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Abstract

This thesis describes a number of novel experiments contributing to the understanding of

protein adsorption from both a fundamental and applied perspective.

The first three papers involve the use of the localized surface plasmon resonance of
gold nanospheres to measure protein conformational dependencies during heat and acid
denaturation. Thermal denaturation of BSA is shown to proceed differently depending on
the size of nanosphere to which it is conjugated. Activation energies are extracted for
thermal denaturing on nanoparticles. These energies decrease with decreasing radius of
curvature. Under pH perturbation in the acid region, the multiple transition states of bulk
BSA are suppressed, and only one apparent transition around pH 4 is evident. Smaller
spheres (diameter < 20nm) do not exhibit any transition. A significant finding of all three

studies is that the state and stability of BSA depends strongly upon local curvature.

The last two papers investigate protein adsorption relevant to the biomaterial field.
Investigation of protein adsorption to polyHEMA hydrogels is carried out using a quartz
crystal microbalance. Single and mixed protein adsorption kinetics for BSA, lysozyme and
lactoferrin are extracted and interpreted. Selected commercial cleaning solutions are shown

to be no more effective than simple buffer solution.

Examination of commercial lenses indicates that the morphology of adsorption is
material dependent and that siloxane-based hydrogels only deposit low levels of protein. A
unique fibril-like morphology is identified on galyfilcon A. Protein morphology is

discussed in terms of bare lens morphology, roughness, and surface composition.
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Introduction

1.1 Overview

The area of proteins at solid-liquid interfaces is an enormous field, both in impact and
scope. Researh undertaken in this area can take a number of directions. A fundamental
direction usually involves attempting to elucidate the forces, and general mechanisms
responsible for protein adsorption. A more applied direction on the other hand involves
attempting to improve, or understand a real world system, which in many cases is very
difficult to reduce to simple fundamental components. To maintain an appreciation for the

breadth of the topic, this thesis has strived to include both applied and fundamental aspects.
The thesis takes the following form:

e A general introduction to proteins and the general considerations involved in their

behaviour

e An overview of the current state of the field of proteins at interfaces, with special

sections dedicated to its application to nanoparticles, and contact lenses

¢ A methods section outlining some of the techniques, equations, and programs used

in the published papers
e Some concluding remarks pertaining to the papers

e Appendices containing extended Mie theory calculations and Matlab code used

during modeling of experimental data for the published papers

e The original works, in a series of five papers, all of which are either published, or in

press, and bound in the back of the thesis

1.2 History

Protein interaction with interfaces has been utilized for thousands of years. Anecdotally, as

early as 2600B.C., Egyptians used egg whites and other materials as glue for making
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furniture and paint. However, it wasn’t until the mid 1800’s that serious work began on
investigating protein-containing materials. In 1839, a landmark paper by Gerrit Jan
Mulder, entitled “On the Composition of Some Animal Substances™ [1], was published.
Mulder was able to measure the elemental compositions of several proteins, and showed
their similarities. Throughout the 1800°s various units, of what would later be called amino
acids, were discovered. Finally, in 1902 at the 74" Annual Meeting of The Society of
German Naturalists and Physicians, the concept of protein as a polypeptide was created.
Franz Hofmeister subsequently published a paper “On the Structure and Grouping of the
Protein Bodies™[2], in which he described the proper linkage, stating that amino acids
could be linked by the amide bond. It wasn’t until around 1945-1955, however, that
Frederick Sanger began publishing papers on the sequencing of proteins (winning the
Nobel Prize in 1958 for the sequence of the insulin protein). This allowed the exact

sequence of amino acids to be determined.

Despite rudimentary understanding, proteins at interfaces were already being
studied as early as 1905, just three years after the polypeptide theory was announced. In
this remarkably innovative paper by Landsteiner and Uhliz [3], several different proteins
were adsorbed onto inorganic powders such as clay and talc. Knowledge of how to
precipitate and to purify protein was already present. Rudimentary measurements of the
mass of adsorbed protein were made. While it appears that no conclusive results were
found, they were clearly ahead of their time in attempting to relate adsorption to the
physical and chemical nature of the particles, including electrostatic forces. In 1925,
another landmark paper in adsorption was published, this time by David Hitchcock [4].
This paper investigated the adsorption of gelatin and egg albumin to collodion membranes.
Beautiful adsorption isotherms were generated, and were fit by the Langmuir equation for
adsorption. The effect of varying pH was also examined, and the maximum adsorption
found to be at the isoelectric point of the protein. Salt was found to increase the total

amount of protein adsorbed.

Interfacial protein behaviour is a broad topic, but one which plays an incredibly
important role. Cell adhesion occurs through glycoproteins such as fibronectin, and the
ability of cells to organize into well-defined structures is a result of specific protein

interactions [5, 6]. This is desirable for the organization of cells into high organisms.
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Bacteria, however, may also use the same mechanism to adhere onto surfaces such as
biomaterials. In addition, protein aggregation at biomaterial interfaces can elicit
immunological responses. Hence, an understanding of both how to promote, as well as to

prevent, protein adhesion, is desired.

1.3 The Structure of Protein

Proteins are really a special case of linear polymers. The Side Chain

monomers in this case are amino acids, linked together ... . T Ol-l E

by peptide bonds. The general form of an amino acid is ; S N/ Cﬁ‘"“c‘/

displayed in Figure 1. It consists of an amine group, and I-|[ H |c|) .

a carboxyl group, between which a side group is Amhogotp Cabowlgup
attached (labeled R). The a-carbon joins the three Figure 1. General form of amino acid.
groups. Amino acids produced by nature are almost

exclusively left-handed as depicted in Figure 2. There are 20

main amino acids (Table 1.), with at least two other amino R

acids found in biological proteins, and many others not found

in proteins. Generally amino acids are categorized by two /@\
CcO N

categories, according to the hydrophilicity (or hydropathy) of ]
Figure 2. Left-handed amino

the side group, and whether the group is acidic, basic, or acid.

neutral. These properties are also listed in Table 1.
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. . Short Chemical formula . .
Amino acid ) o . Polarity | Acid/Base
Form (side chain is highlighted in red)
Alanine Ala | A CH;-CH(NH,)-COOH NP N
Arginine Arg | R |H,N-C(=NH)-NH-[CH,];-CH(NH,)-COOH P B
Asparagine Asn | N H,N-CO-CH,-CH(NH,)-COOH P N
Aspartic acid || Asp | D HOOC-CH,-CH(NH,)-COOH P A
Cysteine Cys || C HS-CH,-CH(NH,)-COOH P N
Glutamine Gln | Q H,oN-CO-[CH,],-CH(NH,)-COOH P N
Glutamic acid | Glu | E HOOC-[CH,],-CH(NH,)-COOH P A
Glycine Gly | G H-CH(NH,)-COOH NP N

CH,-CH(NH,)-COOH

Histidine His | H — P WB

HN v/|\|
Isoleucine Ile | I C,Hs-CH(CH3)-CH(NH,)-COOH NP N
Leucine Leu | L (CHj3),CH-CH,-CH(NH,)-COOH NP N
Lysine Lys | K H,N-[CH,]4~-CH(NH,)-COOH P B
Methionine Met | M CH;-S-[CH,],-CH(NH,)-COOH NP N
Phenylalanine | Phe | F C¢Hs-CH,-CH(NH,)-COOH NP N
Proline Pro | P Q\ COOH NP N
H
Serine Ser | S HO-CH,-CH(NH,)-COOH P
Threonine Thr | T CH;-CH(OH)-CH(NH,)-COOH P N
NH
Tryptophan | Trp | W Y NP N

CH,-CH(NH,)-COOH

Tyrosine | Tyr | Y | _QCHZ-CH(NHZ)-COOH ’ b

Valine Val |V (CH;),CH-CH(NH,)-COOH NP N

Table 1. List of major amino acids and their properties. NP—non-polar, P—polar, A—acid, B—base, N—
neutral, WB—weak base.
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Amino acids are linked by peptide bonds formed between the amino, and carboxyl
groups, generating a water molecule, and a polypeptide (Figure 3). A dipole moment is
formed in the amide group between the carbonyl group which is electronegative, and the
amine group which is electropositive (Figure 3). Regular ordering in secondary structures

such as a-helices causes a

R, I-‘I H - Ry
summing of neighbouring | N | I I
‘ -“H""‘N/C‘;‘-“"C'/ "‘"--.Q!_.--"C' N/C‘;‘H“"C'/

dipoles to produce a large | | ‘ ‘ | | | ‘

. H H
overall dipole moment. The H ° R’ + H o
inclusion of acidic/basic amino

peptide bond

acids in a protein leads to a net Figure 3. Polypeptide showing peptide bond, and dipole moment of

pH dependent charge, which ~ Pond:

goes to zero at the isoelectric point of the protein. Rotations which change the relative
orientation of one residue with respect to another can occur about the bonds, as shown in
Figure 4. The 7 bond in the carbonyl group between the C’ carbon and oxygen becomes
delocalized across the neighbouring nitrogen. This has the effect of preventing rotations,
and making these groups coplanar as indicated by the shaded planes. Rotation can occur

between the a-carbon and the nitrogen, labeled ¢, as well as between the a-carbon and C’
carbon, labeled y. Large residues will experience more steric hindrance, and thus have

fewer acceptable ¢ /y angles, especially if situated next to another large R group. Glycine,
for instance, whose side chain consists of a single hydrogen atom has much more freedom

in position.

N W W
N
|‘3F1 I 2 I P l ® | | 0-
H @ R, H H o

Figure 4. Polypeptide indicating coplanar bonds (shaded region) and rotation bonds ¢ and v.

Life has evolved a simple space-saving blueprint so that complex three dimensional
functional machines can be made. DNA encodes, in its nucleic acids, the information for

the linear sequence of peptides. Residues on this peptide will experience differing forces,
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depending on their hydropathy, charge, polarity, and steric constraints. It is through these
forces, coupled with Brownian motion, that the peptide is able to spontaneously fold into a
regular structure. The process of self-assembly is driven by the Brownian search for an
energy minimum. However, a random sampling of states alone does not account for the
speed at which proteins fold [7]. Intrachain forces cause a preferential folding, allowing the
protein to fold on short timescales (generally ms, but can be ps to hours). Recent studies
suggest that many proteins are not in their true energy minima, or that there may be more
than one minimum with similar energy levels. The protein becomes trapped in a local
minimum, and under certain circumstances will revert to a different conformational
minimum. This mechanism has been implicated in a number of diseases such as

Alzheimer’s and Bovine Spongiform Encephalopathy.

Folding can be divided into several levels of hierarchy termed primary, secondary,
tertiary, and quaternary. Intermediary between secondary and tertiary are the motifs, and
domains. Primary structure is simply the linear sequence of amino acids, which in turn
tends to determine all other levels. The most important secondary structures are the a-helix
and B-sheet. Others include the a-sheet, y-helix, left handed a-helix, 3;o-helix, n-helix, 27
ribbon, polyproline helix, and “random” coil. The reason the a-helix, and -sheet are so
common is that they represent structures which allow unstrained hydrogen bonding to

occur.

In the a-helix (see Figure 7) there are 3.6 residues per turn, and hydrogen bonds are
formed every 13 atoms between the C’ oxygen on a given residue, and the NH group four

residues later (ie. n and n+4). y/ ¢ are around 120°, and 130° (or -60°, and -50° depending

on convention) [8]. This is a particularly favourable structure, as the hydrogen bonds are
optimized, and the side chains are rotated as far as possible from the sterically-hindering
carbonyl groups. The n-helix has hydrogen bonds between the n™, and n+5™ residues,
while the 3¢ helix and 27 ribbon have hydrogen bonds between the n™ and n+3rd, and n+2"
residues [8]. This leads to strain in the hydrogen bonds making these structures less
favourable. 2; ribbons are very rare, and force the NH and C’=0O groups much too close,
greatly stressing the hydrogen bonds. 3¢ helices tend to occur at the ends of a-helices
where the rules for a proper a-helix are not met as rigidly. Left handed helices are limited

in the types of residues that can take part, since the side chains tend to point towards the
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=C’=0 group, making the residues sterically hindered. Amino acid sequence thus
determines what structures will be made. Proline, and hydroxyproline, for example, can not
be accommodated by a right handed a-helix, and must occur in turns, or in a left-handed
helix such as those forming tropocollagen. Polyproline, and collagen helices cannot satisfy

hydrogen bonding intrachain, and must form interchain bonds.

B-sheets can be parallel or anti-parallel, or can include both [8]. Examples of a [3-
sheets are given in Figure 5 and Figure 6. In the parallel case, the N-terminus to C-
terminus direction of adjacent strands making up the sheet are the same, and are opposite

in the anti-parallel case. y/ ¢

are around 315° and 40°. c 1 -
Hydrogen bonds are formed }1)\5 £
between adjacent strands, b :

and side chains are oriented

perpendicularly above and

below the sheet. This allows Figure 5. Antiparallel beta sheet ~ Figure 6. Parallel beta sheet
(dotted lines are hydrogen bonds)  (dotted lines are hydrgoen bonds)
B-sheets to pack with side

chains interlocking, held together by van der Waals forces. Anti-parallel and parallel sheets
both satisfy all hydrogen bonds internally (with the exception of the edge strands), with
slightly different patterns.

Motifs are simple combinations of a-helices and B-sheets which are used on their
own, or to build up larger domains [9]. There are numerous motifs such as the helix-turn-
helix, and greek key motif. The three main domain types are those built purely of a-helices,

purely of B-sheets, and those that are a mix of a-helices, and B-sheets.

Tertiary structure defines the three dimensional conformation of the overall protein.
The tertiary structure of hen egg white lysozyme [10] and bovine lactoferrin [11], from the
Protein Databank [12], are shown in Figure 8 and Figure 7 respectively. These ribbon
models indicate the arrangement of the main secondary structures in a protein. For
example, in lysozyme one can see the a-helices, as well as f-sheets (opposing arrows). It is
the three dimensional structure which gives the protein its function [9]. This means that

proteins may have the same function despite having differing primary sequence. That is to
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say, that for a given sequence, the function will generally be unique, but a given function
does not necessitate a unique sequence. Frequently the random coil sections contain the
functional groups that are used for binding other molecules. Metal ions are also often
bound to proteins, adding functionality. In hemoglobin, for instance, the heme pocket
formed by the protein binds a heme group with an iron atom, which in turn can bind
oxygen, and carbon dioxide, transporting them throughout the body [8]. In zinc fingers a
zinc molecule stabilizes an alpha-helix and two anti-parallel beta strands, allowing them to

bind to DNA [9].

Figure 7. 3D structure of bovine lactoferrin

Figure 8. 3D structure of Hen Egg (1ibb del)
ribbon mode

White Lysozyme (ribbon model)

Proteins with a single function may be built of more than one polypeptide chain.
Examples of this include hemoglobin which is made of four associated subunit

polypeptides. This level of organization is termed quaternary structure.

1.4 Intra-protein Forces

Most proteins carry multiple polar and non-polar groups, as well as multiple charged
groups, making them amphiphilic polyelectrolyte molecules capable of refolding to suit a
particular environment. Inter/intra-molecularly acting forces determine how proteins will
act. These include: electrostatic interactions, Lifshitz-van der Waals interactions, hydrogen

bonding, covalent bonds and thermal fluctuations [13]. These result in such effects as
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intramolecular conformational entropy, hydrophobic bonding, and bond energy
considerations. These forces are present in protein-protein, protein-self (residue-residue),
protein-surface, and protein-solvent interactions, all of which are concerns for adsorption

behaviour.

There are a number of forces that act inter/intra-molecularly to dictate protein-
macromolecule, protein-substrate, and protein-solvent interactions. Most interactions
between molecules arise from electromagnetic considerations. Other considerations are
entropic in nature. The primary types of electric interactions are permanent ion-ion, ion-
dipole, dipole-dipole interactions, and those between induced dipoles and permanent ions,

permanent dipoles, and other induced dipoles [13].

Assuming the molecule is small, and undergoes Brownian motion, the following
can be said of the forces: The energy between ions simply follows the simple Coulomb
dependence E o qiqa/r12 where q; is the charge on ion 1, and 1j; 1s the distance between ion 1
and j. Permanent ion-dipole, dipole-dipole interactions will depend on the orientation of
the dipoles, which is in turn a function of kgT—the thermal energy. In the absence of
Brownian motion, the static ion-dipole, and dipole-dipole energies, would vary as 1/r* and
1/r° respectively (and depend on the angle the dipole(s) make). However, the presence of
Brownian motion causes the orientation of the permanent dipole to fluctuate randomly if
the energy between it and the other ion/dipole is much less than kgT. This has the effect of
reducing the time averaged ion-dipole and dipole-dipole interaction energies to r*, and r°

dependence [13].

Induced dipoles occur as a result of a molecule being placed in an electric field,
causing a separation of charge within the molecule. This depends on the polarizability of
the molecule a, so that the induced dipole moment is proportional to oE where E is the
electric field. The energy for an ion-induced dipole, and a permanent dipole-induced dipole
have 1/r* and 1/1° dependences. Induced dipole forces, better known as van der Waals
forces, vary as 1/1°. If atoms come too close, the electron clouds will overlap. This overlap
of charges causes a repulsive energy. The repulsion occurs over very short range and is

usually given a repulsive 1/r'> dependence as in the Lennard-Jones potential.
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One of the most important bonds is the hydrogen bond, which is very directional. A
hydrogen bond is formed when one atom donates a proton to another atom. The donor
group will be polar, and the acceptor group must be very electronegative due to electrons
not occupied with covalent bonding. As with the van der Waals force, hydrogen bonding
cannot be calculated purely from classical considerations, and requires a quantum
treatment. A standardized model does not exist yet, and various functions are used to

approximate the bond [13].

1.5 Forces Driving Protein Conformation

To consider what will drive adsorption, we must first look at how the previous
considerations stabilize a protein. Many amino acid residues contain charged groups (eg.
Asp, Glu, Lys, Arg), which generally reside on the outside of the molecule to promote
contact with the surrounding buffer solution. These charge groups are weak acids and
bases, and thus have buffering capacity [14, 15]. Water tends to be a good solvent for
proteins, when folded with their charge/polar groups facing out. Electrolytes, on the other
hand, result in an ionic double layer, which reduces electrostatic interactions. This has the
effect of expanding the protein (reduces ion-pair interactions). It is generally the case that
ions buried inside a protein (and often on the surface) pair with opposite charges to
stabilize the conformation (at least near the isoelectric point [16]. However, internal charge
pairing tends not to be a driving force for conformation since contact with external water
leads to similarly favourable hydration of the ion [17]. Interior non-ionized residues will
tend to favour unfolding in order to become ionized [18]. Overall, it will depend on the pH,
charge distribution, and electrolyte concentration as to whether charged residues will

stabilize or destabilize the protein conformation.

Lifshitz-van der Waals interactions are unclear in their role, since much of the
interaction with water is replaced with interaction internal to the protein upon folding.
However, due to the high packing density of protein, it is generally assumed the
interactions will be supportive of folding. The same is true of hydrogen bonds between

water and hydrogen bonding residues, which are then satisfied internally by residue-
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residue hydrogen bonds. No major net change is generally evident, although slight
differences in the bond energies due to non-ideal alignment (bending), may favour one
over the other [16]. Albeit, once folding has occurred, it is then favourable to satisfy van
der Waals interactions and broken hydrogen bonds as much as possible within the
molecule. This leads to the general consensus that protein compaction is supported, but
probably not driven by these two forces. That is not to say that charge, van der Waals, and
residue-hydrogen bonding are irrelevant and cannot be major factors under certain

conditions.

Folding the molecule has the unfavourable tendency to strain bonds, especially in
the functional regimes [19]. Additionally, the rotational constraints induced by folding
vastly reduce the conformational entropy. Along with entropy loss, the folding also results
in non-equilibrium bond angles and lengths, between adjacent residues. This will always
favour unfolding. Hence it is generally believed that the major driving force for protein
folding is hydrophobic bonding. This effect is due solely [20] to disruption of the hydrogen
bond network in water. Apolar residues cause this disruption. Attraction can occur between
apolar-apolar, as well as apolar-polar entities. Apolar entities do not form hydrogen bonds
with the surrounding water molecules, and as a result, water must reorder to try and satisfy
them. On small scales, this causes an ordering of the water into clathrate structures to
preserve the bond network. On larger scales, water is unable to order over long ranges, and
cannot satisfy hydrogen-bonding requirements, causing enthalpy increases [20]. The
former effect causes a decrease in entropy, while the latter, an increase in energy of the
system. Both are unfavourable situations. It is therefore much more favourable for the one
protein to accept a loss in entropy by folding the apolar residues to its inside, than for many

water molecules to re-order, losing many times the entropy.

1.6 Protein-Surface Interactions

For a protein interacting with a surface, adsorption will occur if the Gibbs free energy
(G=H-TS) is lowered, that is, if the entropy (S) of the system is increased, and/or the

enthalpy (H) decreased. Because a protein consists of many residues, a small lowering in
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free energy/residue can generate extremely high affinities for surfaces. Strong
intramolecular forces holding proteins together mean they generally have low entropy.
Denaturation, in the case of proteins, refers to a change in conformation from the generally
accepted protein form or “native” state. This is generally thought of as unfolding causing a
loss of function, but as the root of the word implies, it is really any change in nature of the
protein. It can thus be used to denote more subtle conformational changes from the
“native” state. Proteins can undergo spreading, which is a form of denaturation, to contact
more surface area. Adsorption to a surface may thus provide the protein an opportunity to
unfold, leading to an increase in entropy, and a major driving force to adsorb [21]. The
major forces driving adsorption are charge interactions, and the hydrophobic effect, with

van der Waals forces playing a role.

Hydrophobic surfaces may allow the protein to arrange its apolar residues close to
the surface, leaving its polar residues exposed to solvent. Bonds broken internally are thus
satisfied externally, while allowing an increase in entropy. Unlike polymers, protein
spreading is much slower. Thus the rate of adsorption can exceed the spreading rate,
causing the quantity of adsorbed protein to be strongly kinetically limited [22]. If either the
surface, or protein, or both, are hydrophobic, water will be excluded between them. This
dehydration creates a pressure from water molecules residing around, but not in-between
them, driving adsorption [20]. This effect plays a large role in many adsorption processes,
but because modeling water requires huge computational power, it is one of the lesser

understood contributors to adsorption.

Where present, charge plays a huge role in adsorption between a charged protein
and/or surface. Counter-ions, in the form of an electrical double layer, normally surround
both protein, as well as charged surface. These have the effect of screening charge on both
protein, and surface, leading to an increase in attraction for like charged objects, and
decrease in attraction for oppositely charged objects. It is these double layers that interact
as the protein and surface near each other. When the protein adsorbs, some ions may be
stuck between the protein, and the surface. Generally a protein will stop adsorbing close to
the protein/sorbent isoelectric point. If the charge density per area coverage of the protein
does not exactly match that of the surface, an electric potential arises. Low permittivity in

the dehydrated space between protein and surface means large electric fields forcing
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counter-ions to fill in around the protein to lower the field energy [23]. However, because
protein does not solvate ions as well as water, there is a net reduction in attraction if ions
reside in between protein and surface. Hence, the maximum attraction occurs, generally at
the isoelectric point of the protein-sorbent complex, where no counter-ions are needed to
balance charge. Static dipole moments not only lead to attraction, but tend to orient
molecules on a surface. This may be an important factor in adsorption, determining the

time it takes for a protein to seek out favourable interactions.

Electrolytes also play other roles in adsorption such as protein-solvent effects. High
salt concentrations generally lead to aggregation and precipitation of proteins. This occurs
when an excess of salt out competes the protein for solvating water molecules. However,
addition (to a point) of salt to a solution lacking electrolytes increases solubility lowering
adsorption force. A small amount of salt will screen the protein charge, lower the protein
electrostatic free energy, and thus decrease the protein activity coefficient, enhancing

solubility. The former effect is termed salting-out, while the latter effect is termed salting

in.

Most of the above mentioned effects are on a microscopic scale. The following
sections will give examples of some of the multitude of experiments, and models, which
have been done in the area of proteins at interfaces. The importance of all of these effects
at a microscopic level will be seen in many cases. This leads to a need to understand the
microscopic heterogeneity of both protein and sorbent. Protein-protein interactions, and
protein-solvent interactions, are in most cases just as important, and in some cases more
important, than protein-surface interactions in determining adsorption. Protein deposition
also has a strongly kinetically controlled component to it due to spreading, reorientation,

and surface exclusion effects.



Studies of Protein at Solid
Interfaces

There are many good reviews of proteins at interfaces: [21, 24-26]. An attempt will be
made to discuss some of the major findings in this field, with particular emphasis on
systems having at least some relation to our own. However, the field is so enormous that
any one of the sub-topics in the following sections could be expanded into a book on its
own, with many hundreds of references. As such the following is meant to act as a

sampling overview of the field.

2.1 Studies of Fundamental Properties of Adsorption

2.1.1 Contributions to Adsorption

The hydrophobic effect is one of the least understood contributions to adsorption. Because
it arises from hydrogen bond interactions with water, it is difficult to study, both
experimentally, and theoretically. This challenge has resulted in a large number of papers,
which investigate this, either as a primary, or secondary concern in protein-surface
interactions. Hydrophobic surfaces, in general, denature protein more than hydrophilic

surfaces, and this is a major concern for biomaterial design [27].

Wertz et al. [28] find that for albumin and fibrinogen adsorption to hydrophobic
C16 self-assembled monolayers (SAMs), the initial adsorption rate is constant and is
transport-limited. This is somewhat expected, since adsorption in this case would be
largely due to hydrophobic effects, as opposed to being dominated by electrostatics. The
final adsorbed quantity is found to be kinetically controlled, and is dominated by the rate of
relaxation of the protein (as opposed to chemical potential). Relaxation, at least in this
case, is shear rate independent. Wertz et al. [28] measure an approximately constant rate of
0.12 nm?/s for albumin and 0.15nm?/s for fibrinogen (at least over about 15min), indicating

lateral interaction effects. For slow relaxation, and quick adsorption, the molecules will not

14
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have time to spread, and thus adsorb more. Quick relaxation times relative to the
adsorption rate will allow the molecules to spread out, covering the free surface area
quicker, and resulting in less total adsorbed protein (assuming only monolayer formation).
Spreading increases the surface coverage by up to 5 times in the case of albumin, and 3 for
fibrinogen. Indications are that the relaxation is due largely to interfacial denaturation, as
well as reorientation of the molecule. A competitive study, with albumin deposited before
fibrinogen is added, shows a decrease in fibrinogen adsorption with the amount of time
albumin is on the surface by itself. This suggests that relaxation is key to preventing the
fibrinogen adsorption, and that the albumin-surface affinity increases with relaxation,
preventing fibrinogen from displacing it. Another study by Wertz and Santore [29] shows
that spreading increases with hydrophobicity of the surface, by measuring albumin and
fibrinogen on SAMs of varying hydrophobicity. Competitive studies also back this result,
showing a decrease in the amount of time albumin requires to prevent fibrinogen
deposition. Model calculations of this system, [30] indicate that past a certain spreading
“footprint” size, a protein cannot be removed on hydrophobic surfaces, and any additional
spreading will not change this. On the hydrophilic surface, however, Wertz and Santore
find smaller “footprint” areas, suggesting that orientation effects are more important than
denaturation. This is based on the number of equal “footprints” which correspond to the
loosely bound protein energy value. Comparison to a kinetic model shows that the amount
of loosely bound protein depends much more on history than on the tightly bound material.
Loosely bound protein has approximately the same binding energy on both hydrophobic
and hydrophilic substrates. Recently Wertz and Santore have performed similar
experiments with lysozyme on hydrophobic surfaces [31]. As opposed to the albumin
fibrinogen case, the total amount of lysozyme adsorbed does not exhibit flow, or bulk
concentration dependence, but rather an overshoot appears during initial adsorption for
high shear/concentration. The adsorption is irreversible and the kinetics strongly transport-
limited. Furthermore, the change in footprint is due to a transition from end on to side-on
(it is an ellipsoidal molecule), rather than spreading. This transition is compared to a model
where the end-on molecules were replaced by side-on molecules, and a second model
where the end-on molecules simply roll over, without coming off the surface. The roll-over

model agrees with their data, and combining this model with a reversible end-on
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adsorption model, they are able to predict quantitative results for various conditions. All of
Wertz and Santore’s studies are performed using total internal reflectance fluorescence

(TIRF) intensity measurements.

Giacomelli et al. [32], in their attenuated total reflectance-fourier transform infrared
spectrometry (ATR-FTIR) study of bovine serum albumin (BSA), and immunoglobulin
IgG, see little change in native secondary structure upon adsorption to a hydrophilic silica
surface. They repeated the study with a hydrophobic silica surface, but due to hydrophobic
displacement of surface bound water were unable to generate a proper background IR
spectrum, and are thus unable to interpret their results in this case. For a hydrophobic
surface with a preadsorbed small triblock copolymer (PEO-PPO-PEO) in a brush
formation, they see a decrease in the amount adsorbed, possibly due to steric hindrances.
However, chain length is not long enough to prevent adsorption. IgG undergoes a change
in its beta sheets, with BSA exhibiting a more ordered alpha helix. If the non-saturated
polymer brush surface is considered as a non-aqueous solvent (similar to ethanol), and
BSA is completely surrounded by this solvent, then it may be prevented from spreading as
in Wertz, and Santore’s study. Unable to satisfy as many external hydrogen bonds in this

new solvent, the internal bonds (in the alpha helix) may have a dominant effect.

Neutron reflection measurements point to BSA adsorbing to hydrophilic silica side
on, which would maximize its contact with the surface [33]. Even on the hydrophilic
surface some spreading is evident. Increases in bulk concentration prevent the molecules
from spreading very much, just like a hydrophobic surface. However, unlike a hydrophobic
surface, the reversibility of changes with pH suggests that BSA is much less denatured
[33].

Giacomelli and Norde [34] have also looked at a BSA-silica system. In particular
they used calorimetry and circular dichroism to study BSA adsorbing, and desorbing from
colloidal silica particles. Adsorbed BSA is conformationally changed, and more
thermostable than native BSA. This adsorption is reversible, as is the conformation change
induced by the surface. Aggregation was not possible, and this may explain its
reversibility. Two regions are identified during the process of denaturation, the first of

which is enthalpically driven and includes only a slight conformational change, but
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intermolecular association. The second region contains the major unfolding events, and is
somewhat reversible, refolding some of the alpha helices. Further denaturation, however

results in aggregation, which removes the reversibility.

A good way to study how various residues affect adsorption is to look at shorter
chains of them, rather than trying to deconvolute their effect from massively complex
proteins. For example, Read and Burkett [35] look at the adsorption of a small polypeptide
which consists of a short chain of the alpha helix promoter alanine, capped on one end with
a chain of anionic aspartate, and on the other end by cationic arginine. The surface under
study is silica colloid, and alumina-capped silica colloid, investigated with circular
dichroism and NMR. This provides both an anionic and cationic surface. The peptide end,
with the opposite charge to the colloid, adsorbs due to electrostatic interactions. This
causes a loss in the alpha helix structure, distinct from heat denaturation, which does not
change as much. On both anionic and cationic colloids, the alpha helix loss is observed, in
which the alpha helicity of aspartate is largely preserved, while the alanine and arginine
lose their structure. One would not expect arginine to lose its favourable helical structure
on the complementary anionic colloid. However, since arginine is not as strong an alpha
helix former, it may be more favourable to increase contact with the surface, and maximize
electrostatic and other interactions. This study shows the subtle differences in the residues,

which lead to overall conformation change in protein-interfacial associations.

A good review of the excellent opportunity SAM’s provide for studying the effects
of various chemical groups in a controlled and ordered fashion is given by Mrksich et al.
[36]. A particularly good study is conducted by Ostuni et al. [37], in which the effect on
hydrophobic adsorption, of the density, size, and shape of hydrophobic groups in a SAM
surface, is explored. One of their motivations for this more in-depth study, is that they tried
to find correlation between the wetting properties of a surface, and how well that surface
adsorbs protein [38]. They have discarded this idea for several reasons, including that both
hydrophilic and hydrophobic surfaces will adsorb protein with intermediate surfaces being
the most resistant. They now recognize that wetting is an average phenomenon, whereas
adsorption is dependent on the local heterogeneity of both protein and surface. Some
heterogeneity could be measured, however, if advancing and receding angles are compared

[25]. Large hydrophobic groups capable of interacting with a single protein would be
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desirable to de-convolute interactions. Despite lacking large groups, the data is interpreted
for several proteins in terms of a hard sphere model. Density of groups seems to be the
largest determining factor in denaturation. However, adsorption is seen to increase for a
given density of groups with the size of the hydrophobic head-group on non-mixed SAMs.
For mixed hydrophilic/hydrophobic SAMs, adsorption decreases with the size of head
group. Smaller proteins act similar to the larger ones, at higher densities of hydrophobic
groups. Concentration dependence of adsorbed amount is seen, as well as indications of
spreading of the proteins once adsorbed. AFM/SPR studies of SAMs [39] also indicate that
hydrophilic carboxylic acid-terminated SAMs adsorb more with increasing temperature.
Hydrophobic methyl-terminated SAMs do not depend on temperature, and this is largely
attributed to the fact that their interaction with water molecules is not changed much with
temperature. The hydrophobic surfaces also adsorb more lysozyme and BSA than the
hydrophilic surface, and appear to do so faster, and irreversibly. Li et al. [39] suggest that
the proteins compete with water molecules for the hydrophilic carboxylic acid binding
sites, lowering their affinity for adsorption. Defects in the SAM at lower temperatures, lead

to more interpenetrating water, and thus less adsorption.

Using tapping mode Atomic Force Microscpy (AFM) in liquid, it has been
observed that deposition of Ferritin decreases with increasing pH, with a maximum around
pH 5 [40] on trimethoxysilylpropyldiethylenetriamine, and transferred stearic acid methyl
ester, stearyltrimethylammonium bromide films. More absorption occurs at higher ionic
strengths, and agreement with the Random Sequential Adsorption (RSA) model is seen at
low 1onic strengths (see section 4.2.1). This suggests that there are competing protein-
protein, and protein-surface forces, which will cause a maximum in adsorption for a
particular ionic strength. This maximum is indeed seen, and indicates the importance of

protein-protein forces in surface interactions.

Norde and Lyklema have systematically studied human plasma albumin (HPA) and
bovine pancreas ribonuclease (RNase) adsorption using polystyrene colloids with negative
surface charges [23, 41-46]. Using a battery of tests, they are able to separate the
contributions from various effects such as pH, temperature, surface charge, and electrolyte
concentration. It is found [41] that HPA plateau values peak at the isoelectric point, and are

symmetrical about the isoelectric point. The slope of the adsorption isotherm depends on
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temperature, and with the exception of the isoelectric point, increasing the concentration of
KNOj; enhances adsorption, possibly due to a stabilizing/destabilizing effect on the protein
conformation. Steps in HPA’s adsorption isotherm point to differing modes of adsorption
at high and low concentration. RNase adsorption plateaus do not vary as much with pH,
temperature or with salt concentration. Both proteins, however, exhibit an unexpected
characteristic, in that they adsorb when both protein, and sorbent surface are negative. In
fact the plateau adsorption increases with a more negative (and thus electrostatically
repulsive) surface. This is suggested to be a hydrophobic effect compensating the
electrostatic penalty. HPA is thus interpreted to be a “soft” molecule with low internal
coherence which can change conformation easily on surfaces, while RNase is a “hard”
protein with strong internal coherence and stability, preventing it from adapting its
conformation to surfaces. It is also suggested that hydrophobic effects play a larger role in
the internal stabilization of HPA, and hence, also in adsorption of HPA. Unfolding of HPA
may provide favourably reduced rotational constraints. It is curious, however, that
electrostatically unfavourable conditions are tolerated in the dehydration layer, where very
high potentials would be generated. Titration experiments [42] help to answer this. It is
known that proteins contain acidic, and basic groups which have buffering capabilities
which can be modeled [14, 15]. A difference in buffering capacity between the adsorbed
protein, and the combination of the bulk protein and sorbent, must be due to changes in
protonation of buffer groups. Both HPA, and RNase are adsorbed irreversibly with respect
to pH. Upon adsorption under electrostatically repulsive conditions, some g-amino groups
are prevented from deprotonation, allowing them to pair with sorbent groups, and reduce
net charge in the dehydration layer. Carboxyl groups are located close to polystyrene
surfaces upon adsorption. Their weak hydration compared to smaller groups may make
them more favourable for dehydration. It is also likely, given the aforementioned results,
that other ions besides protons may help to neutralize the charge difference. Using
electrophoresis, the net charge in the adsorption complex can be measured [43]. Knowing
the contribution of protons from the previous titration experiments [42], it is possible to
determine approximately the number of other ions taking part in adsorbtion. RNase
mobility differences between adsorbed and bulk states are much more significant than for

HPA, suggesting that RNase incorporates more ions. The overall conclusion is that at low
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pH where the protein is positive, a net uptake of negative ions helps to charge-match the
sorbent surface, while at high pH, a net uptake of positive ions occurs. The system can be
modeled as three regions [44]. Region 1 is the dehydration layer between protein and
sorbent, and contains charge from the protein, sorbent, and any trapped ions. Region 2 is
the protein bulk, and hydration layer. Region 2 is uncharged, as all ions occur in pairs. The
third region is the protein surface and Stern layer, containing protein bound charge. When
both protein and sorbent are negatively charged, positive ions will accumulate in region 1.
Microcalorimetry adds the final information needed to decipher the enthalpic contributions
to adsorption [45]. Positive values of enthalpy change are found in several situations.
Clearly then, the entropy gain must drive adsorption in these cases. HPA adsorbs due to
hydrophobic dehydration on weakly charged polystyrene at high pH, and due to an
increase in rotational freedom at lower pH. On the more strongly negative polystyrene,
which is less hydrophobic, dehydration is less favourable, but allowed by more structural
freedom in the protein upon adsorption and the ionic medium effect (transfer of ions to the
dehydration layer). RNase, on the other hand, does not experience hydrophobic
dehydration, or entropic gains from conformational freedom as the major driving force for
adsorption. Finally, a much more rigorous determination of the thermodynamic
contributions is derived from modeling and proper irreversible thermodynamic
considerations [46]. In particular, the enthalpic gain due to structural rearrangement is
determined by subtracting all other contributions to enthalpy from the total enthalpy. The
other enthalpic terms are considered to be proton, and ion adsorption/release, electrostatic

attraction/repulsion, and van der Waals attraction.

Using radiolabelled Na', Ba**, and Mn*" ions, the concept of coadsorption of ions
for charge balance was tested [47]. Adsorption is larger in solutions with divalent ions than
monovalent ions, and is dependent on electrostatic considerations, and not the pH, or ionic
concentration. The free energy of inserting a Ba®" ion into region 1 is larger than Na*

24 . . . +
because Ba“" is larger, more polarizable, and more negative than Na'.

Differences are found if hydrophobic polystyrene surfaces are replaced with
hydrophilic hematite surfaces for RNase, and HPA adsorption [48]. Enthalpy of HPA
adsorption is positive, suggesting the entropic considerations are dominant. At small

surface coverages, the protein conformation is changed the most. Near the isoelectric point,
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protein-protein repulsion is minimized. Away from the isoelectric point, lateral repulsion
plays an increasingly central role in determination of the plateau. RNase adsorption, on the
other hand, is mostly dominated by electrostatic considerations. Under charge repulsive
conditions, RNase will not adsorb. Electrostatics play a much larger role in the case of the
hydrophilic substrate, even in the case of HPA. Ion coadsorption occurs in this case as

well.

In the case of RNase, considerations are electrostatic, and quite simple, but the case
of HPA is synergistic, requiring consideration of the interplay between a number of
complex phenomena. A study, by Haynes et al., of lysozyme (LSZ) and a-lactalbumin
(ALA) on polystyrene particles indicates many of these effects [49]. Protein adsorption can
be enhanced by hydrophobic dehydration and decreased rotational constraints due to
changes in protein conformation. It is undesirable generally to coadsorb ions, however, it is
preferential in cases of electrostatic repulsion. Rigid proteins will have a hard time
conforming to the surface, and expelling water in hydrophobic situations. They also
experience a harder time matching charges on the sorbent, since ion-pairing cannot be
satisfied. In addition, lateral repulsion between adsorbed proteins can affect plateau values.
The example is given of lysozyme, which adsorbs only weakly to negative hematite.
Because it cannot dehydrate the surface as strongly, the native conformation will be more
stable, making ion-pairing less rigorous and preventing entropy-increasing rotational
freedoms. Attributing its lack of adsorption simply to the fact that the particle is

hydrophilic is thus only one effect in a host of contributions.

Another study investigating RNase, lysozyme (LSZ), myoglobin (MGB), and o-
lactalbumin (ALA) [50] also found that “hard” proteins with a strong internal coherence
(large native Gibbs energy of stabilization) behave differently than “soft” proteins with low
Gibbs energies of stabilization. Differences in adsorption of these similarly sized proteins
on polystyrene (PS), polyoxymehtylene (POM), and hematite were examined. All proteins
adsorb to PS, but on POM which is intermediate in hydrophobicity, both soft proteins
(MGB, and ALA) adsorb, but of the hard proteins, only the strongly positive LSZ adsorbs.
On hematite, the hard proteins only adsorb under electrostatically favourable conditions,
while again, the soft proteins adsorb under all conditions. In almost all cases adsorption

lowers the overall charge of the system, even when both protein, and surface are negative.
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Thus ions must be coadsorbed with the protein to help charge matching. Overall, as in the
previous cases, hard proteins adsorb onto hydrophobic substrates even under electrostatic
repulsion, but only adsorb to hydrophilic substrates during electrostatic attraction. Soft
proteins can undergo conformational changes, providing enough Gibbs energy lowering to
even dominate hydrophilic dehydration and electrostatic repulsion, allowing adsorption
under all conditions. Competitive and sequential adsorption experiments have also been
performed on these proteins [51]. As an example, on PS, after RNase has adsorbed, the
positively charged protein LSZ can adsorb more, even on positively charged PS. Lysozyme
contains a small hydrophobic patch which may account for this. On hydrophilic substrates,
however, no adsorption occurs in repulsive conditions, and the most electrostatically
attractive protein wins the competition. Thus, electrostatics mostly dominate which protein
will win in sequential, and competitive tests. However, MGB and ALA can undergo
additional conformational changes, and ALA always out-competes all other proteins, at all
sorbent surfaces. ALA’s remarkable affinity for adsorption probably arises from its
particularly low internal coherence. Except in the case of lysozyme which has a loosely
bound part on PS, adsorption at hydrophobic surfaces is irreversible. Thus in mixtures of
proteins, kinetics will determine, to a large extent, the composition of adsorbed layers on

hydrophobic surfaces.

