: Voigt Model Analysis: For the Voigt model analysis, shift from the Data
Sheet to the Modeling Centre is performed.

Figure 0-42: Modeling center for analysis of the Voigt Model
Step 3: Initialize of parameters for Voigt Analysis: Selection frequencies to be
included for the analysis. (Usually the first frequency because it is too noisy). Select
either a mass adsorption analysis or thickness to be analysed. (Chosen mass for the
data evaluation).

Figure 0-43: Voigt Analysis- Initialization of parameters
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Step 4: In the Measurement tab, the standard deviation values for all the frequencies
and dissipation are calculated.

Figure 0-44: Measurements
Step 5: Fit parameters under the Fit Settings tab, check the option for limiting the xvalues is. In the data side of the analysis column the offsets are marked as shown.

Figure 0-45: Fitting parameters
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Step 6: Initialize parameters for vector parameter and data plots, and performed the
fitting.

Figure 0-46: Initializing parameters
Step 7: Once the fitting is performed, the fit analysis tab is displayed showing the
results of the fit. Figure A-46 is the datasheet. The fitting results are updated
simultaneously. Figure A-47 displays the Fit L1 (layer 1) mass plotted against time.

Figure 0-47: Fit Analysis
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Figure 0-48: Data Sheet with Fitting results

Figure 0-49: Graph depicting Fit L1 mass
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Step 8: Sauerbrey Analysis

Figure 0-50: Representation of Data Sheet after offset of columns in the Modeling tab
Step 9: In this step, the marked columns are offset at the point, excluding time,
temperature and tact.

Figure 0-51: Offset of marked columns
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Figure 0-52: Offset excluding temperature, time and tact.
Step 10: Sauerbrey analysis to determine the mass absorbed on the surface of the
sensor.

Figure 0-53: Sauerbrey Analysis
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Figure 0-54: Initializing parameters for Sauerbrey Analysis

Step 11: Plotting data from Sauerbrey Analysis

Figure 0-55: Plotting of Sauerbrey Data after analysis
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Figure 0-56: Graph of mass calculated by the Sauerbrey Model
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Influence of salt in buffer on protein adsorption on stainless steel
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Figure 0-57: Effect of salt in the buffer on protein adsorption on SS (for fluorescent
labeling)
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0.1 cm

Figure 0-58: Formation of salt crystals (in dried) in β-lactoglobulin spot
DOPA structure
The adhesion of modified and unmodified peptide fragments and proteins were
studied (Chapter 4). The structure of peptide I fragment (developed in Yasara,
molecular

modeling

software

package,

YASARA

Biosciences,

http://www.yasara.com) shows there are two tyrosine residues near each other. The
third tyrosine residue is oriented in opposite direction. Two hypotheses are proposed
here for the interaction with the surface. In the first, the catechol moiety of two
tyrosine residues close to each other once converted to DOPA have their catechol
moiety attached to the metal surface forming DOPA-metal interactions. The third
DOPA moiety could form a cohesive bond to another DOPA moiety. In the second
hypothesis, all three molecules of DOPA bind to the surface separately, giving strong
DOPA-metal interactions and hence increased adsorption to SS.
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Figure 0-59: Structure of Peptide I fragment
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Appendix IV: Phage Display Technique
A trial using phage display technique using stainless steel beads to adhesion of
peptide sequences was performed as trial at AIBN, Brisbane. The peptide sequences
are expressed in a phage virion then boundto SS. This work should be investigated
further to check adsorption on beads.

Introduction
Phage display is a selection technique where a library of peptide or protein variants is
expressed on the outside of a phage virion, while the genetic material encoding each
variant resides on the inside. This creates a physical linkage between each variant
protein sequence and the DNA encoding it, which allows rapid partitioning based on
binding affinity to a given target molecule (antibodies, enzymes, cell-surface
receptors, etc.) by an in vitro selection process called ‗panning‘. In its simplest form,
panning is done by incubating a library of phage-displayed peptides on a plate (or
bead) coated with the target, washing away the unbound phage, and eluting the
specifically bound phage. The eluted phage are then ‗amplified‘ and taken through
additional binding/amplification cycles to enrich the pool in favor of binding sequences. After three to four rounds, individual clones are characterized by ‗DNA
sequencing and ELISA‘. The Ph.D.™ (phage display) system is based on a simple
M13 phage vector, modified for pentavalent display of peptides as N-terminal fusions
to the minor coat protein pIII.

