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ABSTRACT 
Purpose: To directly measure the quantity and degree of denaturation of biomaterial-

adsorbed proteins over short time periods. 

Methods: Contact lenses were used as model biomaterials as they are widely used, 

readily available, and have a wide variety of material properties. The proteins lysozyme, 

lactoferrin, and albumin were investigated, as they are major protein components of 

bodily fluids, notably tears. Time points within the first few minutes of protein-material 

interactions were concentrated on. 

• A novel technique to measure the activity of surface adsorbed lysozyme was 

developed (Chapter 3) 

• Direct comparison of traditional extraction procedures and the novel surface 

technique for measuring the activity of adsorbed lysozyme (Chapter 4) 

• The effect of competitive adsorption between lysozyme and lactoferrin and the 

effect on lysozyme activity (Chapter 5) 

• Investigations of using I125 radiolabeling for protein adsorption experiments with 

contact lenses (Chapter 6) 

• The effect of competitive adsorption of an artificial tear solution to the deposition 

of lysozyme, lactoferrin, and albumin (Chapter 7) 
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Results: Using the novel technique, the activity of surface adsorbed lysozyme and any 

biologically relevant lysozyme can be measured and distinguished within the first few 

minutes of lysozyme-material interaction. Using the novel technique in conjunction with 

protein extraction provides detailed activity information about deposited biologically 

relevant adsorbed lysozyme and lysozyme which is in underlying protein layers or in the 

bulk of the material. Lactoferrin co-adsorption with lysozyme did not affect the surface 

activity of lysozyme, but did decrease the activity of desorbed lysozyme. 

 Radiochemical experiments using I125 can provide sensitive measurements of 

protein adsorption to contact lens materials, but extra steps need to be taken to limit and 

measure the amount of unbound I125 in solution and to quantify the ‘apparent mass’ 

adsorbed unbound I125 represents. 

 Lotrafilcon B was the only lens material to show decreased protein adsorption due 

to competitive adsorption effects. This effect occurred when lysozyme and lactoferrin 

were competing and when lysozyme, lactoferrin, and albumin were competing with 

components from the artificial tear solution. 

Conclusions: This thesis has developed and refined methods to measure biomaterial-

adsorbed proteins over short time periods. These techniques can be utilized in the future 

to measure both the quantity and degree of denaturation of adsorbed proteins to contact 

lenses and other biomaterials. 
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CHAPTER 1 INTRODUCTION 

1.1 Protein Fundamentals 

1.1.1 Protein Structure 
Proteins make up the largest organic component of biological cells. Within cells 

and living organisms proteins function as enzymes, transportation mechanisms, and 

have roles in immune defense, gene regulation, and cell signaling.1,2 Proteins are 

polymers, consisting of about 20 different monomer units known as amino acids.1,2 

Amino acids (see Figure 1-1) have the general structure: H2NCHRCOOH and 

differ chemically by their R groups.1,2 These R groups or side chains vary by 

structure, chemical polarity, isoelectric point, and molecular weight.1,2 These 

properties are listed in Table 1-1.	
  

 

 

Figure 1-1: Amino acid general structure Figure 1-2: Polypeptide demonstrating 
peptide bonds (green) 
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Table 1-1: The Properties of Major L-Amino Acids Found in Proteins1,3 

Name Abbreviations Molecular 
Weight 

Side Chain Polarity Isoelectric 
Point 

Alanine Ala A 89 -CH3 NP 6.01 
Arginine Arg R 174                        NH 

                       || 
-(CH2)3-NH-C-NH2 

P 10.76 

Asparagine Asn N 132           O 
           || 
-CH2-C-NH2 

P 5.41 

Aspartic Acid Asp D 133 -CH2-COOH P 2.77 
Cysteine Cys C 121 -CH2-SH P 5.07 
Glutamic Acid Glu E 146 -[CH2]2-COOH P 3.22 
Glutamine Gln Q 147                O 

                || 
-(CH2)2-C-NH2 

P 5.55 

Glycine Gly G 75 -H NP 5.97 
Histidine His H 155 

 