Lysozyme, ribonuclease, beta-lactoglobulin, alpha-lactoglobulin, cytochrome c,
myoglobin, and hemoglobin, were adsorbed to chemically modified silica particles with
differing hydrophobicities [52]. Differential scanning calorimetry (DSC) on the various
combinations showed decreases in the denaturation point of all proteins except cytochrome
¢ upon adsorption. This suggests that in all cases adsorption decreased stability of the
protein. Fluorescence measurements also indicated lowered stability upon adsorption.
Examining lysozyme on silica using DSC, fluorescence, and Fourier transform infrared
spectroscopy (FTIR), various hydrophobicities showed that the stability decreased with
increasing hydrophobicity, and the conformation was changed. Additionally, the
conformational heterogeneity was greatly increased upon adsorption. This is different than
the previous studies, however, in that lysozyme is generally considered to be a hard

protein, undergoing very little denaturing.
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Infrared spectroscopy applied to the study of the blood proteins serum albumin,
prothrombin, and fibrinogen, all on silica particles, supports the idea that proteins with
strong internal stability do not change conformation during adsorption [53]. However, this
is a hydrophilic substrate, and for hydrophilic protein it is not expected that gross

conformational changes would take place.

Normally, measurements of protein adsorption can only differentiate between
adsorbed and desorbed protein totals. By labeling protein, such as BSA, with fluorescent
compounds like rhodamine, it is possible to use total internal reflection fluorescence
microscopy to measure the rate constants at equilibrium [54]. By photobleaching the
adsorbed layer it is possible to measure recovery from exchange with unbleached
molecules. In addition, by using varying laser beam widths it is possible to measure lateral
diffusion at equilibrium. Results indicate that there may be multilayers bound, and that
there are three rates of exchange: A very slow rate which is essentially due to the
irreversibly adsorbed BSA, a medium rate which is due to a reversibly adsorbed second
layer, and very rapid desorption due to very loosely bound reversible layers at the solution
interface of the adsorbed layer. Reversibly bound amounts increase with increasing bulk
concentration. In addition, lateral diffusion is observed to occur, presumably in the loosest
bound layer. By attaching both a donor and acceptor fluorescent group, it is also possible to
use total internal reflection fluorescence spectroscopy to monitor energy transfer. The
energy transfer is sensitive to the distance between the donar and acceptor groups, which is
dependant on BSA conformation [55]. Using this technique, BSA was found to be

conformationally changed at the surface [55].

2.1.2 Protein Adsorption in Chromatography

Many chromatography methods are popular for separating and identifying proteins. Their
complex interactions with the proteins make them interesting tools for studying protein
fundamentals. One such technique is hydrophobic interaction chromatography (HIC),
which attaches hydrophobic groups to a hydrophilic cross-linked matrix. Proteins are
separated on the bases of hydrophobic/hydrophilic interactions. a-lactalbumin is a

structural homologue to lysozyme, and its partial denaturation during HIC shows similar
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two peaks corresponding to similar denatured domains [56]. This suggests that there is a
possible conversion back and forth between two conformations within the protein. One
peak represents a native type state, which is not retained on the chromatographic column.
The second peak corresponds to a denatured state, which retains only partial structure. The
hydrophobic core appears to be a key protection factor, and appears to retain structure.
Jones et al. [56] suggest this may mean that the regions of protein most in contact with the
solvent are the first to be destabilized. Non-specific hydrophobic denaturation appears to
always stabilize/destabilize the same structures. The protein is able to refold upon elution

from the substrate.

Bovine pancreatic trypsin inhibitor (BPTI) protein, studied on reversed-phase
chromatography (RPC) and HIC, indicates that salt content plays a major role in
preventing hydrophobic denaturation. What role this is, however, is not clear, and McNay
et al. [57] have investigated this for RPC. They find that increasing salt content increases
protein hydrogen exchange protection, and changes the kinetics of denaturation. They
suggest that while the anionic charge content of the RPC surface may not destabilize a
protein on its own, in conjunction with hydrophobic interactions, it may be a key factor. It
is known, as well, that certain salts help to stabilize a protein’s overall structure. There is
also a dependence on the type of salt as to which residues are protected. Interestingly, no
correlation can be found between the degree of unfolding and the degree of retention. In an
earlier study by McNay et al. [58], they look at pore size influence, and discover that the
largest hydrogen exchange is for a pore size that is approximately equal to the protein
molecule. A pore of this size will be largely occupied by the carbon chains, which will
surround the protein molecule. Such a pore will have the greatest interaction area with the
protein. Unfolding of BPTI is found to occur in two steps, characterized by time constants
on the order of five minutes for one, and up to two hours for the other. It is also noted that
long times of contact with the RPC surface before elution resulted in more denaturation.
This is consistent with a kinetically controlled unfolding process, such as that seen by
Wertz and Santore [28-31]. McNay et al. [58]also observe that there is generally a
preservation of the hydrophobic core much like the native state. This is consistent with the
HIC observations of Jones et al. [56]. An investigation of protein on two

chromatographically relevant surfaces showed that a protein which carries the same net
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charge as a surface, can still bind [59]. For the one surface (butylated), salt effect on
adsorbed concentration appeared to act through solubility effects (salting-in and out), while
on the second surface (aminopropylated), electrostatic screening of the repulsive charge
between the protein and surface seemed to dominate. Adsorption rate is contended to be a
complex function, due to such factors as irreversibility, which make modeling difficult

[60].

2.1.3 Aggregation

High salt concentrations increase the screening of charge, and decrease both attractive
interactions, as well as repulsive interactions between proteins. This can lead to
aggregation and precipitation [61]. AFM shows that lysozyme adsorbed to a hydrophilic
SAM surface is randomly oriented, and distributed (based on heights), while lysozyme on a
hydrophobic SAM surface is clumped together [39]. This would suggest possible
hydrophobic aggregation on the hydrophobic surface. In contrast to heat denaturing free
protein, interfacial denaturation and lateral interfacial aggregation of protein may occur

approximately simultaneously under certain conditions [27].

Alzheimer’s disease and spongiform encephalopathy are now believed to be the
result of protein aggregation in the brain and nervous system, forming amyloid -sheets.
Amyloid B protein is part of larger transmembrane proteins. Under certain conditions, these
proteins can be changed into -sheets, which promote aggregation, formation of more f3-
sheet proteins, and formation of amyloid fibrils instigated in Alzheimer’s disease. To
understand the factors that lead to this, Giacomelli and Norde [62] allowed amyloid-3
proteins to contact hydrophobic Teflon, and to measure the result. In solution, monomers,
dimers, small regular B oligomers, as well as large aggregations of twisted 3 sheets co-
exist. The largest degree of aggregation occurs around pH 7, which is the isoelectric point
of the protein. Teflon, on the other hand, promoted a-helix formation for low coverage, and
even appeared to convert some of the aggregates in a-helices. For higher concentrations,

however, B-sheet formation was promoted, clearly as a result of lateral interactions.
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2.1.4 Morphology of Adsorbed Protein

Most studies that use averaging techniques will agree with mean field theories, which treat
the lateral dependence of protein deposition as homogenous. It would be desirable,
however, to have some idea of the two dimensional structure of deposits, in addition to
their overall height. AFM presents the opportunity for such an investigation. Jandt has
written a good review of the uses of AFM for studying biomaterials and their interactions
with biomolecules [63]. Radial distribution curves of the surface protein, measured by
Johnson et al. [40], agree well with a random sequential adsorption (RSA) model of
deposition (i.e. random placement). Ionic considerations indicate that this system will
match an RSA jamming limit for low ionic strengths and that at intermediate strengths,
equilibrium is reached. The equilibrium implies reversibility in adsorption, which is not
allowed in the RSA model. Generally, short-range order is seen in the radial distribution of
surface protein. However, long-range order is observed for adsorption at fluid (Langmuir-

Blodgett) films, but no true crystallization is observed.

In another AFM study, submonolayer coverage of apparently irreversibly adsorbed
lysozyme is observed on mica [64]. The images are able to show that for low
concentration, adsorbed lysozyme diffuses on the surface with minute timescales, and
forms five molecule clusters. At higher concentration, protein adsorption occurs uniformly
over 2h until complete monolayer coverage is achieved, at which point a second layer is
able to deposit. Conformational changes, upon adsorption to the surface, expose
hydrophobic groups, and it is suggested that these hydrophobic groups drive the
aggregation of the molecules at low concentrations. Additional groups are exposed that
may assist in the formation of multilayers, although at a slower rate, since the adsorbed

lysozyme presents a more hydrophilic surface.

Haggerty and Lenhoff [65] have used STM to look at lysozyme on graphite. They
are able to observe similar long-range order, and packing of the molecules on the surface
into two-dimensional arrays, for both wet and dry imaging. A ring pattern is visible, but no
definitive explanation can be given. Islands in the structures suggest that the growth may
be the result of a nucleation process. Surface coverage decreases with increasing salt, and

decreasing protein concentration. Since the surface itself is uncharged, the effect must be
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due to intermolecular effects. One would expect charge repulsion between the molecules to
decrease with increasing salt, and thus support a higher surface coverage. It may be that
this does not happen due to the salting-in phenomenon, where protein is actually more
soluble in the solution with increasing salt, reducing adsorption affinity. Salting-in and out
is also observed in other adsorption experiments [59] which also exhibit a dependence of
the rate of adsorption on ionic strength. A second view proposed [65] is that due to charge
anisotropy, the molecules can pack better. This anisotropy is screened at higher ionic

strengths, leading to a more uniform, and thus repulsive intermolecular field.

2.1.5 Protein Alignment

Control to selectively prevent, or promote adsorption of certain proteins onto surfaces is
desired for both biomaterials, and biosensors. The ability to do this is, of course, directly
connected with protein interactions at interfaces. Xia et al. [66] have attempted to create
two surfaces: one which will adsorb protein, and one which will not. Both surfaces are gold
with SAMs. The first polymer suggested for preventing adsorption is a copolysiloxane
backbone with disulfide and poly(ethylene glycol) PEG side chains. The second polymer
made to adsorb protein is a terpolysiloxane molecule with disulfide, PEG and ester-
terminated PEG side chains. Using surface plasmon resonance (SPR), they are able to
show that the first polymer does indeed resist protein adsorption, while the second surface
is able to bind IgG through its ester group as they predicted. If biosensors are to work, they
must of course have a fairly specific orientation so that the pertinent functional group of an
antibody will be exposed to a solution. Because proteins often contain very unique charge
distributions, it may be possible to control orientation through careful tuning of electrolyte,
surface charge, and pH. Chen et al. [67] find, using SPR and AFM, that between IgG1 and
IgG2a, IgG1 can be oriented more strongly because of its larger dipole moment. In
addition, increasing charge density in their SAM, combined with other selective forces
(e.g. hydrophobic), should be able to improve orientation quite a bit. A more unique
approach [68] makes use of the fact that most proteins have specific binding sites, which
are used for coupling with other molecules and proteins to carry out a task, such as

adhesion, catalysis of a reaction, etc. Certain bacteria bind to specific areas on fibronectin
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through short peptide sequences. One such sequence was bound to streptavidin on glass
coated with amine-terminated silane. Fibronectin, on this substrate, bound with its COOH

end pointing away from the substrate.

Crystal formation can be mediated by certain proteins, creating bone structure, teeth
[69] and other hard biological structures, such as mollusc shells [70]. For example, it is
demonstrated that certain proteins catalyze the formation of gold crystals, and alter their
morphology [71]. Denaturation of the proteins results in their removal, and shows that they
do not bind covalently with the gold during the process. It is proposed that it is the acidic
nature of the protein used that results in acid catalysis of the crystal formation. The shape
of the crystals is determined largely kinetically. Some proteins may have repeating units,
which will bind with specific repeats in the crystal lattice [72]. This in turn can slow the
growth of certain interfaces, and leads to new morphologies. Proteins in free solution may
inhibit nucleation, and when adsorbed to certain surfaces, may facilitate nucleation through
a lowering of the activation energy [72]. An initial layer of protein nucleates and orients
crystal growth on mollusk shells [70]. This in turn orients a second layer, causing an abrupt
transition between the two types of crystals. It is found that this is not the result of a new
protein, but rather one protein. The interlamellar spacing of proteins controls the spacing
between layers. This shows that orientation of proteins is sensitive to microscopic
heterogeneities in inorganic materials, and that the protein, in turn, can generate oriented

surfaces.

2.2 Applied Studies of Proteins at Interfaces

2.2.1 Blood Contacting Materials

Blood contacting materials are perhaps the biomaterial demonstrating most acutely the
need for understanding interfacial protein behaviour. It is critical that materials used for
such things as heart stents, heart valves, and vasculature be well understood in the presence
of protein. A failure in this case can result in thrombosis (clot formation) and death. There
are many good overviews of concerns associated with blood contacting materials [73], and

of methods applied to studying blood contacting biomaterials [25]. Thrombus formation is
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activated by the adhesion of plasma protein (fibrinogen, and fibronectin in particular) to
the biomaterial, which then promotes platelet adhesion [74, 75], and ultimately leads to

clot formation.

Even early ex-vivo studies with dog’s veins [75] suggested that
fibrinogen/fibronectin deposition lead to thrombosis in a material dependent way. While no
correlation between deposit morphology and deposition magnitude could be found, the
study hinted that one could possibly find a material resistant to thrombosis. Many studies
have searched for such a material. Fibronectin adsorption to hydrophilic and hydrophobic
silica, studied using TIRF spectroscopy, indicates that hydrophobic substrates adsorb
fibronectin faster, and have higher plateau values [76, 77]. Conformational changes were
also noted on hydrophobic silica. By adding 2-methacryloyloxyethyl phosphorylcholine
(MPC) to pulysulfone (a common biomaterial) protein adsorption, and denaturation can be
minimized [78]. Phosphorylcholine is a polar phospholipid group, which helps to mimic
the phospholipid heads on a cell’s surface to some extent. This technique has also been
exploited with some success in contact lenses (omafilcon A in particular) [79, 80].
Attaching polyethyleneoxide (PEO) is another common technique, which exploits the

steric repulsion abilities of this polymer to reduce fibrinogen adsorption [81, 82].

In addition to clot promoters such as fibrinogen, blood contains substances capable
of dissolving clots. Tissue plasminogen activator or tPA can activate plasminogen into a
form capable of clot dissolution. Rather than search for a surface that simply does not
adsorb fibrinogen, another approach is to promote the adsorption of desirable proteins such
as tPA. A substrate such as this rich in e-lysine has been created, allowing large amounts of
tPA to be preadsorbed [83, 84]. In contact with blood plasma the surface is capable of
dissolving clots, but loses about half of its tPA after approximately thirty minutes. This is
due to another common effect, that of competitive adsorption, that in this case means
plasminogen displaces some of the tPA. However, radiolabelled plasminogen indicates that
up to 75% of the molecules can exchange with bulk. While tPA is better in terms of
dissolving clots, plasminogen will still help prevent their formation, and exchange with the

bulk may be desirable, allowing the surface to regenerate itself.
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2.2.2 Contact Lenses
2.2.2.1 Background

One of the more commonly studied systems of biomaterials is the eye-contact lens system.
This is largely due to the ease with which it allows the investigation of a biomaterial in
contact with a bodily fluid (the tear film). The problem of protein adsorption at the solid
liquid interface of the contact lens is of great relevance, since deposits can create a variety
of problems. As well as clouding the lens, and possibly increasing friction, protein can also
illicit immune responses (giant papillary conjunctivitis) and can promote bacterial

adhesion.

Early lenses were made of PMMA [85], and other polymers, which did not suit the
oxygen, wettability, or nutrient transport demands of the eye. With the advent of hydrogel
lenses, and more recently silicone hydrogels, these problems have been greatly minimized,
leaving protein adsorption as one of the last hurtles to overcome for lenses to be used

multiple times, or for extended wear times (eg. overnight).

The Food and Drug Administration (FDA) classifies contact lens materials
according to the ionicity, and equilibrium water content (EWC) of the lens. There are four
groups categorized according to water content and ionicity as: Group I —low water, non-
ionic; Group II —high water, non-ionic; Group III —low water, ionic; and Group IV —high
water ionic [86]. This simple grouping system is meant to give some indication of the

chemical properties of the lenses.

2.2.2.2 Food and Drug Aadministration Grouping vs. Protein Deposition

Many studies have been performed to characterize, and quantify the protein and lipids
according to group number. Protein can adsorb either to the surface, or into the matrix of
the polymer, which will be seen to be important later. Minarik, and Rapp [86], in their in-
vivo patient studies, find that lenses, ordered in terms of most total protein adsorption, are
Group IV, I1, II1, and I. From this fact, they draw the conclusion that water content is the
dominant determining factor in protein adsorption. Minno et al. [87], on the contrary, find

that total protein deposition followed the group number and thus Group III absorbed more
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than Group II, leading to ionicity being the dominant factor. Prager et al. [88] find that
Group II adsorbs more radiolabelled lysozyme than Group III. That this would be the case
seems somewhat counterintuitive, since lysozyme in general, deposits more upon
hydrophobic materials [39]. Keith et al. [89] also find the same order as Minarik, and
suggest that lysozyme is the major component of the deposits, with albumin only adsorbing
significantly to Group I, 11, and to a lesser extent Group II lenses. Minarik, however, finds
that when lysozyme alone is considered, Group III lenses adsorb more than Group II.
These differing points of view are characteristic of studies which do not consider the type

of protein, or the chemical nature of the lens in addition to ionicity and water content.

One point studies generally agree on is that Group IV lenses deposit the most total
protein [85, 86, 88, 90-101], with one study [102] finding up to 17x more protein than a
Group II lens. Group I lenses deposit the least protein [91, 93, 100, 101]. Lin et al. [91]
find that lysozyme is the major component causing this dramatic increase, and that on
Group I lenses, almost no lysozyme is adsorbed. Other studies [93, 98, 101, 103] agree that
lysozyme is the predominant component of deposits on Group IV lenses, along with
PMFA, protein G [93], IgA, and IgG [104]. Tighe et al. [94] find that between two Group
IV materials (etafilcon and Vifilcon), the most anionic of the two (etafilcon) shows the
greatest adsorption both surface and matrix bound, with Group II showing little surface,
and no matrix bound protein. The negative charge arises from additives, generally used to
increase water content. The fact that lysozyme is a very basic protein (carries net positive
charge up to pH 11), suggests that electrostatics are the driving force for adsorption, at
least to Group IV lenses for lysozyme. Group I (including polymacon) shows the lowest
amounts, and will adsorb a submonolayer coverage of protein [96]. This is likely due to the
lack of charge attraction for protein such as lysozyme. Albumin, however, deposits in

greater amounts on polymacon (Group I) than on etafilcon (Group IV) [105].

Garret et al. [106] have tried to correlate the proportion of MAA (methacrylic acid)
or NVP (N-vinyl pyrrolidone), to adsorption of lysozyme and human serum albumin
(HSA). HEMA lenses are often made with either common additive: MAA, which increases
anionicity and water content, or NVP, which increases water content without charge. Not
surprisingly, lysozyme deposition onto the surface, and into the matrix, increases with

MAA proportion, while HSA (isoelectric point pH 5) decreases. This matches with
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electrostatic expectations for positive lysozyme, and negatively charged HSA. NVP
increases both lysozyme and HSA, but less significantly. A combination of NVP and MAA
shows that MAA dominates the effects. Garret notes that for hydrogels with similar water
content, lysozyme adsorption varies largely, but HSA does not, again indicating that
electrostatics dominate, at least for lysozyme. The suggested mechanism is an increase in
anionicity and pore size for MAA content, and an increase in polar content for NVP. The
increased polarity allows hydrogen bonding and increased hydrophilicity, which, it is noted
is somewhat counterintuitive for lysozyme, which normally prefers hydrophobic surfaces.
Soltys-Robitaille et al. [107] include a cationic group I material in their study with anionic,
and non-ionic materials. They find that anionic HSA adsorbs significantly to the cationic
lens, while lysozyme to the anionic lens. Even within RGP lenses, which adsorb little
protein, Botempo et al. [108] find a greater deposition onto higher charged siloxanyl
polymers. Other studies back up the importance of electrostatics [109, 110]. This
demonstrates that electrostatic charge is a dominant effect in adsorption, but the increase
with NVP shows it is not the only one. Interestingly, however, there appears to be a
relationship between the oxygen permeability of the RGP lenses and the surface roughness

[111], a fact which may lead to increased adsorption of pathogens.

A study [112] of HSA finds that it adsorbs in the following order of decreasing
adsorption vifilcon (polyvinylpyrrolidone (PVP) containing Group IV), tefilcon (Group I),
etafilcon (non-PVP, MAA Group V). This clearly shows the effect chemical makeup has,
considering vifilcon is less ionic. Two Group IV materials, differing mainly in their
additives, have completely different adsorption patterns for HSA. Decreasing pH increased
adsorption, as the protein approached its isoelectric point. For purely electrostatic reasons,
one might expect that etafilcon would thus become more favourable since charge repulsion
is lowered. That this is not the case shows that PVP may be a major factor in adsorption.
For tefilcon, hydrophobic dehydration may increase adsorption, or the fact that tefilcon is
lathe-cut may increase surface porosity. Most lathe cut lenses are polished, however,
leading to a smooth surface with small scratches. It is noted here [112] that the
hydrophilicity of the bulk material does not necessarily correlate with the hydrophilicity of

the surface.
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One conventional lens worth mentioning, omafilcon, takes a unique approach to
preventing adsorption by mimicking a cell surface to which little adsorbs. By incorporating
phosphorylcholine, the surface of the hydrogel mimics the head groups of phospholipids.
Investigations [79, 80] have shown that compared to Group IV etafilcon, and Group II
atlafilcon, and permaflex lenses, omafilcon exhibits less protein deposition, and less lipid
deposition than any other Groups I, II, IV lenses tested. This clearly demonstrates that
chemical makeup is a significant factor in adsorption. In addition, patients find that

omafilcon lenses are more comfortable to wear [80].

It is clear that the conditions of water content, and especially ionicity are important
factors. For example, CSI™ lenses, which had previously been found to adsorb much less
protein than other lenses, were no more resistant to deposits when compared to lenses from
the same group [113]. However, in another study comparing CSI™ to Preference™
(Group I), they were found to be more protein resistant [114]. Etafilcon has twice the
lysozyme uptake of vifilcon [110], both group IV materials. These, and the previously
mentioned examples show that there is dependence upon chemical structure. This is
consistent with some theoretical models, which have found the heterogeneity of a surface

can play a large role in adsorption.

2.2.2.3 The State and Type of Protein

New lenses are being made which incorporate silicone in them to improve oxygen transfer
to the non-vascularized cornea. These materials are low water content non-ionic lenses
(Group I). Because the silicone makes the surfaces poorly wettable, surface treatments
such as plasma oxidation, or plasma polymerization are carried out [115]. The surfaces of
some of these have been characterized using XPS [116] and SEM [115]. Jones et al. [117]
looked for differences between etafilcon (conventional group IV hydrogel) and balafilcon,
and lotrafilcon (both silicone hydrogels). Conventional hydrogel deposition was much
greater (not surprising for a Group IV material) than the silicone materials. It was
significant, however, that the protein on silicone lenses had a much greater percentage of
denaturation than conventional lenses (also seen in [118]), and that lipid deposition was

increased (since silicone is hydrophobic). Purevision™ (balafilcon)also exhibits a rather
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unique structure, containing holes which are several hundred nanometers in size [115].
Pores of this size may help transport water and ions, but may also have a dramatic effect on
protein adsorption. This brings up the question of whether it is simply the amount of

protein, or the type and state of the protein, which is related to its pathogenicity.

Ultimately, the words pellicle, biofilm and deposit are frequently interchanged,
along with many other words in the discussion of protein adsorption to lenses. Hart et al.
[99] have tried to prevent this sort of language ambiguity. After all, a certain amount of
protein may be beneficial, and furthermore, necessary to make the lens biocompatible with
the eye. The pellicle, referring to the normal coating, is found by Hart to be from 0.1 to
8.6um thick (thicker on group IV lenses). Deposits and biofilms, on the other hand, should
be reserved for potentially pathological protein. They believe that it is not the pellicle,
consisting mostly of loosely associated protein, which causes problems, but the matrix and
denatured “abnormal” protein. Unfortunately, most studies detect overall protein, and do

not differentiate.

A significant finding on group IV lenses was a 30KDa previously unidentified
protein [119], which turns out to be a lysozyme dimer [120]. It is determined [120] that this
dimer appears within one hour of wear on the group IV lenses, but is not detectable in the
tear film. The dimer is not present on group I, or II lenses, and is denatured, and
irreversibly bound to the lenses. However, much of the lysozyme found on the group IV
lenses is still biologically active, which may be of importance for bacteria adhering to the
lenses [94, 109]. In contrast, lysozyme on non-ionic contact lenses is found to be
predominantly inactive [109]. ATR-FTIR investigation has shown that y-globulin protein
denatures and orients itself during adsorption to PHEMA lenses and that binding affinity

increases with the amount of denaturation.

Much work is concentrated on lysozyme, and albumin, which may be responsible
for pathogenicity. However, other proteins may be problematic as well. Lenses from
patients with Giant Papillary Conjunctivitis show increased IgM protein deposition [121],
and decreased IgA deposition [122] on their lenses [121]. Lysozyme, lactoferrin, and
several other immunoglobin deposits show no difference between unaffected and affected

patients [121]. It is not clear, however, whether this is the cause or result of the condition.
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2.2.2.4 Kinetics

The kinetics of deposition are also frequently studied on contact lenses. Many groups find
that protein adsorption occurs rapidly at first, and then slowly for some time, often
reaching a plateau. This is, however, dependent on the type of protein and lens. For
example, Lin et al. [91] find that protein is present after as little as one minute, and
plateaus after as little as 24 hours. Lysozyme continues depositing for over a week. This
illustrates the downfall of total protein assays, which do not differentiate between particles.
Leahy et al. [93] also find that most studies only look at long term deposition but that
significant adsorption has occurred after only one minute of wear. Ionic lenses are often
found to have long term adsorption, while non-ionic lens adsorption halts after the quick
initial adsorption [98]. These results agree with the work of Lin, since lysozyme has little
affinity for non-ionic lenses. Because proteins are capable of changing conformation upon
adsorption, kinetics are not a mere problem of particle adsorption (as in colloidal models).
Indeed Garret et al. [112] see total adsorption occurring very fast and reaching a plateau,
while irreversible adsorption grows slowly with no plateau in sight. This suggests that
irreversible deposit growth is time-limited by the kinetics of denaturation, a postulate
supported by ATR findings [112]. Of course these averaging techniques say nothing about
how these deposits are forming in three dimensions. It is found, for example using AFM,
that deposits build up uniformly initially, and over longer times begin to form non-uniform
deposits [123]. A “foundation” layer of mucin has been found beneath protein deposits
during study of one hydrogel contact lens [124]. This may be beneficial, as mucin normally

coats the eye, promoting wettability.

2.2.2.5 Location of Protein Adsorption

A few studies find differences in adsorption between different areas of the lens. Using
immunofluorescence in one case, and antigen-conjugated gold in the other, it is observed
[93, 125] that there is more protein deposited on the front surface of the lens than the back.

Possible reasons for this are the effect of blinking, differences in posterior and anterior tear
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film, a thinning or drying of the tear film on the front surface [93], or additional mucus on
the front [125]. Heiler et al. [126] look at the adsorption difference between an inner
portion and outer (rim) portion of the lens. Using ninhydrin assay, they find Groups III and
IV hydrogels deposit more on the outer portion of the lens than the inner portion, while
Groups I and II show no difference. They suggest that it may be related to a difference in
how the lenses are cleaned (such as rubbing them) or that the differential thickness of the
lens may be responsible. They also postulate that the lens may be macroscopically

inhomogeneous, however, inhomonogeneity over lengths of many mm’s seems unlikely.

The phenomenon of matrix bound protein is interesting in itself, and Jones et al.
[95] find that while surface protein reaches a plateau after one day, total protein on Group
IV lenses took longer (up to seven days), and Group II lenses did not reach a plateau. They
conclude that chemical structure is a determining factor. Albumin and lactoferrin are
suggested to be the contributers to the growth on Group II lenses due to their affinity for
NVP (also [98]). Some studies have tried to quantify the matrix bound protein, and it has
been found to be up to 33% in Group IV lenses [88]. Meadows and Paugh [97] find that in
terms of surface protein quantity, Group I and IV lenses are similar, but that Group IV has
a large amount of matrix bound protein. In general, there is more surface bound protein

than matrix protein [98].

Lysozyme is predominantly the smallest most positively charged molecule studied,
and thus is implicated as being the major component in most deposits. While it is by far the
largest component of this group of proteins in the tear film, other proteins exist which are
smaller, with greater positive charges. These should have even greater affinity for Group
IV lenses, and the matrix. Major Basic Protein (MBP) is such a protein, which can cause
vernal Keratoconjunctivitis. Using immunofluorescence, one study [96] is unable to find
MBP on group I lenses, but it is contended that it may bind better to group IV lenses,
which is undoubtedly true. There are also other small proteins, which are not normally

studied [96].
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2.2.2.6 Dependence on Tear-Film Composition

While all of this is very informative, the real tear film is a multi-component system,
containing not only many proteins, but many types of lipids as well. For example, in a
study by Botempo et al. [127], protein, lipid, and protein-lipid solutions are tested for the
amount of protein and lipid deposited. They find that lipid presence decreases protein
adsorption only to Group IV lenses, while protein decreases lipid deposition to all lenses,
particularly Group II. Suggested reasons are that for Group IV lenses, once proteins
adsorb, they decrease the hydrophilicity of the surface slightly, which allows lipids
(especially polar lipids) to adsorb, increasing the hydrophobicity and preventing further
protein adsorption. On Group II lenses the protein is able to out-compete the polar lipids
for the limited polar binding sites. Thus, the overall effect is a reduction in the preferential
adsorption of a lens for protein or lipid. Botempo et al. [108] repeated this study on rigid
gas permeable lenses which incorporate silicone and contain no water. They find that lipid
deposition is greater than protein deposition when considered individually. When
combined, however, protein deposition increases by four times, while lipid deposition is
reduced on siloxanyl alkyl acrylate lenses. Silicone being hydrophobic, would naturally
attract more lipid. Polar lipids will leave their hydrophilic head pointing away from the
material. This makes the effective surface much more hydrophilic, allowing protein to
deposit. The depositing protein, and polar lipid headgroups in turn, make an unfavourable
surface for hydrophobic lipid parts to adsorb. Thus, the finding is consistent with their
previous study, showing a reduction in preferential adsorption. A three-step adsorption

process is therefore suggested for lipid-protein solutions.

Ultimately patients would like to be able to wear contact lenses at night, but this
has not been possible to achieve safely. One reason for this is that during eye closure there
is less oxygen transport, but it is also known that the closed eye tear film differs from the
open eye tear film. It has been found [128] that the loosely adsorbed protein mimics the
open, or closed eye tear film composition. Closed eye tear film contains less lysozyme, and
more of other proteins such as IgG, SigA, C3. The rate of adsorption is also found to be
lower in closed eye rather than open eye. It is postulated, that because reflex tear flow is

reduced by 90%, and lysozyme is reduced, bacterial growth may be favoured.
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A problem with in-vivo studies is the patient-to-patient variation in tear film
composition. Most studies have found this to have little effect on adsorption (eg. [93]).
This suggests that adsorbed quantities of protein reach a maximum well below the tear film
quantity. A study on tefilcon (Group I), and vifilcon (Group IV) [129] finds that lysozyme
deposition on Group IV lenses exhibits subject dependence, but not on Group 1. On low-
water non-ionic lenses, there are few binding sites, and little total protein adsorbed,
allowing only those proteins with the highest affinity to adsorb. Group IV lenses, on the
other hand, have an abundance of both polar, and apolar binding sites, allowing the
proteins in highest concentration to initially bind, to be replaced later by higher affinity
ones. This allows subject dependence, where protein concentrations will vary (Group IV
dependence also found in [130]). Jones et al. [95], however find no dependence on
variations of tear film protein for Group II, and IV lenses, as opposed to lipids. In-vitro
studies by Prager et al. [88] find that different combinations of proteins yield different
depositions, indicating that competition for binding sites may be non-negligible. Sack et al.
[131] study only non-ionic lenses, and find that low water content lenses exhibit arbitrary
selectivity, which can not be related to chemical makeup. This suggests patient

dependence. High water content lenses, on the other hand, adsorb predominantly lysozyme.

2.2.2.7 Experimental Methods

Various methods have been used to study contact lens deposition. Since many methods
focus on total protein adsorption, the data may not be as informative as once thought. The
type and state of protein most likely have far more profound an effect upon the

pathogenicity of a deposit.

Optical microscopy has been frequently used to try and classify deposits. For
example, Kurashige [132] makes the assumption that visible protein equates to the total
amount of protein. Not only has this been shown to be quite unreliable [87, 133], but also
does not allude to the state of protein. Minno et al. [87] have tried to find a correlation
between visible deposition and quantitative methods. Normally a scale, such as the Rudko
method, is used, which categorizes deposits according to their ability to be seen under

various conditions (naked eye, 7x magnification etc). They compare their results to a
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commonly used colorimetric quantitative method called the Ninhydrin assay. Not
surprisingly, it is found that visible deposits increase with wear time, though heavier
deposits are not correlated to increasing wear. They conclude that probably the state of the
protein is more important than simply the amount. Protein is not normally visible, and thus

visible protein deposits may represent denatured protein which scatters more.

Scanning Electron Microscopy (SEM) has frequently been applied, but like optical
microscopy is not easy to correlate to amounts of protein. The only measurement that can
generally be made is the area of coverage after the lens is coated with gold, and this area
does not include matrix bound protein, or homogenous layers of protein, and takes no
account of the volume of deposits [113]. In addition, extensive preparation is required
before imaging can begin. This often leaves deposits which can’t be distinguished from
protein deposits [93, 134]. Thus, while SEM is important in characterizing the deposits, it
cannot be correlated quantitatively with assay, or spectrophotometry methods. Because of
this, many studies use optical microscopy and/or SEM only as a support to other more

quantitative methods [87, 92, 93, 113, 133, 135].

Atomic Force Microscopy (AFM), when applicable, is probably a better method
than SEM, or optical microscopy, due to its ability to carry out measurements in
environmentally relevant situations such as buffer liquids, and its ability to measure
volume [136]. Unlike area, volume can be related, at least somewhat, to the quantity of
protein deposited. For single proteins, it is found that there is a direct correlation between
protein volume and molecular weight [137]. Baguet et al. [136] used AFM in conjunction
with sodium dodecyl sulfate - polyacrylamide gel electrophoresis (SDS-PAGE) to quantify
proteins. They found both uniform deposits, which appeared initially, and larger discrete
“granules” which appeared after longer times. Baguet also attempted to find the thickness
of deposits by scratching a hole in them, but because it was not possible to find the surface
the usefulness of this method is questionable. It would have been difficult to tell if the
bottom of the deposit had been reached, or if they were scratching through the lens surface

itself.

One of the most informative methods, especially for in-vivo studies is gel

electrophoresis [105, 117, 120, 127, 129, 136], which is able to distinguish between
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different types of proteins. It is not always possible to distinguish the exact protein, but at
the very least, groups with proteins of similar mass/charge can be distinguished. Lin et al.
[91] were able to distinguish that the continually increasing component on Group IV lenses
is lysozyme, and that other proteins are more or less maximally adsorbed within 1minute.

Leahy et al. [93] distinguished deposition anywhere from one minute to eight hours.

Coomassie blue staining gels, in conjunction with absorbance measurements, has
also been found to be an acceptable but tricky method, exhibiting linearity in the 14-100pg
range [138]. Goldenberg and Beekman [139] find Coomassie blue R sensitive to 2pg/cm®
lysozyme. A problem of many dyes is that they adsorb themselves onto, and into the
hydrogel material, creating massive non-protein-specific staining. As a result, a de-staining
procedure must take place in order to remove non-protein bound stain. Unfortunately, de-
staining is not easy, and possibly unachievable with many other dyes [139]. While
Coomassie blue may not be the most sensitive method available, it has been shown to

agree with the Ninhydrin method [130].

When using assay methods such as Lowry, Biuret, and BCA (bicinchonic acid), it
is important to calibrate the data according to the protein being studied [87]. This is an
important point, since the molecules that are used to bind to the proteins and “color” them,
do not bind equally across different types of proteins. It is also likely that the state of
protein may affect binding, leading to erroneous conclusions. Ninhydrin assay is used quite
commonly [87, 126, 133, 140]. It, along with other assay methods, and gel electrophoresis,
is subject to the efficiency with which the protein can be removed from the lens itself, and
to an assumption that the protein is largely unchanged by the methods used to extract it.
Trifluoroacetic acid (TFA) and acetonitrile are one method suggested by Keith et al. [89] to
remove protein. They use HPLC, BCA, and SDS-PAGE to measure the extracted protein,
concluding it is near 100% efficient. Hydrolysis of the proteins is found to be a better
method than SDS extraction [100], which may remove as little as 25% of the bound
protein. Polymer hydrolysis accounted for little of the measured values. An additional
concern is adsorption to the container the protein is in, which has been seen to be up to 2/3
of the removed protein [141]. The previously mentioned factors mean that these assay
methods have detection limits, which make them useful only for large quantities, and thus

longer adsorption times. Dark field, phase contrast, and polarization optical microscopy,
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along with Coomassie blue, and oil red O staining are such methods [93]. Most assay
methods such as BCA and Lowry can detect as low as Spg of protein, which is acceptable

1n most circumstances.

Confocal Microscopy [97, 106] in conjunction with fluorescence labeling, allows
some measure of both surface and matrix bound protein. However, the protein content can

only be measured with depth resolution of about 1pm.

Xray Photoelectron Spectroscopy (XPS) [96, 142] can be used to quantify protein
through nitrogen content, for polymer substrates that have little or no nitrogen. Ichijima et
al. [142] applied this method to siloxanylpropylmethacrylate lenses, calculating relative
protein adsorption through nitrogen content, to test the efficiency of cleaning solutions.
XPS is also useful in characterizing the surface of the biomaterial itself. Attenuated total
reflection fourier transform infrared spectroscopy (ATR-FTIR) could also be applied to
characterize both protein content, and biomaterial composition, albeit very thin films are
required [143]. Additionally, electron induced vibrational spectroscopy may find similar
usefulness in the study of biomaterials [144]. It does not damage the sample, while
allowing measurement of hydrogen content (unavailable in XPS), and the ability to

discriminate aliphatic and aromatic molecules.

Other common techniques include UltraViolet Spectroscopy [95, 98, 102, 107,
145], chromatography techniques [89, 114, 127, 141], and fluorescence techniques (either
direct, or through labeling) [93-95, 97, 98, 104, 106, 146]. These normally yield good
quantitative results, and some techniques, such as UV/fluorescence are quite easy to apply,
often without having to remove the protein from the lens. Ellipsometry has also been
attempted for the measurement of the thickness of protein films on hydrogels, with
possible resolution of 30-40A [147]. MALDI [96, 107] is a relatively new technique
capable of measuring submonolayer adsorption, and small protein <I5KDa. Unlike XPS, it
is capable of detecting different types of proteins. An interesting technique is suggested by
Rebeix et al. [123], for estimating which surfactant cleaners will be efficient at removing
protein. Maron’s method forms the basis for their estimates. This consists of measuring the
delay in the appearance of the critical micellar concentration between a liquid surfactant

solution, and the same solution containing a lens. The longer the delay, the more the
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affinity is for the lens. Comparing the affinity to quantitative protein measurements using

BCA colorimetric assay shows good correlation.

2.2.2.8 Cleaning Methods

Since protein cannot be prevented from depositing at this time, many contact lens
companies have adopted various cleaning regimens meant to prolong lens life. Some of the
methods include disinfection with chemicals such as hydrogen peroxide, surfactant
cleaning, enzyme cleaners, and rubbing the lens while in solutions. The effectiveness of
many of these methods is unclear, and consequently studies have tried to look at their
efficiency. Two popular enzyme cleaners are papain, which removes only protein, and
pancreatin, which can also remove lipase, and amylase. By examining lenses with optical
microscopy Kurashige et al. [132] found that papain was better at removing protein. They
found that cleaning efficiency also depended on the type of deposit. Light deposits could
be removed after several cleanings, but heavy deposits could not, suggesting that the
protein must be in a different state, giving it a higher affinity for the surface. Hence they
stress that regular cleanings are better than one long occasional cleaning. Myers et al. [90],
however, found that papain enzymatic cleaners did reduce visible protein (which is what
Kurashige [132] looked at), but that the overall protein is not significantly reduced. This
poses a problem, since as they suggest, the enzyme may remove the top unperturbed
proteins, but leave behind the denatured and matrix bound protein. If this is indeed the
case, the cleaner may be of no use, since it is the denatured protein that is most often
implied to be problematic. There have also been indications that while papain removes
some protein, that papain irreversibly adsorbs onto the surface [148]. Studies of three
commercial cleaners [133] using optical microscopy and ninhydrin assay, found no
significant difference between their cleaning efficiency, except on a Group II lens. The
Group II lens indicated that Sensitive Eyes™ produced by Bausch and Lomb was more
effective than Coopervisions Miraflow™. In addition, neither alcohol nor nylon particles
appeared to have any significant advantage. A study of six commercial cleaning systems
on the four FDA categories of lenses using high resolution gel electrophoresis, and protein

assay, indicated that only 1/3 to /2 of protein is removed [149]. Lysozyme is the only
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protein measured to be removed. Lactoferrin, albumin, and glycoprotein, are unable to be
removed, which might be because these are fairly hydrophilic proteins. It is apparent that
even the effective cleaners are not able to remove all the protein [86, 133]. In fact,
Senchyna et al. [118] found an increase in lysozyme adsorption to etafilcon (group IV)
after polyaminopropyl biguanide (PHMB) based regimen (ReNu Multiplus™) cleaning,
however PolyQuad (PQ) based solution (Opti-Free Express™) resulted in less denatured

protein.

Different methods are used in cleaning solutions. Complete Comfort Plus™, for
example, uses high ionic strength to disrupt the ionic bonding of lysozyme and other
proteins, and to prevent re-deposition. ReNu™, on the other hand, strips calcium ions that
stabilize lysozyme bonding. Simmons et al. [150] find that while Complete Comfort
Plus™ removes the most protein, neither Complete™ nor ReNu Multiplus™ are able to
remove all protein. They also believe that Complete™ removes more “less available”
protein, which refers to matrix, or irreversibly bound protein. They base this on the fact
that there is approximately the same surface protein left after cleaning, however,
Complete™ removes more protein, which may have come from the matrix. Liu et al. [145]
also find Complete™ to be more effective by up to two times in-vitro, and even more in-
vivo. One of their suggestions is that ReNu™ is more basic than Complete™, which would

lower the cationic charge on lysozyme, and thus its affinity for contact lenses.