A41

(a)

(b)

Figure 0-60: (a) Phage Display - Panning with a pentavalent peptide library displayed
on pIII and (b) Peptide libraries from New England Biolabs (Ipswich, MA)
The premade libraries consist of linear heptapeptide (Ph.D.-7) and dodecapeptide
(Ph.D.-12) libraries, as well as a loop-constrained heptapeptide (Ph.D.-C7C) library.
The randomized segment of the Ph.D.-C7C library is flanked by a pair of cysteine
residues, which are oxidized during phage assembly to a disulfide linkage, resulting
in the displayed peptides being presented to the target as loops. All the libraries have
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complexities for about 109 independent clones, which is sufficient to encode most if
not all of the possible 7-mer (1.28 x 109) peptide sequences, but only a tiny fraction
(less than 1 millionth) of the 4.1 x 1015 possible 12-mer sequences. The Ph.D.-12
library can thus be considered of as having the equivalent diversity of the Ph.D.-7
library, but spread out over 12 residues. In both the Ph.D.-7 and the Ph.D.-12
libraries, the first residue of the peptide-pIII fusion is the first randomized position,
while the first randomized position in the Ph.D.-C7C library is preceded by Ala-Cys.
All the libraries contain a short linker sequence between the displayed peptide and
pIII: Gly-Gly-Gly-Ser.

Materials and methods
Autoclave, Laminar Air Flow chamber, water bath (50°C), Incubator (static, 37°C),
Shaking incubator (250 rpm, 37°C), ELISA plate reader, Fridge: 4,20,-80°C,
Centrifuge (14000 rpm, 4°C), Falcon tubes, micro centrifuge tubes, UV Visible
Spectrophotometer (OD 600), mini lab roller, weigh balance, magnetic stirrer, oven
(60-70°C), microwave, pH meter, ultrasonic bath, pippetors, ice machine, nanodrop,
vacuum, Elisa plate washer, vortex mixer, multichannel pipettors (5-50µl and 50300µl).

Protocol for phage display technique
The following steps were performed to check adsorption on stainless steel beads.
Although proteins were not adsorped on the beads, this work could be futureexplored
in the future, with modifications, to observe adsorption on the bead surfaces.
Day One: Surface panning procedure (direct target coating)
The most straightforward method for affinity partitioning (panning) involves directly
coating stainless steel beads with the target of interest (by nonspecific hydrophobic
and electrostatic interaction), washing the excess, and passing the pool of phage over
the target-coated surface.
Step 1: 10 ml LB + 10 µl of Tet was inoculated with 0.1 ml of an overnight culture of
ER2738 until it reaches an OD of 0.5 in a shaking incubator at 37°C
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Step 2: Fill an eppendorf tube completely with blocking buffer and incubated for at
least 1 hour at 4°C.
Step 3: Discard the blocking buffer and wash five times with TBST (Tween 0.1% for
first round of panning and 0.5% for the remaining).
Step 4: Place the beads in the Eppendorf and wash with TBST another five times.
Step 5: Incubate the beads with 1 ml of TBS + 100 fold representation of the library
in rocking for 1 hour at room temperature. Tween is not added in this step.
Step 6: Discard the solution in and wash beads with TBST. The eppendorf tube
containing the beads wasis washed about 20 times.
Step 7: The beads are amplified directly in the Erlenmeyer flask containing 20 ml
LB+ 20 µl Tet+ 200 µl of an overnight culture of ER2738 in a shaking incubator at
37°C for 4.5 to 5 hours
Step 8: Transfer the culture to a centrifuge tube and spun for 10 minutes at 12,000 g
at 4°C. Transfer the supernatant to a fresh tube and re-spun (discarding the pellet).
Step 9: Transfer the supernatant to a fresh tube and re-spun
Step 10: Transfer the upper 80% of the supernatant (~15-18ml) into a fresh tube and
add 1/6 volume of 20% PEG/2.5 M NaCl (~2.5-3ml). The phage is allowed to
precipitate at 4°C for at least 2 hours, preferably overnight.
Day Two: Phage purification and titration
Step 1: Spin PEG precipitate