P 7.59 

Isoleucine Ile I 131 -CH(CH3)-C2H5 NP 6.02 
Leucine Leu L 131 -CH2-CH-(CH3)2 NP 5.98 
Lysine Lys K 146 -[CH2]4-NH2 P 9.74 
Methionine Met M 149 -[CH2]2-S-CH3 NP 5.74 
Phenylalanine Phe F 165 -CH2-C6H5 NP 5.48 
Proline Pro P 115 (complete structure) 

 

NP 6.48 

Serine Ser S 105 -CH2-OH P 5.68 
Threonine Thr T 119 -CH(OH)-CH2 P 5.87 
Tryptophan Trp W 204 

 

NP 5.89 

Tyrosine Tyr Y 181 

 

P 5.66 

Valine Val V 117 -CH-(CH3)2 NP 5.97 
NP – non-polar, P – polar. pI values are given for the whole amino acid. 

N NH

H2C

HN

C OH
O

CH2

NH

H2C OH
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Linking amino acids together into a polypeptide requires peptide bonds.1,2 These 

form bonds between the amino and carboxyl groups, as shown in Figure 1-2. One end of 

the polypeptide, the N-terminus, will contain a free amino group while the other end of 

the polypeptide, the C-terminus, will contain a free carboxyl group.1,2   

Hydrogen bonding between adjacent carbonyl and amide groups will arrange the 

polypeptide into secondary structures, such as α-helices and β-sheets.1,2 The most 

common secondary structure in proteins is the α-helix, in which the polypeptide chain is a 

twisting cylindrical spiral.1,2 To complete a 3600 turn, 3.6 amino acid residues are needed. 

The α-helix structure is stabilized by hydrogen bonding between amide and carbonyl 

groups 4 amino acid residues apart. The structure of β-strands contains segments of the 

polypeptide chain laying side by side. When the adjacent segments progress towards the 

same terminus the β-sheet lies parallel. When the adjacent segments progress towards the 

opposite terminus the β-sheet lies antiparallel. Both parallel and antiparallel strands can 

occur in the same β-sheet, as shown in Figure 1-3. There is stabilizing hydrogen bonding 

between carboxyl and amine groups of the adjacent segments.  
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Figure 1-3: Parallel and antiparallel beta sheets (dotted lines represent hydrogen bonding) 

Tertiary structure describes the three-dimensional conformation of the protein. The 

tertiary structure of hen egg white lysozyme,4 bovine lactoferrin,5 and bovine serum 

albumin,6 from the protein data bank7 are shown in Figure 1-4, Figure 1-5, and Figure 1-6 

respectively. Tertiary structure is stabilized by a variety of non-covalent interactions, 

which will be discussed in greater detail in the next section. 

Some proteins can be made up of more than one polypeptide chain and are identified 

as having quaternary structure. A classic example is hemoglobin, which contains two α-

globulin and two β-globulin polypeptides associated together.8 
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Figure 1-4: 3D structure of 
hen egg white lysozyme 
(ribbon model) 

Figure 1-5: 3D structure of 
bovine lactoferrin (ribbon model) 
 

Figure 1-6: 3D structure of 
bovine serum albumin (ribbon 
model) 

 
 

Images from the protein data bank7 

1.1.2 Influences on Protein Structure 
The structure of a protein will be stabilized at its isoelectric point.9,10 At this point 

there is electrostatic attraction between the evenly distributed positive and negative 

charges that will promote a compact structure.9,10 A shift away from the isoelectric point 

causes repulsion in the distributed charges, resulting in an expanded protein structure.9,10 

In addition to ionic groups, dipoles and induced dipoles play a role in stabilizing protein 

structure.9,10 The van der Waals interactions between groups in the protein and 

surrounding media favour a compact protein structure.9,10  

There are a variety of non-polar groups attached to protein backbones.1,2   Water-

polar interactions are more favourable than water interactions with non-polar groups, or 

non-polar groups interacting with each other.9,10 In aqueous solution, hydrophobic R 

groups tend to reposition themselves from the protein exterior to the protein interior, 

which is referred to as hydrophobic effect.9,10 The subsequent intramolecular hydrophobic 

interactions promote a compact protein structure.  
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Hydrogen bonding, dipole interactions, and hydrophobic interactions limit the 

rotational mobility and the bond lengths and angles of the protein chain and R groups.9,10  

1.1.3 Factors Influencing Protein Adsorption 
Proteins are relatively stable molecules but will often adsorb onto polymeric or 

metallic surfaces.11–22 In simple terms, proteins will adsorb onto surfaces if the Gibbs free 

energy (G) is lowered: 

Equation 1-1: Gibbs Energy 

G=H-TS 

where temperature is represented by T, enthalpy by H and entropy by S.9 If adsorption 

can decrease H or increase S then adsorption will be energetically favourable. There are 

two key forces that drive protein adsorption: charge interactions, and the hydrophobic 

effect.  