An alternative to using chemicals to try and remove already deposited protein is to
use chemicals to alter the proteins so that they do not want to deposit, or are reversibly
adsorbed. Bendazac lysine, a non-steroidal anti-inflammatory drug (NSAID), is supposedly
capable of preventing lysozyme denaturation, which has been implicated in irreversible
adsorption. Missiroli et al. [135] state that there are indications that denaturation probably
depends on the polymer used, rather than just equilibrium water content (EWC). Lysozyme
adsorption is reduced to a quarter its original value in the presence of bendazac lysine, and
is more easily removed. The reduction in deposition is also backed by several other studies

[151, 152].

It has been noticed in several clinics that a hazing of contact lenses occasionally

occurs, which reduces visibility, and Sack et al. have studied this phenomenon [103].
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Originally, because all patients experiencing the hazing had used hydrogen peroxide
disinfection, a connection had been drawn. A detailed study of the lenses indicated that this
was occurring only on Group IV lenses, and that lysozyme was the culprit protein. It was
found that rather than hydrogen peroxide, stannate anion which is added to stabilize
cleaning solutions, bound to the lysozyme, presumably causing it to denature, become
opaque, and increased its affinity for the lens. Because lysozyme is so cationic, it allows
itself to bind to the anionic Group IV hydrogel (due to MAA), and bind extra anionic
species as well. Clearly, the components in some cleaning solutions are actually making

the protein problem worse.

Much more work must be done in the area of cleaners to elucidate their efficiency
at removing protein, as well as to determine optimum cleaning times, and the type and state
of protein they remove. Care must be taken to ensure that cleaning solutions are not
making matters worse. For enzymatic cleaners, one would expect, in general, that the
longer the cleaning time the better, and this is seen in at least one study [153]. Increased
cleaning times (under I minute) with surfactants has also been shown to improve the
amount of protein removed [ 154]. Interestingly, beyond some point (30 to 72 hours), it
appears that the removed protein may begin to redeposit [145]. An interesting approach to
predicting the efficiency of a cleaner [123] is presented in the experimental methods

section.

2.2.2.9 Pathogen Relationship to Protein Deposits

The pathogenicity of a lens is not only related to its protein content alone, but to unicellular
organism deposition which is affected by the protein deposits. Foreign organisms such as
bacteria, fungi, yeast, and amoeba are all present under normal conditions, but can create
severe problems if an imbalance in the eye allows them to propagate. The complete
removal of one species, for example bacteria, may not be a good thing, as this may allow

yeast, or fungi, to be favoured.

Acanthamoeba are responsible for Acanthamoeba keratitis infection. Simmons et
al. [92] have studied whether or not this may be related to the amount of protein deposition

on the four FDA lens groups. Interestingly, they find that the active form of amoeba
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(trophozite) adsorbs more to all worn (protein covered) lenses except Perfilcon (group IV
material). Cyst adsorption, however, is increased, but on etafilcon (group IV) mostly. A

correlation between extent of deposit and Acanthamoeba adsorption is unable to be drawn.

Similarly, bacterial infection and irritation may be promoted by adhesion to contact
lenses. This has been examined in a number of studies [105, 152, 155-157]. Lysozyme is
an antibacterial protein and its adsorption to group IV lenses may turn out to be beneficial.
Thakur et al. [155], however, find that lysozyme greatly increases bacterial adhesion, but
that it inhibits elastase activity, which may decrease the pathogenicity. Another study [157]
finds that neither lysozyme nor lactoferrin inhibited growth of bacteria on soft contact

lenses.

Increasing bacterial adsorption correlates with increasing albumin concentrations.
Many bacteria, such as P. Aeruginosa adhere to the deposits themselves. Interestingly, it is
noted that for Polymacon, the rate of bacterial adsorption decreases with increasing
adsorbed albumin concentration, while the reverse is true for etafilcon. This may indicate
differences in the conformation of the protein in the deposits [105]. This is all well and
good for single bacterial species, but special polysaccharides and oligosaccharides on
proteins carry out bacterial adhesion [101]. As we have seen, protein deposition is type
dependent on both lens and protein, and we should thus expect some dependence in protein

adhesion. This is, in fact, what has been observed [157].

It has been documented [156] that 15-day Acuvue™ lenses show more protein
deposition than 1-day lenses. This is not very surprising even given their daily cleaning
regime, having seen in the previous section that most cleaning solutions are ineffective.
What is notable in this particular study is that bacterial adhesion was worse on 1-day lenses
than 15-day. The indication is that the cleaning solutions are residing in or on the lenses
and altering the tear film, which may in turn generate resistance in bacteria. Another
possibility not mentioned, is that the cleaning has altered the protein in some way as to

prevent bacterial adhesion.

Bendazac lysine, previously discussed for its ability to prevent protein denaturation,

has also been found to help prevent bacterial adhesion. Pre-treating the lens with bendazac
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lysine before wearing it, provides additional protection. This again indicates, that the state

of protein is important, as previously mentioned [152].

2.3 Nanoparticle-Protein Interactions

Colloidal nanoparticles can be made quite easily today in a variety of shapes. These small
particles present unique ways to study protein adsorption. At present, nanoparticles can be
made with various surface-to-volume ratios, and out of a host of materials. Recently
nanoparticles have been investigated as candidates for use in selective cell destruction,
imaging, and transporting drugs through the body [158-162]. This inevitably requires
coating the nanoparticles to prevent immune recognition. Understanding their behaviour on
surfaces, that in many cases have similar length scales as the adsorbed protein, is an
essential problem. There have been some concerns as to the unique properties these
particles possess, and whether or not they may present potentially harmful effects to

humans [163-165].

Fibrinogen adsorbed to silica particles appears to form aggregates [53], which
would likely promote the formation of a clot if injected into the blood stream. As another
example, the fibrillation of f2m protein has been found to increase its rate dramatically in
the presence of N-isopropylacrylamide/N-tert-butylacrylamide (NIPAM/BAM) copolymer,
cerium oxide, gold, quantum dot, and carbon nanotube nanoparticles [166]. These particles
had a range of sizes, materials, and different affinities for water. While fibril formation was
increased, the fibrils were not elongated faster, and thus it seems it is a nucleation
phenomenon. It is possible that the enhancement is simply due to the fact that proteins
associated with the surface are packed denser than in the bulk, and thus a nucleation event
is more likely, or that the surface actually aids in folding to a fibrillar state. Fibrillar states
such as amyloids are implicated in a number of diseases such as “mad cow” and
Alzheimer’s disease [166]. However, a point is raised that the parameters were not within
the biologically relevant window (pH 2.5, 37°C), and increased fibrillar formation may not
be directly associated with proteins on the particle surface. Instead the surface may act as a

more conventional catalyst [167]. It has been seen in other studies that proteins which have
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been reversibly associated with nanoparticles may still sustain conformational changes

upon desorption [168-170].

There are a number of studies investigating fundamental properties of adsorption to
colloidal particles. Modified polystyrene nanoparticle surfaces with different acidic and
basic groups have been studied with 2-D electrophoresis and bicinchoninic acid ( BCA )
assay [171-173]. In general, after classifying the surfaces, and proteins according to
acidity/basidity, basic groups on latex (giving positive charge at pH 7) adsorbed proteins
with pI <5 (and thus negative charge at pH 7) the most, and vice versa for acidic latex
groups [171]. Changes in the charge groups on the sphere generally only affected the total
amount of protein, and not the ratios of different types of protein [171, 172]. Fibrinogen
exhibits particularly high affinity for adsorption [172]. Increases in adsorption of plasma
proteins are also generally correlated with an increase in hydrophobicity [173]. However,
the actual chemistry of groups used plays a strong role. For example, methylstyrene has

relatively the same hydrophobicity as tert-butylstyrene, but adsorbs much more protein.

Lysozyme and bovine serum albumin (BSA) both decrease in a-helix content after
adsorption to silica particles [170]. By varying the protein:particle ratio, different amounts
of protein adsorb to the silica. The a-helix content decreases more at low levels of
adsorbed protein, especially for lysozyme, which exhibits some charge dependence. BSA
still shows strong conformational changes even at plateau adsorption, and does not recover
all its helicity when desorbed from the silica surface [170]. Magnetic relaxation studies of
methaemoproteins adsorbed to latex particles also indicate conformational alterations
[174]. The haem pocket is more open than its bulk form in the case of myoglobin, and

more closed than its bulk form in haemoglobins case.

Since protein will only congregate at an interface in relatively small numbers
compared to bulk, calorimetric measurements are difficult to perform. Nanoparticles create
a high surface to volume ratio, leading to a number of calorimetric studies exploiting this
fact [175-177]. Larsericsdotter et al. [175] find that for low salt concentration, protein
lysozyme, ribonuclease A (RNase) adsorbs strongly onto silica with up to 25% reduction in
the denaturation enthalpy, and a decrease in the denaturation midpoint — Tm of up to 6°.

This study does not use maximal adsorption values, as they want to decrease protein-
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protein interactions on the surface. Decreased enthalpy can be attributed to the high
electrostatic attraction to the surface. No change in enthalpy is seen for higher ion
concentrations, indicating less denaturation upon adsorption. A decrease in Tm is still
present though, and suggests that the stability of the protein is reduced. An increase in
width upon adsorption is seen for all the proteins. The increase in width is attributed to a

greater range of conformations of adsorbed proteins, and disappears at high ionic strength.

Addition of calcium ions, which are known to stabilize proteins, decreases the
width of the denaturing transition due to less distribution in conformation. Haynes et al.
[176] have seen similar effects on negatively charged polystyrene colloid using titration
microcalorimetry. The maximum amount of protein adsorbed (plateau value) for lysozyme
and o-lactalbumin occurs at the isoelectric point of the protein-sorbent complex. This is
somewhat expected, as this state represents an almost perfect match of charge density
between the sphere and protein. This is consistent with an electrostatically driven
adsorption process. Carboxyl groups lie close to the surface and a significant degree of
denaturation is inferred from differences in titration between free and adsorbed states [176,
177]. Dehydration force, denaturation, and charge regulation are identified as the main

contributors to adsorption.

In another study by Haynes et al. [177], entropic effects, such as hydrophobic
dehydration, are identified as favourable occurrences for adsorption. An increase in
rotational entropy may also be an entropic contributor. Haynes notes [177] that
electrostatic and other energetic effects are also important. On the other hand, hydrophobic
dehydration allows bonding in otherwise electrostatically repulsive situations as shown in
an extensive series of experiments with RNase and HPA on polystyrene particles [23, 41-
46] (discussed in Contributions to Adsorption). These experiments exploit titration,
electrophoresis, and radiolabelling measurements to show that re-protonation of charged
groups, and ion coadsorption also play important roles in charge matching of the protein
and sorbent surface [23, 41-47]. On hydrophilic hematite particles, hard proteins such as
RNase will only adsorb if electrostatically favourable, while soft proteins can adsorb
purely from entropic considerations, even under charge repulsion [48]. The “synergistic”
contributions from the entropic and enthalpic terms are studied and discussed in a study of

lysozyme and a-lactalbumin on polystyrene particles [49]. Other studies show that
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competitive and sequential adsorption onto colloidal particles is determined mostly by
electrostatics, so long as the proteins have moderately similar internal stability [50, 51].
However, the competition will always be won by proteins with very low internal stability.
Irreversibility on hydrophobic substrates means the adsorbed layer is kinetically
determined. It has also been shown, using silica particles, that of seven proteins studied, all

had their internal stability decreased upon adsorption [52].

A bit different approach is presented by Kandori et al. [178], who use colloidal
calcium hydroxyapatite rods to show that there is an adsorption dependence on mean
particle length. This indicates that there is a dependence on the ratio of C (calcium ions,
positive charge), or P (not charged) sites which changes with the changing crystal
dimensions. BSA apparently binds more strongly to C sites, whereas lysozyme does not.
Electrostatically this makes sense, as lysozyme is positively charged and would require

hydrophobic interactions to make adsorption favourable.

HSA adsorbed onto TiO; (titanium dioxide) nanoparticles reaches a steady state of
coverage within a few minutes, even under electrostatically unfavourable conditions [179].
This suggests conformational change plays an important role. By calculating the area each
HSA molecule occupies in its adsorbed state vs. bulk, it is possible to deduce a number of
details [179]. In particular, it appears that HSA adsorbs with a minimum at the isoelectric
point (max. proteins/unit area), and that it is only weakly dependent on electrolyte
concentration. At the isoelectric point, interprotein charge repulsion is minimized, allowing
proteins to pack closely together. Independence on electrolyte concentration means HSA
must act as a soft, deformable protein. Monitoring pH changes after addition of protein
determines whether the act of adsorption elicits, or consumes H+ ions, allowing possible
bonding mechanisms to be suggested. Below pH 6, ion-ion interactions, ligand reaction,
and possibly hydrogen bonding involving carboxylate groups are responsible for
adsorption, while between pH 6 and 7, a mix of amine and carboxylic groups are involved
in ion-dipole, and ion-ion bonds. Above pH 7, hydrogen bonding due to amine groups is
dominant. All of this information can be inferred with a UV spectrometer, centrifuge, and
electrophoresis device, demonstrating the usefulness of a nanoparticle approach to general

understanding of adsorption.
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Bonding to nanoparticles, like other surfaces, can be reversible. HSA binds
reversibly to TiO,, however, exchange with bulk leaves the protein in an altered state
[168]. Human carbonic anhydrase I reaches a dynamic equilibrium between adsorbed and
bulk protein. This equilibrium, however, shifts to longer residence times on the silica as
time progresses, indicating that the protein denatures in a progressive state, never quite
regaining its structure previous to adsorption [169]. On flat hydrophobic substrates,
proteins are reversible at low spreading, and irreversible after they have had a chance to
spread more [30]. Thus, while often true, conformational change does not necessitate

irreversible adsorption.

Metallic nanoparticles such as gold and silver exhibit a localized surface plasmon
resonance (LSPR) that is size, shape, and material dependent (see section 3.1.3 Surface
Plasmon Resonance). The shift in resonance depends strongly on the boundary conditions,
in particular the surrounding indices of refraction, and can be used as a measure of the
protein state [166] [180]. The LSPR of yeast iso-1-cytochrome ¢ conjugated to gold
nanoparticles, measured as a function of pH, could in principle determine conformational
changes [180]. Unfortunately, in this case, the extremely large magnitude of the shift
indicates it is simply particle aggregation occurring. During aggregation, coupling of
modes between near, and joined particles leads to new and longer modes, which often
continue to shift with time. This shifts the SPR peak to much longer wavelengths than are
seen for thin coating (ie. protein conformational) changes, and broadens the peak. Cycling
the pH has the effect of cycling the maximum absorbance (SPR peak). It returns to a
slightly shifted position each time, however, suggesting that the protein undergoes
irreversible denaturation, and that renaturation is prevented by protein aggregation, and
thus, particle aggregation [180]. The results agree very well with planar SPR results,
suggesting that this is a valuable method.

The aggregation in the above study [180] indicates one of the major problems, in
that nanoparticles must be either charge stabilized, or sterically stabilized. Charge
stabilized nanoparticles will aggregate if high levels of electrolytes are present, screening
their mutual repulsion. Polymers can sterically stabilize nanoparticles, but proteins can

undergo conformational changes, rendering their steric repulsion null. Hence, while a
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valuable tool, some caution is needed in interpretation of results, as there are extra

complicating factors that arise with nanoparticle studies.

The following study indicates the sometimes difficult nature of interpreting results.
Shang et al. [181] perform a study which involves looking at pH effects on BSA
conjugated to 15nm Au nanoparticles. Their method is unusual, in that they do not
conjugate the protein to the Au before changing pH, or placing in buffer. Thus, even at pH
2.7, aggregation takes place, presumably due to charge screening, forcing them to
concentrate on higher pH’s. Comparing the plasmon resonances of their conjugates reveals
the peak wavelength of those at pH 3.8 are much more red shifted than those at either pH
7.0, or pH 9.0. This could suggest that more BSA packed onto the Au, especially since it is
overall positively charged at pH 3.8 (and closer to isoelectric than at pH 7, or 9), leading to

favourable attraction with the negative Au.

An increasing blue shift in fluorescence may well demonstrate that a surface Trp
residue is placed in a more hydrophobic environment, but does not necessitate a change in
conformation as suggested by Shang et al. It can be accommodated by an orientation or
packing change. If, on average, at positive charge, BSA orients itself away from the sphere
and other BSA to face Trp, one would also expect in this electrostatic interpretation, for the
strength order of the blue shift to be pH 3.8 <pH 7 <pH 9. A similar interpretation may be
applied to their red edge excitation study.

Circular dichroism (CD) studies performed by Shang et al. [181] are analyzed by
calculating helicity from a single point on the CD curve vs. Au particle concentration. This
greatly increases error, and it is not clear that CD fitting done in other studies of protein on
nanoparticles is valid, since basis proteins (and thus secondary structures) are generally
taken in their native, unperturbed state, and not associated with curved, field enhancing
surfaces. The amount of error as quoted by Shang et al. precludes any conclusions about
the slope of the CD helicity vs. concentration graph. However, in terms of absolute
helicity, the pH 3.8 spheres are the most denatured for all concentrations used in the study.
Further FTIR studies by Shang et al. indicate at best a decrease in unordered structures at

pH 3.8 and 9.0 as compared to 7.0. The net results of Shang et al.’s multi-technique study
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is that it can be interpreted in two opposing ways: BSA is more stable on 15nm Au at

lower pH (as suggested by Shang et al.), or BSA is more stable on 15nm Au at higher pH.

Not all nanoparticles are simple metallic crystallites, but can be more complex
entities such as micelles, or liposomes. Understanding interaction with this type of
biological particle is just as important as inorganic nanoparticles. Modified negatively
charged liposomes adsorb more fibrinogen than neutral lipodsomes [182]. Adding PEG to
the liposomes decreases adsorption to negatively charged liposomes, but does not affect
adsorption to neutral ones. Neutral liposomes adsorb such small quantities of protein that
any decrease probably can’t be detected. For PEG quantities high enough to form a
polymer brush on the liposome, adsorption on negative liposomes is reduced to that on
neutral ones. This suggests that polymer brushes are indeed a good way to prevent
adsorption, and that they can completely counteract the effects of charge, presumably

through steric hindrances.

Apart from these studies, the availability of a range of sizes of nanoparticles also
presents a chance to study the effect of physical constraints such as curvature. For
example, adsorbed cytochrome ¢ (cyt ¢) behaves differently on Au colloid of different
sizes (2-4nm Au, and 16nm Au) [183]. Using a variety of techniques (UV-Vis
spectroscopy, CD, FTIR), it was shown that conformational changes involve mainly
conversion to B-sheets on 16nm Au, but involve some transition to a-helices on 2-4nm Au.
Bonding is mainly electrostatic on 16nm Au, but hydrophobic bonding dominates on 2-

4nm Au on which cyt ¢ forms a more compact, more active, protein [183].

Another study used CD, NMR, and analytical centrifugation, and a range of silica
nanoparticles (6, 9, and 15nm). 15nm silica exhibits up to 6 times the effect on the
secondary structure of human carbonic anhydrase I (HCAI) that 6nm particles do. This is
mostly a curvature effect, as only 20% could be attributed to differences in zeta potential
between sphere sizes. Small spheres (high curvature) may require too extensive a
perturbation in protein structure to favourably denature the protein. Curiously though, CD
suggests that the tertiary structure is similar between all three sizes of spheres, but the

secondary is different. This may indicate an error in interpretation, or insensitivity in the
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near-UV region, since the secondary structure is normally a defining force of tertiary

structure.

Lysozyme adsorbed to silica colloids from 4-100nm, shows size dependence as
well [184]. Lysozyme retains its most unperturbed conformation on small spheres,
including more activity, and loses some of this on larger spheres. Multilayer adsorption is
inferred on 100nm spheres. More a-helix content is lost on larger spheres, and it is

suggested that at least some of this may be due to a larger electrostatic potential.

Perhaps the most clear demonstration of the complicated nature of nanoparticle
phenomena is a study that adsorbs BSA and fibrinogen adsorbed to a range of silica
particles from 15-165nm [185]. Higher curvature (smaller particles) tends to denature
fibrinogen more, while BSA denatures more on lower curvature particles under the same
conditions [185]. This highlights the fact that curvature effects are not clear cut, and
probably cannot be easily generalized. They will depend on the ratio of protein:particle
size, and on the internal coherence, and thus nature of the protein adsorbing. Other effects
are more general. For example in this same study both proteins denature more on

hydrophobic particles, as compared to hydrophilic particles [185].

2.4 Multicomponent Systems

Most studies look at only one component of adsorption at a time, due to the difficulty in
separating effects. For more complicated systems, in which several proteins are present, it
is difficult to distinguish adsorbed amounts of each protein. One approach [186], allowing
for measurement of a mixture of several proteins, corroborates data from Electron
Spectroscopy Chemical Analysis (ESCA) and Time-of-Flight Secondary Ion Mass
Spectrometry (ToF-SIMS) with radiolabeled protein. Radiolabeled protein allows one to
distinguish each quantity of protein adsorbed in a mixture, by labeling one at a time. Using
ESCA, the orientation of Fgn protein can be determined to be end-on [186]. ToF-SIMS can
give information about the surface layer. It is stated [186] that the most biologically
relevant layer is the surface layer, which may not be correct, as this layer is often the most

native, and loosely bound. Because it is loosely bound, the top layer may be exchanged
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with other proteins, allowing the bottom layer to interact. Unfortunately, for ToF-SIMS,
the films must be dried. There are indications that drying alters the films, and may denature
the proteins in some cases. To get around this, Xia et al. [187] soak protein films in a
solution of the disaccharide Trehalose, which can prevent high temperature and drying
denaturation in proteins. The Trehalose used in their study is able to protect the activity of

the proteins, allowing them to still bind their antigens.

2.5 Adsorption Modeling

2.5.1 The Problem of Modeling Protein Adsorption

A discussion of protein at interfaces is not complete without mentioning some theoretical
work in the field. Ultimately, one would like to possess the ability to predict the affinity
and state of an arbitrary protein, during interaction with an arbitrary surface. This would
allow the determination of biocompatibility without expensive and time consuming
experimental and clinical trials. Unfortunately, at this time, our capability does not even
extend so far as to predict the folding of a residue sequence into a protein. There are

several reasons for our current failure, including the following:

1) Different residues in a protein may carry various charges, polar moments, as
well as varying degrees of hydrophobicity. This variation between residues
leads to heterogeneity in the protein molecule on length scales of a residue. If
the surface is heterogeneous on similar length scales, which is almost always
the case, then effects at this scale are generally non-negligible. Thus, for general
solutions, detail on an atomic length scale, or at least a residue length scale

must be included.

2) Many proteins are macromolecules, made up of hundreds, and possibly
thousands, of residues. Each amino acid is made up of tens of atoms. This

amounts to possibly tens of thousands of atoms, whose interactions with every
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3)

4)

5)

other atom must be accounted for. An atomistic treatment thus requires

enormous computational power that is prohibitive.

Biologically relevant environments are aqueous, and must include water
molecules. Water molecules account for the hydrophobic/hydrophilic residue
effects, as well as solvation effects. These effects may extend several hydration
layers deep, and require many water molecules to be present for each residue in
a model. In addition, dissolved ions must be included to properly account for
solvation and charge screening effects. This compounds the problem of
computation, in principal requiring water-water, water-ion, water-residue, and

ion-residue interactions to be calculated for all possible pairs.

Proteins are flexible, and capable of large conformational changes. This
destroys any hope of reducing the degrees of freedom by calculating
interactions internal to the protein only once. In turn, the large conformational
changes may lead to irreversible adsorption. Irreversible effects are hard to

account for thermodynamically, due to lack of dynamic equilibrium [188].

Many biologically relevant surfaces being studied today are complex polymeric
materials themselves, possessing many of the same modeling difficulties as

proteins.

The situation is far from hopeless, however, and many theoretical modeling

attempts are being made, often in conjunction with complementary experiments. All

approaches to date include varying degrees of approximation, but most still yield

interesting, albeit mostly qualitative results.

2.5.2 Colloidal Treatments

One of the simplest ways to model protein is through colloidal approximations. These

models ignore several of the complicating factors such as heterogeneity, hydrophobic

effects, and complex flexibility. Colloidal methods treat the protein generally as if it were a

rigid, solid object, possessing the main properties of the protein. Normally this means that

net charge is the main quantity preserved. If conformational changes are included, it is



Chapter 2: Studies of Protein at Solid Interfaces 56

normally through the foreknowledge of what the final, and any intermediate states will be,
and is not predicted based on the model itself. Since the protein contains no heterogeneity,

the surface is treated as homogenous and uniform.

To model ion chromatography, one model [189] considers both the protein and
surface as flat planar surfaces of homogenous charge densities, which interact purely
through electrostatic forces. As the planes come closer together, the influence of the charge
on the surface plane causes a change in the charge on the protein plane. This mimics the
effect of the phenomenon known as charge regulation in a protein, in which its charge
distribution is rearranged in the presence of an electric field. Calculations with this model
show that this additional factor should be considered, since it generates a higher affinity for
the surface than would be seen with purely static charge. This helps to explain protein
retention in ion-exchange chromatography. The model is extremely rudimentary, but
highlights some important features of the underlying physics that should be considered in

protein adsorption.

The most common colloidal approaches are variations of the Random Sequential
Adsorption, or RSA model. An extensive review of colloidal adsorption including the
RSA, and several other models is presented by Adamczyk et al. [190]. The simplest form

of RSA model works as follows:

e Spherical particles are placed at random positions on a surface at a constant

rate.
e Particles that land on top of another particle's projected area are rejected.
e Otherwise, the particle is irreversibly bound, with no lateral diffusion.

The "jamming" coverage is defined as the point at which no more particles can be
placed, without covering an already adsorbed particle. The model is good for low shear
rates, and low to moderate surface coverages. The beauty of this model is its simplicity,
and the fact that it can easily be extended, or combined with other models to enhance it.
Solvent effects are generally not taken into account in colloidal models, since there are no
residues with which hydrogen bonding patterns can be promoted or disrupted. Electrolyte
effects are normally handled with a Debye parameter. RSA does not account for reversible

adsorption of proteins with weaker affinities [188].
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An easy extension to the RSA model is to have the adsorption probability governed
by the Boltzmann distribution, as opposed to a 100% adsorption probability to unoccupied
surface. This allows the inclusion of an interaction energy with the local environment
[190]. Another extension made by Adamczyk et al. [191] allows spheroidal particles of
non-unity axis ratio (not perfect spheres). Additionally, random surface orientations are
allowed, with the blocking area being the projected area of the spheroid onto the surface. It
is suggested [191] that most globular proteins form prolate spheres, which adsorb
irreversibly. To simplify matters, Adamczyk models both non-interacting and interacting
hard spheroids according to the Effective Hard Particle Model (EHP). The EHP model
replaces interacting spheres of a given size by hard, non-interacting spheres of a larger
size, corresponding to the effective radius of interaction. They find that electrostatic
interactions between the spheroids tend to decrease the jamming value, but increase the
short-range order, orienting more spheroids perpendicular to the surface. In another paper
using spheroids, Adamczyk et al. [192] find again that electrostatic interactions decrease

adsorption.

Since conformational changes often play such a big role in adsorption, it is
desirable to have a model that includes this. Conformational changes tend to increase the
affinity with which a protein is bound. Van Tassel et al. [193] propose a model, similar to
the RSA model. Discs are randomly placed onto a surface at a given rate. If they overlap
they are rejected, otherwise the disc sticks. Particles on the surface have the additional
attribute that they will attempt to spread at a given rate, mimicking a conformational
change. If the spreading causes overlap, the particle does not change. Van Tassel et al.
[193] are able to solve this system by relating it to an equivalent RSA model. The model
contains one type of disc with an effective diameter accounting for both spread, and
unspread discs. They are able to correlate this data with fibronectin adsorption to silica-
titania quite nicely. Several parameters are again needed to fit the data, some of which may
be difficult to obtain, and depend on the given protein, surface and conditions. A further
improvement of this model is made by Brusatori et al. [194], which allows the discs to also
desorb. Because RSA analogies will not permit this, they attempt to apply Scaled Particle
Theory to the problem (SPT). This amounts to calculating the thermodynamic effects from

the work required to create a region on the surface without any particles. It provides only
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an approximate solution. The approach assumes thermodynamic equilibrium on the surface
between adsorbates, which presumes quick lateral diffusion relative to adsorption and

spreading rates.

Adamczyk’s extensions still do not contain true particle surface interactions. The
particles continue to be placed directly onto the surface with some probability, and while
they can interact between adsorbates, they cannot diffuse on the surface. Additionally,
there are still no interactions between free and adsorbed protein. For these reasons,
Oberholzer et al. [195] use Brownian dynamics to drive the adsorption, considering both
electrostatic, and van der Waals interactions. Desorption is allowed if the thermal force is
great enough. The surface is homogeneous and uniformly charged. To mimic an infinite
reservoir of protein at constant chemical potential, Monte Carlo method is used on the
grand canonical ensemble. The Monte Carlo method is run periodically as particles are
removed from the bulk solution onto the surface. Two cases are considered, one in which
there is unrestricted diffusion on the surface, and another where diffusion is not allowed.
Applying this model, Oberholzer et al. [195] find that for lysozyme, in the high salt region,
the adsorbed amount depends on the protein concentration, while in the low salt region it is
independent of protein concentration. At low salt concentrations, protein-protein
interactions limit adsorption, and thus even at low protein concentrations, there is enough
protein to achieve equilibrium coverage. As salt is added in the low salt regime, total
adsorption increases. In contrast, in the high salt regime, an increasing electrolyte
composition decreases coverage. The reason for this is interplay between the decreases in
protein-protein repulsion in the low salt regime, and a decrease in protein-surface attraction
in the high salt regime. The former effect will increase adsorption, and the latter decrease
it. They suggest that a specific salt concentration for maximum adsorption exists. That this
is not seen in experiment is recognized as a possible consequence of idealizations within

the model.

Oberholzer and Lenhoff [188] present a colloidal model, which adds interactions
between particles that have adsorbed. Surface concentrations in this model are assumed to
be directly proportional to the concentration of the bulk solution, which is rarely true for
irreversibly adsorbable proteins [191]. Their attempt is to model reversible conditions, and

so this assumption may be more easily made. Electrostatic and van der Waals interactions



Chapter 2: Studies of Protein at Solid Interfaces 59

are considered in the development of the isothermic adsorption, for adsorbate-adsorbate,
and adsorbate-surface, but not protein-protein. They [188] assume that adsorbate-adsorbate
interactions can be decoupled from protein-surface interactions, which is not generally
true. Many proteins “spread” to increase surface contact, which results in a greater affinity,
and this cannot occur if neighbouring molecules are too close. In addition, several
parameters are introduced, being the equilibrium constant, a constant related to the strength
of adsorbate-adsorbate interactions and the Debye parameter. At some point, if there are
too many parameters, as in some models, one must practically perform the experiment to

be able to predict the outcome.

2.5.3 Atomistic Treatments

Atomic level computer simulations would, of course, be the ideal for modeling, since the
interaction potentials would be the only approximations, if any. Today, however, atomic
level treatments are not computationally feasible. As a result, proteins are often still treated
as rigid, and energies of attraction are calculated as the protein molecule is rotated
sequentially through various angles and heights. This is better than rigid colloidal methods,
but still does not represent the true situation. Water is often given a continuum treatment,
as are electrolytes, in order to reduce the number of interactions. Simulations that do allow
flexibility in the protein are extremely hard to model, and consequently, they typically

simulate nanosecond timescales.

Hen egg white lysozyme (HEWL) modeled atomistically, but as a rigid object
yielded some interesting results [196]. Electrostatic and van der Waals interactions are
used in a dielectric (screened) medium to account for water, and a 2D lattice of charges as
the substrate. Ravichandran et al. start the protein in a random orientation above the
surface, and using Brownian dynamics, track its adsorbtion. Lysozyme, being a positively
charged molecule, would not be expected to adsorb to a positively charged homogeneous
surface if just net charge is considered. However, they find that it does indeed adsorb, and
that increasing ionic strength increases the amount of successful trajectories due to charge

screening. They propose that the heterogeneity of charge distribution on proteins must play
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an important role in adsorption, as opposed to just net charge, and even a single residue

may be responsible for adsorption.

In another rigid atomistic model, Noinville et al. [197] calculate HEWL, and alpha-
lactalbumin(ALC) interactions with poly(vinylimidazole) for multiple orientations, and for
multiple heights above the surface. Electrostatic, and van der Waals effects are included,
and solvent effects are included as a varying dielectric permittivity (but no dipole
interactions). As in the previous study [196], they find dependence on the heterogeneous
distribution of charge. This system models ion-exchange chromatography, and their results

agree with predictions.

A slightly more realistic model is presented by Asthagiri et al. [198]. The protein is
treated almost atomistically, by accurately modeling almost its exact shape, and location of
charges. They do not consider van der Waals interactions however, and consider the
protein rigid. Their surfaces are modeled in three ways. First, they use a homogenous
distribution of charge opposite to that of the protein. Second, they use a heterogeneous
mixture of positive and negative charges, which yield a net positive charge. Third, they
include 3D topography of the surface in addition to charge. They find that the
homogeneous model is the least accurate and the 3D topography model is the most
accurate. A heterogeneous model is best, because a protein can align its heterogeneous
charge distribution in a favourable way with the surface. Residues, which may have been
able to interact favourably with the substrate, are often stericly hindered from approaching
the substrate. In the 3D topography, some steric hindrances can be overcome through
orientation. It is suggested, that one reason colloidal and other simple methods are
successful, is that they contain fitting parameters, which can be adjusted, and that they
generally consider very straightforward phenomena. Asthagiri [198] suggests that the test
of a model should be whether or not it describes the more exotic occurrences, one of which

is the adsorption of a protein of net charge that matches the surface.

In order to allow conformational changes, one method used by Raffaini et al. [199]
to reduce calculations, models different domains separately. Albumin deposition onto
graphite presents such an enormous task, Raffaini et al. opt to model two of the

subdomains in albumin, with the assumption that all charge groups are neutral. They
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minimize the structure, first with either an effective dielectric medium, or explicit water,
above the substrate. Molecular dynamic simulations are then performed either with an
effective dielectric to simulate water, or for much shorter times with explicit water. The
longer runs in dielectric lasted for a maximum of 1ns. Runs which had occurred in
dielectric were then re-run in explicit water to see if they would change further; however,
this was not the case. The short runs in explicit water show little conformation change,
while the runs in dielectric show large changes. Interestingly, the “final” conformations of
the domains are monolayers on the surface, which create high affinity for the surface. They
propose two stages of adsorption, one during which the molecule approaches the surface,
losing little secondary structure, and a second stage during which the molecule changes
orientation, and completely unfolds. This is the same spreading effect discussed previously
in colloidal type models, and may not occur fully if other albumin molecules are present. A
second layer depositing onto the first should not show as much rearrangement, since the

first layer makes the surface more hydrophilic.

2.5.4 Intermediate, Lattice, and Miscellaneous Approaches

A number of approaches lie somewhere in between the full rigor of an atomistic treatment,
and the simplicity of a colloidal treatment. In principle, these may offer the best, most
constructive method of modeling adsorption, since they include some heterogeneity, but
are still tractable numerically. Generally, either whole domains, or residues are modeled as
being a single entity (often spheres), possessing the main properties of interaction of that
domain or residue. This is not an implausible approximation since residues are generally
not highly mobile away from the surface. Conformational changes are generally ignored,

limiting the applications of this approach.

An approximate domain model is presented by Sheng et al. [200], in which IgG is
replaced with 12 spheres representing its domains. In this model, net charge has a stronger
effect, since many residues are lumped into each sphere. However, because the overall
shape will not be spherical, orientation effects can still occur. Orientation is dominated in

the electrostatic regime by dipole interactions, which can cause the molecule to adsorb
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vertically. In the van der Waals regime, however, the molecule prefers to lie flat, so as to

bring all of its domains into contact with the surface.

Since the area of protein folding is related to adsorption modeling, it is not
surprising that many of the methods used for adsorption are adopted from the folding field.
One method that shows promise is the residue or united-residue method [201]. In this
method, interactions between all residues and surfaces are calculated atomistically. These
values are then fed into a model of a protein, which can now consider just several hundred
residues, rather than several thousand atoms. This is very desirable because individual
residues are small enough that exact solvent and other effects can be included. With this in
mind, many studies are devoted to calculating interaction energies for various residues,
most commonly with self-assembled monolayer surfaces (SAM’s) [201-204].
Unfortunately, some of these models still only consider one hydration shell around a
residue [202]. Residue-residue interactions could also be calculated. There is still an
underlying assumption that residues are static entities, which are not affected chemically
by the presence of other residues. However, this assumption is probably not a huge
approximation, and the advantages of this approach outweigh its disadvantages. At the
very least, knowledge of how the various forces drive residue adsorption, is gained. For
example, it is confirmed computationally that hydrophobic residues bond favourably to
hydrophobic surfaces, mostly through entropic effects. Adsorption to neutral hydrophilic
surfaces is unfavourable and energetically driven, while adsorption to charged hydrophilic
surfaces is energetically driven and either slightly favourable, or unfavourable [201, 203].
Zhou et al. [204] apply a residue model, in which each residue is replaced with a sphere
having the equivalent properties at the alpha-carbon. They model IgG1 and IgG2a, finding
that there is orientational preference at high charge density/low ionic strength due to
electrostatic interactions. For low charge density/high ionic strength, there is less
preference for orientation. IgGG2a exhibits less orientation due to a smaller dipole moment.
This agrees with the 12 sphere model of Sheng [200], and presents a much more accurate

approach.

Most simplification is directed at the number of objects present (residues, atoms,
water molecules), and mean properties of these. An alternate method is to discretize space,

so that we reduce the positional freedom. This approach is used in lattice models, of which
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the HP (hydrophilic-polar) model is the most famous for folding problems. In this model,
residues are replaced by a chain of connected hydrophilic or hydrophobic units (or any two
generally opposing properties A and B). Continuum space is replaced by a three
dimensional lattice of points that are either occupied or unoccupied. There can be given
three energy-of-contact values (although usually just two), which correspond to H-H, P-P,
or H-P occupying neighbouring lattice sites. Castells et al. [205] use A-B types, with an
energy bonus for A-A or B-B sites, over A-B sites. Two surfaces are investigated. One in
which both A and B interact equally with the surface, and another in which A interacts
more strongly than B. The “protein” is 27 units long, and is chosen with contact energies
that result in a unique “native” conformation of lowest energy. Minimization of the energy
of native, and adsorbed states are carried out by Monte Carlo method. They find the chain
unfolds into a low-internal-contact/100%-surface-contact chain, and then refolds into a
new conformation. On the A-affinity surface, the refolding brings many of the units off the
surface, and is a secondary maximum, showing a possible activation process. As
temperature is raised, the equal affinity case decreases surface contact, and the A-affinity

case increases surface contact.

2.5.5 General Mean Field Approaches

Once a protein has been modeled atomistically, or semi-atomistically, some parameters -
such as its net interaction potential as a function of height and orientation - will be known.
At this point it is desirable to be able to predict the behaviour of a large ensemble of
proteins (either of the same, or different types). Unfortunately, purely thermodynamic
approaches are limited in their applications, as the entire adsorption system is rarely in
equilibrium. However, if some part of it, such as the protein reservoir, is in approximate

equilibrium, then thermodynamics may be used for this portion of the model.

A generalized thermodynamic molecular approach is presented by Fang et al. [206].
The sudden appearance of a surface in a protein solution induces a non-uniform chemical
potential. To obtain the kinetics of the system, the free energy is used to calculate the new
chemical potential function, which in turn is used to drive a diffusion equation. Fang’s

approach is very general, allowing as many configurational changes as desired. They are
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able to derive a general expression for the equilibrium total deposit in terms of the potential
of mean force, which is a function of the internal energy of conformation, protein-surface
interactions, and the intermolecular repulsion and attraction. Lateral diffusion, and
dynamics are assumed to be instantaneous because this is a mean field approach. Using
values from atomistic calculations, they investigate two simplified systems. In one, there is
a binary mixture of two spherical proteins which have a single conformation. In the
second, there is a single type of protein, but it can undergo a change from sphere to “disc”
on adsorption. For this model, however, many parameters are required, (eg. rate of
conformation change, surface-protein and intermolecular interactions etc). These
parameters must either be measured experimentally, or by numeric simulations. In
addition, solvent rearrangement is assumed instantaneous, and the diffusion constant of the
protein is the same for all conformations. Both systems yield informative results. The
binary mixture exhibits the experimentally observed Vroman effect under certain

conditions, in which smaller proteins adsorb first, to be replaced later by larger ones.

One method proposed to prevent deposition of protein is to graft a polymer to a
substrate. The idea is that the polymer will provide steric hindrances to prevent protein
adsorbtion. Polymers can prevent adsorption through two effects: an entropic penalty as the
polymer is confined to a smaller volume, and another possible penalty due to the exchange
of polymer-water hydrogen bonds with less favourable polymer-protein hydrogen bonds.
This effect has been modeled with some success by Satulovsky et al. [207]. They include
two effects, the attraction of the protein to a surface, and its repulsion by grafted polymers.
The free energy is calculated with all intramolecular and protein-surface interactions
treated “exactly”, while intermolecular contributions are treated as a mean-field. By
“exactly”, they mean that they have taken their protein-surface interaction potential (as a
function of z only) from atomistic calculations for lysozyme approaching a hydrophobic
substrate. The assumption is made that the polymers can rearrange much faster than the
protein. They find two opposing effects. In a kinetically dominated regime, the most
protein-resistant polymer is one that is long, densely packed, and not attracted to the
substrate, causing large conformational penalties for protein adsorption. This is desirable
for short-term prevention. For long term prevention in a thermodynamic regime, highly

packed polymers with strong surface attractions are desired.



Experimental Techniques

3.1 Measurement Techniques

3.1.1 Atomic Force Microscopy
3.1.1.1 General Background

Atomic Force Microscopy (AFM) is a subtype of Scanning
Probe Microscopy (SPM) that tracks surface topography
using a sharp tip that interacts with surface forces. The main
forces exerted on the AFM tip are the van der Waals forces,
Pauli repulsion and electrostatic forces. Normally electrostatic
charges on the sample are minimized, and the tip is kept in
the attractive regime, making van der Waals the main forces

of interest. A picture of the Explorer AFM head is given in

Figure 9 and a schematic diagram of a generic AFM is given

in Figure 10. Typically a laser diode is focused onto the back  Figure 9. Atomic Force
] ) ) . Microscope on translation stage
of a cantilever coated with a reflective material. The laser with contact lens on glass

. here.
then reflects back onto a four quadrant photodiode. Sphere

Piezoelectric crystals (either x, and y

crystals or a tube scanner) are than used

quad photodiode Lazer

to move either the tip, or the surface, -

relative to each other.