at 12,000 g for 15 minutes at 4°C. Decant the

supernatant. Spin the tube was spun briefly, and residual supernatant with a pipette.
The phage pellet isas a white finger print sized smear on the side of the tube.
Step 2: Suspend the pellet in 1 ml of TBS then transfer. The suspension was
transferred to a micro centrifuge tube and spin at maximum (14,000 rpm) for 5
minutes at 4°C to pellet residual cells.
Step 3: Transfer the supernatant to a fresh micro centrifuge tube and re-precipitate by
adding 1/6 volume of 20% PEG/2.5 M NaCl (~150-170µl). It was incubated on ice
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for 15–60 minutes. Then, micro centrifuge at 14,000 rpm for 10 minutes at 4°C,
discard the supernatant, re-spin briefly and remove residual supernatant with a
micropipette.
Step 4: Suspend the pellet was suspended in 200 μl of TBS then micro centrifuge for
1 minute to pellet any remaining insoluble material. Transfer the supernatant to a
fresh tube. This is the amplified eluate.
Phage Titering
Step 5: 10 ml LB with ER2738 from a plate is inoculated and incubated with shaking
for 4.5 to 5 hours (until it reaches an OD of 0.5).
Step 6: While the cells are growing, melt top Agar in the microwave and deispense 3
ml into sterile culture tubes, one per expected phage dilution. Maintain tubes at 50°C.
Step 7: Prewarm one LB/IPTG/Xgal plate per expected dilution at 37°C until ready
for use.
Step 8: Prepare 10 to 103-fold serial dilutions of phage in LB; 1 ml final volumes
were convenient. (Suggested dilution range are: 108–1011 for amplified phage culture
supernatants, and 101–104for unamplified panning eluates,). Aerosol-resistant pipette
tips are used to prevent cross-contamination.
Step 9: When the culture in Step 1 reached the mid-log phase, dispense 200 μl was
dispensed into microfuge tubes, one for each phage dilution.
Step 10: To carry out infection, add 10 μl of each phage dilution was added to each
tube, vortexed quickly and incubated at room temperature for 1–5 minutes.
Step 11: Transfer the infected cells, as one infection at a time to culture tubes
containing 45°C Top Agar, vortexed briefly and immediately and pour the culture
onto a pre-warmed LB/IPTG/Xgal plate.
Step 12: Allow the plates to cool for 5 minutes, invert, and incubate overnight at
37°C.
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Step 13: Count plaques on plates that have approximately 100 plaques. Multiply the
count number by the dilution factor for that plate to get phage titer in plaque forming
units (pfu) per 10 μl.
Day Three: Amplication of plaques
Step 1: Dilute an overnight culture of ER2738 1:100 in LB. Dispense 1 ml of diluted
culture into culture tubes, one for each clone to be characterized. 10–20 clones from
the third round are usually sufficient to detect a consensus binding sequence.
Step 2: Use a sterile wooden stick or pipette tip to stab a blue plaque from a titering
plate (important: plates should be <1–3 days old, stored at 4°C and have <100
plaques) and transfer to a tube containing the diluted culture. Pick well-separated
plaques to ensure each plaque contains a single DNA sequence.
Step 3: Incubate the tubes at 37°C with shaking for 4.5–5 hours (no longer).
Step 4: Transfer the cultures to micro centrifuge tubes, and microfuge at 14,000 rpm
for 30 seconds (see next section to purify sequencing template). Transfer the
supernatant to a fresh tube and re-spin. Using a pipette, transfer the upper 80% of the
supernatant to a fresh tube. This is the amplified phage stock and can be stored at 4°C
for several weeks with little loss of titer.
Step 5: For long-term storage (up to several years), dilute 1:1 with sterile glycerol and
store at –20°C.
Day Four: Purification of DNA
Step 1: Carry out the plaque amplification procedure described above. After the first
centrifugation in Step 4, transfer 500 μl of the phage-containing supernatant to a fresh
micro centrifuge tube.
Step 2: Add 200 μl of 20% PEG/2.5 M NaCl ,mix well and let to stand for 10–20
minutes at room temperature.