Protein and a sorbent surface in aqueous solution at a specific pH generally will not 

be at the isoelectric point of both the protein and the surface.23 Thus, there will be an 

unequal charge distribution in the protein molecule, the sorbent surface or both. Opposite 

charges between the protein and the surface will cause a net attraction for protein 

adsorption. Lysozyme, a protein that has a net positive charge at physiological pH, 

demonstrates this property as it readily adsorbs onto surfaces with net negative charge.24 

Like charges will cause a net repulsion for protein adsorption, but does not automatically 

prevent adsorption. For instance, albumin has a net negative charge at physiological pH 

and is known to deposit on surfaces with the same or opposite charge.25,26 Additionally, 

during adsorption the distributed charges on the protein overlap with the distributed 
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charges on the surface. The charge density per area of the adsorbed protein may not be 

equal, thus an electric potential will arise and counter-ions will move in to balance the 

charge differential and can become trapped between the protein and the surface.27 These 

counter-ions reduce the attraction of the protein to the sorbent surface and maximal 

attraction will occur at the isoelectric point of the protein-surface complex, where there 

will be minimal counter-ions.  

Proteins in aqueous solution tend to shield their hydrophobic groups from water. It is 

not always possible, due to the structure of the protein, to shield all hydrophobic groups 

from water. There will remain some portion to interact with hydrophobic surfaces.28 

Rearrangement of the protein structure to allow internally shielded hydrophobic groups to 

interact with a hydrophobic surface will be energetically favourable, as it increases 

entropy.10 These rearrangements may cause denaturation of the protein29 from significant 

secondary and tertiary structural rearrangements or loss if its biological function.  

1.2 The Tear Film 
The human tear film is about 3µm thick30,31 and consists of three general layers: lipid, 

aqueous, and mucin. The outmost layer is the lipid layer, which at 50-100nm32 acts as a 

barrier separating the ocular environment from the outside environment and functions to 

impede tear evaporation.33 The middle aqueous layer is the thickest and consists of 

electrolytes and proteins.34,35 The major functions of the aqueous layer are to allow the 

movement of nutrients and waste, as well as providing antimicrobial activity.36,37 The 

total concentration of protein (basal) in tears ranges from 3.5-9.5mg/mL,34,38,39 with 

lysozyme (0.7-3mg/mL),39–41 lactoferrin (0.7-3.2mg/mL),40–43 lipocalin (0.5-

3.5mg/mL),43,44 and albumin (0.013-0.38mg/mL)42,45 being major components.37 Laying 
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on the ocular surface are transmembrane mucins, which lubricate the ocular surface and 

provide a barrier against foreign bodies46 and make up the 20-50nm thick mucin layer,47 

which acts to wet the surface cells of the cornea and stabilize the tear film above it.  

1.3 Biomaterials 
A biomaterial can be defined as any material that interacts with bodily fluids.48 They 

may function as medical devices and can be used to correct vision, increase blood 

circulation, act as joint replacements, and form scaffolds for tissue replacement, among 

other uses,49 and are made up of a variety of polymers and metals.  

The desirable properties of a biomaterial will depend on its purpose. A scaffolding 

material will want to promote cell deposition and eventual degradation, while a heart 

valve will want to resist deposition of cells, especially thrombocytes, and remain intact 

for life. 

1.3.1 Polymers 
Biomaterials are typically made up of polymers. Similar to polypeptides, polymers 

are made up of long chains of repeating units known as monomers. Both amino acids and 

biomaterial monomers can have a wide range of unique properties due to the utilization 

of a carbon backbone, as carbon atoms can form stable bonds with many different 

atoms.50 Carbon chemistry in biomaterials can be from natural compounds, synthetic, or a 

combination of both as silicone can also form stable bonds with many different atoms and 

is utilized in biomaterials to increase their oxygen permeability. As in proteins, the 

functional groups in the polymer backbone interact with each other and the environment 

and form the basis for the polymers’ properties and modifying the chemistry of the 
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monomers can have a large impact on the properties of the polymer.50 For example a 

polymer can become more or less flexible by modifying the chemistry of the monomers. 