The AFM can be operated in two

| Piezoelectric
Y crystal

modes: constant height mode in which 5

|| cantilever & tip
the deflection of the tip is measured as 1

the tip is scanned without adjusting

. . Figure 10. Schematic of A.F.M. tion.
height, or as is more commonly the case, g chematic o operation
constant deflection mode in which the tip height is adjusted to maintain a constant surface

force. Maintaining a constant surface force does not maintain a perfectly constant height
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above a sample, as different materials will present differing surfaces forces. However, for
most purposes, it is acceptable to ignore these differences and take adjustments in the tip
height to be representative of changes in the height of the surface. Another method of
maintaining a constant height above the surface is by oscillating the tip at resonant
frequency. The resonant frequency, being subject to varying surface force gradients, will
change according to the height above the sample. A PID (proportional, integral,
differential) circuit is typically used, which adjusts the piezo voltage according to the error
signal from the resonant frequency at some small distance above the sample. This mode is
often desirable since it avoids contact, and thus degradation of the surface in question. In
practice, however, a purely non-contacting mode is often not achieved, and the tip will
intermittently come into contact, or “tap” the sample. Hence this method is often referred

to as tapping mode.

By rastering the tip across the sample and recording the i e sutface
piezo extension in a grid of points, a topographic representation AGAEM
of the surface is generated. The resolution of this image can be
far below the wavelength of light, with sub-nanometer precision -
possible in the z direction. The lateral resolution is limited by Resultng Image

the physical size of the tip, of which typical dimensions are a #

length of 10um, and tip radius of <20nm. The resulting image is Figure 11. Example of
thus a convolution of both the true topographical surface, and g&i\cfﬁdglon oftip and

the shape of the tip as depicted in Figure 11. Deconvolution to

regenerate the true surface image is possible only in a few circumstances. Simply keeping
the effect of tip shape in mind during interpretation is usually sufficient for most

applications.



Chapter 3: Experimental Techniques 67

3.1.1.2 Measuring Contact Lenses with AFM

Any sample to be measured should be approximately level, so

that the tip does not need to adjust more than the maximum piezo ’
._/

extension on the scale of the image. Often samples are very

small, or flattened to accommodate imaging. In the case of

contact lenses, however, it was felt that too much handling of the

soft lens material could damage its surface. To hold the lens, a

glass sphere close to the radius of the cornea was attached to a

Figure 12. Contact lens on

substrate and placed on the AFM translation stage. The contact glass sphere.

lens could then be placed directly onto the lens holder (Figure
12), rinsed and allowed to dry.

3.1.2 Extinction Spectroscopy

Papers I through III were carried out using visible light extinction measurements. These are
performed as shown in Figure 13. White unpolarized light is collimated through the sample
cell, and refocused into a spectrometer. To measure extinction, our beam should be
suitably narrow, however, for small particles, with less forward scattering, it is not as
critical. For our experiments, extinction is plotted vs. wavelength, and the value, and
wavelength of the peak extinction is extracted. The method through which this is
accomplished is described in more detail in papers I-II1. Q. of a single particle can be

calculated from the overall extinction of a solution of spheres in a cuvette.

L;

Spectrometer

Figure 13. Schematic of extinction experiment. li and It are incident and transmitted intensities.
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Since Beer-Lambert law is obeyed
I, = Ie " where I, and I, are transmitted and incident light,

is the attenuation coefficient, and h is the thickness of sample

I
log| 2t
Og(][j

aext
h
If there is a concentration C of particles contributing to the extinction

a

ext

— aext

Cext
C
The definition of extinction efficiency for a sphere of radius a is:

C
Qext = ex;

wa
So the result is:
log (j’] a,,
0, = T Chad

The following section will develop the theoretical value of Q. for coated and

uncoated spheres, following the method of Bohren and Huffman.
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3.1.3 Surface Plasmon Resonance

The fairly extensive derivations of
Mie theory results that are used in
this section and in bound papers I-
IIT are included in Appendix A: E.H,
Mie Theory. The derivations

follow that of Bohren and Huffman

v

[208] of a homogenous sphere

made of a linear isotropic material

and are exact. Definitions of X

variables are found in the

E.,H;

appendix. If we assume that the

sphere is much smaller than the _ . . . )
Figure 14. Sphere of radius a, with coating thickness (b-a). The

Wavelength’ in otherwords if subscript I denotes incident fields, while the subscripts 1, 2, and

|m| x <<1, we may gain some more s denote fields internal to the sphere, fields in the coating, and

e . the scattered field respectively.
intuitive understanding. Let P Y

x=ka=2nNa/A, and m=k,/k=N,/N, where k and N are the wavevector and refractive index of the

respective region denoted by the subscript.

Expanding the extinction, scattering, and absorption efficiencies to order x*:

2 2 2 4 2 2 2
0. ~4xim m2 1 1+x_ m2 1)\ m +272m +38 +§x4Re m2 1
m-+2 15\ m~+2 2m-+3 3 m-+2

2

m* —1
m*+2

8 4
~—X
QSC(I 3

2 3 2 2
Oy =Ouii = O z4ﬂm{m2 1} -2 im (m 1) for |m|x<<1

m°+2 3 m’ +2

Spheres much smaller than the wavelength will satisfy:

m* —1
0, =4xIm NPy

m-+
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1

m —_
Qabs ﬂ,

1
QSCG oC ?

Which gives the fact that

These facts explain a number of phenomena of gold particles. Under transmitted light,
small gold colloids in a bottle appear red due to strong absorption of small wavelengths.
Viewing backscattered light, large (approaching 100nm) gold colloids will appear gold in
color due to the dominance of scattering of yellow gold wavelengths. However, in viewing
small colloids (<50nm) the backscattered light will tend to still look extremely reddish.
This is due to the fact that the absorbance only goes down as the 1% power of the radius for
a given wavelength, while scattering decreases as the 4™ power of the radius. Absorbance
is then dominant by several orders of magnitude for very small spheres. Since we usually
have some stray light due to reflections absorbance will strongly dominate with a red color
for gold, mixed with a small amount of greenish backscattered light. However, for large
gold colloid (for which the relations no longer hold proper) scattering dominates with a

yellow-gold color.

3.1.3.1 Dielectric Constant Models

Relationships between the various optical constants are given by the following set of
equations. n and k are the real and imaginary parts of the index of refraction, and ¢’ and &’

are the real and imaginary parts of the dielectric function.

g=""=n*-k*
&y

o

& =—=2nk
20

Or conversely:

n=
2
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Approximating the charge oscillations as simple harmonic oscillations we have the Lorentz

model for bound charges:

a)Z
e=lty=14) — 2L ——
T -0 —iy,0

2 2 2
w0, (@; —")

g=1+y =1+
d “ (0, -0’ +y 0 e
J J J _ g s .
, where @, =——" and y; is the damping constant
7,0 m;e,

g =y :Z

=) e
Where Ng;, ej and m; the density, magnitude and mass of the jth type of charge oscillator.
op; 1s the plasmon resonance of the jth oscillator type. A plasmon resonance is the
collectively quantized oscillations of charge in the system. This generally involves
quantized lattice charge, or free electron charge depending on the material. For a metal
containing free electrons, wj= w.=0 since there is no effective “physical” restorative force
as in ion oscillators. The restorative force comes from a displacement of the overall free

electrons to one side of the fixed charges, which leads to a dipole moment, and thus a

restoring force:

2

e=l+y=1-——"F
w0 +iyw

a)Z
e=1+y =1-—2—
x a)2+7/2

(C/‘“ = l“ :—a)‘ij/

(o’ + %)

This is the Drude model for free electron metals. ®, in this case refers to the plasmon
resonance of free electrons. In this case it arises from the free electrons being perturbed by
the incident field. This perturbation sets up a dipole opposing the motion, and acts as a
loose restoring force. The damping constant is due to electron collisions, and scattering by
phonons. The plasmon resonance is a longitudinal mode in which € goes to zero in the

absence of damping.

The combined result is then:
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2
o
5=1+}(:1——+§ ﬁ

o’ +iy,w
Where the first term is due to free
electrons, and the second term
includes lattice vibrations. Since the
superposition principle holds we have
obviously separated our dielectric

function intoe = ¢, +¢&,,,,, - This is

useful, because for an experimentally
measured dielectric function we find
that we need to correct for a number of
effects in the free electron term (for
example for finite size effects). We

can easily subtract the free electron

50

50 F
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Dielectric Functions
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-150 |

200 . . . . . . . .
0 2 4 6 8 10 12 14 16 18
Frequency (10**Hz)

Figure 15. Dielectric functions for bulk gold as a function

of frequency. [209]

part with standard parameters from the experimental data, and add it back in with the

corrected constants. The dielectric functions for bulk gold are given in Figure 15.

3.1.3.2 Localized Surface Plasmon Resonance

In Appendix A we solve for a, and b,,. These are the coefficients of the various

electromagnetic modes. If the denominator of a, or b, go to zero the corresponding modes

will become infinite. That is they will enter a plasmon resonance. In the case of a real

system, the coefficient will not go to zero, but will approach it with varying rigor.

For the uncoated sphere this means:

fora

pm” [xh" (O] j, (mx) = gy () [mog, (mx)]' = 0

forb,

lxh (0] j, (mx) = ph,” () [mx, (mx)]' =0
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Where g, j, and 4" are the magnetic permeability, Bessel function of the first kind, and
hankel function of the first kind respectively, corresponding to the region denoted by the

subscript.

So that the zero condition is:
Forc ,b, :

Lh )] _ e, (mx)]

hftl) (x) ﬂljn (m‘x)
Fora, d, :

[xh,” (01" _ p[moxj, (mx)]'

WG pm’ ), (m)

For the coated sphere this means:

fora,
&, (myy)— A, x, (m, ) -m,&, (0w, (myy)— 4, 7, (m, )] =0
forb,
m,&, (W, (m,»)— B, x,(m,»)]- & (W, (myy) = B, x,(m,»)] =0
where

Y, (), (mx) = my, (), (mx)
" myy, (myx)y, (myx) = my g, (my )y, (myx)
B = my, (mlx)l//;q (mzx) — mll//;z (mlx)wn (mzx)
" my g, (myx)y, (mx) —m, g, (mx)y, (mx)

&,(p)=ph,”(p)
and v, (p) = pJj,(pP)

X, =g, iy,
Consider the uncoated sphere. Inside the sphere we have j,, which to first order is
proportional to p", s0 Nejnr o p“'l where p=kr. This means that in general, to the most
dominant term in N, the radial component will be constant for n=1 (electrostatic
approximation), and grow increasingly quickly towards the surface (r=a). Hence, for the

infinite sum, the mode will predominantly localize at the surface of the particle, and is thus

termed a localized surface plasmon resonance.
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To gain more physical intuition it is useful to examine the limit of an infinitesimal sphere

existing in a medium that is free space.

2
2
m-—1

m*+2

2
O z4xlm{ m 1}

8 4
ca 2 X
Qsca 3

m*+2

These both blow up for the condition:

m*+2=0

2
—)mzz[iJ =-2
gm

for free space:

2 2, 72
N | _n +k +i2nk _
N, 1
n*+k*>=-2 and 2nk = -2
—>n=0andk=«/§,

or more generally € =—-2¢, ,& =0

-2

Where g, denotes the dielectric function of the medium.
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Figure 16. Dielectric functions for bulk gold as a
function of wavelength.
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As an aside, no solution can be found
for b, becoming large in the limiting
case. This resonance condition defines
the Frohlich mode, and requires the
refractive index to be purely imaginary.
This is not satisfied in any real material,
but is approached in certain regions.
Consider for example gold nanoparticles
in water. Water has a refractive index of
approximately 1.33, giving an €’ of

about 1.78. So we need to find a region

with £’=-3.6, and £’’~0. Examining the zoomed in region of the gold curve in Figure 15 it
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is clear that €’ is negative for a large range of values, which means we will be able to
satisfy the conditions to various degrees of rigidity. €’=-3.6 somewhere around 500-
520nm. 20nm gold spheres have a resonance peak somewhere around a wavelength of
522nm. The accuracy of this result is especially impressive given that we have used the
infinitely small sphere which is equivalent to the electrostatics approximation in which the

field is uniform throughout the sphere.

For the coated sphere the Frohlich mode is given by:

3

}, wherefz%

ooy | 8=+ 2+ ])
1 e, 2f +D)+2(1- f)

Adding more terms will improve these approximations, and the general equations

must be calculated to find the precise position, and magnitude of the maximum.

One last note must be made about very small metallic particles. Electrons normally

have a mean free path which is dictated by the material and conditions. The distance

mvf

>— in bulk where o is the

o
between collisions is approximately given by: d =
ne

conductivity, m the mass, v¢ the Fermi velocity, e the charge, and n the free electron
density. The damping constant in Drude theory is ¥y = —, where 1 is the lifetime before
T

scattering from a phonon or defect. If scattering from different causes is assumed to be

independent then y =y, , +7, The distance between collisions with the boundary

ize _effect
of a sphere is given by L=4a/3 [210], where a is the radius of the sphere (the constant may

) 3vf
vary). This means y =y, , +E'

A decrease in the mean free path increases the imaginary portion of the dielectric
constant, which weakens the ability to meet the condition that the imaginary portion is

zero, and consequently lowers the peak height, and broadens the resonance.
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3.1.3.3 Computer Modelling of Mie Theory

The computer modeling of coated and uncoated spheres was carried out using a Matlab
routine by C. Mitzler [211], which were called through a custom Matlab routines to
generate the peak height and position of resonance. Routines used to perform these
calculations are given in Appendix B, Appendix C, and Appendix D. The Mitzler [211]
routine provides an output of the extinction amplitude given the following parameters:
incident wavelength, complex indices of nanosphere, coating, and surrounding medium, as
well as the thickness of coating and size of nanosphere. We thus provide the complex
indices of gold and water, as well as the size of gold from standard data for programs B, C,

and D.

In all cases, before the Mitzler routine is called, the dielectric function is split into

free and bound parts (& = ¢, +¢&,,,,,) using the Drude model to represent the contribution

of free electrons. The free electron damping constant is then corrected for finite size effects
3v, . . o
(7=Vour + 4—'). The corrected free electron dielectric contribution is now added back to
a

the bound contribution. This is discussed in sections 3.1.3.2 and 3.1.3.3. Finite size effects,
however, tend to red-shift the resonance away from that using bulk values. We found that,
experimentally for small gold nanospheres (5-15nm), there was a blue shifting of the
resonance, not predicted by the theory. The origin of this effect was not known. To correct
for it, once the damping frequency had been adjusted, the bulk plasma frequency was also
shifted in the free electron contribution to agree with the experimentally obtained peaks.

Appendix B accomplishes this shift in w, through the following steps:

1) The experimental wavelength is provided to the program.
2) A guess value for w;, can be provided to speed up the process.
3) The Mitzler routine is called upon in a loop to generate the extinction amplitudes

for a range of wavelengths (between 490 and 580 in our case of gold) for an
uncoated sphere of desired size. The wavelength of the maximum extinction

(corresponding to the plasmon peak) can then be determined.

4) If this peak wavelength does not match the experimental peak within the provided

bounds of accuracy, the plasma frequency wy, is shifted accordingly. The program
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returns to step 3 generating a new plasmon peak until it matches suitably with the

experimental value.

5) The correction to wy, is recorded for use in further programs.

Appendix C generates contour plots. This is accomplished through the following

process:

1) Experimental parameters (indices, size of particle, and w,, shift from Appendix B

program) are provided to the program.

2) The Mitzler routine is called upon in a loop to generate the extinction amplitudes
for a range of wavelengths (between 490 and 580 in our case of gold) for the sphere
size desired. The wavelength of the maximum extinction (corresponding to the

plasmon peak) can then be determined.

3) The routine then uses a nested loop to output the extinction peak and wavelength
for a range of indices and thicknesses of coating (indices are forced to be real in

this case).

The net effect is the production of contours of extinction peak wavelength and amplitude.

These are produced to allow the inversion of the general Mie solution.

Appendix D interpolates the contour grid to allow better resolution, and returns the
index of refraction and thickness when given a peak extinction amplitude and wavelength.

To accomplish this, the contour data from Appendix C is input into the program.

Overall, the program in Appendix B is called upon to generate the w,, shift, which is then
fed into the program in Appendix C. The result of Appendix C is then fed into Appendix D
in order to invert the information and extract the index of refraction and thickness given a

particular extinction peak amplitude and wavelength.

One problem is that while Mie theory is generally quite accurate in predicting the peak

wavelength, it is not as accurate at predicting the peak amplitude. In seems sensible to
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simply find a scaling factor that will cause the experimental bare sphere peak amplitude to
match the theoretical one, and then use this scaling factor to shift all coated spheres. This
procedure generated unrealistically high values for the refractive index in a number of
cases. The cause of this must be related to the fact that the scaling factor for a coated
sphere is not necessarily the same as an uncoated sphere. This presents a problem, as we
have no apriori value for the theoretical protein coated sphere. To circumvent this problem
we have made the assumption that the index of refraction upon conjugation at pH 7 is 1.57.
This is taken from ellipsometry data done by Hans Arwin [212] of bovine serum albumin
on Hg,71Cdp29Te for wavelengths between about 546nm and 632nm. To use this
assumption, the programs in Appendices B, and C are used as usual. However, the value of
extinction is determined which will reproduce the experimental peak wavelength
(corresponding to the initially conjugated protein on Au nanospheres at pH 7), as well as
an index of 1.57. The factor needed to scale the experimental extinction to the value just
determined is then used to scale all extinctions for that particular sphere size. This
assumption may seem very limiting; however, a choice of a different scaling value (within

reason) will not drastically change the shape of the denaturing path (in index/thickness).

3.1.4 Quartz Crystal Microbalance

The quartz crystal microbalance (QCM) is a type of bulk acoustic wave sensor or BAW.
The basis of its operation is that a resonating piezoelectric crystal has a resonant frequency
which depends strongly on its thickness, and density. Even a minute change in mass effects
a change in resonance frequency. Because modern electronics are capable of measuring

very small changes in frequency, we can measure very small changes in mass.

of the crystal. The active area of the crystal is defined | |
approximately by the overlap between metallic films, - @

between which the electric field will be generated. |

Gold or another metal is deposited on the faces

Figure 17 illustrates characteristic operation of a crystal  Figure 17. Side view schematic of

. . . . . uartz crystal in shear mode
in shear mode. Figure 18 is an image of a typical AT- 1 i

cut crystal with gold electrodes. A voltage applied between the two electrodes creates a
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stress in the non-centro-symmetric crystal, which is responded to by generating shear
strain. An oscillating voltage will result in oscillating shear strain. At a particular frequency

the crystal will oscillate in resonance.

This resonance can depend quite strongly on temperature.
Consequently, the piezoelectric materials of choice are specific cuts of

quartz. SC and AT cut crystals both vibrate in a thickness shear mode,

and both exhibit greatly reduced temperature dependence. In particular,

AT-cut a-quartz is most commonly used due to cheaper manufacturing Figure 18. SMHz
] ] ] ] ) AT-cut quartz
costs, and its temperature dependence having an inflection point near crystal with gold
electrodes

room temperature. The resonant frequency is also dependent on any

mechanical stress on the crystal due to mounting, or pressures applied during injection of a
sample. Careful preparation allows these effects to be considered negligible. The amplitude
of the strain falls off approximately exponentially at the edges of the overlap of the top and
bottom electrode. This allows the crystal to be mounted by its edges without damping the
oscillations. The amplitude of shear displacement is typically of the order of a nanometer

or less.

The Q-Sense QCM is a commercial device, and comes as a liquid cell for housing
the crystal, and a “black-box” with all electronics to run the system. However, the basic
components involved in the operation of a generalized QCM are illustrated in Figure 19.

The steps of operation are generally as follows:

1) The computer will ask the oscilloscope to sweep the quartz crystal through a
range of frequencies about the factory labeled fundamental frequency (eg. 4.95MHz +/-
200KHz). At each frequency after the sinusoidal signal is sent, the signal relay is opened to
stop the excitation, and the crystal response is then measured by the oscilloscope. This

process allows the exact maximum where resonance f; occurs to be identified.

2) The signal generator is then adjusted to frequency f; and the crystal is driven
at resonance for a brief moment before the relay is opened, and the crystal allowed to
oscillate “freely”. Because the decay of the signal is several orders of magnitude slower
than the frequency itself, it is not efficient, or feasible to collect data at a rate fast enough

to generate smooth peaks for the entire decay curve. Consequently the signal of the
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undriven crystal is mixed with the inverted reference signal f. + A where A is normally of
the order of KHz. The peaks in the signal now represent the beat frequency fi-(f; + A)=-A
which is KHz and proportionally decays in a reasonable time. The mixed frequency is read
by the oscilloscope, converted to a digital signal and sent to the computer. The computer
can then fit the signal with a damped harmonic oscillator equation A(t)=Ae ™ P'sin(2n(-
A)t + 8) where D is the dissipation value extracted and D=(Energy dissipated) / (2nEnergy

stored). The resonance frequency is found to be —A+ A+ f; = f..

3) If the resonance conditions have changed slightly in the process of reading, the
crystal will be driven at f; but will oscillate at f; + ¢ once the relay is opened. When the
signal is mixed, the frequency that enters the oscilloscope will be (f; + o) -(f; + A) = (6 —
A), and the new fitted equation will read A(t)=Aoe™° “'sin(2n(c — A)t + 8) such that the
new D can be determined and the new resonance frequency is now determined to be (c —
A) + (i + A) =o + f,=1.". The resonance frequency is now set so that the new f, = f.*, and
the process is repeated, tracking the D, and f; values throughout the experiment.

4) If it is desired that other harmonics should be tracked, then these are done in series.
In other words f1, 3, f5... are measured one after another, followed by f1 and the process

is repeated.
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Figure 19. Schematic of typical QCM setup.

A photograph of the Q-Sense QCM used in the experiment is given in Figure 20. In
a typical experiment buffer is warmed in a syringe case immersed in water in C, sitting
atop the heater D. This will prevent temperature effects from altering the resonant
frequency of the crystal, and prevent any degassing and bubble formation of the liquid. The
temperature of the water bath is generally held 3-4 degrees warmer than the QCM cell.
This is to account for temperature loss in traveling through the tubes to the heating loop in
the QCM. After the buffer has equilibrated to the correct temperature, it is allowed to flow
into the heating loop in the QCM cell until it runs out tube F. Flow is purely gravitational,
and the lab-jack in Figure 20 is adjusted so as to minimize the flow rate. Even with the
warmed buffer, a small temperature deviation will be present, and the solution is allowed
to equilibrate further in the temperature loop to remove this. The buffer is then allowed to
flow into the crystal chamber and out of tube E. Flow rate, and volume are kept to a

minimum to prevent any pressure changes on the crystal. Once the system has equilibrated
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and been measured, the old solution is pipetted out of the syringe case and the new solution

added. The above steps are then repeated until the solution flows out of tube E again.

Figure 20. Actual QCM setup. A) QCM liquid cell, B) electronics that operate QCM, C) water bath and
liquid introduction site, D) heater for water bath, F) temperature loop, E) crystal loop.

The frequency of the bare crystal is given approximately as

fo = Mo _ 7 o I Ho where n is the overtone number, h the thickness, M the
2hy  2hy\ p, 2\ h,M,

areal mass, v the velocity of sound, p the elastic modulus, and p the density, all of quartz.
In 1959 G. Sauerbrey [213] showed that the decrease in frequency was linearly

21
NI

proportional to the mass, giving the Sauerbrey equation: Af =-— Am where fj is

the resonant frequency, A the active area, pq the density of quartz, and i the shear

modulus of quartz.

The amplitude of displacement of an AT-crystal with thickness T, and parallel
plates of radius R, is A(r, y) = 4, sin(%) cos’ (%) for a crystal that has antinodes at both

surfaces (y being measured from the center of the crystal so that a surface is at y=T/2).
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This result depends on the exact wiring. For a crystal with one face grounded as is
commonly the case, the grounded face will be a node, and the open face an antinode,

giving rise to odd overtones (1, 3, 5...) being allowed.

This equation had wide success, and is still frequently used today. It was limited
generally to gaseous atmospheres, and rigid thin films. Operation in fluid, it was thought,
would dissipate all of the energy of the crystal, and quench the oscillations. However, two
decades later, in 1980, Nomura et al. showed that this was not the case and extended
function of the QCM to viscous environs such as fluids [214]. This opened the door to new
applications, such as protein deposition. Operation in fluids violated the assumptions of the
Sauerbrey equation, and required more sophisticated methods of modeling [215, 216].
Voinova et al. [215] have approached the problem with continuum mechanics. Viscoelastic

layers are modeled as Voigt elements in series.

By measuring the dissipation as well as the frequency, measurements of
viscoelastic properties can be made in addition to simple thickness. In general 6;=G*¢;
where o is the generalized stress tensor and ¢ is the generalized strain tensor, with G*(®)
the complex frequency dependent shear modulus. The QCM with homogenous layers on
top can be represented mechanically as a series of Voigt
elements. A Voigt element (Figure 21) involves a spring and
dashpot connected in parallel, for which the stress is
proportional to the sum of a viscous term and an elastic term ’F‘

o, | 00w,

X

oy oyot

o, =HU . The crystal and subsequent layers must

oo o’u .
2= p—=_1If, in . :
dy or? ’ Figure 21. Voigt element.

obey Cauchy’s equations of motion

it

addition, we assume that the motion is time harmonic, ie. u (y,t) = A(y)e"”, then putting

these results together we have:
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O OA(y)E”  00A(y)e™ 0> A(y)e™
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where p*(m)=p + ion is the effective complex shear modulus for a Voigt element [217].

2
This is a wave equation which has the auxillary equation & = |- P a) . The full solution is

then u (y,t) = (Aeﬁy +Be )ei’”’ , in which A and B are constants. All we require now for

a particular solution is to apply the boundary conditions to this equation.

A derivation of the solution form for n-layers is given in Paper IV. The solution
uses no slip boundaries in which the stress, displacement (and thus velocity) across the
boundary must be continuous. The Matlab code used to perform the calculation of AF and
AD for n-layers in Paper IV is given in Appendix E: Homogeneous, No-Slip, N-Layer
Voigt Model of QCM.



Conclusion

A complete understanding of the behaviour of proteins at interfaces cannot be gained
through directed focus upon one aspect of the field. This thesis has strived to make
advancements through experiment; both in fundamental aspects such as curvature
dependence of protein stability, as well as applied aspects such as contact lens applications.
However, it has also made a significant contribution to the advancement of nanoparticles
as new tools for investigation of interfacial protein. Ultimately protein adsorption is an
exceedingly complex phenomenon. Varying microscopic surface chemistries may lead to
very different adsorption behaviour for a single type of protein. The unique morphologies
on Galyfilcon A in paper V clearly demonstrate this. Alternately, protein may adsorb to the
same surface in vastly different ways, depending on the type of protein. In paper IV, such
behaviour ranges from concentration-independent monolayers, to complex, concentration-
dependent multilayer formation. Finally, even for similar surface chemistries, the same
protein may be drastically affected by the radius of curvature of the surface, as in papers I-
IT1. The search for new ways to investigate protein behaviour led us to utilize new methods
of measurement. In papers I-1II, we exploited the LSPR of Au nanospheres to measure
conformational changes during both thermal and pH perturbations, and in paper V we used

nanosphere-protein conjugates to visualize adsorption.
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Appendix A: Mie Theory

The following derivation follows that of Bohren and Huffman [208] of a homogenous

sphere made of a linear isotropic material.

Because we are dealing with a
sphere the solution will be easiest
if we use spherical coordinates
centered at the center of the sphere.

We would like to rewrite the planar

v
<

waves incident on the sphere in

terms of spherical coordinates.

While this is somewhat difficult, it X

makes the overall solution to the

E;,H;

scattering and absorbance of a
sphere quite easy. We start with a

Figure 22. Sphere of radius a, with coating thickness (b-a). The

brief derivation following that of subscript I denotes incident fields, while the subscripts 1, 2, and

Bohren and Huffman for s denote fields internal to the sphere, fields in the coating, and

expanding a plane wave in the scattered field respectively.

spherical coordinates:

The full vector wave equation must satisfy:

V2E+k?E=0 and V’H+k*H =0 with kK> =@’cu V-E=0and V-H =0

(of course we only need to find one of E or H, and we have the other according to
Maxwell’s equations Vx E =i@uH and V x H = —iweE )

These assume that the field is time harmonic, ie. E = Ee'" , which is no real sacrifice,

since we can always build up any field we want by summing an infinite series of harmonic

fields.

86
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To reduce the problem to a scalar solution Bohren and Huffman now use the vector valued
functions M, and N which are defined below, and will satisfy the wave equation, while

ultimately making calculations easier.

— _ VxM ) .
M =Vx(cy) and N = XT, where C is a constant vector, and y will be a scalar wave

function. We can show that these will satisfy the vector wave equation if the scalar wave

equation is satisfied.
V-M =V -(Vx(Zy)) =0 since the divergence of the curl of a vector is always zero.

Similarly, since N involves a curl, its divergence will also be zero.

For any vector, the identity V x(V x 4) = V(V - 4)— V*4 holds true. If we apply this to M
and N we produce two new wave equations.

LS. Vx(VxM)=V(V-M)-V’M =-V*M

RS, Vx(Vx(Vx(@p))=(V(V-Vxey)-VVxey)

VM +IM =(-V(V-Vxey)+VVxey ) +kV xey

But V(V-Vxéy/) =0

=Vx (VZE(// + kZEW)

= VX(E(VZI// +k21,y))

So

LS. Vx(VxN)=V(V-N)-V>N=-V’N

VxM
k

):V(v-%)—vzﬂz—v2M

R.S.  Vx( . .

V2N+k2N=VXV2%+k2VX%

_Lvx(veut+ient)
k
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Clearly, from the equation in M, since c is not in general the zero vector, if we satisfy the
scalar wave equation V7 + k’y =0 then the vector equations are zero, and satisfy the wave

vector equation.

The Laplacian in spherical coordinates is given by:

1 o0 ,0 1 o . 0 1 0’
——r —+ —sinfd —+
r*or Or r’sin@o0 00 r*sinf 0¢

Hence the scalar wave equation V7’ +k’w =0 in spherical coordinates becomes:

2
10ge0wy, 1 0 Ghpd¥y, 1 OV

+ky =0
2or o Psin0o0 06 rsmoog L

This equation is separable if we assume solutions of the form y (7,0, 9) = R(r)O(0)D(9).

Substituting this assumption into the above equation yields the separated equations:

2
2 d c12>+m2q)=0

dg

2

3 14 Gno®0 ] nn+1)- ”_le=0

sind do do sin” &
4 Lo e —amenlR=0

dr dr

We can now write solutions for the separated equations.

For equation 2 which is a simple second order linear D.E. having solutions:
® = Ae*™’  however, for a real electromagnetic field we require real solutions, and thus
choose: @, =cosm¢g and ®_  =sinm¢ to be our linearly independent solutions, where e

and o are even and odd m. The choice of A as 1 is arbitrary, but does not limit us, as the

amplitude of the wave can be added in later.
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v is required to be single valued in @, which insists that m is an integer of zero. Equation 3
has the solution of the associated Legendre functions of the first kind P (cos &), and n=m,

m+1 etc.

The final equation 4, has the solution of spherical Bessel functions when p=kr, and

Z= R\/; such that:

J.(p)= / 1 (p) and y, (p)= Y ( p) are solutions, as are any linear

combination z, forming two independent solutions, where J,, and Y,, are ordinary Bessel

functions.

Hence, the solutions to 1 are:
¥ ,m =cosm@P" (cos )z, (kr)

Vo = SINm@P" (cos 0)z, (kr)

The combined general solution is given by:

w(r,0,¢)= i i (A4,,cosmp+ B, sinm@)P" (cos)z, (kr)

m=0n=m
where z, is a Bessel function of the first, second or third kind, and A,,, and By, can be

determined once a particular arrangement is decided on.

Then in terms of M, and N:

M =Vx(ry)

3 [(—Am sinmg+ B, cos m¢)ﬁpf (cosO)z ( p)}zg

m=0n=m

{ ,cosm@g—B,  sinmg)

dP" (cos0) _
Tzn (p):|€¢
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VxM
k
= cosmg + sinm Mn n+1)P"(cosf) le
Amn an p n r

m=0n=m

=

dP" (cos0) 1d
do pdp
P"(cos®) 1d
sind pdp

+

(4,, cosmg+ B, sinmg)

(o2, (p))}éa

+|(B,, cosmp— A, sinmp)m

(o2, (p))}@

Where we have used the fact that in spherical coordinates the curl of a vector F is:

_ _ F F _ _ i
V=t | L gingr, - Do o A L OE 0 pyle 1Oy O
0 0 r|sin@ o¢ or r| or 00 | *

The above equations can also be split into Modd, Meven, and Nodd, Neven Where odd M/N

involve the A coefficient, and even M/N involve the B coefficient.

However, so far we have generated general solutions. We would like to have plane waves
incident on the sphere. We can generate a plane wave solution in terms of an expansion in
a series of M, and N, since any linear combination of the two will also be solution of the

vector wave equation in spherical coordinates.

Taking an x polarized wave in Cartesian coordinates: E = E e™*%& , where
0 x

e, =sinfcosge, + cosdcosgde, —singde, in spherical coordinates.

Setting £ = ZZBomnMomn +B, M, +A,6 N,  +A4

emn omn omn emn emn
m=0n=m

To find coefficients A and B we will use orthogonality of the vector spherical harmonics.

Clearly <A7I i ‘M ,,jk> are not orthogonal, however:

(M s | Ny} =M,
2z

jcos m@sinmgd@ = 0 in the inner product.
0

N,,.)=(M

M, )=(N

N, > =0 because these all involve

omn
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2 2

Of course Jsin m@sinm'gdg = Icos m¢cosm'gdg = 0 for m#m’ so for the rest of the inner
0 0

products we only need consider differences in n for the last orthogonality relationships.

Consider

2

!

(cos m¢ n "(n'+1)P" (cos 6?)]

(M,,

| Nen >

O'—o8
S 33

cosm¢—P’" (cosO)z, (p)j (cos me

o dhiteosO) 1 4 n,(p»]
(—sm g 20) (p)}-(—msmmqﬁWLi( o, (p))]kpzsinededqﬁdp
pd

de p dp

sin &

The portion dependent on 0 is:

dP" (cos ) N dP" (cos )
do do

IP’" (cos 0) P'"(cosO)do

j A pr " (cos ) - P (cos 0)d6
) do

= P (cosf)- P"(cos ) |Z =

and if m is zero, then the theta terms disappear in M, and the phi terms in N, so that the

inner-product is zero. So <1\7I

N, )=(M

omn

M) (N,

follows because they all involve the integral:

The last relations< ‘M > <M

N emn.> , <]\7 o ‘ N Omn,> are zero, which

emn omn

do

][- dP" (cos@) dP.’ (cosb) o P"(cos@)P.' (cosb)
. do do sin® @
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But from the differential equation which generated the associated Legendre functions

1 dP’” m’
1 — ) + +1)- P" =0
() 51n0d0(s o) {"(" ) sinze} "

1 dP" m2
2 — 0—HV+|n'(n'+1)- P'=0
@) sm9d0( m dé’) {n(n ) «9}

B+ F-(2)

m’ m’ P gdb' B d dP.
+1) - +|n'(n'+1)— P"P + B d )+ —(sin@ 0
[{”(" ) sinze} {” (D) sinzeD Tt o d0 ™ a0 ng a0 " a0 "

m m

Arranging terms and adding 2 ar, d; to both sides while multiplying through by siné&:

do do sin’ @

(Pm—(smé?dp )+ sin@dP ar; J (ﬂm%(sinedi)+sin9dp” d—"j

m m 2 pm pm
2sin0(dp” i + s ]:[n(n+l)+n'(n'+1)]anP”'7 sin @

" do do do do do do do

The last two terms in brackets can be recognized as the chain rule, allowing the equation to

be written:
m m 2 pm pm
2sind dr,” dE; +m52P”' =[n(n+1)+n'(n'+1)| PP’ sin &
de do sin” &

+i singP" —— ar, +sin@P" —— ar,
do do do

So now the integral becomes

:lj[”(”+1)+n'(n'+1)]ﬂmﬂ'7sin¢9+i sin@P" 1 dp,; +sinopr S dP’ 0
29 0 20 10

:%[n(n+l)+n'(n )] [ BB sin 600
0

+J- sin ¢9P'” +sin@P —* ar, 0
(9 do

=0+|sinéP" ar, +sinOP —* ar,
do do

=0

So all vector spherical harmonics are orthogonal to each other.
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To find the coefficients to the plane wave electric field written in spherical harmonics we

can use the orthogonality of the harmonics and take the inner product with one harmonic at

a time:

(B | ¥ ) = 2 3" B (Vs | M)+ B (M | )+ A (N | M) + A (V.0
m=0 n=m

=3 B (| )

= Bom'n' <Mom'n' ‘Mom'n'>
since it will be zero if m#m’ or n#n’. So to find B,y (and all other coefficients follow

similarly using orthogonality we have:

PR
o <Mem'n Mem'n'>
sin@cos¢-0

[Aoeik’“’sg ] + (cos 6 cos ¢) (sin me _—me P"(cosb)z, (p)j kp* sin 6d6d gdp
sin

_+ (— sin ¢)- (— cos m¢dP”nEC;SH)zn (p)J
- (o ]

T T[(COS ¢)-(sinm@)+ (sin g)- (cos m¢)]d¢jf -kp® sin Gdpd Gdp

(M,,,

_ (BN
Wy

Also, we can note that for any m not equal to 1 there will be different orders in ¢, and thus

o = <N is zero due to the ¢ terms similarly to Bemp.

om'n'

result in zero. So m is restricted to being 1.
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After much algebra, Bohren and Huffman have the final results:

(E|N....)
N )
2n+1

n(n+1)
(E| M)
(M, |M,,)
2n+1
0 n(n+1)

Ay = <N

em'n’

N

om'n’

om'n'

N

So that we have the final results for the plane wave in terms of the vector spherical

_ mooopgl -
harmonics: E = Ey Y i" By )
n=1 l’l(l’l+1)

lN(l)

oln eln

), where the superscript 1 denotes Bessel

functions of the first kind ie. jn(p), which remains finite at the origin unlike the other Bessel

functions, and allows our wave to pass through the origin.

- VxE
lou
:_E Z V (Maln Neln)
iou = n(n+1)

:—EZ 2n+1 (VxMD —ivx N
iou ‘= n(n+1)

Using the fact that Vx N = kM and V x M = kN we have the result

_ 1 u 2 1
H=7 DX} n{Zil) x M, —iV NG,
=]
k " 2n+1
) B3 2, M)

=1

Now consider a sphere resting at the origin, which has a radius a. We have two regions —
the region inside the sphere, and the region outside the sphere. This generates three types
of waves — namely those incident on the sphere, labeled 1, those scattered by the sphere
labeled s, and those internal to the sphere labeled 1. The boundary conditions of this

system are the requirement that the tangential component of electric and H field must be
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continuous at the boundary. Also we know that the field inside the sphere must remain
finite, and therefore only involve Bessel functions of the first kind. As well, in the sphere,
the wavenumber and permeability are labeled k;, and p;. Outside the sphere the scattered
field does not pass through the origin, and thus Bessel functions of both the first, and

second kind are allowable. However, Bohren and Huffman make the choice to use of

K (p)=j (p)+i
Hankel functions v(z)(/?) ]f’ () 'y,, (») , where the superscript denotes Hankel functions
h>(P)=J,(P) =1y, (p)
of the first and second kind. It turns out that since these functions describe the wave
outside of the sphere where we can have no reflections, we only need one of the two. This

is because Hankel functions can be approximated at large distances as

A" ikr
Wk~ CE

(l.l;: . for kr >> n’
- (kr) =

If we are very far from the sphere then Hankel functions of the first kind represent a wave
traveling radially outward, and the second kind represent a wave traveling radially inward.
Clearly we can only be traveling outwards at that point, and so functions of the first kind

are what we want.

So we have the equations:

qo VxE

—_ i — . N T ia)ﬂ
E =Y E,(% -iN) o=

H === E,(M$,~iNG,)
N o0 _ — ' a, n= ! - w
E =} E,(c, M), ~id,N{) kﬂ "
G _ H= SN B, i N
E =3 E,(BMG, via NGy

H =""3E, (a1, +ib,N)

a)/ul n=l1
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And we have boundary conditions:
(E +E —E)xe =0
(H +H —H)xe =0

Which means we have four equations:
E,+E,-E,=0
H,+H,-H,=0
E,+E,-FE,=0
Hy,+H,-H,=0

We can now solve these for coefficients a,, by, ¢,, and d,.