Step 3: Micro centrifuge at 14,000 rpm for 10 minutes at 4°C and discard the
supernatant . Phage pellet may not be visible at this stage.
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Step 4: After re-spinning, carefully pipette away and discard any remaining
supernatant.
Step 5: Suspend the pellet thoroughly in 100 μl of Iodide buffer by vigorously
tapping the tube. Add 250 μl of ethanol and incubate for 10–20 minutes at room
temperature. Short incubation at room temperature will preferentially precipitate
single-stranded phage DNA, leaving most phage protein in solution.
Step 6: Micro centrifuge at 14,000 rpm for 10 minutes at 4°C, and discard the
supernatant. The pellet is dissolved with 0.5 ml of 70% ethanol (stored at –20°C), respun, discarded the supernatant, and briefly dried the pellet under vacuum.
Step 7: Suspend the pellet was suspended in 30 μl of TE buffer.
Day Five: ELISA (Enzyme linked immunosorbent assay)
Step 1: Carry out the plaque amplification procedure was carried out.
Step 2: Dilute an overnight culture of ER2738 was diluted as 1:100 in 20 ml of LB.
Step 3: Add 5 μl of phage stock from Step 1 (or a single phage plaque) to a 20 ml
culture for each clone to be characterized for each culture and incubate with vigorous
aeration for 4.5–5 hours at 37°C.
Step 4: Transfer the culture to a centrifuge tube and spin at 12,000 g for 10 minutes at
4°C. Transfer the supernatant to a fresh tube and re-spun (discarding the pellet).
Step 5: Transfer the upper 80% of the supernatant (~15-18ml) to a fresh tube and add
1/6 volume of 20% PEG/2.5 M NaCl (~2.5-3ml). Allow the phage to precipitate at
4°C for at least 2 hours or overnight.
Step 6: Spin the PEG precipitation at 12,000 g for 15 minutes at 4°C. Decant and
discard the supernatant, re-spin the precipitate briefly, and remove any residual
supernatant with a pipette.
Step 7: Suspend the pellet in 1 ml of TBS, and transfer to a micro centrifuge tube.
Spin the sample at 14,000 rpm for 5 minutes at 4°C to pellet residual cells.
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Step 8: Transfer the supernatant to a fresh micro centrifuge tube and re-precipitate
with 1/6 volume of 20% PEG/2.5 M NaCl (150-170µl). Incubated for 15–60 minutes
on ice. Spin at 14,000 rpm for 10 minutes at 4°C,discarding the supernatant, and respin briefly. Remove residual supernatant with a micropipette.
Step 9: Suspend the pellet in 50 μl of TBS. Phage tittering is done as describeed in
Amplification of plaques
Step 10: Block the ELISA plate with the blocking buffer for 1-2 hours at 4°C
Step 11: Remove the blocking buffer and wash each plate was six times with TBST.
The percentage of Tween should be the same as the concentration used in the panning
wash steps.
Step 12: Place the beads in the wells.
Step 13: Add fourfold serial dilutions of phage in 200 μl of TBS/Tween per well,
starting with 1012 virions in the first well of a row and ending with 2 x 105 virions in
the 12th well.
Step 14: Use a multichannel pipettor to transfer, 100 μl from each row of diluted to a
row of target-coated wells, and transferred 100 μl to a row without target. Incubate at
room temperature for 1–2 hours with agitation.
Step 15: Wash the plate six times with TBST as in Step 12.
Step 16: Dilute HRP-conjugated anti-M13 monoclonal antibody (GE Healthcare.
#27-9421-01) in blocking buffer to the final dilution recommended by the
manufacturer. Add 100 μl of diluted conjugate was added to each well and incubate at
room temperature for 1 hour with agitation.
Step 17: Repeat Step 12.
Step 18: Add 100 μl of substrate solution (TMB) to each well, and incubated for 10–
60 minutes at room temperature with gentle agitation.
Step 19: Transfer the coloured solution to a flat bottomed ELISA plate and an equal
volume of sulphuric acid.
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Step 20: Read the plates using a micro-plate reader set at 405–415 nm. Compare the
signal for each phage concentration, with and without target protein.
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