The stability of polymers can also be greatly improved by changing the cross-link density, 

which involves covalently linking long polymer chains together by the addition of 

monomers with active carbon-carbon double bonds.50 These added monomers are known 

as ‘cross-linking agents’. An example of polymers chains and cross-linked polymers 

chains is shown in Figure 1-7 and Figure 1-8 respectively. 

 

Figure 1-7: Example of polymers chains 

 
Figure 1-8: Example of cross-linking (red lines) in polymers chains 

1.3.2 Surface Characterization 
Surface characterization of any biomaterial is important in ascertaining how it may 

interact with biological systems. Surface characterization involves analyzing the chemical 

structure, hydrophobicity, topography, morphology and ionic groups of the surface.51–53 

The techniques to characterize surfaces generally comprise a variety of microscopic, 

spectroscopic, and thermodynamic methods.51,54 Surface characterization will be briefly 

outlined below, however an extensive review regarding the surface characterization 

techniques for biomaterials has been written by Merrett et al.55 
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Chemical analysis will provide information regarding the chemical composition of 

the surface. This can be accomplished using a number of techniques, including X-ray 

photoelectron spectroscopy,56,57 attenuated total reflectance Fourier transform infrared 

spectroscopy,58,59 mass spectrometry,60,61 auger electron spectroscopy,62,63 and Raman 

spectroscopy.64,65   

Thermodynamic analysis determines information about the surface energy. Common 

approaches involve contact angle measurement using Wilhelmy plate,66,67 sessile 

drop,68,69 and captive bubble methods.70,71 

Topographical analysis produces high resolution, three-dimensional images of the 

biomaterial surface. Techniques to acquire these images include electron 

spectroscopy,72,73 scanning tunneling microscopy,74,75 and atomic force microscopy.76,77 

In the case of protein adsorption, surface characterization can indicate if particular 

proteins will deposit by measuring the hydrophobicity and the surface charge at 

physiological pH, the potential location of deposition by measuring surface topography, 

and the general state of the adsorbed proteins by measuring the hydrophobicity.  

1.3.3 Protein Adsorption 
After surface characterization it is important to measure protein adsorption directly. 

Protein adsorption to biomaterials can be quantified in a variety of approaches. 

Quantifying proteins in solution, either in mass-depletion experiments or following 

protein extraction, can be undertaken using gel electrophoresis,78–80 enzyme linked 

immunosorbent assays (ELISA),81–84 colorimetric assays,85–87 fluorescent assays,88–90 and 

UV spectroscopy.91–93 Quantifying proteins on biomaterials directly can be obtained 
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using in situ techniques such as ellipsometry,13,94–96 quartz crystal microbalance,97–99 

attenuated total internal reflection infrared spectroscopy,12,17,22 total internal reflection 

fluorescence,11,100–103 surface plasmon resonance,104–107 and atomic force 

microscopy.19,108,109 Ex situ techniques to quantify protein adsorption include colorimetric 

assays,15,110,111 ELISA,81,112,113 confocal laser scanning microscopy,57,114–118 X-ray 

photoelectron spectroscopy,57,119–121 mass spectrometry,122–127 and radiochemical 

experiments.14,20,118,120,128–136  

In addition to quantifying adsorbed proteins it is important to understand the degree 

of protein denaturation on materials, as denatured protein can cause discomfort,137 an 

immunological response,138–141 bacterial adhesion142,143 and thrombosis.138 Denaturation 

can be determined by looking at changes in the secondary and tertiary structure, typically 

by nuclear magnetic resonance,144–148 circular dichroism,149–151 attenuated total internal 

reflection infrared spectroscopy,12,73,152–154 and Raman spectroscopy155–158 or by 

measuring the loss in biological function of the protein.159–166 

1.3.4 Contact Lens Materials 
Contact lenses are widely-used biomaterials, with an estimated world-wide market of 

$7.6 billion USD annually. The US market is approximately $2.5 billion USD, with 37 

million wearers in the US.167 Starting in the 1930s, contact lens materials have been 

continuously changing.168 Poly(methyl methacrylate) (PMMA) was the first contact lens 

material utilized. It is formed by the polymerization of methyl methacrylate (MMA), as 

shown in Figure 1-9.169 PMMA has excellent optical properties, is practically 

physiologically inactive, however the oxygen permeability is very poor.170,171  
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Figure 1-9: Polymerization of methyl methacrylate to poly(methyl methacrylate) 