_ SO L Y.
oln (.ln) e@ +2En (_bnMoln +lanNeln)'en9
n=1 n=1

Y E(c,M) —id N))-e, = ZE (M
n=1

S E, (e, 1, ~id K0) -2, = S E, (3%, iV

s L

) _lN(l)

oln eln

_ - = (3 . 53 _
) e, + ZE,, (_bnME)I)n + lanNi,l:,) €
n=l

~ M S B @ i) vie 802, = ——zEn WD, ~iN)-2,+ > E (a1 +ib, V)2,

a)/’ll n=1 C(),Ll n=l1

——ZE (dM%) +ic,N\) ) ¢, ———ZE (M

eln

k& — _
(0] VOB (3) . 3\ =
—iN,] )- e, +—2En(anMeln +lbnN01n)'€¢
a)lul n=1 WU =1 OH =

eln

dP/(cos®) 1 d
a0 p dp

dP'(cos®) 1 d , .
16 pdp (pJ.(P))

dP/(cosf) 1 d
de pdp

= 1 , _ .
2 E,(c,cos ¢ Fl(cos)],(p) ~id, cos ¢ CYACY)
n=1

=3 E, (cosg—— P! (cos6) ], (p)~icos
o sin 8

+3° B, (b, 003 p—— P! cos O (p) +ia, cos (P (D)
— sin

dp! (cos 0) Pl(cos®) 1 d
sin @ ;1 dp,
1
dP!(cos®) . J(p)+isin ¢P (cos(9) 1 d (p (o)
de sin @
dP!(cos 6) Pnl(cos 6’) 1 d
do sind  pdp

ZE (c,(=1)singp—""——2

J.(p)+id, sing (L, (p))

= > E,(-Dsing
h" (p)—ia, sin ¢

+E, (b, (-D)sing (Ph® (p))
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1
D WACHC Dsing—— P\(cos0)j,(p) +ic, sing Lacos®) 1 d
a)ﬂl n=1 d@ ,01 dpl

:‘m_yZE"“‘”Si“%i ; R A

dP!(cos 6) ii
de pdp

(L), (P))

P!(cos6),(p)~isin g

+ S, (4, (-1)sing—— P (cos O (p) +ib, sin g (PH(p))
OU = sin @

1
S @, 1o p DO ) e, cosg B L
Oy sin  p, dp,

dP!(cos 0) P!(cos8) 1 d
8 ~nd o (p 7.(P))

dP!(cos 0) P!(cos 0) l d
de sind pdp

(L, (P))

=_w—ﬂ;En((—l)cos¢ j.(p)—icosp—"

+ K S E (0, (-Deoss KO () +ib, cos g (Ph(p))
OH =

These reduce to:

dP"(cos@) 1 d
o pdp

dP (cosd) 1 d
do pidp,

a?P1 (cos®) 1 d
do

0=YE, (—b,,.%ga‘(cos O (p)+ia, (Ph (p))
sin

-E (c,

10 Pl(cos®)j, (p)—id, (LJ,(P))

+E, (— Py (cos8)j,(p)- (p .(P)))

dPl(cose) Pl(cos®) 1 d .
—ZEn(( D R A Oy S CU T2
e dPnl(cosﬁ) W,y . Plcos®)1 d
+E,(=b,( 1)—d9 h,’(p)—ia, “sind pdp (ph,” ()
B dP!(cos 0) ) Pnl(cose)i d )
E,(c,(-)————— 10 J(p)+id, snd  p dp (P, (p)))
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o0

k 1 dP'(cos@) 1 d
O:_ E _ Pl H . s n - .
Ly g B oS () =i o (0 (P))

1
—E, LS (-a,— 1 P! (cosO)h'" (p)+ib, dr,(cos0) 1 d_
o sin @ do odp
ki dP)(cos®) 1 d_

(P, (P))

_En

(-d,— P (cos),(p) +ic, (0. (P)
sin &

o0

k dP'(cos ) . P'(cos®) 1 d
0=-Y K g LaleosO) ;) BlesO ] d
" O do sind pdp

1
_E i(—a dP, (cos0)

n

pJ.(P))

1
: W () +ib, 2D LD
wu do sinf  pdp
dP!(cos®) . . Pl(cos®) 1 d

k
—E 1 (—d +i —~ (pj
. wﬂl( " g J.(p)+ic, sn0  pdp (pJ.(P)

(ph" (p)))

Now clearly we have two sums here, one of which is real, and the other imaginary. These

sums must then satisfy condition of going to zero separately. For the electric part we have
then:

0=>"-Ep, #HP (cos O (p)—E,c, — P30/, () +E, LQP (cos0) /. (p)
Sin

- sin sin
> dP' (cos 6) dP! (cos 0) dP! (cos 6)
0= -E ————+j +Eb — " (p)+E ¢ —1
ngl n dg ]}1(p) n~n d@ n (p) n-n d@ .]n(pl)
imaginary
2 dP"(cosd) 1 d 0 . dP'(cos®) 1 d , dP'(cos@) 1 d , .
0=) ia ——F———(ph —id —* — P Sl S i
2= Sy PPN —id, = () o (P ()
2 Pl(cosd) 1 d ) . P'(cos®d) 1 d .. P'(cos®) 1 d )
0= LSO L s oy ia LESDL L () 4ig BLESDL L (5 (5
‘= sin@ pdp sind pdp sind p, dp,

This allows us to cancel all dependence on theta except for the associated Legendre

polynomials P',(cos®).
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real
0= ~Eb,P (cosOh’ (p)-E,c,P(cos0) j,(p)+E,P,(cos ) j,(p)
n=1
= dP!(cos ) dP!(cos6) dP' (cos 6)
0= -E —""2j (p)+E b —""LhV(p)+E c, —"——]
; n de Jn(p) n-n d@ n (p) ncn dH ]n(pl)
imaginary
2 dP"(cos®) 1 d . dP'(cos®) 1 d , dP'(cos®) 1 d , .
0= g 22220 = 7 (phV g 7 - 7 _am ) -7
D TPy PG A G P N CA )

0=3 P (c0s0) 2}, (p)) -, P! (cosO) -~ (ph" (p)) +d, P! (cos )
pdp pdp

n=1

d .
Ny (LJ.(P))

1 1

We know all that the associated Legendre polynomials form an orthogonal set, which
means that these sums must satisfy the null condition term-wise, and we can just divide out

the terms involving theta.
real
0==b,k"(P)~¢,j,(P)+J,(P)

0=—j,(P)+b,, " (p)+¢c,j,(p)
imaginary

1 d 1 d . 1d .
0=a,——(ph"(p)—d,— —(pj,(P)————(pJ,(P))
pdp prdp pdp
1 d 1 d 1 d .
0=——1(pj,(P)—a,———(ph" (p)+d,———(p.j,(p))
pdp pdp P dp,

Of course this is only two unique solutions. The other two come from the H-field, and are
found in the same manner. This gives us four linear independent equations in four

variables.

b, (x)+c,j,(mx) = j,(x)

pmj, (mx)d,, + wh (x)a, = u,j,(x) where x=ka=2nNa/A, and m=k;/k=N/N
ulmj, (mx)]'c, + g [xh (0)]'b, = 1[5, (0)]'

[mj, (mx)]'d,, +m{xh{"(x)]'a, = m[xj,(x)]
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These can be easily solved:
b = I (x)—¢,j, (mx)
! h,(,”(x)
Sub into second equation:
ulmog, (mx)]'e, + [k (0)]'b, = 1[4, (0)]'

]l jn(x)_cnjn(mx)

ulmxj (mx)]'c, + ,ul[xh,(,l)(x) hn(l)(x)

=, ()]
Solve for Cn:

_ B (O, (O] 3k, (0], (%)
") (), (m)]'= p[xh (0] j, (mx)

The other coefficients are solved similarly, giving the full set of coefficients:
Inside the particle
— ll’llhigl) (x)[xjn (x)] - ll’ll [Xhiil) (x)]'jn (x)
" uh" () [mxj, (mx)]'- w4, [xh" (x)]' j, (mx)
_ b (0L, ()] 4 [xh ()] mj, (x)
"l )lmg, (mx)]'= g [xk,” (x)]' j, (mx)

Scattered field coefficients
_ um’ j, (mx)[xj, (O]'= 14, j, (x)[mxj, (mx)]'
" um?[xh) ()], (mx) = ik (x)[maxj, (mx)]'
_ ), mx)[, (O)]'= pj, (x)[mxj, (mx)]'
" wlxhY (0] j, (mx) = phl” (x)[mxj, (mx)]'

Now, if the denominators in the coefficients go towards zero, the corresponding mode will
become extremely large. This condition would be satisfied if:
Forc ,b, :
[xh," ()] _ plmog, (mx)]'
h (x) ., (mx)
Fora, ,d, :

[xh, ()] _ py[mj, (mx)]'

mO(x)  um’j,(mx)
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We can generate full scattering cross sections from the scattered and incident fields. The
absorption cross section is given by the net rate at which electromagnetic energy crosses

the surface of a virtual sphere that just surrounds our particle divided by the incident
intensity. Ie. W,/I,. The time averaged Poynting vector § = %Re {ExH"} gives the flux of
energy at any point. This can be broken into three parts:

§ =2 Rel(E,+ E)x(H + )}

S

%Re{EI. <) +%Re{Es xﬁ:}+%Re{Ei <A +E <)
=S +8 +S .
Where i is the incident field, s the scattered, and ext denotes the interaction terms between

the two (hence the mixed cross product). Radial flux does not penetrate the imaginary

sphere, and thus would not contribute to the scattering flux. Thus, the total energy crossing

ext

the sphere is given by: W = —IS e dA=W, -W, = —Igext -e.dA —J‘ES e dA.
A A A

ext

And the extinction cross section is given by: C,, =

i

For our case of spherical coordinates, the calculation of Cg and Cey; are found in the

following manner:

vy ¥4

1 % * * * .
W= 5 Re{ j .[(EiqﬁHsH -E,H - E H,+E H, )a’ sin 0d0d ¢}
00

2r 7w

W, = %Re{ [ [(E H Y, —E, H,)a sin 0d0d g}
00

where we take the imaginary sphere to be the size of the particle r=a.
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Incident field

COS @ & L
EiH :—¢2En(l//n7z.n _u//nz-n)

n=1

sin ¢ & o
Ei¢:_¢zEn(”//n n_lr//nz.n)

n=1

Hy = tangr = an g S B (7, i)
CU,U a)ﬂ n=1
H), = =K cot $E", = _k sing > E,(iy.x, +y,7,)
Cf)ﬂ (!)ﬂ p n=l1
Scattered field
E,="PSE (ia,&7 ~be )
n=1
Sin ¢ Ly
ES¢ = ZEn(bnénTn _langnﬂ-n)
n=1
="K By e's va'en)
Cl),u p n=l1
H,= __kﬂz E(ibén +a )
a):u ,0 n=1

where we have used the notation substitutions of Bohren and Huffman in which:

E.(p)=ph"(p)
v, (p)=pJ,(p)

dar
T, =
do
Pl
T, =—
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The solution to Ws can be found in the following manner:

W :%Re{ ! !((&;ﬂ [iE (ia £ 1, —bn§n7rn)j(;—i ti:E,*(ib:gf*ﬁt +a,*§:Tt)j

(ﬂ’] [iE,,(b,,;f,,—m,,;;ﬂ,»j(‘—"ifz*ab::;*r,+a:§*n,>j>a2 sin 66}
P =l O =1

1 2% (cosp) k (& ; e .
= Rel] | ({—")] —[2 D EE (b&x,~ia,6r, )b m, +a¢, m]
2 00 p O),Ll t=1 n=l

b 2 o0 00
s (Mj [ZZE,,E,* (b,ér, —ia Ex ib&ET +a En, )j)a2 sin 0dOd §)
U\ p =1 n=1

Switching the integration and summation so that we integrate termwise and throwing out imaginary terms

© © 2r 2
RSB E [ [wj b EE 71, +b 0 EE 7T, +a b &L T —ia,d £ E7,7)a sin 0d0dg
wu oo\ P

t=1 n=l

2r . 2
L pE]] [W] (b5 EE T +ba &L 7T +a b EE 7T ~ia,0.E & 7w )a’sin 0d0d),
p oo\ P

We can evaluate the ¢ part, and p=ka, and the remaining terms are repeats so that:

= ﬁ ZZ(EHE: Re {I (ibnb: fnft'* (m,zr,+1,7,)— z'ana:f;f,* (m,zr,+1,7,)+ 2bna: é:’zé*fn@ + 2anbt*§;§;*7znrt )sin 8d 6}
t=1 n=l 0

Using the following identities (which arise from the Legendre polynomials):

. - . 2 2 1 2
I(Tn +7,)(7, +7Tr)sm‘9d‘9=j-(fnz} +T, +Tm, +mm)sinfdo=5, %
0 n+

0
[z, +7,7)sin0d6=0
0

So continuing the result:

w20 (n+1)° _l,

2 2
Re{(ibb& & 20 (ntly

al
i 2n+1

2n+1 "

r iEg(Znﬂ)z

T dkaou= (n+1) %
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= S B2 Qn+ ) Re{(ibblE,E —ia,a E £y
ka):u n=1

We can use the following result:

&, =ph =y, ~ix,

& =y, +ig,

Re{ig, &} =Reliy W, =W, 2, ~ V., X0 VX, X =V 2 =V X =1
Re{i&, &} = Reliy W, +V, 2, =V, 2o VX, X} =V 2 =~V X =]

n n 2)
W, follows similarly so that:
E
C - WS 260/2,1 b3 )
L\ kE
2r & 2+ 11p I 2
_FZ_;‘( n+1)( n| +|a
o :ﬁzz—fZ(znﬂ)Re{an +b )
Ii k n=l1
C :K 2a);2¢ 7rE )
I, kE,
:F a, 2)
W t
- :%: P Z(2n+1)Re{a +b,}

1

The extinction and scattering efficiencies are then given by:

C
Qext = ex;

wa

C
0 =—%
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Coated Sphere

Considering now the case of a coated sphere, much of the previous results can be altered.
Since region 2 does not include the origin Bessel functions of both the first and second

kind are permitted. The form of the equations follows similarly to the previous functions.

_ @ i @ r(2) 2)
_Z fMoln Neln +vnMo lW Neln]
=1
H _ kz N E M(l) N(l) M(Z) N(Z)
2 T oL z gn eln + l~f‘ oln + W, + lV oln
2 n=1

Boundary conditions are given by:
For r=a

(E,-E)xe =0

(H,—H,)x& =0

For r=b
(E.+E —E,)x& =0
(H,+H —H,)xé =0

Giving linear coefficient equations from Bohren and Huffman (where again x=ka, and
y=kb):

Sy, (myx) =v,my z, (myx) —c,myy, (mx) =0

w,m, y, (m,x)— g my, (m,x)+d my, (mx)=0

v, 4 7, (myX) = [, (myx) + ¢ oy, (mx) = 0

gty (myX) =w, g, 7, (myx) =d, oy, (m,x) = 0

myy,, (¥) = a,mé, () =g, (myy) +w,7,(m,y) =0

myb, &, () =my, () + £y, (m,y) =v, x,(m,y) =0

pV, (V) = a, 166, (¥) = g, 1y, (my ) + w, 1y, (m, ) = 0

b, 168, (0) = ¥, (V) + [y, (M y) =, iz, (m, ) = 0
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The solution to this system of equations, for the scattering coefficients a,, and b, (we don’t
care about the field in the coating), for non-magnetic situations in which p=p,;=p,, are
given by:
4 = VO, (my) = A2, (m )] = may, (D, (m) = 4,7, ()]

! én (y)[l//n (mZy) - AnZn (mZy)] - m2§n (y)[Wn (mZy) - Anln (mzy)]

p = MY, Wly, (m,») =B, x,(m,»)]—-v, Wy, (m,y)— B, 7,(m,y)]
" mé Wy, (myy) =B, x, (m,»)] =& (0, (myy) = B, x,(m, )]
where

4 = my, (mzx)'//y'l (mlx)_mll//;; (myx)y, (m;x)
" omy g, (o), (myx) —my g, (myx)y, (m,x)
o Y ()~ my (m 5w, ()
"oy, (o), (myx) = my g, (myx)y, (myx)

Qext is found in the same way as the uncoated sphere, substituting our new E and H fields.
This is the final result, that we know all fields everywhere and can calculate our Qext for

any given wavelength for the coated sphere.



Appendix B: Bulk Plasma
Frequency Shift

Used to find the values of wp that will reproduce the bare wavelengths at an index of
refraction of 1.33 and coating thickness of 0. Requires Matlab routine by C. Mitzler [211]

Miecoated routine to be present

clear all

Ffid=fopen("Wp_Shift_Factor.txt", "wt");

divlambda=.05e-9; %spacing of wavelengths
Startwavelength=490*10"-9; %Starting wavelength
Stopwavelength=580*10"-9; %Ending wavelength

numpoints=round((Stopwavelength-Startwavelength)/divlambda) ; %Number
of points that will be calculated between start and stop wavelength

ExpPeakValue=[522.3917];
%Experimental peak wavelength of bare sphere

sizes=[20]; %Sizes

(diameter) corresponding to peak to calculate
FlagvValue=0;

wpsizes=1*(10"16)*[0.005]; %Matrix
of guess corrections to bulk plasmon resonance

while(FlagvValue==0)

107



Appendix B: Bulk Plasma Frequency Shift 108

for count=1:1:numpoints
wavelength(count)=Startwavelength + (count-1)*divlambda;

end

Nwat=1.33;
%Surrounding medium (water)

kO=2*pi*Nwat./wavelength;
%Wavevector iIn Ambient material

*KhAhkk

innercore=1;
a=0.5*sizes(innercore)*10"-9; %lnner radius

gbulk=1.64*10"14; %Size independent
damping constant 1.64*10"14

vf=14.1*10"14; %Fermi velocity
1.41*10"N14
gamma=gbulk + 1*vf/(a*10"9); %Size dependent damping

constant with finite size effects included

wp=1.3*10"16; %Bulk plasma frequency
1.3*10"M(16)

wpnew=1.3*10"16 + wpsizes(innercore); %New Bulk plasma
frequency (0.135,0.5)

%************************************************************************

AEAAXAIAAAXAAAXAXAAAXAAAXAXAAAIAAAXAIAAAIAAAAAAIAAAddhdhi
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eprime=31.4199 - 0.0679*wavelength*10M9;

e2prime=-416.5513 + 703616.2145./((wavelength*10M9)) -
396337158.8805.7((wavelength*10M9) ."2) +
74793091592.0138./((wavelength*1079) ."3);

for count=1:length(wavelength)
w(count)=2*pi*3e8/(wavelength(count));

eprime(count)=eprime(count) - ( 1-wp”2/(w(count)”2+gbulk”2) ) + ( 1-
wpnew”2/ (w(count)”2+gamman2) );

e2prime(count)=e2prime(count) - (
gbulk*wp”~2/(w(count)*(w(count)”2+gbulk”"2)) ) +
(gamma*wpnew”2/ (w(count)*(w(count)”2+gamma™2)) );

end

for j=1:numpoints
n()=.5*((eprime()"2 + e2prime(G)"2)"(0.5) + eprime(G))IN(0.5);

k(@)=00.5*((eprime()"2 + eZ2prime()™"2)M(0.5) - eprime(G))I)™(0.5);

end

ml=(n+i*Kk) ./Nwat; %Index of refraction of sphere

relative to water array

x=k0*a; %Wavenumber of sphere
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L it Vary coating thickness and index of
refraction-- - - - - ———— - ———
Ncoating=1.33; %Sphere coating

b=a; %Outer radius

y=k0*b; %Wavenumber of coating
m2=(Ncoating + 0*k)./Nwat; %Index of refraction of coating

relative to water array

for j=1l:numpoints
Data=Miecoated(m1(J).m2(),.xd).yd),.1);
Extinction(j)=Data(l);

end

[maxvalue,maxindex]=max(Extinction);

Peak_wavelengths=wavelength(maxindex)*1019;

DifferenceValue=Peak_wavelengths-ExpPeakValue

it (Differencevalue>0.025)

wpsizes=wpsizes + 1*(107"16)*[0.00015]; %Matrix of corrections to

bulk plasmon resonance
elseif (DifferencevValue < -0.025)

wpsizes=wpsizes - 1*(107M16)*[0.00015]; %Matrix of corrections to
bulk plasmon resonance
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else
Flagvalue=1; %The value is within the tolerance so exit

end

end %end of while loop (Wp has been found for particular value

fprintf(fid, "%6.6F %6.6F %6.6F %6.6F \n", a*2*10"9, Peak_wavelengths,
max(Extinction), wpsizes(innercore)/(10M16));

fclose(fid);



Appendix C: Refractive
Index/Thickness Contour Plot
Generator

This program is the main routine which uses the Matlab routine by C. Miétzler [211]
Miecoated to generate a contour plot data of the extinction peak value, and position for a

graph of index of refraction vs. coating thickness (nm).

clear all

Ffid=fopen("Contour_Data For_Patricks 20nm_Wp_ Vf Shifted.txt", "wt");

divlambda=.05e-9; %spacing of wavelengths
Startwavelength=510*10"-9; %Starting wavelength
Stopwavelength=560*10"-9; %Ending wavelength

numpoints=round((Stopwavelength-Startwavelength)/divlambda); %Number
of points that will be calculated between start and stop wavelength

for count=1:1:numpoints

wavelength(count)=Startwavelength + (count-1)*divlambda;

end

sizes=[20]; %Matrix of sizes to
calculate

wpsizes=1*(10"16)*[0.007550]; %Matrix of

corrections to bulk plasmon resonance
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Nwat=1.33; %Surrounding medium
(water)
kO=2*pi*Nwat./wavelength; %Wavevector in

Ambient material

for innercore=1:length(sizes)

%Gold Constants
a=0.5*sizes(innercore)*10"-9 %lnner radius

gbulk=1.64*10"14; %Size independent
damping constant 1.64*10"14

vf=14.1*10"14; %Fermi velocity
1.41*10M14

gamma=gbulk + 1*vf/(a*10"9); %Size dependent damping
constant

wp=1.3*10"16; %Bulk plasma frequency

1.3*10°(16)

wpnew=1.3*10"16 + wpsizes(innercore) %New Bulk plasma
frequency (0.135,0.5)

eprime=31.4199 - 0.0679*wavelength*10M9;

e2prime=-416.5513 + 703616.2145_/((wavelength*1079)) -
396337158.8805.7 ((wavelength*10M9) .~"2) +
74793091592.0138.7((wavelength*10M9) ."3);
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for count=1:length(wavelength)
w(count)=2*pi*3e8/(wavelength(count));

eprime(count)=eprime(count) - ( l-wp”2/(w(count)”2+gbulk”2) ) + (
1-wpnew™2/ (w(count)”2+gamma™2) );

e2prime(count)=e2prime(count) - (
gbulk*wp”~2/(w(count)*(w(count)”2+gbulk”"2)) ) +
(gamma*wpnew”2/ (w(count)*(w(count)”2+gamma”™2)) );

end

Yo ———————————— Interpolate Points and setup index of refraction arrays---—-

for j=1:numpoints
n(J)=0.5*((eprime()"2 + e2prime(@)"2)"(0.5) + eprime())IN(0.5);
k(J)=00.5*((eprime()"2 + e2prime(J)™"2)"(0.5) - eprime(3)))"(0.5);

end

ml=(n+i*k) ./Nwat; %Index of refraction of sphere
relative to water array

x=k0*a; %Wavenumber of sphere
Yo —mm—m e Vary coating thickness and index of
refraction---——-———————————————— *

for outercoat=0:200

for indexcoat=0:50

Ncoating=1.30 + indexcoat*0.01; %Sphere coating
b=a + .05*outercoat*(10™-9); %Outer radius

y=k0*b; Y%Wavenumber of coating
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m2=(Ncoating*ones(1, length(wavelength)) +
i*0*ones(1, length(wavelength))) ./Nwat; %Index of refraction of
coating relative to water array

for j=1l:numpoints
Data=Miecoated(m1(@).m2(),.xd).yd),1);
Extinction(j)=Data(l);

end

%Find wavelength of maximum
[maxvalue,maxindex]=max(Extinction);

%Find corresponding value of maximum
Peak_wavelengths=wavelength(maxindex)*1019;
%Output the results

fprintf(fid, "%6.3F %6.3F %6.3F %6.3F %6.5F \n*, a*2*10M9, (b-a)*10M9,
Ncoating, Peak wavelengths, maxvalue);

end

end

end

fclose(fid);



Appendix D: Contour Plot
Search Algortihm for Inversion
of Mie Calculation

The following program searches through the generated contour plot for the best
approximation to the experimentally measured peak wavelength and value, returning the
associated index of refraction, and thickness.

clear all

Ffid=fopen("Outputl.txt”®, "wt"); %File in which to output results.

R Rk R kR

%5nm

Peak(1, :)=[---values of peak extinction from contour generation
program...];

Extinction(l,:)=[...values of extinction wavelength from contour
generation program...];

ExpPeak(l,:)=[522.1437 521.9367  522.0878  521.5365  521.8626
521.1002  521.5224  521.8450  521.8343];

ExpExt(1,:)=[0.1185 0.1170 0.1181 0.1217 0.1201
0.1191 0.1200 0.1223 0.1163];

Length=length(Thickness(1,:));
%************************************************************************

EE = =

count2=1;
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%Distribution from contour generation program used to produce the arrays

Peak and Extinciton

Thickness2=0:0.05:10; %Values of thickness used to produce peak and

extinction values

Index2=1.3:0.01:1.8; %Values of index of refraction used to produce
peak and extinction values

outercoat=201  %Number of coating thickness values

indexcoat=51 %Number of index of refraction values

for count=0:(outercoat-1)

Peak2(count+1, :)=Peak(count2, (1 + indexcoat*count):(indexcoat +
indexcoat*count));

Extinction2(count+1, :)=Extinction(count2, (1 +

indexcoat*count) : (indexcoat + indexcoat*count));

end

%The following represent the grid spacing we"d like to have
Divisionl1=1800;

Division2=1000;

%New coating thickness distribution
for count=1:Divisionl
Thicknew(count)=0 + count*0.005;

end

%New index of refraction distribution
for count=1:Division2

Indexnew(count)=1.4 + count*0.0005;
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end

%Produce the actual Grid
[x,y]=meshgrid(Indexnew, Thicknew);
InterPeaks= interp2(lndex2, Thickness2, Peak2, x, y, "linear");

InterExtinction= interp2(Index2, Thickness2, Extinction2, X, Vv,
"linear™);

clear Peak2;
clear Extinction2;

clear Thickness2;

%Reshape the arrays so they can be used by dsearch and for outputting
to file

TheorData= cat(2,reshape(InterPeaks,Divisionl*Division2,1),

reshape(InterExtinction, Divisionl*Division2,1));
clear InterPeaks;
clear InterExtinction;

clear IndexofRefraction;

IndexofRefraction=reshape(x,Divisionl*Division2,1);

CoatingThickness=reshape(y,Divisionl*Division2,1);

clear x;

clear y;

%Setup an array to be used by dsearchn with experimental data
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for count=1:length(ExpExt(count2,:))
ExpData(count, 2)=ExpExt(count2,count);
ExpData(count,1)=ExpPeak(count2,count);

end

%Perform a search for the first point, and adjust the initial extinction,
until the index of refraction of the first point is a specific value (eg.
1.57)

clear k;

k = dsearchn(TheorData,ExpData);

%Output the scaling factor for the data so that the first point will
produce an N value of __ (eg. 1.57)

fprintf(fid, "%6.6Ff \n", count2);

%Fprintf(Fid, "%6.6F \n", count2?);
for count=1:length(ExpExt(count2,:))

fprintf(Fid, "%6.6F %6.6F %6.6F %6.6F \n", TheorData(k(count),1l),
TheorData(k(count),2), IndexofRefraction(k(count)),
CoatingThickness(k(count)) );

end



Appendix E: Homogeneous, No-
Slip, N-Layer Voigt Model of
QCM

The following program is used to calculate the frequency and dissipation for any number
of overtones caused by depositing any number of layers for a QCM crystal. This is based

on the solution of Voinova et al. [215].

clear all

Ffid=fopen("ProteinOnPHEMA.txt", "wt");

%************************************************************************

FEAAAAAAXAAAAAAAXAAAAAAAXAAXK

%User Defined Layer Parameters. Each layer is a separate column. Any
number of layers can be added

mu= [1.208*1079, 2.5531e+006, 1*1079, 0l;

eta= [0, 0.4497, 0, 0.0007];
rho= [1050, 1098.7, 1330, 1000];

h= [95*107(-9), 379.95%107(-9), 90*107(-9), 5000*107(-
N1;

%User Defined Bare Crystal Parameters
%Voinova Paper values

rho0=2648;

0= 4.96*1076;

fr=3*10;

h0=3340/(2*10) ;
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%************************************************************************

AR R kR e R R R R ARk

%Perform calculation for fundamental frequency and first two overtones.
for freqcount=1:2:5

fr=Ffreqcount*f0;

%Calculated parameters

NLayers=length(mu);

w=2*pi*fr;

for count=2:NLayers
H(count-1)=h(count);

end

for count=1:NLayers
zeta(count)=( -(rho(count)*(w"2))/(mu(count) + i*w*eta(count)) )"0.5;
K(count)=(eta(count) - i*mu(count)/w);

end

A(NLayers)=1;
for count=(NLayers-1):-1:1

A(count)=(K(count)*zeta(count)*(1 +
A(count+l)*exp(2*zeta(count+l)*H(count))) - K(count+l)*zeta(count+1)*(1 -
A(count+1l)*exp(2*zeta(count+1)*H(count)))) 7/ (K(count)*zeta(count)*(1 +
A(count+l)*exp(2*zeta(count+1)*H(count))) + K(count+l)*zeta(count+1)*(1 -
A(count+l)*exp(2*zeta(count+l)*H(count))));

end
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BetaFunction=K(1)*zeta(1)*( (1 - A(D)*exp(2*zeta(1)*h(1))) 7 (1 +
A(D)*exp(2*zeta(1)*h(1))) ):;
DeltaFrequency(freqcount)=sensitivity(freqcount)*imag(BetaFunction/(2*pi*

rho0*h0))-shiftF(freqcount);

DeltaDissipation(freqcount)=-real (BetaFunction/(pi*fr*rho0*h0))-
shiftD(freqcount);

end

fprintf(fid, "%6.2F %6.6F %6.6F %6.6F %6.6F %6.6F %6.6F \n", h(3)*10"9,
DeltaFrequency(l), DeltaDissipation(1)*107"6, DeltaFrequency(3),
DeltaDissipation(3)*1076, DeltaFrequency(5), DeltaDissipation(5)*1076);
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Summary of Papers

Summary of Papers

Papers I, 11, and III involve the application of gold nanospheres to examining
protein conformational dependencies during heat and acid denaturation. Thin planar gold
films have been used for some time to extract the optical thickness and refractive index
from the angle and amplitude shift of their plasmon resonance in the presence of protein.
Small gold particles exhibit localized surface plasmon resonance which depends strongly
on the local index of refraction surrounding the sphere. We use analogous techniques to
planar SPR to extract index of refraction and thickness of bovine serum albumin (BSA)
protein conjugated to various sizes of gold nanospheres. By monitoring amplitude and
wavelength shifts in the peak plasmon resonance as we subject the samples to denaturing

conditions, we can infer what may be happening to the protein from Mie theory (page 69).

The first paper involves heat denaturation over a ramp cycle, looking at curvature
dependence of the cycle. The second paper investigates isothermal heating, and derives
curvature dependent activation energies. Lastly, the curvature dependence of pH

denaturation is examined in the third paper.

Papers IV, and V examine protein deposition in the applied situation of
biomaterials, in particular contact lenses. Paper IV examines adsorption of hen egg white
lysozyme, BSA, bovine lactoferrin and combinations of these onto crosslinked polyHEMA
hydrogels deposited onto a quartz crystal microbalance. Lastly, Paper V examines
deposition onto commercial contact lenses using atomic force microscopy and protein
conjugated nanospheres. The conjugated nanospheres provide a labeling for the protein,
allowing lateral resolution of protein deposition that would otherwise be obscured by the

morphology of the lens. Structures resembling fibril-type protein are found on one lens

type.
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Paper |

Anomalous thermal denaturing
of proteins adsorbed to
nanoparticles.’

Protein adsorbtion is greatly affected by the surface onto which it deposits. One aspect of
the surface that is generally overlooked is the effect of curvature upon adsorbtion. In
particular, if the size of the roughness approaches the dimensions of the molecule, what
effect will this have upon adsorption? Even more peculiar may be to ask how the behaviour
of a protein will differ on a surface that is smaller than the protein dimensions. The ease
with which a range of nanoparticle sizes can be made makes them ideal candidates for
examining curvature effects. Additionally, due to their strong localized surface plasmon
resonance, they can be used as a measurement tool with extreme sensitivity to their local
surroundings. This translates into excellent resolution for monitoring layer changes. This
paper seeks to demonstrate the effect of Au nanosphere curvature upon the thermal
stability, and denaturing path (in index/thickness space) of bovine serum albumin. It also
shows the usefulness of Au nanospheres as measurement tools. Extremely useful

information can be extracted from even basic modeling of the system.

'Reproduced with kind permission of Springer Science+Business Media [EPJ E vol 21,
(2006) p 19-24.]
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Abstract. We have used localized surface plasmon resonance (LSPR) to monitor the structural changes
that accompany thermal denaturing of bovine serum albumin (BSA) adsorbed onto gold nanospheres of
size 5 nm—60 nm. The effect of the protein on the LSPR was monitored by visible extinction spectroscopy.
The position of the resonance is affected by the conformation of the adsorbed protein layer, and as such
can be used as a very sensitive probe of thermal denaturing that is specific to the adsorbed protein.
The results are compared to detailed calculations and show that full calculations can lead to significant
increases in knowledge where gold nanospheres are used as biosensors. Thermal denaturing on spheres with
diameter > 20 nm show strong similarity to bulk calorimetric studies of BSA in solution. BSA adsorbed
on nanospheres with d < 15nm shows a qualitative difference in behavior, suggesting a sensitivity of
denaturing characteristics on local surface curvature. This may have important implications for other
protein-nanoparticle interactions.

PACS. 78.67.Bf Nanocrystals and nanoparticles — 87.80.-y Biological techniques and instrumentation;

biomedical engineering — 87.83.+a Biomedical applications of nanotechnology

The use of nanoparticles in technology is becoming in-
creasingly common. Continuation of this trend will nec-
essarily increase the exposure of biological systems to
nanoparticles. As a result, it is imperative to develop a
detailed understanding of how biological entities, and at
the most basic level, proteins, may interact with nanoscale
particles. An important aspect of this problem is the pres-
ence of the interface, and this has been studied in detail [1-
3]. A much less well-understood, but perhaps equally im-
portant, aspect is the curvature of the interface —an effect
that is much more important for nanoparticles. Under-
standing this effect is also important for understanding
real biological systems than can also have curvature on
similar nanometer length scales. In addition to the high
relevance of such systems for developing an understanding
of the general problem of proteins at interfaces, there is
a strong practical impetus to characterize such systems.
The adsorption and possible subsequent structural change
of a protein on a solid surface is of crucial and fundamental
importance to the entire field of biomaterials. The interac-
tion of biomacromolecules with surfaces Is the underpin-
ning science for many forms of biosensors, in particular
those using nanoparticles.

? e-mail: jforrest@uwaterloo.ca

In this article we describe an experiment and analysis
that allows gold-nanosphere biosensing to be as quantita-
tive as ellipsometric studies. We believe that our analysis
technique approaches the limit of precision that can be
attained with nanoparticle biosensing. We use this tech-
nique to make the first detailed study of the dependence
of thermal denaturing of adsorbed protein (in this case
BSA) on the local curvature of the substrate. We show
that the thermal denaturing of proteins can proceed in a
qualitatively different way on nanoparticles as compared
to bulk solution.

There are many aspects of surface proximity that could
affect protein adsorption and stability. Aspects such as
charge and surface chemistry have been studied [4, 5] in de-
tail. One aspect that has not been discussed in detail is the
dependence on the local surface curvature. Native protein
structures are characterized by a specific tertiary structure
and surfaces with radii of curvature comparable to the
protein size may have constraints to molecular adsorption
and packing. This may also affect the stability of different
configurations and hence the stability of the native confor-
mation against external factors such as heat and/or solu-
tion properties. Larsericsdotter et al [6] used differential
scanning calorimetry (DSC) to measure the thermal dena-
turing of lysozyme adsorbed to silica nanoparticles. They
found a broadening of the heat capacity peak as well as a
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shift to lower temperatures indicating a decreased stability
against temperature change. While motivating the need
for further studies, a disadvantage of calorimetric based
techniques is the need to exclude bulk protein from the ex-
periment as all protein is sensed in such studies. Localized
surface plasmon resonance is a technique that combines
high sensitivity to changes in the adsorbed protein layer
while not being affected by the protein in bulk solution.

The principle of the experiment is simple. Protein
molecules are adsorbed onto gold nanoparticles. This is
a technique that has been used for almost 50 years in im-
munological studies [7]. The protein is probed through its
effect on the localized surface plasmon resonance of the
gold spheres, which in turn is measured by optical extine-
tion measurements. The position of the extinction peak of
the nanoparticles is affected by interaction with protein
or by aggregation. Qualitative analogues of this are used
extensively as biosensors [8-11], a prime example being
the Carter-Wallace home pregnancy test. The specific and
crucial differences of the current study are twofold: First,
we are not simply measuring the adsorption of the protein
(though we observe this as well), but instead we are look-
ing at the much finer effects caused by the protein under-
going structural changes upon thermal denaturing. Sec-
ond, we do not rely on a qualitative analysis of the data,
as is usually employed in biosensing studies, but do the full
Mie scattering calculation for coated spheres to determine
the full extinction spectrum. The protein-sphere system
can be approximated as a coated isotropic sphere, and can
be solved exactly using Mie theory [12]. The extinction dis-
plays a distinct maximum due to the Frolich resonance and
the position and magnitude of this maximum is affected
by the environment of the nanospheres. For bare spheres,
this is the refractive index of the medium the nanospheres
are in, and for the coated system it is the optical proper-
ties (density and thickness) of the coating as well as those
of the medium. A notable advantage of this technique over
many others used to probe properties of surface-adsorbed
protein 1s the fact that only protein molecules on the
nanospheres are observed. All of the protein in the bulk
solution is lett undetected by the experiment. Other exper-
iments with this advantage usually require tagging some
of the molecules (with radicactive nuclei or fluorescent
dye for instance). Our studies show that gold nanospheres
as biosensors can be used to observe structural changes
of proteins, and that full calculations can lead to an en-
hanced ability to make quantitative conclusions.

Gold nanoparticles (sphere diameters 5nm-60nm)
were purchased from Ted Pella Inc with concentrations
ranging from 5 x 1013 /ml (for the 5nm diameter spheres)
to 2.6 x 10'°/ml (for the 60 nm diameter spheres). Phos-
phate buffer solution (PBS) is made twice concentrated
as compared to that normally used to mimic physiological
conditions. Bovine serum albumin (Sigma min 99% pu-
rity) is dissolved in the “double strength” phosphate buffer
to a concentration of 0.2% b.w. In addition, a second solu-
tion is made by dissolving BSA in MilliQ water (rated at
18 M2 resistance) to a concentration of 1 mg/mL. These
solutions are gently mixed on a Vortex Genie II and then
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Fig. 1. Position of peak extinction for bare nanospheres (cir-
cles) as well as BSA-coated spheres in deionised water (trian-
gles) and phosphate buffer at pH 7 (squares). The inset shows
a typical extinction spectrum.

left to sit for several hours to ensure all protein has been
dissolved. 1200 ;L of a given size of Ted Pella Au colloid
are measured out into a polystyrene cuvette and 300 p L
of the 1 mg/mL BSA in MilliQ water are added immedi-
ately. The cuvette is mixed by turning end over end for
10 minutes, and left to conjugate for 1 hour at room tem-
perature. After 1 hour 1500 ;L of 0.2% BSA in double-
strength PBS are added, and the cuvette is again mixed
end over end for 10 minutes. The solution is then left for
at least 1 hour at room temperature to make sure equi-
librium is reached. Samples are then stored in the refrig-
erator for a maximum of 2 days before use. Earlier ex-
periments involved a centrifugation/resuspension step to
remove free protein, but this was found to have no ef-
fect on the final results even over 5-6 orders of magnitude
change in the free-protein concentration. The final solu-
tion of coated nanoparticles is in a phosphate buffer with
a pH of 7 that mimics physiological conditions. This is
essentlally the same conjugation procedure described for
immunological studies [7]. Extinction measurements were
done in a heated cuvette. The light source was a tungsten
filament lamp, and the spectrometer was an Ocean Op-
tics USB2000. Extinction spectra were taken in the range
400nm to 900 nm. Sphere sizes larger than 60nm were
not used as they were subject to sedimentation during the
course of the experiment which would exclude a quanti-
tative comparison to the extinetion values. To find the
peak of a spectrum, a numerical derivative of the data
was fitted with a linear function and the zero crossing
was determined to a typical accuracy of 0.05nm. Figure 1
shows the peak position as a function of sphere size for
both bare and protein-conjugated spheres (for both buffer
and deionised water) for all sizes employed in the experi-
ment. The blue shifting of the peak for small sphere sizes
is not predicted by theory and cannot be accounted for
by finite-size effects of plasmon damping as such effects
can only result in a red shift of the peak [13]. This blue
shift has been observed by others and is postulated to be
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Fig. 2. Temperature dependence of the position of the max-
imum extinction as a function of temperature for a complete
heating-cooling eycle for BSA-coated gold nanospheres. The
top graph in the inset is a DSC trace for a 30 mg/ml solution
and the bottom plot is the temperature derivative of the data
in the main plot. The sphere size for this data is 60 nm.

a result of changes in the bulk plasmon frequency in the
nanospheres [14]. Since detailed calculations require the
refractive index, we split the refractive index into a part
due to bound electrons, and one due to free electrons, use
a Drude model to describe the free-electron part, and then
modify the bulk plasmon frequency w, to get agreement
with the measured peak positions for the bare spheres in
Figure 1. It is these modified w, values that are used in
the calculations for the protein-conjugated nanospheres.

For temperature-dependent studies an extinction spec-
trumn was taken every ~ 2K degrees with a time of ~ 15—
20 minutes between spectra (due to time of heating and
acquisition). The procedure was automated to control the
temperature controller and spectrometer. Figure 2 shows
the peak position of BSA on 60 nm nanospheres as a func-
tion of temperature. In order to make comparisons with
more conventional techniques, we also used DSC to mea-
sure the thermal denaturing of BSA. This is shown in
the top graph in the inset of Figure 2. The DSC is well
studied [15] and has been interpreted. The small shoul-
der near 45-55 °C is a reversible process, and the peak at
65 °C is an irreversible thermal denaturing. Since the DSC
curve shows the heat capacity that accompanies changes
in the structure, and the LSPR is related to the struc-
ture of the protein layer, the temperature derivative of
the LSPR maximum should correlate well with the DSC.
The inset shows both of these and there is obviously a

30 40 50 60 70 80 90
Temperature (°C)

Fig. 3. Heating-cooling curves for BSA-coated gold nane-
spheres of sizes from 5nm diameter to 60 nm diameter.

close agreement hetween the two. This is especially im-
pressive when one notes that the concentration in the DSC
measurements is typically about 108 times larger than the
concentration of proteins on the spheres. After heating to
90°C, cooling back down to room temperature results in
very little change. This is consistent with bulk studies in
that the protein has denatured and the structure does not
change on subsequent cooling. By comparing the data in
Figure 2, we can map the DSC curve [15] which is well
understood to the shifts on the LSPR peak of the protein-
coated nanospheres.

Figure 3 shows the temperature dependence of the
LSPR peak of protein-coated nanospheres for sphere di-
ameters from 5 nm to 60 nm. What is immediately obvious
from the figure is the qualitative difference between the
behavior observed for protein on large spheres, and that
observed for protein on the small spheres. For example,
if we compare the temperature dependence of the LSPR
peak for the 50 nm sphere with BSA and the 5nm sphere
BSA we see that at a temperature 7" ~ 60 °C the peak for
the 50 nm sphere starts to become red shifted, while that
of the bnm sphere becomes blue shifted. The magnitude
of the effect is also large and for the 5nm sphere, the total
blue shift is approximately the same as the entire red shift
for the larger spheres. There are other key differences as
well. The temperature dependence for the largest spheres
is essentially finished by 80 °C, while for the 5nm sphere,
80°C is the temperature at which the peak of the LSPR
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starts to red shift. This continues to 90°C. In contrast, ¥ p
temperature ramps of bare spheres show only reversible 5 E‘\k—& o«
shifts with a magnitude < 1 nm. Figure 4 provides a quan- 1.4 >
tification of some of these observations. This figure shows 5 b &
the shift of extinction maximum upon adsorption, the red l‘“ / > o

shift upon heating the system from 45°C to 80°C, and
the difference between the initial spectrum and the spec-
trum at the same temperature after a complete thermal
cycle to 90 °C. The plot shows that even though the small-
sphere behavior is qualitatively different from the large-
sphere behaviors, the change from one type of behavior to
the other is continuous (though quite rapid). It also shows
that the changes start to be observed for spheres in the
range 20-30 nm. While this might be associated to a rela-
tion between protein structure and the sphere curvature,
it is also in the region where deviations are observed from
wp. We note, though, that the deviations from the bulk w,
are very small (~ 0.2%) and are unlikely to dominate the
observed behavior. For this reason, we believe the effects
shown in Figures 3 and 4 support the idea that the struc-
tural transitions of an adsorbed protein upon denaturing
can be affected by the local curvature.

In order to relate the observed behavior to physical
properties, it is necessary to make some simplifying as-
sumptions. In particular, we treat the protein as a uni-
form isotropic coating and use Mie theory. This is a rea-
sonable assumption that allows us to do a detailed calcu-
lation of the extinction coefficient that can be compared
with the experimental results. The calculations are done
using MatLab routines [16] based on original routines in
reference [12]. We calculate the entire extinction spectrum
and find the wavelength of the maximum extinction, Ay as
well as the maximum extinction value, eq. For each sphere
size, we do the caleulations for a range in layer thickness
and refractive index. This procedure allows us to gener-

Thickness (nm)

Fig. 5. Contour plots showing the result of Mie scattering cal-
culations for a uniformly coated sphere as a function of layer
thickness and refractive index. The top graph shows the posi-
tion of the peak extinction and the extinction values for 5 nm
coated spheres, and the bottom graph shows these same quan-
tities for the 60 nm coated spheres. The lower graph shows the
maximum extinction value as a function of coating thickness
and refractive index.

ate a contour plot, such as that shown in Figure 5 for
the two extreme sizes, that can be used to compare to
experimental data. For this comparison we make a curve
in layer thickness-refractive index space (h,n) represent-
ing the temperature dependence of the protein layer, and
generate a theoretical heating curve. It is important to
note that if we used only the peak position, there would
be many pairs of i, n that can have a peak at Ap, but by
measuring the extinction as well, in principle, we are able
to uniquely determine an /i, nn for any measured Ag, ep. It
has been noted previously that calculated extinction val-
ues do not agree exactly with measured values [12]. This
means that there is a multiplicative factor between the ex-
perimental and calculated extinction values. The freedom
in this scaling factor leads to too much variation in the
calculated changes in thickness and refractive index. One



159

J.H. Teichroeb et al.: Anomalous denaturing of proteins on nanospheres 23

1.65

x
()]
2 160 %\m
: %
S 155 oo ’%m@ﬁk >
Reo iy & —
% 85°C . | W B‘B"‘EI’E »\
= o ¢ 50°C
o [ }} 85°C
2 150 - o/
5 &
0 1 2 3 4 5

Layer thickness (nm)

Fig. 6. Average layer thickness and refractive index for BSA
on 5nm (circles) and 60nm (squares) gold nanospheres.

possible way to remove this difficulty is by introducing a
single reasonable physical constraint. We proceed by cal-
culating the scaling factor that gives rise to a refractive in-
dex of 1.57 upon initial adsorption. This is consistent with
other measurements of refractive index of BSA films [17],
and gives rise to an initial film thickness that is quantita-
tively similar to the thicknesses of 2.4 nm found in ellip-
sometric studies of adsorbed BSA layers on HgCdTe [17].
This self-consistency supports our use of the initial phys-
ical constraint.

Figure 6 shows the h,n trajectories that correspond
to the experimentally determined heating curves for the
5nm and the 60nm spheres. One point to note from the
onset is the high sensitivity of our technique and anal-
ysis. Ellipsometric techniques boast sub nm resolution
and 0.01 resolution in refractive index for films on a flat
surface. We are able to get the same precision on uni-
formly curved surfaces with instrumentation that is a
small fraction of the cost. The values obtained for the
thickness of the layer (both here and in Ref. [17]) are
less than the 4nm typically quoted for the smallest phys-
ical dimension of BSA. Of course the 4nm is represen-
tative of the tertiary structure, and the fact that an ad-
sorbed layer has a thickness less than 4nm already indi-
cates that at least some of the tertiary structure is lost
on adsorption. However, the fact that thermal denatur-
ing is still observed and closely resembles DSC measure-
ments of bulk BSA, coupled with the knowledge that such
denaturing indicates transformation of alpha helix indi-
cates that the secondary structure of the protein is to
a large part unchanged even when it is adsorbed to the
gold nanospheres. The remaining physical necessity is that
the layer thickness should be large enough to contain at
least one protein molecule. We estimate this by calculating
the volume of BSA in the native tertiary structure to be
~4nmx4nmx14nm = 224 nm?, and compare this to the
volume of the layer Vy = 37((D/2+h)3—(D/2)%). For the
5nm sphere with 1.25 nm coating, we get a Vi ~ 150 nm?.
This is close to the volume of a single molecule, and given
the fact that the tertiary structure is used to calculate

the molecular volume, coupled with the fact that space
filling at the tertiary level will necessarily be less efficient
than for the secondary structure (which seems to be left
mostly intact upon adsorption), this is encouraging agree-
ment. For the 60 nm sphere, the same calculation leads to
~ 100 BSA molecules adsorbed to the sphere.

Figure 6 shows that the qualitative differences noted
in Figure 4 can be correlated to quantitative differences
in the thermal stability of the BSA. In particular, within
the context of the coated-sphere model, the 60 nm coated
sphere shows evidence for two stages in the denaturing: A
thickening of the coating at near constant refractive index
at temperatures up to 65 °C, and increase of refractive in-
dex and concurrent decrease in thickness of the coating
layer for temperatures greater than 65 °C. The existence
of such a two-step process is very similar to the thermal
stability of bulk BSA as measured using DSC and shown in
Figure 2. For the b nm protein-coated sphere, while there
does seem to be a two-step process it had distinct differ-
ences to that of the large sphere system. In the first case,
the lower-temperature process is a decrease in refractive
index with essentially constant thickness. This is followed
by an very sharp rise in both refractive index and thick-
ness, but at a temperature much higher than that sepa-
rating the two processes in the large-sphere system. The
temperatures T = 50°C and 65 °C are marked by arrows
for each case. These differences provide support to our sug-
gestions that structural changes in proteins adsorbed to a
surface can be affected by local surface curvature. We note
that while we had to employ an initial physical constraint
(n = 1.57), changes in this constraint do not change the
important result that different pathways for thermal dena-
turing exist for the small-sphere and large-sphere systems.
‘We can speculate as to what physical processes could lead
to the behavior shown in Figure 6. We propose that the
change in n at near constant h is due to a loss of some of
the alpha helix to disordered chain segments, and the sub-
sequent increase again in refractive index at higher tem-
perature is the formation of beta sheets. The idea that
differing secondary structures have different refractive in-
dex follows from the fact that the macroscopic refractive
index 1s the sum of the molecular dipole moments and will
be sensitive to the spatial arrangement. This same idea is
used extensively in circular-dichroism studies of protein
denaturing. In contrast, the larger-sphere system shows
a thickening at constant n in the range 50-65°C. This
thickening is most likely a simple increase in the amount
of adsorbed protein (the fact that the thickness is less
than 4nm suggests the protein tertiary structure is at
least partially lost in this stage). The subsequent increase
innat T > 65°C (which seems similar to DSC of bulk
protein) may be conversion of alpha helix to beta sheet.
FTIR experiments of these systems may be able to further
quantify the actual changes in secondary structure. These
differences in the way the denaturing proceeds on smaller
nanospheres may provide access to other denatured states
not accessible in normal denaturing conditions. An in-
teresting result of this is that the denaturing of proteins
adsorbed on nanoparticles could potentially lead to new
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occurrence of protein misfolding diseases. A detailed study
of intermediate and final states of proteins adsorbed on
nanospheres will be necessary to determine this.

In summary, we have shown that the extinction spec-
tra of protein-conjugated gold nanospheres can be used as
a sensitive probe of structural changes in the protein. We
show that it is possible to get information that is very sim-
ilar to that obtained by DSC, even in cases where the con-
centration of adsorbed protein is 10% times smaller than
that used in bulk DSC. This is also done without the need
to remove bulk protein as required in micro DSC. By com-
paring the observed changes in the extinction spectra with
calculations based on light scattering from a coated sphere
under a reasonable physical constraint, we can correlate
the observed changes to changes in the optical properties
of the protein coating. The techniques discussed in this
paper put nanoparticle biosensing on equal footing with
techniques like ellipsometry and planar SPR, and can be
used In many quantitative applications of biosensing. Us-
ing this technique and analysis, we observe a remarkable
size dependence of the thermal stability of BSA adsorbed
on nanospheres. There are qualitative differences in the
way the protein denatures when adsorbed to nanopsheres
as opposed to that in bulk solution or on large spheres.
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Paper Il

Size dependent denaturing
Kinetics of proteins adsorbed
onto nanospheres.’

In paper I, the curvature dependence of the denaturing path in index/thickness space was
extracted for BSA on Au nanospheres. This path was a convolution of time and
temperature data. Hence, paper II looks at isothermal denaturing in order to isolate the time
dependence. It was apparent in paper I that certain assumptions had to be made in order to
extract the desired index/thickness data. In paper 11, we find a measure of the denaturing
rate and extract activation energies from an Arrhenius plot without having to resort to the
previous model. These energies are extracted for a series of nanosphere sizes, once again

displaying dependence of denaturing on curvature.
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Abstract. We have used localized surface plasmon resonance (LSPR) to monitor the kinetics of thermal
denaturing of bovine serum albumin (BSA) adsorbed onto gold nanospheres of size 5nm-100nm. The
effect of the protein on the LSPR was monitored by visible extinction spectroscopy. The wavelength of the
peak extinction (resonance) is affected by the conformation of the adsorbed protein layer, and as such can
be used as a very sensitive probe of thermal denaturing that is specific to the adsorbed (as opposed to free)
protein. The time dependence of the denaturing is measured in the temperature range 60 “C—70 °C, and the
lifetimes are used to calculate an activation barrier for thermal denaturing. The results show that thermally
activated denaturing of proteins adsorbed onto nanoparticles has a nanoparticle-size-dependent activation
barrier, and this barrier increases for decreasing particle size. This may have important implications for
other protein-nanoparticle interactions.

PACS. 87.64.-t Spectroscopic and microscopic techniques in biophysics and medical physics — 78.67.Bf

Nanocrystals and nanoparticles — 87.15.hm Folding dynamics — 87.15.hp Conformational changes

Nanoparticle-based technologies are finding increasing
usage in applications ranging from textiles and cosmetic
products to cancer detection and therapy. As a result
it is imperative to develop a detailled understanding of
how biological entities, and at the most basic level, pro-
teins, may interact with nanoscale particles over a range
of nanoparticle types and sizes. An important aspect of
this problem is the presence of the interface, and this
has been studied in detail [1-3]. Effects such as surface
charge and hvdrophobicity can lead to significant effects
on protein structure near any solid interface. Since the
size of proteins 1s on the nm scale, we might expect to
see deviations In protein-nanoparticle interactions as the
nanoparticle size becomes comparable to any characteris-
tic length scale of the protein [4-11]. In addition for flat
substrates with nanoscale roughness, the effect of surface
topography on protein-surface interactions has not been
studied in detail. The use of spheres is a model system
with constant curvature to mimic nanoscale roughness on
surfaces. The effect of the adsorbed protein coating on
the nanoplasmon extinction spectrum of colloidal gold (an
area of study that might be termed bionanoplasmonics)
is reasonably well established [12-14]. We have recently
shown that detailed analysis of the optical extinction spec-
trum for protein-coated gold nanospheres, combined with

* e-mail: jforrestQuwaterloo.ca

a quantitative mathematical model, leads to an ability to
describe the protein coating with a sensitivity similar to
that of ellipsometry, or planar surface plasmon resonance
techniques [14]. Using this technique, we reported evidence
for significant differences in the temperature dependence
of the physical properties of the adsorbed protein layer
between BSA adsorbed on large nanospheres (2 20nm)
and that on small nanospheres [14]. The irreversibility
of the observed processes as well as the coincidence in
temperature with denaturing in bulk BSA suggested it
can be correlated with thermal denaturing. This descrip-
tion, while very compelling, rested on an assumption con-
cerning the initial refractive index of the protein layer on
the nanoparticle, and on the validity of the protein con-
jugated nanosphere being modeled by a homogeneously
coated sphere. One solution to this problem is to study a
process that allows one to study the thermal denaturing
process without having to make assumptions about the
details of the protein coating on the gold nanospheres.
This, in turn, would allow a model-independent analysis
of the spectroscopic data. Since it 1s easy to determine
what the effect of denaturing is on the optical extinction
spectrum of protein-coated spheres in solution (without
having to model the effect), we can use such data to track
the isothermal kinetics of the denaturing process. For a
thermally activated process, the rate constant will have
a particular temperature dependence. By determining the
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rate of isothermal denaturing at a mumber of different tem-
peratures, one can find the thermal activation barrier for
the denaturing process without making any assumptions
about the properties of the adsorbed protein layer. This
activation barrier is determined by the actual molecular
rearrangements that occur during the denaturing process.
In this paper we measure the time dependence of the de-
naturing of bovine serum albumin that has been adsorbed
onto gold nanospheres of size 5 nm—100 nm.

The experimental procedure for making the protein-
coated spheres, as well as the measurement of the opti-
cal extinction have been described in detail elsewhere [14,
15]. We used essentially fatty acid, and globulin-free
bovine serum albumin (BSA) with minimum purity 99%
from Sigma-Aldrich (Canada). Phosphate buffer solution
(PBS) was made to a pH of 7.45 according to the recipe:
0.110M NacCl, 0.0190M NaoH PO, 0.00460M NaHoPOy.
Nanosphere sizes of 5nm, 10nm. 15nm, 20nm, 30 nm,
40 nm, 50 nm, 60 nm and 100 nm were obtained from Ted
Pella and used in the present studies. Optical extinction
measurements were made using an Ocean Optics USB2000
miniature spectrometer with a tungsten filament lamp as
the light source. Calorimetric studies on bulk BSA solu-
tion indicate that changes mainly occur in the temper-
ature range 60°C—70°C, and so this temperature range,
with 2° increments, was chosen for the isothermal optical
extinction measurements. For each measurement temper-
ature the sample was heated from room temperature to
the desired 5° increments, pausing every 5° for 2 min-
utes to prevent any temperature overshoot and then held
at the desired value for the duration of the experiment.
The measured temperature was stable to within 0.3 de-
grees. Bach spectrum was acquired with an integration
time of 8 ms and 3000 averages. There was a 10 minute
wailt between the completion of one spectrum acquisition
and the beginning of the next. Extinction spectra were
calculated as ¢(A) = loglo(A)/I(A). The resulting ex-
tinction spectra were smoothed using a local smoothing
technique with second-degree polynomial regression and
Gaussian density weighting of points with a sampling pro-
portion of 0.1. The wavelength of maximum extinction,
Amax, Was found by determining the wavelength where
the numerical derivative of the smoothed spectrum van-
ished. This procedure allows us to determine the value of
Amazx to within 0.2 nm. A representative spectrum is shown
in Figure 1 for BSA coated on 30nm gold nanospheres.
The calculations developed in our previous work [14] can
be used to determine the protein surface coating on the
nanospheres. Figure 2 shows the calculated surface cov-
erages obtained for nanosphere sizes from 5 to 40nm.
This i1s compared to the maximum surface coverage of
3.7 x 10*2 molecules/cm? found in reference [16]. As in
that case, a molecular size of (5.5nm x 5.5nm x 9nm)
means that end-on adsorption would lead to a cover-
age of 3.3 x 10'2 mo]ecules/ch and side-on adsorption
would lead to a coverage of 2 x 102 molecules/cm?. The
fact that the coverage on the 5nm nanospheres is so low
(1.3 % 10 molecules/cm?) likely means that the BSA has
lost its tertiary structure when adsorbed on the Hnm
spheres.
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Fig. 2. Protein surface coverage for BSA on gold nanospheres.
The dashed line is the maximum surface coverage found in
reference [16] for citrate-coated gold substrates.

It is worthwhile to highlight some advantages of us-
ing this technique as compared to standard calorimetric
techniques typically used to study denaturing in bulk pro-
tein solution [17]. If DSC were used to study our samples,
the measured signal would be almost entirely from the
free protein in solution and not the adsorbed protein. It
is possible to remove the free protein in the solution by
successive centrifuging and resuspension, but the protein
coating adsorbed onto a nanoparticle can change signifi-
cantly between the minimum possible amount required for
stabilization and the more physiologically relevant concen-
trations [18]. This in itself rules out using any technique
that cannot on its own differentiate between adsorbed and
free protein. Finally, the technique in reference [17] does
not really provide an advantage even if it could be used.
The calorimetric technique also assumes first-order rate
kinetics, but suffers from the additional complication that
it convolutes the time and temperature dependence (hence
the need to use different heating rates) whereas the tech-
nique we use effectively isolates the time and temperature
dependence.
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Fig. 3. Isothermal changes in the peak wavelength of the op-
tical extinction spectrum at a temperature of 70°C for all
nanosphere sizes.

Figure 3 shows the time evolution of the values of the
wavelength where the extinction is a maximum for a sam-
ple temperature of 70°C. The data in Figure 3 correlates
well with experiments taken in the mode where the spec-
trum is acquired and analyzed in the same way while the
sample is heated at a constant rate [14]. Comparison to
bulk studies suggests the change in A value is pre-
dominantly due to denaturing of the protein (temperature
ramps on bare spheres show negligible changes), and so we
can use the shift in the position of the extinction peak as
a measure of what fraction of the sample denaturing pro-
cess is complete at any particular time. In many cases,
especially for the higher temperatures and larger spheres,
the spectrum had already shown a significant shift (and
hence a significant fraction of the protein had denatured)
by the time the sample had reached the desired tempera-
ture. For the temperature of 70 °C shown in Figure 3, the
denaturing on larger spheres was essentially complete be-
fore the desired temperature was reached, and so the data
for the 60nm and 100 nm spheres could not be obtained
for the highest temperatures. It is worth noting that this
type of measurement is not necessarily applicable to any
protein/nanosphere combination. For example, if we used
silver nanoparticles instead of gold, only a continuous red-
shift with no long time asymptote is observed during the
denaturing process. This is very likely due to nanosphere
aggregation that accompanies denaturing for that system.

Converting the value of Ap.x to the fraction of pro-
tein denatured is fairly straightforward. We assume that
the fraction of denaturing is simply proportional to the
relative fractional shift in A,,,.. This is described in more
detail below. For the large-sphere data the peak position
appears to be a monotonic function of the fraction de-
natured. This is evident both in Figure 3 and in refer-
ence [14]. However, for sphere sizes of 5nm and 10nm,
the peak position appears to be non-monotonic as the
fraction of denatured protein increases. This makes a sim-
ple one-to-one correspondence hetween peak position and
fraction of denatured protein impossible. As an alter-
nate way to quantify the fraction of denatured protein
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Fig. 4. Fraction of denaturing process that has occurred for
70 °C using the analysis procedure discussed in the text.

N(t);0 < N(t) < 1 from the time dependence of the mea-
sured peak position, we calculate the line integral of the
shift in peak position from its initial value. In order to
ensure that scatter in the data is not mistaken for dena-
turing, the process is not deemed to have started until the
variation from the staring position is > 0.4 nm. Similarly
when the position of the maximum wavelength is within
0.4 nm of the asymptotic value, the denaturing process is
deemed to have finished. More quantitatively we write the
fraction of denaturing, N(#), at time ¢ as
L+ @
[RCENCIRRE

where the point o is the time at which A, — Astart -
0.4 nm is first satisfied and the point b is the time at which
Aend A < 0.4 nm s first satisfied (i.e., a < ¢ < b). We
note that in some cases, a significant fraction of denaturing
has already occurred by the time the sample is at the cor-
rect temperature. This results in @ < 0 and N(0) > 0. The
results of this process for the same 70 °C data are shown
in Figure 4 for all sphere sizes where it was possible to ob-
tain data. At this temperature the denaturing of the BSA
on the 60nm and 100 nm spheres was already complete
by the time the sample had reached 70°C. We note that
while the derived values of N(t) are now monotonic, there
is still an anomalous shape in the curve where the original
data was non-monotonic. This is unavoidable since there
are times where the value of Aj,.x 1s unchanging while de-
naturing is presumably still occurring. A possible reason
for this is the fact that we are so far ignoring changes in the
actual extinction value €( Ay ). The way to eliminate this
is to also consider the value of the extinction at the peak.
Attempts to do this were not definitive as the value of
the maximum extinction has an experimental uncertainty
that is similar to the amount of change in that time pe-
riod. It is interesting to note that the denaturing curves
do show evidence for a two-step process (two distinct lin-
ear portions on the graph) especially for the 5, 10 and
15 nm spheres, but it is not possible to exclude this as be-

N (1) (1)
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sphere sizes. The slopes of these lines are the size-dependent
activation barrier.

ing an artifact of the data reduction procedure. The result
of having to use the procedure above is that we are forced
to consider the curves shown in Figure 2 as approximate.
This is really not a significant disadvantage at all as the
only value we require is the lifetime of the denaturing pro-
cess, and this can be determined to reasonable accuracy
even with the uncertainties in the values of N (). Also the
conformational states of the adsorbed proteins are also
very likely heterogeneous, and so we are averaging over
this distribution of conformations. In order to determine
the activation barrier for thermal denaturing of proteins
adsorbed to spheres of a particular size, we need to de-
fine a lifetime of the denaturing at each temperature. The
actual choice (half-life, 1/e time, etc.) is not important
as all choices will lead to the same activation barrier as
long as they are related by a simple multiplicative factor.
We use the time it takes for the denaturing to be halfway
completed (i.e. N(7) = 0.5) as the lifetime. The activa-
tion energy for the denaturing process at that particular
spheres size can be determined by plotting — log 7 versus
1/T (in kelvins) and determining the slope. The result of
this for all sphere sizes is shown in Figure 5. The fact that
the data plotted in this form is well described by linear
fits for all sphere sizes suggests legitimacy of the procedure
used.

The above process can be repeated for all sphere sizes
to obtain the size dependence of the activation barrier for
thermal denaturing. The result of this procedure is shown
in Figure 6. It is clear from the figure that the activation
barrier for the thermal denaturing of BSA adsorbed onto
gold nanospheres is clearly dependent on the size of the
nanoparticle. Also shown on this graph is the activation
barrier for bulk BSA [19] of 314 £5kJ/mol as determined
using calorimetry. The fact that the activation barrier for
denaturing the adsorbed particle is much less than that
for bulk protein is not surprising as many proteins have a
tendency to denature more easily on surfaces than in bulk
solution. What is surprising is the extent of the depen-
dence on the size of the nanoparticle, and the persistence
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Fig. 6. Activation barrier for BSA denaturing as a function of
sphere size. The solid line is the bulk value from reference [19].

of this effect to such large nanoparticle sizes. The differ-
ence between the 100 nm particle and the 5nm particle
is more than a factor of 25. Since the activation barrier
provides information on the energetics of the actual struc-
tural changes during denaturing, it is interesting to con-
sider the possibility of different denaturing pathways for
the protein adsorbed onto small spheres and large spheres.
Perhaps even more surprising than the differences between
the activation energies for the different sphere sizes is the
similarities. In particular we have shown in Figure 2 that
the surface coverage on the hnm spheres is much lower
than that on other spheres, and rough calculations suggest
that only by losing its tertiary structure can the BSA have
this value of coverage. Given this large difference between
the molecular coverage on the bnm spheres versus larger
spheres, it is surprising that the activation barrier appears
to be a smoothly varying function of sphere size. This
would seem to indicate that the denaturing signal has only
a small contribution from the structural/conformational
changes associated with changing from the native struc-
ture to that of the adsorbed molecules on the 5 nm spheres.
‘We are currently developing an experiment to try to probe
the secondary structure of the protein adsorbed on the
nanoparticles.

The results of Figure 6 can be compared with our pre-
vious studies on the temperature-dependent thermal de-
naturing of BSA on gold nanospheres [14]. In that work we
used a detailed mathematical model to probe structural
changes of the adsorbed protein layer during thermal de-
naturing. That work indicated significant differences be-
tween the structural changes in the protein (in terms of
the thickness and density of the adsorbed protein layer)
adsorbed onto small (5nm) and large (60nm) spheres.
The current work shows that in a model-independent way
isothermal denaturing kinetics also show significant quan-
titative differences in the denaturing on large versus small
spheres. These results are compelling, and indicate that
certainly for the case of BSA on gold, there is a strong
size dependence for the structural changes that take place
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during denaturing. The differences between small spheres
and large spheres on both initial adsorption and the de-
naturing process suggest that both the tertiary structure
and secondary structure may exhibit such a size depen-
dence. Given these results, it is worth pursuing the general
idea that some structural changes in other proteins (espe-
cially those related to protein function) may be affected
in a size-dependent way by their adsorption to different
nanoparticles. This may have relevance in areas of health
and exposure to nanoparticles as well as in areas where
nanoparticles are used in therapy [20].
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Paper Il

Influence of nanoparticle size on
the pH dependent structure of
adsorbed proteins studied with
guantitative localized surface
plasmon spectroscopy’

Heat is not the only way to perturb a protein in order to examine its stability and
conformational changes. Changes in pH will also alter a protein’s conformation through
bond breaking, as well as shifting the charge. In this paper we seek to address the effect of
curvature upon the conformation of conjugated BSA under subjection to acid perturbation.
Transitions that occur in bulk protein may not occur once adsorbed. Additionally,
transitions that are reversible under the relatively dilute conditions of a bulk solution, may

become irreversible when confined to the high protein density situation of adsorption.

3Submitted to the European Physical Journal E — Soft Matter.
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Influence of nanoparticle size on the pH dependent structure of adsorbed
proteins studied with quantitative localized surface plasmon spectroscopy

J.H. Teichroeb, P.Z. McVeigh, J.A. Forrest

Department of Physics and Astronomy and Guelph-Waterloo Physics Institute,
Waterloo, ON, Canada, N2L 3G1

Abstract

We have studied pH dependent conformational transitions of Bovine Serum Albumin adsorbed
onto different sizes of gold nanospheres. For larger spheres (D>10 nm) there is evidence for a
path dependent extended state near pH 4, over a very small pH range. For smaller nanospheres
(5nm and 10 nm) the evidence for such a transition is either much weaker or completely
suppressed. We suggest that the absence of the transition on small spheres is due to the fact
that the protein adsorbed on such small spheres has already lost at least some of its tertiary
structure. The results have important implications for the functionality of proteins adsorbed onto
nanospheres or surfaces with nm scale roughness.

Introduction

Nanomaterials have received considerable attention in recent years, with applications in diverse
fields including manufacturing, electronics, environmental remediation, cancer therapy and
medical diagnosticsﬂ. Since the length scales of such materials are close to that of the basic
operating units in biological systems (proteins), a large number of techniques have been
developed in terms of both medical therapy™ ™ and imagingB. In such biological systems of
interest colloidal gold displays properties which make it an appealing nanoparticle vector. The
colloid is easily coated with proteins, allowing for immunolabelling and targeting to certain cell
populations within the body — where the small particle size allows for excellent penetration into
tissues®. By exploiting the surface plasmon resonance of such immunolabeled gold
nanoparticles, laser induced hyperthermia-based therapies have been demonstrated in-vitro ’.

The efficacy of any such molecular-targeting scheme is ultimately dependent on the specificity of
binding between the molecule on the nanoparticle and the intended receptor. This mechanism is
often presented diagrammatically using a simplistic ‘lock-and-key’ model, but such an approach
tacitly assumes the tertiary structure of the protein remains unchanged upon adsorption to the
nanoparticle. More generally, as nanoparticles continue to find new applications within our
everyday environment, their exposure to biological systems will increase accordingly. Thus from
either a therapy-optimization or health-regulation standpoint, we require a detailed understanding
of how such systems interact on a molecular level. The interaction between an interface and
protein has discussed in several comprehensive reviews 8, 9, in particular, effects such as
chargem, hydrophobicity”' 12, and surface c:hemistry13 have been extensively investigated.

It has been demonstrated that the curvature of the surface can also be a significant factor in
controlling adsorbed protein structure and functionalitym’ﬁ. Roach et al."® used infrared
spectroscopy to show that Bovine Serum Albumin (BSA) underwent less conformational
disordering on highly curved silica surfaces than on flat surfaces, but found this effect to be
strongly dependent on surface chemistry. Curvature dependence can only reliably be studied by
varying the local curvature ;or size of sphere) while keep surface chemistry constant. For
example, Teichroeb et al employed localized surface plasmon resonance (LSPR) to find that
thermal denaturing of BSA proceeded differently for proteins adsorbed to small (5nm) and large
(60nm) gold nanospheres. Specifically, it was shown that BSA on 60nm spheres showed
similarity to adsorption and denaturing in the bulk, while BSA on 5nm spheres acted as though
some of the tertiary structure has been lost upon adsorption to the nanospheres— the 5nm
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spheres exhibited an initial volume of adsorbed protein in reasonable agreement with the volume
of a single BSA molecule.

To effectively study bound proteins at this scale, techniques must have the sensitivity to detect
small concentrations of nanoparticles while rejecting the signal from free protein in solution which
may be orders of magnitude larger. Circular dichroism (CD) is commonly used for the study of
secondary structure in bulk solutions, but suffers from inconsistency in the determination of
absolute secondary structure™. Applicability of CD to adsorbed protein layers implicitly assumes
the optical properties of secondary units are unaffected by adsorption. The results obtained are
only as good as this (untested) assumption. By employing a metallic nanosphere which admits
surface plasmon resonance, visible light spectroscopy may be used to probe adsorbed protein
properties. Such an approach may look qualitatively at shifts in the plasmon resonance "~ *° or
employ a quantitative model to determine physical properties of the adsorbed Iayer”‘ 22 These
visible light techniques are relatively cheap to perform, easy to assemble and carry out, and are
insensitive to bulk solution protein — deriving signal only from the localized surface plasmon of the
metallic nanoparticle (LSPR).

BSA has been shown to be a heart-shaped molecule having rough dimensions of a solid
equilateral triangle with 8.0nm sides and a 3.0nm average depth, with three principle domains
and a flexible conformation which can vary greatly with solution pH, as outlined by Carter”®. The
isomers of interest are the Native (N) (pH 5-8), Basic (B) (pH 9-9.5), Fast (F) (pH 3-4), and
Expanded (E) (pH <3). Transition from the N to the F form appears to involve an unfolding of
alpha helices in domain lll and its separation from the other domains in BSA?. This results in
domain Il having a loose structure, causing reduced solubility due to exposure of hydrophobic
groups. The transition to the E form involves further loss of alpha helices, and in particular intra-
domain alpha helices, opening the molecule into an expanded form. Hydrodynamic studies®
indicate a change in “axial ratio” from 4 to 9. The B form near pH 9 involves an unfolding of
domain Ill once again, as well as more minor changes to domain |l, and a separation of the
domains®. It is considered to be somewhat analogous to the N-F transition. Englebienne et al
have studied the state of human serum albumin (HSA) on 50nm gold nanospheres from pH 7 to
pH 12, observing a possible N-B and the higher pH Basic-Alkaline transition. Shang et al.”
examined the differences in spectra of BSA adsorbed to 15nm gold spheres at pH 3.8, 7.0, and
9.0, observing differences attributed to the F N, and B forms respectively. Both of these studies
involve a limited number of pH values in the region of physiological interest, and a single
nanoparticle size.

Since these pH-dependant transitions arise from reversible alterations to the tertiary and
secondary structure of BSA, they should provide a useful indicator of the sensitivity of a technique
to changes in the protein structure on the surface of a nanoparticle. In addition the studies will
reveal how adsorption to nanoparticles affects these conformational transitions that are well
studied in bulk BSA. We have studied the properties (refractive index and layer thickness) of
adsorbed BSA as a function of gold nanoparticle size from 5 nm to 40 nm and pH values between
1-7 using quantitative LSPR-based spectroscopy to determine the sensitivity of our quantitative
approach and to examine the substrate curvature effect in this system.

Materials and Methods

Spectrophotometer Design

The spectrophotometer design employed a standard optical extinction arrangement. The light
source was a tungsten-filament lamp with fiber coupling (Ocean Optics HL-2000, Dunedin, FL,
USA), with the light being collimated before passing through the cuvette containing the sample
solution. The light exiting the sample was collected into another fiber and directed to the
spectrometer (Ocean Optics USB4000, Dunedin, FL, USA). The samples were contained in
micro-volume disposable polystyrene cuvettes. The cuvettes were secured in a solid brass
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mount with set screws which was attached to an optical translation stage. The stage was
adjusted to ensure the collimated beam fell only into the middle of the sample area.

To enhance the thermal stability of the optical system, the spectrometer and optical fibers were
contained in a temperature-controlled enclosure which contained a PID-based (OMEGA,
Stamford, CT, USA) temperature controller with resistive heater. This kept the spectrometer at
constant temperature within £ 0.25 K and provided for sufficient stability to carry out the desired
experiments. The entire experimental apparatus was enclosed in a container to exclude all
external light sources and particulate matter.

Sample Preparation and Data Acquisition

Charge stabilized gold nanospheres of various sizes (5, 10, 20, 30, 40nm) in aqueous solution at
concentrations of (5.0 x 1013, 57x 1012, 7.0x 10”, 20x 1011, 90x 1010) respectively, were
purchased from Ted Pella Inc (Redding, CA, USA). BSA (>99%) in crystal form was obtained
from Sigma (Qakville, ON, Canada). 100uL of 1mg/mL BSA in MilliQ H,O was added to 400uL of
the colloid and allowed to conjugate for 1 hour. An additional 500uL of 0.2% (by mass) BSA in
MilliQ H»O was then added to dilute the solution. Stock solutions to adjust the pH of the colloid
samples from pH 1-7 were created using HCI (Sigma). We chose this range for its physiological
relevance and similarity to other studies. It is important to note that these samples had the pH
value changed from 7 (the pH at which the protein was initially adsorbed) to the final value in a
single step.

Spectra were acquired using Spectra Suite (Ocean Optics, Dunedin, FL, USA) with an integration
time of 90 msec, averaging 2000 measurements. The pH adjusting solution was placed in the
cuvette, aligned, and a reference spectrum collected. The gold colloid-protein sample was then
added to the cuvette and spectra acquired every Smin for 3 hours. The gold-protein-pH sample is
not stirred, and requires some time for mixing to occur, as well as some time for the protein to
adopt its new conformation. Spectral changes were monitored for up to 13 hours to determine the
point at which they stabilized (3 hours). This procedure was repeated for all sphere size (5, 10,
20, 30, 40nm) and pH (1 - 7) combinations. For values below pH 1 the solutions for larger sphere
sizes were not stable and the extinction spectra exhibited continual shifts to longer wavelengths
attributed to particle aggregation.

In addition to samples where the final pH was arrived at in a single step, spectra were collected
from individual samples,taken through a continuous series of pH changes. After conjugating the
protein to the nanospheres as previously described, HCl was then added to the cuvette in order
to bring the sample through a consecutive series of pH values. Samples were stirred and allowed
approximately 20 minutes for equilibration at each step. Three schemes were employed for the
continuously changing pH studies: 1) start at pH 7 and step through consecutively more acid
pH’s, 2) take a single step down to pH 3 and consecutively step back to pH 7, 3) startat pH 7 and
move stepwise down to pH 3.3 followed by stepwise adjustment back to pH 7. Example LSPR
spectra for the bare spheres are shown in Figure 1.

Data Analysis

Experimental spectra were automatically smoothed using a local smoothing technique with
second degree polynomial regression and Gaussian density weighting of points with a sampling
proportion of 0.1. Spectra were then normalized, and the peak location determined by fitting a
linear function to the numerically-calculated derivative near to the zero crossing. Peak extinction
values were taken as the maximum of the smoothed spectrum. This procedure allows us to
determine the position of the extinction maximum to within 0.2nm.

Theoretical extinction spectra were generated for each of the sphere sizes used based on the
routines provided by Bohren® for a sphere uniformly coated by an isotropic material, using
MatLab routines from Matzler® as extended and previously documented'’. Contour plots were
produced containing peak wavelength and extinction as a function of protein coating thickness (h)
and index of refraction (n), as shown in Figure 2. Comparison of the measured quantities with
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calculated ones allow a manual “best fit" between theoretical h and n and experimental peak
wavelength and extinction observations. Due to the previously noted mismatch between
calculated and experimental extinction values®’ , a corrective scaling factor Was introduced. The
scaling factor was derived from pH 7 to allow comparlson to other studies®. The extinction
corresponding to an index of refraction of 1.57 at the experimental peak wavelength was
determined from the contour plots. This was than taken as a ratio of the experimental extinction
value, producing a scaling factor for all other pH'’s, for that sphere size. It is important to note that
within reason, a poor choice of scaling factor does not change the qualitative shape of the hvs. n
curve since, for a given sphere size, the same factor is used.

Results

Figure 3 displays peak wavelength values for all sphere sizes as a function of solution pH. The
corresponding peak extinction values are not displayed as they do not exhibit any significant
features within the uncertainty of the measurements. The difference between BSA on larger
sphere sizes (20nm-40nm) and smaller sphere sizes 5nm-10nm is simply the sphere-size
dependence of the extinction spectrum of the nanospheres themselves, and is not of interest for
the current study. The more important feature to notice is the small but reproducible and
significant increase in wavelength around pH 4 for the larger spheres (20nm-40nm), which does
not appear for the smaller spheres (5nm,10nm). In order to gain a clearer understanding of this
feature, spectra were acquired for samples with finer pH spacing in the region near pH 4, for
representative larger (30nm) spheres (Figure 4) and smaller (5nm) spheres (Figures 5). The data
in Figure 4 for the BSA on 30 nm spheres demonstrates a shift in the position of the extinction
maximum, beginning near pH 4.6 on the basic side, and pH 3.4 on the acid side. These
approached a sharp peak at pH 3.8. The sharpness of the peak in wavelength was unusual, and
multiple trials at this pH revealed multiple values (though all showed the peak in this pH range).
This suggests that the conformation at the transition pH is so sensitive to pH that we are not able
to control our solution finely enough to reproduce the exact value of the position of the transition
peak. ltis evident in the coarse run (Figure 3) that much of the wavelength rise around pH 4 has
returned to a lower value towards lower pH Th|s is also more evident in the more localized trials,
and is also seen in the data of Engleb|enne BSA molecules causing the same wavelength and
extinction values on gold nanoparticles suggest that they are in the same state (or at least can be
characterized by the same protein coating thickness and refractlve index) at pH ~ 3 as they are
for pH ~5. This is similar to the observations of Su et al® usmg neutron reflectivity of BSA
adsorbed onto flat silicon substrates. Such an effect is also seen in the dual polarization
interferometry (DPI) studies of Freeman et al®" In bulk, it is expected that continuing toward
lower pH will at the very least preserve the F structure, and at some point change even more
drastically into the E structure. It is clear from this data that this is not necessarily the case for
proteins adsorbed onto solid surfaces.

Figure 5 shows a higher pH resolution study with BSA on 5 nm spheres and highlights a key
result of this study - the small (5nhm and 10 nm) spheres show little evidence for the sharp
transition at pH 3.8. In fact for the small spheres, the wavelength of the maximum extinction
exhibits very little pH dependence at all. This result indicates that the process necessary to form
this particular protein conformation at pH 3.8 does not occur for BSA adsorbed onto 5 nm and 10
nm spheres. Itis possible that this represents an essentially native, but much more stable state
of BSA as has been seen on silica particles”. However, given that the transition to the more
acidic forms of the molecule involve loss of alpha helix and the breaking of interdomain bonds
leading to more extended states of the molecules, it is reasonable that the protein on the 5nm
and 10 nm spheres has already lost much of its tertiary structure upon adsorption. This is the
same conclusion reached in ref '® when thermal denaturing was studied on similar gold
nanospheres. The small residual effect seen in the actual peak extinction values may be an
indication of changes in the secondary structure, that are not accompanied by any discernible
change in tertiary structure. This is further reflected in the small changes in thickness and
refractive index of the protein layer coating on the 5 nm nanospheres shown in Figure 7. While it
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is hardly surprising that protein adsorption and conformational changes could be different on
nanospheres than on flat substrates, it is less obvious that one would expect such qualitative
changes as the sphere size changes from 5-10 nm to 20-40 nm. Future study in the sharpness of
this transition from “large sphere” to “small sphere” behavior may be of interest. Results after
modeling the data (including fine pH data) converted to thickness and indices of refraction are
depicted in Figure 6 for 30nm, and Figure 7 for 5Snm. Taking into account the density of BSA at
pH 7, the number of protein molecules per Au nanosphere is estimated fo be approximately 1, 11,
22, 37,78, and 135 respectively for 5, 10, 15, 20, 30 and 40nm spheres. We found a BSA coating
thickness of approximately 1nm for 5nm spheres which appears largely pH indePendent (Figure
7). This thickness is essentially the same as that obtained in our previous work'” and is very
similar to the size of an alpha helix, again suggesting that the lack of transition on this sphere size
is due to loss of the tertiary structure, as opposed to stabilization of a native like structure. The
30 nm spheres have a larger coating thickness of about 2 nm, which increases slightly towards
lower pH, with an anomalous increase around pH 4. This is similar to the 2.4 nm thickness
obtained by analysis of ellipsometric data®. The protein coating refractive index displays
increases at pH 4, and it is tempting to think that the feature may correspond to the N-F or F-E
transitions, considering the increasing direction of the shift.

While the N-F and F-E transitions in the bulk are reversible, the differences between typical bulk
behavior and that shown in the previous figures suggest this may not be the case for the
adsorbed protein. For this reason we also performed a series of experiments aimed at quantifying
the path dependence and reversibility of the protein conformation near pH 3.8. Figure 8 depicts
the wavelength shift of samples which are individually taken through a series of pH changes. In
Figure 8a the sample is taken down from pH 7 to pH 3 and back to pH 7, and exhibits a clear
hysteresis in the wavelength. This indicates that the structure of the adsorbed protein layer at pH
7 depends on whether it has passed through the peak at pH 3.8. Figure 8b is taken in one rapid
step down to pH 3, and back stepwise to pH 7. The wavelength passes through pH 3.8 about
which it undergoes a rapid increase, and upon increase to more alkaline values subsequently
recovers only about one half of the initial wavelength shift. Figure 8c similarly depicts two
different samples taken stepwise down in pH, again with recovery of approximately one half of the
initial shift at increasingly acidic values. All of these results indicate a degree of irreversibility of
the protein conformation after passing through the transition at pH 3.8. Since the bulk transitions,
including the changes in secondary structure, are reversible, it is likely that the irreversibility of the
protein adsorbed on the nanospheres is an inter-molecular kinetic effect. Unlike in reasonably
dilute protein solutions, the molecules adsorbed onto spheres are all forced to be in very near
proximity to other protein molecules. The result of this is that upon losing tertiary structure, there
will be a much greater tendency for intermolecular association or aggregation to occur. The
disappearance of the transition effects to lower pH in Figures 4 and 6 thus is a result of using a
separate sample for each point, each of which is brought to the desired pH quickly. It would be
assumed that at pH 2.5 or 3, the same bonds (if not more) are likely to be broken as at pH 3.8. At
lower pH however, the protein is also much more positively charged. This could suggest that a
quick transition to pH 3 generates a large positive charge on BSA which pins it to the negatively
charged sphere, preventing reorientation of the protein molecules, even if intra-protein bonds are
broken. At pH 3.8, the intra-protein bonds are broken, but the protein is able to rearrange itself,
possibly unfolding, and/or making room for new protein to adsorb.

Examining the modeled 30nm data (Figure 6), there is an obvious feature at pH 3.8, with both the
index and thickness increasing about this point. The multiple 3.8 values (triangles) indicate that
the transition is extremely sharp in thickness, and that the measurement becomes sensitive to
variations in pH that are beyond experimental control. While it is clear that some form of transition
is taking place around pH 3.8, it is not obvious as to whether this proceeds similarly to N-F or F-E
expansions, as we do not cbserve two clear transitions as in studies of bulk protein. Bovine
serum albumin is typically quoted as being a heart shaped mclecule having rough dimensions of
a solid equilateral triangle with 8.0nm sides and a 3.0nm average depth. Hydrodynamic studies®



174

indicate a change in “axial ratio” from 4 to 9 during the F-E transition. Hence, even in the absence
of excess protein, a conformational or orientation change could easily justify the change in
thickness. Another striking feature of Figure 6 is the large difference in scale between the pH 3.8
transition forms and those at neighboring (both higher and lower) pH. If BSA was undergoing a
simple expansion it would be expected to remain in this form post-transition, producing a step for
each parameter towards lower pH. While there is evidence for such trends in both the index of
refraction and coating thickness data, the effect is dwarfed by the magnitude of the transitional
form. This effect is also present in the data of Su et al.*°. Since the changes in measured
extinction values at the peak are within typical experimental scatter, we have modeled the data by
using the average extinction value for all pH values. The results of this procedure are shown in
Figure 6. In this case the thickness increases continuously from either side of the transition at pH
3.8..

Shang et al. 308 perform a study which involves looking at pH effects on BSA conjugated to 15nm
Au nanoparticles. Their method differs in that they do not conjugate the protein to the Au before
changing pH, or placing in buffer, and instead use the same technique described below for
studies employing flat substrates. Because of this, even at pH 2.7 aggregation takes place,
presumably due to charge screening, forcing them to concentrate on pH’s 3.8, 7.0, and 9.0.
Comparing their plasmon resonances of conjugates reveals a similar pattern to us, with the peak
wavelength of 3.8 being much more red shifted than either pH 7.0, orpH 9.0. BSAatpH 3.8 is
positively charged, as opposed to pH 7, and 9 at which it is negative. While there is no indication
of their degree of error, an increasing blue shift may well demonstrate that the surface Trp
residue is in a more hydrophobic environment. Exactly what this means for BSA, however, is not
clear. The fact that a surface Trp residue is placed in a more hydrophobic environment does not
necessitate a change, but can be accommodated by an orientation or packing change. If at pH
3.8 the positive charge in conjunction with other surface forces favours the Trp residue facing
away from the sphere, or other adsorbed BSA molecules, it may not blue shift, even if the protein
is more denatured at pH 3.8. If on average BSA orients itself to face Trp away from the sphere,
and other BSA at positive charge, one would also expect in this interpretation for the strength
order of the blue shift to be pH 3.8 < pH 7 < pH 9. A similar interpretation may be applied to the
red edge excitation study. Thus, in lieu of more evidence, the study is not at odds with our
interpretation of the pH 3.8 transition. Circular dichroism (CD) studies performed by Shang et al.
are analyzed by calculating helicity from a single point on the CD curve vs. Au particle
concentration. Given the large number of basis fitting programs available, this is likely done
because normal basis function do not fit the spectra. This indicates that either the spectra for
protein associated with a surface confain too much error, or more likely cannot be interpreted in
terms of basis sets that have been determined for free protein in solution. Despite this, if we
examine the helicity values they find, two things are apparent. Firstly, the amount of error as
quoted by Shang et al. precludes any conclusions about the slope of the helicity vs. concentration
graph. Secondly, in terms of absolute helicity, the pH 3.8 spheres are the most denatured for all
concentrations used in the study, which would tend to support our argument of a transition close
to 3.8. Further FTIR studies by Shang et al. indicate at best a decrease in unordered structures at
pH 3.8 and 9.0 as compared to 7.0. The net result of Shang et al.’s multi-technique study is that it
can be interpreted in a complementary manner to our own.

It is useful to put the current results into the context of similar results on adsorbed films. With the
exception of Englebienmﬁ,20 and Shang et al. 308 , most such studies have employed flat
substrates. Comparison of these studies™*' reveals some general trends. As pH is changed
from 7 — 5 — 3 the surface coverage changes from about 0.5-2.5-0.5 ngfmmg. None of these
studies use fine pH spacing so it is not possible to compare the results to the peak in Figure 4.
The layer thickness of BSA can also be compared. Neutron reflectivity studies indicate a
thickness (at pH 5.1) of 3.6 nm, while DPI suggests a thickness of ~4. 5 nmatpH 5. AtpH 3 and
7, the neutron reflectivity gives rise to a thickness of 3 nm, while DPI suggest a thickness < 1nm.
In both cases, the surface coverage density is ~0.5 ngfmm2 at pH 3 and 7, and roughly 2-2.5 at
pH 5. While there are some notable differences, the qualitative description is similar using the
two different experimental techniques.
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Ellipsometric studies show a BSA layer thickness of 2.4 nm at pH 8. Since this region of pH is
coincident with the N-B transition in BSA, this value is not in disagreement with those of neutron
reflectivity and DPI. Given this consistency between the resulis on flat surface it makes sense to
compare to the observation of protein on nanospheres. In the nanoparticle studies, the peak in
thickness and refractive index (and hence material density) occurs at a pH value of 3.8. This is
significantly different from the studies on flat substrates, and in fact if we were to use only pH
values of 7, 5 and 3 it can be seen in Figure 3 that we would see no change in measured
quantities. While the reason for the difference is not clear it is worth noting a potentially important
difference in the way the protein samples are prepared. For the flat substrate studies, the protein
is simply mixed with a pH adjusted buffer and allowed to absorb onto the substrate. For the
nanospheres, such a procedure would lead to nanoparticle aggregation and a variation on the
technique is employed. In our studies, the BSA is adsorbed onto the nanoparticles at pH 7 and
then after the adsorption, the protein coated nanospheres are mixed with a buffer solution to
achieve the final pH value. The difference between these two cases is that the adsorption
process takes place at different pH, and thus the state of the proteins that are being adsorbed are
different in the flat substrate versus the nanoparticle experiment even when the final pH is the
same. Itis not clear what, if any, effect this will have or if this is responsible for the difference in
pH value where a peak in thickness is observed. The lack of a high pH resolution study for flat
substrates makes a direct comparison to our results impossible, but certainly we note that pH
values of 5 and 5.1 seem to show similar results in DPI and neutron reflectivity, indicating that the
peak is at least 0.1 pH units wide for flat substrates. This is wider than our observations in terms
of the thickness peak of the protein coating. Finally, another key difference is the absence of any
discernible transition for the 5 nm and 10 nm spheres. In such cases a reasonable explanation is
that upon adsorption to the smallest nanospheres, the protein has already lost much (perhaps all)
of its tertiary structure.

The differences between the structural transitions of BSA adsorbed onto flat surfaces versus
nanospheres are significant. Protein function is almost always linked to structure and changes in
tertiary structure (especially loss of such) when the protein is adsorbed onto nanoparticles has
far-reaching implications. In particular, the results indicate that even when some nanoparticles
(such as the ones here with diameter greater than or equal to 20 nm) allow the protein to adsorb
and maintain some degree of the bulk structure, the same may not be true for smaller spheres.
The extent and nanoparticle size where such effects occur may be strongly dependent on the
type of protein, as well as nanoparticle composition. Detailed studies of the size dependence of
protein function are clearly warranted.

Conclusions

We have measured the optical extinction spectrum of BSA coated nanospheres over a range of
pH (1-7) and nanospheres size (5-40 nm). We observe an indication of a structural transition
over a very limited range of pH near a value of pH 3.8. This transition is observed for sphere
sizes from 20 nm to 40 nm), and unlike pH dependent conformational transitions in bulk BSA
solutions, is not completely reversible. Protein adsorbed to spheres of diameter 5 nm or 10 nm
show no evidence for a transition at any pH in the range studied. The results indicate that the
effect of adsorption onto nanoparticles on tertiary structure can be strongly dependent on
nanoparticle size.
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Figure Captions:

Figure 1. Example LSPR extinction spectra for uncoated 30nm Au nanospheres.

Figure 2. Contour plot displaying peak extinction (dotted lines), and wavelength (solid lines) for
5nm Au spheres calculated from Mie theory.

Figure 3. Plasmon peak wavelength vs. pH for BSA on Au sphere sizes (o) 5nm, (o) 10nm, (V)
20nm, (/\) 30nm, (m) 40nm.

Figure 4. Peak wavelength vs. pH for BSA on 30nm Au spheres. Inset: Peak extinction vs. pH for
BSA on 30nm Au spheres.

Figure 5. Peak wavelength vs. pH for BSA on 5Snm Au spheres. Inset: Peak extinction vs. pH for
BSA on 5nm Au spheres.

Figure 6. (Triangles (A ) are multiple points at pH 3.8) Thickness vs. pH for BSA on 30nm Au
from modeling, including finer pH spacing near pH 4.0. Insets: Index vs. pH for BSA on 30nm Au.

Figure 7. (e) Thickness vs. pH for BSA on 5nm Au from modeling, including finer pH spacing
near pH 4.0. (V) Index vs. pH for BSA on 5nm Au from modeling, including finer pH spacing
near pH 4.0

Figure 8. Wavelength shift of samples which are individually taken through a series of pH
changes. A) sample taken down from pH 7 to pH 3 and back to pH 7, B) sample taken in one
rapid step down to pH 3, and back stepwise to pH 7, C) two different samples taken stepwise to
lower pH.
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Paper IV

Quartz Crystal Microbalance
Study of Protein Adsorption
Kinetics on Poly(2-hydroxyethyl
methacrylate)”

The previous three papers concentrated on curvature effects, and how they influence
adsorbed protein. One feature of all the previous papers was that adsorption had already
occurred. In the field of biomaterials, however, it is also of great concern as to the
mechanisms by which proteins become adsorbed. This paper examines the kinetics of
adsorbtion taking place on crosslinked polyHEMA surfaces. PolyHEMA is chosen as a
model biomaterial for its wide application in various protheses, in particular contact lenses.
The quartz crystal microbalance (QCM) provides a unique opportunity to study protein
adsorption. QCM has both extreme mass sensitivity (ng/cm?) as well as a fast response
time. Viscoelastic measurements provided by the QCM are shown to be informative with
respect to dehydration of the swelled polyHEMA film. Lastly, because protein adsorption
can depend strongly on protein-protein interactions in the bulk solution and on the surface,
single protein adsorption results do not translate easily into multicomponent adsorption
experiments. This is shown explicitly in measurements involving combinations of the

studied proteins and comparison to their individual adsorption behaviour.

4Reprinted from Journal of Colloid and Interface Science, J.H. Teichroeb, J.A. Forrest,
L.W. Jones, J. Chan and K. Dalton, Quartz crystal microbalance study of protein
adsorption kinetics on poly(2-hydroxyethyl methacrylate), Pages 1-8 , 2008, with
permission from Elsevier.

187



License Number
License date

Licensed content publisher

Licensed content publication

Licensed content title

Licensed content author
Licensed content date

Volume number
Issue number
Pages

Type of Use
Portion

Format

You are the author of this
Elsevier article

Are you translating?
Purchase order number

Expected publication date
Elsevier VAT number
Permissions price

Value added tax 0.0%
Total

188

1994271461393
Jul 22, 2008

Elsevier Limited
Journal of Colloid and Interface Science

Quartz crystal microbalance study of protein adsorption kinetics on poly(2-hydroxyethyl
methacrylate)

J.H. Teichroeb, J.A. Forrest, L.W. Jones, J. Chan and K. Dalton
4 June 2008

n/a

n/a

1-8

Thesis / Dissertation
Full article

Print

Yes

No

Sep 2008
GB 494 6272 12
0.00 USD
0.00 USD
0.00 USD



189

YJICIS: 14096
Journal of Colloid and Interface Science ese (ssss) ses—ses
. \ . . -
Contents lists available at ScienceDirect P
Colloid and
Tnterface Science

www.elsevier.com/locate/jcis

Journal of Colloid and Interface Science

Quartz crystal microbalance study of protein adsorption kinetics on

poly(2-hydroxyethyl methacrylate)

J.H. Teichroeb #™¢, J A, Forrest*™* LW. Jones®®, J. Chan®P®, K. Dalton ¢

4 Department of Physics and Astronomy, University of Waterloo, Waterleo, N2L 2G1, Canada
" Guelph Waterloo Physics Institute, University of Waterloo, Waterloo, N2L 3G1, Canada
¢ School of Optometry, University of Waterloo, Waterloo, N2L 3G1, Canada

ARTICLE I NFO ABSTRACT

Article history:
Received 14 February 2008
Accepted 28 May 2008

Keywords:

Protein adsorption
PalyHEMA
Hydrogel

Ocular biomaterials

The interaction of macromolecules with artificial biomaterials may lead to potentially serious complica-
tions upon implantation into a biological environment. The interaction of one of the most widely used
biomaterials, polyHEMA, with lysozyme, bovine serum albumin (BSA), and lactoferrin was investigated
using quartz crystal microbalance (QCM). The concentration dependence of adsorption was measured
for the aforementioned proteins individually as well as for lysozyme-BSA, and lysozyme-lactoferrin
combinations. An extension of Veinova's viscoelastic model to n layers was used to create thickness-
time graphs for adsorption. For each of lactoferrin and lysozyme, two distinctly different timescales of
adsorption could be differentiated. However, the mechanisms of adsorption appeared to differ between
the two. Negative dissipation shifts were measured for low concentrations of lysozyme, trending fo
positive dissipation at higher concentrations. This suggested that lysozyme was adsorbed initially into
the matrix, stiffening the hydrogel, and later onto the surface of polyHEMA. Additionally, trials with
commercial no-rub cleaning solutions indicated little added effectiveness over buffer solutions. Mixtures
of proteins showed behaviour which differed in some cases from the simple combination of single protein

adsorption experiments.

Crown Copyright © 2008 Published by Elsevier Inc. All rights reserved.

1. Introduction

Artificial materials to repair damaged or absent biological tissue
have been used for over two thousand years in dentistry. Recently,
there has been an explosion in the use of, and search for, bioma-
terials in diverse medical fields [1]. Used in orthopedic and cardio-
vascular surgery, engineered body parts include joints, ligaments,
stents, and artificial hearts. They are pervasive in dentistry, and
are being used extensively in ophthalmology for contact lenses,
drug delivery systems [2], artificial corneas, retinal tamponades,
scleral buckles following retinal detachment and intraocular lenses.
The ability to develop implantable biomaterials which are cheap,
non-toxic, durable, and do not elicit an immune response is the ul-
timate goal of this field. However, the drive to find new, safer, and
longer lasting options is inhibited by the deposition of unwanted
macromolecules, in particular lipids, proteins and bacteria, leading
to infections, wear, and clotting. For example, thrombus formation
poses a life threatening condition for cardiovascular implants [3,4].
Catheter fouling [5] can lead to encrustation, and infection.

* Corresponding author. Fax: +1 519 746 8115.
E-mail address: jforrest@sciborg.uwaterloo.ca (J.A. Forrest)

0021-9797/%
doi:10.1016/j,jcis.2008.05.052

Poly(2-hydroxyethyl methacrylate) (polyHEMA) is a common
synthetic, hydrogel material that is frequently used as a bioma-
terial. It has been used for breast augmentation surgery [G], syn-
thetic skin [7], and has been incorporated into paranasal, chin, and
malar facial implants [8]. First suggested by Wichterle [9] for use in
contact lenses, polyHEMA has gained widespread use in ophthal-
mology. In addition to widespread use for contact lenses, it is also
used for intraocular lenses following cataract surgery [10]. While
new silicone hydrogel materials are becoming popular for con-
tact lens use due to their high oxygen transmissibility [11], HEMA
based lenses are still extensively used. Macromolecular buildup of
components from the tear film onto contact lenses reduces visual
clarity [12], increases inflammatory complications [13] and may
increase the possibility of infection due to increased binding of
bacteria and amoeba to the deposits [14,15]. PolyHEMA lenses can
belong to any of groups I-1V depending on their water content and
ionicity as determined by co-monomers such as vinylpyrrolidone,
methacrylic acid, diacetone acrylamide and polyvinylpyrrolidone
[16,17]. In terms of conventional contact lenses, group I lenses
(low water content, non-ionic) such as pure polyHEMA typically
adsorb the least amount of protein [16]. An important considera-
tion is that for certain lenses (particularly group IV) proteins such
as lysozyme, major basic protein, and lactoferrin have been known

see front matter Crown Copyright © 2008 Published by Elsevier Inc. All rights reserved.
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to penetrate into the matrix of the hydrogel [17-20]. While some
macromolecular buildup can be removed, it is questionable as to
the efficacy of commercial cleaning solutions for multi-use contact
lenses. Studies indicate that only 1/3 to 1/2 of protein is removed
[21], with lysozyme being the main contributor. In fact Senchyna et
al. [22] find an increase in lysozyme adsorption to etafilcon (group
IV) after PHMB (ReNu Multiplus) cleaning. Thus, it is productive to
study pure polyHEMA as a model biomaterial, and investigate pro-
tein adsorption onto it. To do so, we have chosen to use the quartz
crystal microbalance (QCM).

The conceptual basis for the QCM has been around for some
time, and in 1959 Sauerbrey [23] showed that small rigid mass ad-
ditions to the crystal would cause a decrease in frequency that is
linearly proportional to mass. This was only generally applicable to
operation in a gaseous environment. Nomura et al. extended this
in 1980 to include operation in a fluid [24], where it was originally
thought the crystal would experience too much energy dissipa-
tion to allow oscillation. Operation within fluid allowed studies
of protein deposition to be performed. Fluid operation gives the
opportunity to utilize QCM as an analysis tool to protein deposi-
tion onto biomaterials. In particular, the effects of adding charged
moieties such as methacrylic acid {MAA), or hydrophobic moieties
such as n-vinyl pyrrolidone (NVP) to polyHEMA have been exam-
ined with QCM [25]. Various works have developed continuum
mechanics models for liquid operation of the QCM [26,27]. In par-
ticular, a model treating multilayer films as serial Voigt elements
was developed by Voinova et al. [27]. A limiting factor for QCM use
to study protein adsorption onto HEMA films is that the high wa-
ter uptake of HEMA results in a material with a large dissipation
for the shear waves used for QCM studies. This necessitates the
constraint that HEMA films used should be at sub-micron thick-
ness, in order to have the sensitivity to measure adsorbed protein.
At the same time, there is likely a minimum thickness required
for the film to exhibit bulk properties (for example the entangle-
ment length). Part of the current work involves developing a way
to make a cross linked poly(HEMA) film that is a few hundred nm
in thickness and has long term stability, even when swelled with
water. QCM allows real-time monitoring of label-free protein ad-
sorption with high sensitivity (submonolayer). We are also able to
monitor dissipation which can provide an indication as to how ad-
sorption affects the hydrogel.

We have used the QCM to study adsorption of several pro-
tein components of the tear film onto polyHEMA films. Lysozyme,
serum albumin, and lactoferrin are investigated at several con-
centrations, and the long-time behaviour of adsorption examined.
Data were also collected using mixtures of two proteins, to look
for competitive effects. Two commercially available contact lens
disinfecting and rinsing solutions were measured for their effi-
cacy at removing adsorbed protein. Additionally, we have produced
polyHEMA films small enough to be operable on the QCM, while
allowing a thickness that provides confidence the properties are
the same as that shown by the bulk.

2. Materials and methods

Lysozyme from chicken egg white—95% protein (58100 units/
mg) 3 times crystallized, dialyzed, and lyophilized was purchased
from Sigma-Aldrich. Essentially fatty acid, and globulin free bovine
serum albumin (BSA)—min. purity 99%, and lactoferrin from bovine
colostrum—90% SDS-PAGE were purchased from Sigma-Aldrich,
and used without further purification. Complete Moisture Plus No
Rub Solution {Advanced Medical Optics, Santa Ana, California) and
ReNu MultiPlus No Rub Solution {Bausch & Lomb, Rochester, NY,
USA) were obtained commercially.

2.1. Preparation of submicron crosslinked polyHEMA films

The following procedure was adopted to produce stable, thin,
uniform, crosslinked polyHEMA films from linear polyHEMA on
QCM crystals. Linear PolyHEMA M, ~ 300,000 was purchased
from Sigma-Aldrich. PolyHEMA crystals were dissolved at 5% by
weight into a solution with 5% water by weight in ethanol. The
supernatant containing only dissolved polyHEMA was extracted
and mixed with 7% ethylene glycol dimethacrylate (EGDMA) 98%
purity from Sigma-Aldrich, inhibited with monomethyl ether of
hydroquinone {[MEHQ). 2-Hydroxy-2-methyl-propiophenone a.k.a.
Darocur 1173 (97% purity from Sigma-Aldrich) was dissolved 17%
by weight into the PolyHEMA/EGDMA solution to act as an ul-
traviolet initiator [28]. A thin 2% by weight polystyrene film was
spincoated at 3000 rpm onto the bare gold crystal to facilitate re-
moval of the polyHEMA film, since once it was crosslinked it could
no longer be dissolved.

Formation of crosslinked polyHEMA films required a nitrogen
environment to prevent oxygen from scavenging the free radicals
formed by the initiator and preventing initiation and crosslinking.
To this end a chamber was built around the spincoater, which
allowed dry nitrogen to be leaked in continuously, ensuring low
oxygen levels. A Spectroline 11sc-1 shortwave UV (254 nm) pen
light was fixed in the chamber approximately 15 inches above
the surface of the spincoater. This light source was required by
the ultraviolet initiator in order to break the 2-hydroxy-2-methyl-
propiophenone into free radicals and start the crosslinking reac-
tion. While less common, it is not unusual to crosslink linear poly-
mers as opposed to monomers. Free radicals are able to react with
intra-chain points, forming crosslinking points even in the middle
of the chain. This has been done for a number of systems such
as: PEO [29,30], PVP [31], hydroxyethylcellulose [32], and between
polymer mixtures such as PVP and PAA [33].

Several drops of polyHEMA/crosslinker/initiator solution were
placed on the QCM crystal, which was on the spincoater. Nitrogen
flow was started, and the chamber was then sealed. The crystal
was spun at 5000 rpm for 30 s. Spinning was than stopped and
the UV lamp was switched on for 2 min. The crystal was then
removed from the chamber and soaked in ethanol with 5% wa-
ter for half an hour to remove residual chemicals from the films.
Crosslinking prevented the films from dissolving. Films were then
washed and soaked in Milli-Q water for 20 min, before being dried
at 80°C for 30 min.

2.2. QCM measurement

Measurements were made with a Q-Sense D300 microbalance
system (Q-Sense AB, Sweden). Solutions were gravity fed into the
QCM. Because the QCM is sensitive to pressure changes the solu-
tions were fed from a constant height, which minimized pressure
effects. By first feeding solutions into a warming loop, which did
not contact the crystal, any new solution coming into contact with
the quartz crystal was within approximately 1°C of the QCM-cell
temperature of 34.5°C. This temperature was chosen as it was
close to physiological eye temperature of 33-36 °C [34]. Phosphate
buffer solution (PBS) was made to a normal eye pH of 7.45 [35] ac-
cording to the recipe: 0.110 M NaCl, 0.0190 M Na;HPO,, 0.00460 M
NaH2P04. Uncertainties were determined from the measurement
of several samples.

Crystals were reused several times, and were first soaked in
ethanol with 5% water to swell the polyHEMA, before dragging lens
tissue across the surface. This tended to physically remove most of
the polyHEMA, leaving behind the polystyrene, which was then re-
moved by dropping toluene onto the crystal while it was spinning
in the spincoater. Crystals were then ozone etched, and rinsed. An
optical microscope was used to examine and rule out evidence of

Please cite this article in press as: JH. Teichroeb et al., Quartz crystal microbalance study of protein adsorption kinetics en poly( 2-hydroxyethyl methacrylate), J. Colloid

Interface Sci. (2008), doi: 10.1016/j,jcis.2008.05.052



191

YJCIS:14096
JH.Teichroeb et al. [ Journal of Calloid and Interface Science see (ssss) sss-sss 3
0 | 00 The solution to this is
. = is 1-0.2 .
PR SR |04 & Uy, 0) = (cre ™Y + ¢y e5Y el
N ey =)
L K w 06 with £ = a + ik and
3 -200 08 = -
‘.‘:’ - g | —— | ——
2 <10 7 L /yi+x*—x L /VT+x2+x
3 -300 z =" k=—\—"=",
] 12 3 sV 1+ sV 1+
o 0 N
-400 148 M (23
e e T e
-500 A8 1 Ve
0.1 1 10 100

Time (min)

Fig. 1. Example of semi-raw QCM data for 1 mg/ml lysozyme adsorption. Both the
third (15 MHz—circles) and fifth (25 MHz—triangles) overtones are shown for fre-
quency (solid symbels) and dissipation (hollow symbals).
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Fig. 2. Diagram of n-layer Voinova model. Top layer ((n + 1)th layer) is a purely
viscous liquid solution. The n films are assumed not to undergo interfacial slip.

film residue before a crystal was reused. The frequency of the un-
coated crystal was also compared to previous values to ensure that
cleaning was thorough.

A Watson Marlow 205U/CA peristaltic pump was used to clean
the QCM. Typically, a 2% solution of Hellmanex Il (Hellma) in Milli-
Q water at 35 °C was pumped through the QCM for a period of 4 h,
before pumping through a rinsing solution of pure Milli-Q water
for an hour twice. Scrupulous cleaning was needed to guarantee
all protein was removed from components of the QCM to ensure
repeatability. Cleaning was deemed complete when upon reintro-
ducing buffer no protein or cleaning solution could be measured
adsorbing to the clean crystal.

3. Extended viscoelastic model for n layered system

In order to interpret the results, raw frequency and dissipation
data (e.g., in Fig. 1) were converted to the approximate thickness
of the protein film. To do this we have extended the viscoelas-
tic model of Voinova et al. [27] to n layers. The model assumes
uniform homogeneous layers stacked on top of each other, with
some film density (p), viscosity (n) and elastic shear modulus ()
(Fig. 2). In addition, the quartz crystal parameters, density (g,
elastic shear modulus (fip) and thickness (tg), as well as the vis-
cosity and density of solution (7)p41. fn41) must be known. Here
we assume that the top film is covered in a purely viscous liquid,
and that the quartz is non-dissipative. Films are treated as serial
Voigt elements, and the quartz as a harmonic oscillator.

Using the same notation as Voinova et al. the bulk wave equa-
tion is

2 PUx(y 1)
ay?
where p* is the complex shear modulus, u, is the displacement in
the x-direction, and w is the frequency.

= —pwtux(y, 1),

where « is the decay constant, x is the wave vector. y and 4 are
the viscoelastic ratio and viscous penetration depth, respectively.
And we must satisfy no slip boundary conditions, such that there is
a continuity of displacement uy (and velocity vy) and shear stress
oy at the interfaces of each layer.

Ty = piuy (¥, 0)/dy + navy(y,t)/dy is the shear stress/strain
relation for a Voigt element in which oyy is the stress defined
by the force in the x-direction per unit area defined by a normal
vector in the direction y (i.e., x-z surface). We have chosen this
direction arbitrarily.

Thus we are subject to the conditions:

Wiy, t)y=ulhy,0),
ulthy, t) =ul(hy. 1),

ul(higr, O =ul (i 0,

Ul (. ) =uT (hpgr, £)

where ul(h j»t) represents displacement in the x-direction of the
ith film at the jth boundary (distance h;) between the (j — 1)th
and jth films. The quartz crystal is the Oth film, while the liquid is
the (n + 1)th film.

agy i t) =0 (h1,0),

agy(ha.t) =0l (hy, 1),
U;_v(hi+1 N3] =O’;_.j—1 (h.‘+1.r].

Ay (1. t) = ot (1. 1),

At the liquid/free surface we have the boundary condition:

oot 2. t) = a3y (hns2.0),
where the superscript a denotes air. Since air cannot support
stress, and we take the liquid to be purely viscous we have:
Do dVIH Jay =0,

Substituting these into the general equation leads to the so-
lution for 8, which can be substituted into the frequency and
dissipation relations to give the full solution:

o B _ B
&f_[m(zrrpuhu)' AD = Re(—rrf,ooho)'

where

1— Aje2fih

1+ Ajezaih’

KGE I A e ) — kg B (L= Ay o361 80
D (U A @A) — iy (1= Ay @51 800)
i=1,....n
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The Aj’s are most easily determined using a recursive algorithm
and a Matlab program was developed to solve the general sys-
tem. In our specific case we have a three film system. Polystyrene
forms the first layer, polyHEMA the second, and the adsorbing pro-
tein the third layer. Values for the viscosity and shear modulus of
polystyrene were taken to be 0, and 1.208 x 10° Pa respectively,
with a density of 1050 kg/m? [36]. The thickness was determined
by holding £t and n constant in the Matlab program and vary-
ing the thickness until the experimental frequency and dissipation
was reproduced. This led to a typical thickness of 95 nm for the
polystyrene films that is consistent with ellipsometric measure-
ments of similar films. To determine ¢, , and h for the polyHEMA
film, ¢, 1, and h were varied until both the third and fifth over-
tone frequency and dissipation values were matched in a similar
method to [37] using an automatic searching Matlab program. This
matched the shift of taking polyHEMA from air to water, and ex-
tracted the desired parameters. This calculation was slightly com-
plicated by the fact that polyHEMA swells in water. Assuming all
change in polyHEMA was due to water uptake it was possible to
define a simple relationship between thickness and density, thus
reducing the number of variables required. The shear modulus was
determined to be 4 x 10% 43 x 10° Pa, the viscosity 0.5 £0.1 Pas,
and the thickness 388 nm (swelled), with a density of 1076 kg/m?>.
The hydrated density of polyHEMA was determined by assuming a
dry density of approximately 1150 kg/m?® and shear modulus of
2.0 x 10° Pa which gave a semi-dry thickness of approximately
197 nm initially. However, using this assumption the water con-
tent of the hydrogel would be around 85% to give a thickness of
388 nm swelled. While this is not impossible, it is unlikely that the
water content is over 60%. Garrett et al. [38] find pure polyHEMA
has EWC of 40%, but up to 86% water for charged carboxymethy-
lated polyHEMA.

A film whose surface is rough would experience higher dissi-
pative forces from the water than would a smooth film operating
in pure a pure shear mode. This would raise the effective water
content of the film. Roughness effects were not included in the
model. Since we simulate a smooth film that has the same fre-
quency/dissipation response to its environment as the rough film,
a higher roughness may account for the apparently high EWC. The
aforementioned values, including thickness, for both films 1 and
2 were used for all simulations. Water was taken to have a shear
modulus of zero, viscosity of 0.,0072 Pas (at 34°C) and a density
of 1000 kg/m? [39]. All protein was assumed to have a density of
1330 kg/m? [34]. Under shear, a certain amount of water moves
with protein, increasing the effective weight [37,40]. While it is
recognized that there will be differences between differing pro-
teins [41], it is not possible to predict how they affect density,
or the amount of dragged water without a priori knowledge. As
such, comparisons between different proteins, which may have dif-
ferences in bound water, are less exact than comparisons looking
at the same protein. Bound water will increase the effective mass
measured, and is expected to have more of an effect on thinner
layers (monolayers) being more prominently a surface effect. When
converting frequency and dissipation to thickness for protein, only

Time (min.)

Fig. 3. Thickness vs time graph of adsorption of varying concentrations of BSA. Error
in measurement #: +0.15 nm. Lines represent actual data, and are added to avoid
ambiguity with symbaol overlap.
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Fig. 4. Thickness vs time graph of adsorption of varying concentrations of lysozyme.
Error # £0.4 nm. Lines represent actual data, and are added to avoid ambiguity
with symbol overlap.

frequency was considered. This was due to the fact that dissipa-
tion decreased upon initial adsorption, a phenomenon likely due
to displaced water [25,42]. This does not amount to a Sauerbrey
treatment, however, as a full viscoelastic model is used, which for
the viscoelastic hydrogel film will affect results.

4. Results

Fig. 3 shows the derived layer thickness of bovine serum albu-
min adsorbing onto the polyHEMA substrate, The initial adsorption
is fast, and reaches a “quasi-steady-state” value in less than 1 min.
The protein layer thickness at this plateau is around 1.9 4 0.15 nm
or (253 & 20 ng/cm?). It is noteworthy that this plateau value re-
mains concentration independent from 0.1 to 10 mg/ml.

In stark contrast to the behaviour of BSA, lysozyme (Fig. 4) ini-
tially adsorbs in a concentration dependent manner. There is no
plateau as in the previous case; instead there is a second adsorp-
tion stage at a much slower rate. 1 mg,/ml corresponds to a plateau
value of 1330 £ 50 ng/cm?. Several attempts to describe this ad-
sorption with a physical model were not successful, and an empir-
ical double exponential fit hit) = a1(1 — e~ "™} + a2(1 — /™2
was used instead. This generally fit quite well with a correla-
tion coefficient (R value) of 0.99. Values for fitting parameters
are given in Table 1. Fig. 5 displays rinsing data as a propor-
tion of lysozyme removed for various adsorbing concentrations,
including all rinsing stages. This involved rinsing twice with buffer,
followed by rinsing with no rub solution, and finally again with
buffer to remove any no rub solution. The amount of protein re-
moved in general increases with the number of rinsings. Over-
all, an average of over 91% of protein was removed for the en-
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Table 1 20
Fitting parameters for lysozyme adsorption —— 0, 1maiml /
—— 0 Smgiml
Concentration (mg/ml) aq (nm) 71 (min) gz (nm) 72 (min) E 15 P
01 1.4963 2.1432 0.3074 377.6150 £ 7 /’
0.5 4.9876 1.6920 0.3535 42,3729 " T
1.0 0.0851 15412 17775 866.3250 210 e
5.0 20.8726 2.7632 3.0331 587.5095 £ T
10.0 24.6720 2.5813 3.4410 386.5930 2 s Haramne
£ 5} i N e
Note. Lysozyme adsorption fitting parameters based on the equation h{t) =a1(1 — = Sre————
eT) 4 g5(1 —e72). 7y and 1, means of 2.1 and 452.1 min, respectively.
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10 mg/ml. Rinsing of the adsorbed protein for the concentration
of 0.1 mg/ml removed less than other concentrations. The dis-
sipation change as a function of concentration for lysozyme ad-
sorption is shown in Fig. 6. Curiously, for concentrations up to
1 mg/ml a decrease in dissipation is measured. As we approach
higher concentrations the decrease becomes less, and eventually
positive.

Lactoferrin, unlike lysozyme, cannot be fit well to a double ex-
ponential. There appear to be two different timescales (Fig. 7).
However, the first event occurs so rapidly (around 0.1 min) that
only a few data points can be measured, and it makes up a
smaller relative amount of the overall adsorption. This initial ad-
sorption appears to be only moderately concentration dependent.
The second main mechanism accounts for an increasing amount
of the total adsorption with concentration. It is faster than for
lysozyme, but the thickness is less. For 1 mg/ml, adsorption gives
558 + 50 ng/cm? for short times to 744 + 50 ng/cm? for longer
times.

Fig. 8. Thickness vs time graph of adsorption of varying concentrations of lysozyme
and B5A mixed 1:1 by mass-volume. Pure lysozyme adsorption plotted for compari-
son purposes. Error #: £0.4 nm. Lines represent actual data, and are added to avoid
ambiguity with symbol overlap.

Fig. 8 shows the adsorption behaviour of a combination of BSA
and lysozyme for concentrations of 1, 5, and 10 mg/ml, while
Fig. 9 displays these against the equivalent adsorption for lysozyme
alone. When lactoferrin and lysozyme are mixed in equal con-
centration, the adsorption is greater than either single adsorption
(Fig. 10). In fact, for the 1 mg/ml concentration the adsorption is
greater than the sum of the two.

5. Discussion

Given the lack of dependence on concentration, it seems likely
that the value of 1.9 & 0.15 nm or {253 & 20 ng/cm?) represents

" Please cite this article in press as: J.H. Teichroeb et al., Quartz crystal microbalance study of protein adsorption kinetics on poly(2-hydroxyethyl methacrylate), ]. Colloid

Interface Sci. (2008}, doi:10.1016/j.jcis.2008.05.052



194

YJCIS: 14096
6 JH.Teichroeb et al. / Journal of Colloid and Inteiface Science sss (ssss) sss-sse

35 ] as those found on hydrophobic polytris(trimethylsiloxy)silylstyrene

30 | e eryme o of 6 min and greater than 240 min [53]. This demonstrates the

25| E'-r?g;ﬁgm,:g‘;fgg’* /// strong dependence upon surface chemistry, in which an overall

E Ve hydrophilic substrate such as polyHEMA can display similar time
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Fig. 10. Thickness vs time graph of adsorption of varying concentrations of lacto-
ferrin and lysozyme mixed 1:1 by mass-volume, Error 7 £0.4 nm. Lines represent
actual data, and are added to avoid ambiguity with symbol overlap.

a protein monolayer, and that BSA (Fig. 3) does not form any sig-
nificant multilayer for this system. This is consistent with studies
done on conventional lenses, in which BSA is seen to adsorb mini-
mally, with at best very weak concentration dependence [43]. The
value of 1.9 nm also indicates that BSA, which is typically quoted
as being a heart shaped molecule having rough dimensions of a
solid equilateral triangle with 8.0 nm sides and a 3.0 nm average
depth [44], has a tertiary structure upon adsorption that is dif-
ferent than that in bulk solution. This value is in good agreement
with that of a BSA thickness of 2.3 nm seen on platinum sub-
strates using ellipsometry [45], and with values of 274 nm/cm? of
human serum albumin (HSA) on non-crosslinked polyHEMA for a
concentration of 0.2 mg/ml using QCM [25]. ATR-FTIR measure-
ments indicate around [46] 170 ng/cm? for HSA on polyHEMA
with 38% water content, which is significantly lower than our
value of coverage. They also find that the HSA undergoes signif-
icant denaturing at long times, especially on crosslinked spincast
polyHEMA, as compared to lathe cute polyHEMA. Denaturing typ-
ically renders a protein irreversibly adsorbed, which was evident
to us and others [25] for albumin. Denaturation is normally not
as favourable on hydrophilic substrates [47]. However, for proteins
with low native stability such as BSA, conformational changes can
act as a major driving force for adsorption [48] even under electro-
statically, and hydrophilically unfavourable conditions such as on
polyHEMA. The fact that adsorption seems mostly concentration
independent, in our case, suggests that upon binding BSA spreads
much faster than the supply rate of protein [49]. This is corrob-
orated by the adsorption of HSA onto tefilcon (polyHEMA) [50]
which is immediately irreversible, and conformationally changed,
as compared to etafilcon A, and vifilcon A where conformational
changes are much slower.

Lysozyme has dimensions of about 4.5 x 3 x 3 nm [51]. This
would mean monolayer coverage occurs somewhere between con-
centrations of 0.1 and 0.5 mg/ml (Fig. 4). Slightly lower values
have been reported using QCM [25] of around 1072 ng/cm? to-
tal lysozyme for 1.9 mg/ml as compared to our value of 1330 4
50 ng/cm? for 1 mg/ml. The increased adsorption we see may re-
late to the fact that our films have been crosslinked, or possibly
due to our higher water content hydrogel. A concentration depen-
dent plateau is not surprising [43], and a two stage process of ad-
sorption onto hydrophilic substrates has been seen previously [52],
with the initial stage being attributed to formation of a monolayer,
and the second stage to multilayer formation, Fitting parameters
from Table 1 indicate that upon normalizing them there would be
two distinct mechanisms having different time constants. We do
not ascribe any meaning to the differences in individual v values
since the time constants show only scatter about a means of 2.1
and 452.1 min. Interestingly, these values are of the same order

fit a Langmuir equation I' = IacKc/(1+ Kc), with parameters
K =046, I =29.98 nm, R value of 0.999, and ¢z with pa-
rameters K =0.52, 416 nm, R value of 0.976. This equation is
typically used to describe a system where there are a finite num-
ber of “sites” for protein, or in our case a maximum thickness
that can be reached even if our concentration becomes very large,
and that concentration is the driving force for adsorption. In our
case, the first mechanism attributed to the first time constant T,
appears to contribute to more than one layer. Other studies typ-
ically find two differing kinetics, with the first corresponding to
formation of the monolayer, in which lysozyme binds to free sur-
face, and may attract further bulk protein through complimentary
dipole alignment [52,54]. It has been suggested that for adsorp-
tion to take place an event similar to nucleation often occurs, in
which a nucleus of several lysozyme molecules adsorbs first, mak-
ing further adsorption more favourable [49,55]. Coopertivity is also
frequently seen, especially at monolayer levels [49], especially on
hydrophobic substrates. However, given that we are using a hy-
drophilic substrate, with relatively high concentrations, and the
first couple data points may be affected by the protein solution
being injected, we see no evidence for either of these effects. The
second constant T, corresponds to a slower increase in effective
mass, the size of which suggests that this is simply continued ad-
sorption of multilayers as Subbaraman et al. [56] see increases in
adsorption up to at least 28 days. However, the continued adsorp-
tion may still depend on a slow denaturing, or rearrangement of
already adsorbed lysozyme to allow more to adsorb. Ball et al
suggest that multilayer growth may proceed by the same dipole
mechanism as monolayer, but appear different, as further proteins
must search longer for complementary spots, and are unable to
satisfy their bonding requirements as rigorously [52]. Much of the
multilayer absorption may be through dimers and trimers, which
are formed during the longer period while the protein searches for
a complementary adsorption spot [52]. Slowing adsorption could
be explained in our case if, for instance, monomers were capable
of binding even in the multilayer regime in our case due to at-
tractive electrostatics between the weakly negatively charged poly-
HEMA, and the very positively charged lysozyme. The buildup of
positively charged lysozyme, making further adsorption less and
less favourable, as lysozyme does not typically adsorb to repul-
sive hydrophilic substrates [57], may eventually require dimer and
trimer formation to adsorb. Finding charge equilibrium between
bulk and adsorbed lysozyme would account for our concentration
dependence. In terms of reversibility of adsorption, the lysozyme
adsorbed during the fast process is often seen to be irreversibly
bound, and conformationally altered [52,53]. By examining our
rinsing data it is likely that this is the case.

While 91% of protein was removed on average during rinsing
(Fig. 5), it is to be expected that for 0.1 mg/ml less was removed,
since for 0.1 mg/ml it appears in Fig. 4 that a sub-monolayer is
adsorbed. It is not surprising that this protein, which is in di-
rect contact with the surface, is more tightly bound, and that it
is harder to remove an equivalent percentage of it as compared to
the 10 mg/ml concentration which has many loosely bound mul-
tilayers [52]. This does not need to be caused by spreading on the
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surface, but could be due to surface aggregation [49], as lysozyme 5

is known to sometimes form a gel-like structure upon adsorption 4

[58]. Van der Veen et al. for example find that only 20% maximum
of protein can be removed, and that the amount depends on the
adsorptioin time up to 20 min (much longer than their observed
spreading time of 100 s). Closer inspection of Fig. 5 shows that
initial rinsing with buffer alone removed on average 80% of the
protein (excluding 0.1 mg/ml). The final rinsing with buffer again
removed as much as the no-rub. This suggests that equally suc-
cessful results could be obtained using only buffer, but repeating
the rinsing several more times. Another QCM study of adsorp-
tion onto polyHEMA [25] find 622 ng/cm? of reversible lysozyme
and around 450 ng/cm? of irreversible lysozyme, which amounts
to around 60% reversible. Crosslinking our films may be a factor
in our higher reversibility. Also, hydrophilic surfaces are typically
associated with more reversible protein [59], albeit our higher ap-
parent water content does not necessarily represent greater surface
hydrophilicity. Reversible systems also exhibit equilibrium condi-
tions, such as the concentration dependence in our case.

We interpret lysozymes dissipation change in Fig. 6 similar
to other studies [42] in that a decrease in D corresponds to the
hydrogel layer becoming stiffer, probably due to dehydration. De-
hydration of a surface can be a significant driving force for protein
adsorption [48]. Hydrogel dehydration due to lysozyme has been
previously demonstrated using dual polarization interferometry
(DPI) [42], however, the film was only 3 nm thick and may not
have been representative of bulk polyHEMA, especially when con-
sidering lysozyme is a 3 x 3 x 4 nm ellipsoid. Interestingly, while
those films were polyHEMA-MAA, and are not crosslinked like our
films, our dissipation value of 1.2 x 10~5 for the fifth overtone (D3)
matches well with theirs [42] of 1.3 x 1075, It is also noteworthy
that this effect was not seen on pure uncrosslinked polyHEMA
[25], suggesting that crosslinking may be responsible for dissipa-
tion decreases happening with our pure polyHEMA. The fact that
the dissipation shift is the same, despite our film being an or-
der of magnitude larger (388 vs 40 nm [42]) implies that if this
is in fact due to penetration of lysozyme into the matrix, that it
does not penetrate further than 40 nm and is mostly a surface
phenomenon. D eventually becomes positive for high enough con-
centrations. This leads to the conclusion that while initial lysozyme
may slightly penetrate the gel, later lysozyme must deposit on the
surface, eventually leading to increased dissipation. Normally on
pure polyHEMA, matrix penetration is not seen [28,60], so it is
most probable that dehydration is brought about purely by surface
adsorption.

Lysozyme's adsorption (Fig. 4] is contrasted with that of lacto-
ferrin (Fig. 7). It is likely that lactoferrin is rapidly forming some-
where close to a monolayer during the initial rapid stage (around
0.1 min), and that further adsorption occurs similarly to lysozyme,
as molecules undergo some sort of further alteration, allowing a
multilayer to form. This alteration occurs at a much slower rate
than adsorption. Similar studies on polyHEMA [25] for 1.8 mg/ml
lactoferrin see around 1100 ng/cm?, as compared to our 558 +
50 ng/cm? for short times to 744 + 50 ng/cm? for longer times
with 1 mg/ml Our concentration difference is likely enough to ac-
count for this difference. The second mechanism being faster.

When a solution with equal concentrations of BSA and lysozyme
is used, the resulting thickness/time graph appears very similar to
lysozyme (Fig. 8). The final amounts show a slight increase above
lysozyme alone. For the 1 and 5 mg/ml the final slope is greater
than that of lysozyme, suggesting there may be some weak in-
teraction with BSA, making the second mechanism of adsorption
more favourable (Fig. 9). Fig. 10 exhibits clear interaction phe-
nomenon between lactoferrin and lysozyme, with the sum of the
single protein adsorption experiments not able to account for the
combined effect. Fig. 11, on the other hand, indicates that a combi-
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Fig. 11. Thickness vs time graph of adsorption of varying concentrations of lactofer-
rin and BSA mixed 1:1 by mass-volume. Error # £0.4 nm. Lines represent actual
dara, and are added to avoid ambiguity with symbol overlap.

nation of lactoferrin and BSA do not adsorb as much as lactoferrin
alone. In fact for the 0.5 mg/ml case, the amount of adsorption
is equivalent to BSA alone. This does not imply, however, that the
layer is only BSA as the layer may still be mixed. It may be the
case that lysozyme which is strongly positively charged at pH 7
does not feel the effects of BSA as strongly, while lactoferrin, hav-
ing a lesser positive charge is more affected by BSA. If our surface
is slightly charged it is conceivable that the BSA, being slightly
negative at pH 7 associates with lactoferrin, forming a less efficient
packing layer. Lysozyme, being much more positively charged may
still present a highly charged solute in the presence of BSA. These
results highlight the problem with studying individual proteins.
Frequently their behaviour is significantly different when com-
peting, or cooperating with other macromelecules [61,62]. It also
underscores the complexity of study multi-component solutions,
in that it is not normally possible to measure individual contri-
butions, nor is it possible to deconvolve them from a combined
measurement,

6. Conclusion

An investigation of the adsorption behaviour of lysozyme,
bovine serum albumin and lactoferrin to polyHEMA was performed
using a quartz crystal microbalance. The adsorption data was con-
verted to protein film thickness using a viscoelastic model. Adsorp-
tion showed several timescales depending on the protein. While
bovine serum albumin adsorbed in a concentration independent
way with a single timescale, lysozyme and lactoferrin exhibited
concentration dependent adsorption with multiple timescales. This
indicated two distinct mechanisms of adsorption. In the case of
lactoferrin, however, the first mode of adsorption appeared to con-
tribute mainly to a monolayer, while in the case of lysozyme the
first mode contributed to multiple layers. Concentration depen-
dence of the previously seen [42] negative dissipation shift for
lysozyme adsorption showed a positive trend towards higher con-
centrations. This suggested that lysozyme was adsorbed initially
into the matrix, and later onto the surface of polyHEMA. Rins-
ing trials showed commercial no-rub cleaning solutions had little
advantage over rinsing with simple buffer solution. Adsorption of
mixtures of proteins indicated that, while informative, single pro-
tein type adsorption experiments may behave very differently from
real biomaterial environs containing multiple protein and lipid
components.
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Paper V

Imaging Protein Deposits on
Contact Lens Materials”

This final paper looks at protein adsorption in a real world system — the contact lens. In
particular, silicone hydrogels, which offer higher oxygen transmissibility, are examined.
Controlling the kinetics, and amount of adsorption may be desirable, however, the state of
protein is perhaps more important in terms of pathogenicity. Generally, amounts of protein
adsorption are measured on contact lenses. A large amount of protein does not necessarily
represent a problem if that protein maintains its native state and function, and remains
exchangeable with the bulk. We have opted to look at the morphology of the protein
deposits in this paper. This is something that is rarely examined, but may offer clues as to
why these deposits form. Additionally, measurements of roughness, surface composition,

and bare lens morphology were made, all of which may correlate with protein adsorption.

4Reprinted from Optometry and Vision Science, J.H. Teichroeb, J.A. Forrest, V. Ngai, J.W.
Martin, L. Jones, J. Medley and K. Dalton, Imaging Protein Deposits on Contact Lens
Materials.
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Imaging Protein Deposits on Contact
Lens Materials

YWINAL ARTICLE

Jonathan H. Teichroeb*, James A. Forrest!, Valentina Ngai¥, James W. Martin, Lyndon Jones®,
and John Medley"

ABSTRACT

Purpose. The majority of studies investigating protein deposition on contact lens materials require that the deposit of
interest be removed, potentially resulting in erroneous results if some proteins are not removed adequately. The purpose
of this study was to investigate the use of in situ imaging methods to examine protein deposition on conventional
poly(2-hydroxyethyl methacrylate) (polyHEMA)-based and silicone hydrogel contact lens materials.

Methods. Six silicone hydrogel and five polyHEMA-based hydrogel contact lens materials were examined by Atomic
Force Microscopy (AFM) and/or Scanning Electron Microscopy (SEM) techniques, after being deposited with proteins in
an in vitro model. AFM studies examined lenses deposited solely with lysozyme at approximate physiological concen-
trations and SEM studies were conducted on lenses exposed to a dilute mixture of lysozyme and albumin-conjugated gold
spheres.

Results. AFM studies demonstrated that the lens materials had markedly differing surface topographies. SEM results
showed that galyfilcon A and balafilcon A lenses deposited both lysozyme and albumin in relatively large aggregates, as
compared with lotrafilcon A and B, in which the proteins were deposited in a more evenly spread, monolayer formation.
Polymacon lenses deposited more protein than any of the silicone hydrogel materials and much of the protein was
aggregated together. AFM data indicated that balafilcon A, lotrafilcon A and polymacon deposited lysozyme in a similar
manner, with very little lysozyme being deposited in discrete areas. Galyfilcon A behaved very differently, with the
lysozyme exhibiting both aggregates as well as string-like formations over the lens surface.

Conclusions. Imaging techniques that allow proteins to be examined in situ show much promise for determining the
extent and physical characterization of protein on contact lens materials. These techniques indicate that the pattern of
deposition of proteins onto silicone hydrogel contact lens materials differs between materials, depending upon their bulk
and surface composition.

(Optom Vis Sci 2008;85:1—eee)

Key Words: contact lens, silicone hydrogel, protein deposition, atomic force microscopy, scanning electron
microscopy

he interaction of proteins with surfaces has important im-
plications for any situation in which artificial materials
interact with body fluids, and has received considerable at-
tention.' = A contacr lens represents a fairly unique biomaterial, in
that the device is external to the body and can therefore be removed
with relative ease. This places different constraints on the material,
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as well as allowing for avenues of study not available with perma-
nently implanted biomaterials. The most commercially successtul
contact lens materials to-date are those based on poly(2-hydroxyethyl
methacrylate) or, as they are more commonly termed, polyHEMA.
Although these “conventional” hydrogel materials are easily
adapted to, due to their low mechanical modulus and acceptable
degree of in-eye wettability, a significant problem with contact
lenses manufactured from these materials relates to their low levels
of oxygen transmission, which results in significant hypoxic prob-
lems, particularly during overnight wear.”~"! The newest genera-
tion contact lens materials are based upon those which incorporate
various siloxane moieties'? and have significantly increased levels
of oxygen permeability compared with those based on poly-
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HEMA. "= As the oxygen transport is largely conducted through
the polymer-phase of the material, the resulting materials have
relatively low water contents, but high levels of oxygen permeabil-
ity, as compared with conventional hydrogels, in which the oxygen
permeability is directly proportional to the warter content.!*!771%
In clinical use, these materials result in significantly reduced hypoxic
complications, with no visible signs of oxygen deprivation following
even closed-eye wear, in either short or long-term scudies. 27

Previously developed silicone-based flexible materials (silicone
elastomers) failed clinically due to their hydrophobic surfaces pro-
ducing poor in-eye wetting and rapid deposition with components
from the tears,*® in addition to unacceprable lens movement and
binding to the cornea.?” To overcome these problems with modern
silicone hydrogel materials, manufacturers have developed a vari-
ety of strategies to effectively “hide” the siloxane from the tear film
components, preventing these hydrophobic domains from pro-
ducing poorly wettable surfaces.'>3" ¢ The surface of lotrafilcon
Aand B lenses (CIBA Vision; Duluth, GA) are permanently mod-
ified in a gas plasma reactive chamber using a mixture of trimeth-
ylsilane oxygen and methane to create a permanent, ultrathin
(25 nm), high refractive index, continuous hydrophilic sur-
face.137:38 Balafilcon A lenses (Bausch & Lomb, Rochester, NY)
are surface treated in a reactive gas plasma chamber, which trans-
forms the siloxane components on the surface of the lenses into
hydrophilic silicate compounds.’>3%3%4° Glassy, discontinuous
silicate “islands” result,>**® and the hydrophilicity of the trans-
formed surface areas “bridges” over the underlying balafilcon A
material. The galyfilcon A material (Johnson & Johnson, Jacksonville,
FL) was the first non—surface-treated silicone hydrogel to become
commercially available, closely followed by senofilcon A (Johnson
& Johnson, Jacksonville, FL). Both of these materials incorporate
a long chain, high molecular weight internal wetting agent based
on poly(vinylpyrrolidone) (PVP), which is designed to provide a
hydrophilic layer at the surface of the material that “shields” the
silicone at the material interface, thereby reducing the degree of
hydrophobicity seen at the surface of siloxane-based hydro-
gels.*!*? The galyfilcon A wetting agent is termed Hydraclear and
that used for the senofilcon A-based lens is “HydraClear Plus,”
implying that more PVP is probably incorporated. The latest sili-
cone hydrogel material, comfilcon A (CooperVision, Pleasanton,
CA) has very little published information to-date, but appears to
use proprietary chemistry that results in a highly wertable surface
without any specific surface modification being required.*> De-
spite these innovative approaches to produce silicone-based hydro-
gel materials, it appears that the incorporation of siloxane moieties
into the bulk polymer provides a surface that expresses a relatively
high proportion of silicon ar the marerial surface.***> Thus, the
surfaces are more hydrophobic than that typically seen with con-
ventional hydrogels, as evidenced by the presence of relatively high
advancing contact angles compared with conventional polyHEMA-
based materials.46-59

Although dozens of studies over the past 20 years or so have been
conducted investigating the deposition of proteins onto conven-
tional polyHEMA-based hydrogels,”'=7 to-darte, relatively few
studies have been published on the amount of protein deposited on
silicone hydrogel materials.*'**38=% The in-eye deposition of
proteins from the tear film is an extremely important factor to
consider with silicone hydrogels, particularly those that are worn

overnight for up to 30 nights without removal. The majority of
published studies investigating protein deposition on silicone hy-
drogels thus far suffer from the fact that they have commonly used
techniques in which the proteins must be removed from the con-
tact lens materials, typically using strong surfactants, before the
elute can be quantified. This may be problematic, as no technique
is capable of eluting all the proteins of interest.®¢

The purpose of this study was to use a variety of 7 sirz imaging
techniques to investigate the protein present on various contact
lens materials without the need to remove it, and to identify the
surface patterning or morphology of the protein adsorbed onto
both silicone hydrogel and various polyHEMA-based hydrogel
lens marterials. The methods used were based on atomic force mi-
croscopy (AFM) and a modified form of colloidal gold immuno-
cytochemistry, using scanning electron microscopy (SEM).

MATERIALS AND METHODS
Bare Lens Characterization

Atomic Force Microscopy
The characteristic properties of the contact lens materials studied
are listed in Tables 1 and 2.

Six silicone hydrogel materials (senofilcon A, comfilcon A, lo-
trafilcon A, lotrafilcon B, galyfilcon A, balafilcon A) and two con-
ventional polyHEMA-based materials (polymacon, omafilcon A)
were imaged using an Explorer AFM (Veeco Instruments, Santa
Barbara, CA) in tapping mode with MikroMasch NSC15/AIBS
tps (r < 10 nm) from SPMTIPS.COM, at typical image sizes of 5
wm and 50 wm. Typically, contact lenses are imaged by AFM by
first cutting and then flattening the lenses, leading to large stresses,
and possible surface damage. Imaging of conract lenses by AFM
was undertaken on spherical glass “holders” which mimic the cur-
vature of the cornea (Fig. 1). These glass spheres had a radius of
curvature of approximately 8 mm. Before imaging, the lenses were
mounted on the sphere, and rinsed well with Millipore deionized
water using a glass pipette to remove surfactants and salts from the
packaging solutions, which would impede imaging. Lenses were
then dried in ambient conditions for approximately 15 min, at
which time the image was seen to cease changing, indicating sur-
face moisture was in a steady state. After imaging, in ambient
conditions, images were automatically leveled using algorithms
provided with the AFM tools software.

X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was performed on four
silicone hydrogels (galyfilcon A, balafilcon A, lotrafilcon A, lo-
trafilcon B), and four conventional hydrogels (alphafilcon A,
omafilcon A, ocufilcon D, etafilcon A). Lenses were prepared for
XPS as previously described. ¥ The lenses were prepared by soak-
ing for 20 min in 0.9% saline, before drying them at a temperature
of 30°C in a dry nitrogen atmosphere. Once dry, the lenses were
broken into pieces small enough to place on double sided conduc-
tive carbon tape on XPS sample holders. An ultra-high vacuum
Imaging XPS Microprobe system (Thermo VG Scientific
ESCALab 250, Waltham, MA) equipped with a hemispherical
analyzer (of 150 mm mean radius) and monochromaric AlKa
(1486.60 V) X-ray source XPS machine was used with resolution
of 0.5 eV FWHM at 20 eV pass energy, and a spot size of approx-
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TABLE 2.

Properties of the polyHEMA-based lens materials evaluated in this study

Proprietary name Soflens 38 Biomedics 55  Acuvue 2 Proclear compatibles  Sofl.ens 66
United States adopted name Polymacon Ocufilcon D Etafilcon A Omafilcon A Alphafilcon A
Manufacturer Bausch & Lomb  CooperVision  Vistakon CooperVision Bausch & Lomb
Center thickness (@ —3.00 D) mm 0.035 0.07 0.08 0.07 0.10
Water content (%) 38 55 58 62 66

Oxygen permeability (x107"") 8 15 17 20 23

Oxygen transmissibility (X107%) 23 21 21 28 23

Surface treatment None None None None None

FDA group | v v Il Il
Principal monomers HEMA HEMA + MA HEMA + MA HEMA + PC HEMA + NVP

MA, methacrylic acid; NVP, N-vinyl pyrrolidone; PC, phosphorylcholine.

AFM Cantilever

~ Contact Lens

Spherical
Sample
Holder

Sample Stage

FIGURE 1.
Schematic of contact lens sample holder used in AFM studies. The cur-
vature of the glass sphere allows the lens to be unperturbed while imaging.

imately 0.5 mm. CasaXPS 22,102 VAMAS processing software
was used to analyze the data.

Characterizing Protein Coated Lens

Atomic Force Microscopy

The procedure for studying protein adsorbed to lenses using AFM
was similar to that described for imaging unworn lenses from the
blister package. Three times crystallized, dialyzed, and lyophilized
Hen Egg Lysozyme (95% protein), and farry acid and globulin free
Bovine Serum Albumin (BSA; minimum 99%) were purchased
from Sigma (St. Louis, MO) and used without further purifica-
tion. As two very different, bur major components of the rear film,
lysozyme and BSA were chosen primarily due to their availability
and low cost and the large body of literature published on their
interaction with hydrogel contact lenses. The lenses, mounted on
the spherical lens holder, were rinsed with Millipore deionized
water. They were subsequently covered with a solution of 3 mg/ml
lysozyme solution in phosphate buffer ata pH of 7, using a Poly-
(tetrafluoroethylene) containment vessel. The lenses were exposed
to the protein solution for 8 to 12 h at room temperature and then
carefully rinsed again with Millipore deionized warter. Imaging was
started within 15 min of removing the lenses from the lysozyme
solution, using tapping mode with MikroMasch tips, at image sizes
of 2 to 80 pm. Several lenses (at least four) of each type were

imaged. Preliminary results showed structures which appeared to
resemble lysozyme amyloid fibrils on the surface of galyfilcon A. In
order to examine if the topography of the structures was indeed
consistent with this fibril interpretation, lysozyme amyloid fibrils
were formed according to the method of Stathopulos et al.® This
involved ultrasonicating the lysozyme in solution in order to de-
nature it and form large aggregates. These were subsequently im-
aged with AFM for comparison purposes. Approximately fifteen
additional galyfilcon lenses were imaged in an attempt to deter-
mine the repeatability and conditions under which any anomalous
adsorption occurs (discussed later).

Scanning Electron Microscopy

Three silicone hydrogel materials (balafilcon A, lotrafilcon A and
galyfilcon A), and one conventional hydrogel lens material (poly-
macon), were analyzed by SEM to examine the deposition patterns
of lysozyme and/or albumin on their anterior surface. For the SEM
studies, colloidal-gold biosensors were produced from 10 to 100
nm protein-conjugated gold spheres, which were prepared in-
house and used to examine low levels of protein deposition in a way
that would not be possible with more conventional tech-
niques.”’~? Unconjugated gold colloid (Ted Pella, Redding, CA)
at a concentration of 5.7 X 10'? particles/ml for the 10 nm gold
spheresand 5.6 X 107 particles/ml for the 100 nm gold spheres was
used to prepare two protein-sphere combinations. BSA was pre-
pared with 100 nm gold spheres and lysozyme with 10 nm gold
spheres, in the following manner. For the BSA coated spheres, six
cuvettes were filled with two drops of 0.63 mg/ml BSA solution in
Millipore deionized water at pH 7. Each cuverte was then diluted
with 50 drops of pH 5.7 (lowered by HCI) Millipore deionized
water and 40 drops of 100 nm gold solution. The resulting mixture
was left unperturbed for 1 h to allow conjugation to rtake place.
After this the solutions were centrifuged at 14,000 g for 30 minand
resuspended four times with buffer solution to remove free protein.
The spheres were centrifuged a fifth time and resuspended in water
at pH 7. The lysozyme-conjugation followed the same method,
with three drops of T mg/ml solution to 30 drops of protein. The
initial pH was 9.45 and the final dilutions were made up with pH
7 water. The final solutions obtained had protein-conjugated
sphere concentrations of approximately 1 pg/ml, which en-
sured thar the solution contained more protein molecules con-
jugated to spheres than free protein in solution. Lenses were
removed from their original packaging solution, rinsed for 10 s
in Millipore deionized water and prepared for examination in a

Optomerry and Vision Science, Vol. 85, No. 12, December 2008
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FIGURE 2.

Five micrometres (left) and 50 wm (right) AFM images of rinsed, unworn, lotrafilcon A, lotrafilcon B and balafilcon A lenses. Size bars are given in the

lower images.

secluded fume hood to minimize air particle contamination.
After rinsing, the lenses were placed posterior side down on a
silicone rubber “eyeform,” which has approximately the same
dimensions and geometry as a human eye. Two stacked rubber
o-rings were placed over the lens, encasing the “corneal area” of
the eye form. These o-rings delineated and “fenced in” the ten
25 pL drops of each albumin and lysozyme solution that were
then added to each lens. The solution was left on the lenses for
12 h, with replenishing drops of equal amounts of both proteins
to avoid evaporation at the 4- and 6-h marks. After the 12-h
doping time, the o-rings were removed, any remaining solution
was allowed to drain off the lenses and three drops of water were
applied to the lenses to remove any free proteins. The lenses
were finally placed in a plastic, covered conrtainer with a small
opening and left to dry in ambient conditions for approximately
12 h at room temperature. After 12 h, the dehydrated lenses

were sputter-coated with gold and examined using a JSM-
6460LA SEM (JEOL, Mississauga, ON) ata 10 KV accelerating
voltage and 50 pA filament strength.

RESULTS

Figs. 2 to 4 show AFM images of various unworn silicone hy-
drogel and polyHEMA-based lenses. Fig. 2 shows that the lotrafil-
con Aand B lenses are relatively featureless (aside from some minor
debris), and exhibit what appear to be shallow lines on the lens
surface, while balafilcon A lenses reveal an “island-like” structure.
Fig. 3 demonstrates that galyfilcon A exhibits a complex morphol-
ogy, while senofilcon A, possessing a similar chemical composition
to galyfilcon A, displays a comparable, bur finer structure. Com-
filcon A (the only silicone hydrogel material to incorporate neither
a surface treatment nor an internal wetting agent) appears as

Optometry and Vision Science, Vol. 85, No. 12, December 2008
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galyfilcon A

FIGURE 3.

Five micrometres (left) and 50 pwm (right) AFM images of rinsed, unworn, galyfilcon A, senofilcon A, comfilcon A lenses. Size bars are given in the lower

images.

though there are oblong holes scattered across the surface. Fig. 4
shows that omafilcon A and polymacon lenses have relatively sim-
ilar surface appearances, in which they exhibit multiple “dimples”
which, when hydrated, are probably deeply extending pores into
the material.

Roughness analysis performed on AFM images of lenses are

given in Table 3. Since lenses may exhibit roughness on more than

1 2
one length scale, average roughness (Rn = NELL |Z: — Z|)

1w =iz s
and root mean square roughness | Rpye = NE,.=]<Z; - Z>Z) 1s

given for both 5 and 50 pm images. Balafilcon exhibited the great-
est surface roughness, followed by polymacon, however, on the 5
pm scale comfilcon also displays a fairly rough surface. Senofilcon

has the least roughness of the lenses imaged, despite having a strong
underlying structure.

The XPS data converted to relative amounts of selected surface
elements (Fig. 5) shows thar lotrafilcon A and lotrafilcon B are
comparable in theirsilicon content, although lotrafilcon B exhibits
some fluorine content that was missing in the lotrafilcon A scan.
Of the silicone hydrogel materials, galyfilcon A and balafilcon A
lenses appear to mask somewhat less of the siloxane moieties than
the other materials. The trace silicon signals present in the conven-
tional materials is most likely due to “contamination” during the
manufacturing phase.

Protein-conjugated gold nanoparticles were used as biosensors
to investigate trace small amounts of protein adsorbed onto the

F

surface of the materials. Figs. 6 to 9 show typical SEM images of F6-9

Optomerry and Vision Science, Vol. 85, No. 12, December 2008
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polymacon

FIGURE 4.

Images of 5 X 5 um (left) and 50 um (right) AFM rinsed, unworn, polymacon, omafilcon A lenses. Size bars are given in the lower images.

TABLE 3.

Roughness of bare lenses determined by atomic force microscopy

Area roughness on 5 pm scale

Area roughness on 50 pm scale

R, (nm) = 0.2 nm Rime (nm) = 0.2 nm

Material R, (hm) = 0.2 nm R e (NM) = 0.2 nm
Lotrafilcon A 112 1.45
Lotrafilcon B 0.77 1.03
Balafilcon A 2.21 3.01
Galyfilcon A 1.49 1.84
Senofilcon A 0.72 0.90
Comfilcon A 2.06 2.87
Polymacon 1.88 2.58
Omafilcon A 0.67 0.86

1.56 2.06
1.60 2.30
417 5.24
2.07 2.66
1.42 1.86
2.00 2.74
3.12 4.41
1.83 2.84

R, average roughness; R, .., root mean square roughness.

the lens materials after exposure to the mixed solution of protein-
conjugated gold nanospheres. The galyfilcon A material exhibited
protein collected in large aggregates (Fig. 6), with very little non-
aggregated protein, even at higher magnifications. This image was
almost identical to that observed on the balafilcon A material. A
very different pattern was observed with the lotrafilcon A material
(Fig. 7). Although there were still large aggregates, the most nota-
ble feature is the obvious background of many single gold nano-
spheres. Each 100 nm sphere was conjugated to (and hence
surrounded by) BSA, and so Fig. 7 provides a very strong indica-
tion of monolayer adsorption of albumin on the lotrafilcon mate-
rial. There could not be much more than monolayer coverage as
that would result in an inability to discern individual gold nano-
spheres. In order to see if the same behavior could be observed for

lysozyme it was necessary to use higher magnificartion, as the ly-
sozyme was conjugated to 10 nm spheres. Fig. 8 shows the lotrafil-
con material under magnifications of 10,000X (a) and 30,000X
(b). Fig. 8b indicates thar both sizes of spheres were present, with
the bright spheres being the 100 nm BSA-labeled spheres and the
dimmer, out-of-focus spheres being the 10 nm lysozyme-labeled
ones, suggesting that the material surface is covered in a protein
monolayer of a mixture of both lysozyme and albumin. The non-
silicone hydrogel lens material, polymacon, revealed a greater de-
gree of deposition of both proteins than that observed on any of the
silicone-based lenses (Fig. 9a, b). Only small areas indicated some
evidence for single layer coverage (Fig. 9b).

205

Figs. 10 to 14 show AFM tapping mode images atter exposing Fio-14

the lens materials to lysozyme. Fig. 10 shows an image of balafilcon

Oprometry and Vision Science, Vol. 85, No. 12, December 2008
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FIGURE 5.

Relative amounts of selected elements at the surface of various contact lenses by XPS. Si (silicon), N (Nitrogen), P (Phosphorus), F (Fluorine).

FIGURE 6.

Low magnification (3000x) SEM image of galyfilcon A exposed to a
mixed solution of protein conjugated gold nanospheres. The protein
deposition consisted of large, discrete aggregates of BSA and lysozyme.

Aata50 X 50 wm scan size. The only difference between images
of a lens taken directly from the packaging solution (Fig. 3) and
thar of the protein-coated lens (Fig. 10) are the accumulated pro-
tein deposits, which show up in the image as discrete white areas.
Although the deposits in the image are large (micrometers in width
and up to 100 nm high) compared with the surface of the unworn
lens, they represent a very small amount of toral protein. Very
similar images were obrained for lotrafilcon A, senofilcon A (Fig.
11), comfilcon A (Fig. 12) and polymacon. In contrast, Figs. 13
and 14 demonstrates that galyfilcon A behaved quite differ-
ently. Fig. 13 shows a 50 X 50 pm scan of the material, reveal-
ing similarly large aggregates to that seen in Fig. 11, with
numerous much smaller, extended “string-like” structures in
the background. Although these structures seem to be com-
prised of a much smaller amount of protein than the larger
aggregates, their novel morphology makes them especially in-

[T -‘
FIGURE 7.

Low magnification (5000x) SEM image of lotrafilcon A exposed to a
mixed solution of protein conjugated gold nanospheres. The image dem-
onstrates discreet aggregates of nanospheres, with a significant back-
ground of 100 nm albumin-conjugated spheres.

teresting. Fig. 14 shows a higher resolution 20 X 20 pum scan.
Of all the materials studied, only the galyfilcon material dem-
onstrated these unusual string-like deposits, with other areas of
the galyfilcon material showing only the large aggregates typi-
cally seen on the other materials. The appearance of the anom-
alous aggregates was unique to galyfilcon A samples, and we
were unable to determine conditions under which they would
be completely repeatable. Fig. 15 shows an AFM image of ly-
sozyme fibrils created using the ultrasonication technique pre-
viously described.®® The lysozyme aggregates are fibrillar in
nature, and exhibit characteristic amyloidal traits, which appear
morphologically similar to the lysozyme deposits seen on the
galyfilcon A material in Figs. 13 and 14.

Optometry and Vision Science, Vol. 85, No. 12, December 2008
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FIGURE 8.

a, 10,000%. b, 30,000% magnification SEM images of lotrafilcon A ma-
terial exposed to a mixed solution of protein conjugated gold nano-
spheres. Each image indicates two sphere sizes, indicating that both BSA
and lysozyme were bound to the lens material.

DISCUSSION

In this study we sought to use two distinctly different imaging
techniques (AFM and SEM) to determine the interaction between
proteins and silicone hydrogels. To our knowledge, this is the first
time these techniques have been used to visualize the deposition
morphology of proteins on silicone hydrogel materials. The advan-
tage of both techniques over those previously reported®®=°* is that
the protein can be examined 7# sity with minimal disturbance,
once the lens materials have been doped. Despite this obvious
advantage over destructive methodologies, interpretation of the
results must be considered with some caution, in light of the fact
that the studies were conducted with dehydrated lenses, which
obviously differs from that encountered in vivo. Additionally, these
techniques are limited to small regions and surface bound proteins.
However, as all materials were treated in an identical manner be-
fore imaging, the results prove to be of interest in terms of com-
parisons between materials, and as a complement to traditional
methods of analyzing protein deposition on contact lens materials.

FIGURE 9.

Low magnification (3000) SEM images of the polymacon material ex-
posed to a mixed solution of protein conjugated gold nanospheres. a,
shows behavior similar to that seen with the galyfilcon A material, where
most of the protein is concentrated in aggregates. b, provides evidence for
some regions displaying a more uniform coverage, similar (but differing in
magnitude) to that observed with lotrafilcon A.

AFM examination of unworn lenses (Figs. 2 to 4) show that the
surface morphology of the lens materials under investigation difter
markedly. The AFM images of polymacon, etafilcon A, galyfilcon
A, lotrafilcon A and balafilcon A are similar to those previously
described.?*7972 The AFM images of omafilcon A, senofilcon A
and comfilcon A have not previously been reported. The surfaces
of the lotrafilcon A and lotrafilcon B materials (Fig. 2) appear to be
identical, as they should, given that they both undergo the same
surface treatment process after they have been molded. Their sur-
face topography exhibits multiple “lines,” which have been previ-
ously described.**”3 This surface appearance is very similar to that
7274 confirming thar the appearance is
almost certainly due to lathe-marks on the molds made to manu-

seen in lathe-cut lenses,

facture the lotrafilcon-based lenses and also suggesting that the
plasma treatment has evenly and effectively covered the surface of
the lens. The balatilcon A lens (Fig. 2) exhibited an “island-like”
structure (which is a consequence of the conversion of part of the
surface into silicates), with pores extending down into the bulk of

Optemetry and Vision Science, Vol. 85, No. 12, December 2008
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97.4nm

Onm

FIGURE 10.

AFM image of balafilcon A after exposure to 3 mg/ml lysozyme at pH 7 at
room temperature for 8 to 12 h. The background plasma surface treatment
is clearly visible beneath the areas of aggregated protein, which show up
as discrete white areas.

onm

FIGURE 11.

AFM image (20 X 20 pm) of senofilcon A after exposure to 3 mg/ml
lysozyme at pH 7 at room temperature for 8 to 12 h.

the lens material, similar to that previously reported>*47* The
galyfilcon A and senofilcon A lenses (Fig. 3) are similar in surface
appearance and have a relatively “sponge-like” surface topography,
which likely arises from their unique incorporation of PVP to
enhance wettability. The omafilcon A and polymacon lenses (Fig.
4) exhibit multiple “dimples” which, when hydrated, are likely
pores in the lens material. Interestingly, of all the silicone hydrogel
materials, it was only the non—surface-treated comfilcon A material
(Fig. 3) that exhibited some features comparable with the poly-
HEMA-based lenses, potentially implying that its “inherent wet-
tability” may cause it to act somewhat like a conventional lens.

281.3nm

FIGURE 12.

AFM image (60 % 60 pm) of comfilcon A after exposure to 3 mg/ml
lysozyme at pH 7 at room temperature for 8 to 12 h.

169.0nm

FIGURE 13.

AFM image (50 X 50 pm) of galyfilcon A after exposure to 3 mg/ml
lysozyme at pH 7 at room temperature for 8 to 12 h. The lack of surface
treatment is apparent, along with the areas of accumulated protein and
finer, fibrillar structures.

The elemental data from XPS (Fig. 5) provides additional infor-
mation about the surface treatment techniques and the ability of
the lenses to “mask” the siloxane from the tear film. The data shows
that within the silicone hydrogel lens materials tested, the lotrafilcon-
based materials exhibit the lowest amount of silicon on their sur-
face and the balafilcon A and galytilcon A-based lenses exhibir the
greatest amount of silicon. This is likely due to the fact that the
surface treatment process of the lotrafilcon materials is more uni-
form in its coverage, thus masking more siloxane. In contrast, the
inhomogeneous nature of the balafilcon surface trearment®*4%73
likely exposes parts of the underlying material bulk, where more
siloxane could be present. It would also appear that the amount of

Optemetry and Vision Science, Vol. 85, No. 12, December 2008



209

[ balts/zov-opx/zov-opx/zov01208/20v5373-08a | angnes | 5=4 | 10/22/08 | 0:54 | Art: OPX200758 | Input-go |

FIGURE 14.

AFM image (20 X 20 pm) of galyfilcon A after exposure to 3 mg/ml
lysozyme at pH 7 at room temperature for 8 to 12 h. The fibrillar structure
of the deposited protein on the lens surface is clearly obvious.

FIGURE 15.
AFM image of lysozyme fibrils created using an ultrasonication technique.

PVP incorporated into the galyfilcon A bulk material is insufficient
to adequarely mask the silicon signal at the galyfilcon A interface,
and further work to compare the signal at the senofilcon A surface,
which incorporates more PVP into the material, appears war-
ranted. Interestingly, recent studies have shown that both balafil-
con A and galyfilcon A collect more lipid and protein deposits than
lotrafilcon®*®%7 and thar they have higher contact angles,”® as
would be expected in materials that exhibit higher levels of hydro-
phobic siloxane groups at their surface. However, it must be borne
in mind that the clinical impact of this enhanced silicon signal
remains unknown.

Although the use of SEM in isolation does not allow for the
quantification of the amount of protein adsorbed onto hydrogel

Imaging Protein on Contact Lenses—Teichroeb et al. 11

materials, the novel use of protein-conjugated gold nanoparticles
does allow for semi-quantification and allows the derivation of data
relating to competitive adsorption between the two proteins under
investigation. Images indicate that the galyfilcon and balafilcon
materials arcract relatively little protein and thar this protein does
not form a distinct monolayer, but is instead aggregated in distinct
ace (Fig. 6). The lotrafilcon material also
attracts only a small amount of protein, but the protein is distrib-
uted across the entire material surface (Figs. 7 and 8), with both
lysozyme and albumin being readily seen. This is in contrast to the
polyHEMA-based hydrogel (Fig. 9), which adsorbs greater quan-
tities of protein than any of the silicone hydrogel materials and
exhibits uneven aggregates, with only limited areas exhibiting full,
monolayer coverage.

The AFM protein-deposition studies (Figs. 10 to 15) demon-
strated that the silicone hydrogel materials deposit only small
amounts of lysozyme onto their surfaces, confirming previous re-
sults using other methods.*! 728616377 Using this rechnique it
was clear that galyfilcon A collects lysozyme deposits in a unique
filamentous parttern (Figs. 13 and 14). Based upon the appearance
of lysozyme fibrils,”® the formation of these characteristic string-
like deposits suggests that the lysozyme on the surface has been
denatured. One key difference between the features in Figs. 13 and
14 and these fibrillar structures (Fig. 15) is the lateral size of the
features, with the deposits in Fig. 14 being at least an order of
magnitude wider than lysozyme fibri
amyloid fibrils may form supermolecular structures through oli-
gomerization”” and these “string-like” structures show striking re-
semblance to the AFM images of amyloid lysozyme fibrils in Fig.
15. Although positive identification of an amyloid nature has not
vet been confirmed by congo red, this unusual morphology was
not seen on any other lens types imaged. This suggests the unique
surface structure of galyfilcon A may promote this particular orga-
nization. [t is pessible that the polyvinyl alcohol at the galyfilcon
interface may have precipitated the lysozyme into these fibrillar
structures, due to an incompatibility between the surrounding ly-
sozyme solution and any polyvinyl alcohol that may be released
from the material surface. However, the lysozyme appearance on
senofilcon A (Fig. 11) was quite different, despite the fact that both
materials include PVP as their method to enhance surface wetta-
bility. Anecdotally, clinicians report that these two materials be-
have difterently in a clinical setting and it would appear that their
performance when exposed to proteins is characteristically quite
different. Of further interest is that recent data from our group
using a different methodology based on a micrococcyl assay.®*
Micrococeyl assay demonstrates that galyfilcon and senofilcon
have similar tendencies to denature lysozyme, and so this result
obviously requires further investigation. It is tempting to believe
that the affinity for lysozyme to assemble on galyfilcon A is related
to the fact thar it does not mask as much siloxane as some other
silicone hydrogel materials, such as lotrafilcon A (Fig. 5); however,
balafilcon A displays similar levels of siloxane exposure to galyfil-
con, but with none of the same protein structures. The inclusion of
an internal wetting agent in galyfilcon A may create a topology
which is favorable for fibril-like formation, or the formation or

clumps across the lens surf

. However, it is known that

supermolecular organizations of fibrils; however, we have also not,
as of yet, seen this structure on senofilcon A, which might have
been expected, since both are produced using PVP as an internal
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wetting agent. In addition, the surface morphology of the unworn
lenses as clucidated by AFM (Fig. 3) show remarkable resem-
blance, although the senofilcon A structure appears somewhat
finer, with a lower roughness than thart exhibited by galyfilcon A.

It is worth noting that in none of the SEM images do we see
evidence of the string-like structures seen in the AFM images. One
possible reason for this is the large difference in concentration, with
the protein solutions for the AFM images being approximarely 103
times more concentrated than those in the SEM studies. Alterna-
tively, because the protein is physically bonded to the gold spheres,
it may not be able to access all conformational and aggregare states
that the free protein can.

In conclusion, using two 7r vizro model systems, we have dem-
onstrated thar siloxane-based hydrogel contact lens marerials de-
posit low levels of proteins and that the morphology of the protein
deposition differs between materials, depending upon the constit-
uent monomers and surface composition of the marterials in ques-
tion. Longer term, iz vive studies will be required to investigate the
clinical significance of these novel findings. The techniques pre-
sented provide a valuable addition to traditional methods that
require elution or removal of the deposited species from the mate-
rials in question, and will assist researchers in the analysis of pro-
teins deposited on many hydrogel biomaterials, including contact
lenses.
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