Methyl methacrylate has relatively good wettability, however it can be made more 

hydrophilic by adding a hydroxyl group to create 2-hydroxyethyl methacrylate (HEMA), 

as shown in Figure 1-10. HEMA (like MMA) can be polymerized to form poly(2-

hydroxyethyl methacrylate) or pHEMA.  

  

Figure 1-10: Methyl methacrylate modified to form 2-hydroxyethyl methacrylate 

HEMA was first developed and applied to contact lens manufacture by Wichterle and 

Lim.172,173 Unhydrated, HEMA is glassy, making it easy to machine cut, and when 
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hydrated can be used as a soft contact lens.  The ability for HEMA and other hydrogels to 

attract water is described by their equilibrium water content (EWC)50:  

Equation 1-2: Equilibrium water content 

EWC = weight of water/weight of the hydrated material x 100%.  

EWC is one of two factors that determine the classification of a contact lens material into 

one of four groups. Contact lenses are also classified based on their ionic content.174 The 

Food and Drug Administration (FDA) classification system is shown in Table 1-2. 

Table 1-2 Food and Drug Administration (FDA) Classification of Contact Lens Materials 

FDA Group EWC Water Content Level Ionic content Ionic Classification 
I < 50% Low < 0.2% Non-ionic 
II > 50% High < 0.2% Non-ionic 
III < 50% Low > 0.2% Ionic 
IV > 50% High > 0.2% Ionic 

 

 The EWC of pure HEMA is 38% and its ionic content is below 0.2%, which 

would classify it as a FDA Group I material. A notable example of a commercially 

available contact lens material strictly containing HEMA is polymacon. The EWC of 

HEMA can be increased or decreased by adding different monomers. For instance, 

including MMA with HEMA will decrease the EWC compared to pure HEMA, while 

increasing the EWC can be accomplished by including N-vinyl pyrrolidone, such as in 

FDA group II material alphafilcon A, or methacrylic acid, such as in the FDA group IV 

material etafilcon A. The vast majority of commercially available materials incorporate 

HEMA either solely or with the addition of monomers. These are categorised under the 

broad category “conventional hydrogels” (CH).  
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 Beginning in the late 1990’s, commercial soft contact lenses incorporating 

silicone moieties became available.174 Their popularity has steady increased and now 

encompass 66% of all new fits and re-fits of contact lenses in the US.167 While 

incorporating silicone groups vastly improves the oxygen permeability of contact lenses, 

it is hydrophobic and poorly wettable.168 The first generation of so called “silicone 

hydrogels” (SH) attempted to improve the wettability by modifying the surfaces of the 

materials and ‘hiding’ the underlying silicone. The surfaces of lotrafilcon A and 

lotrafilcon B are modified in a gas reactive plasma chamber, resulting in a continuous 

5nm thick hydrophilic layer.175,176 The silicone on the surface of balafilcon A is oxidized 

to hydrophilic silicate using gas reactive plasma.177 This results in glassy ‘islands’ which 

bridge over the underlying silicone. The second generation of SH have no surface 

modifications, rather they incorporate an internal wetting agent to improve the surface 

wettability. These materials are senofilcon A and galyfilcon A, and have polyvinyl 

pyrrolidone (PVP) incorporated.176 The third generation of SH also have no surface 

modification, but in contrast to galyfilcon A and senofilcon A, comfilcon A incorporates 

its wetting agent into the material backbone in an attempt to make the material inherently 

wettable.178  

1.3.5 Contact Lens Properties 
There are several properties that an ideal lens material should have, which will be 

explained in greater detail below:179 

1) Meet or surpass the oxygen requirements of the cornea 

2) Not provoke physiological response 

3) Be highly wettable during wear 
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4) Have good physical stability and durability 

5) Resist deposits from the tear film 

6) Exhibit excellent optical transparency 

7) Require minimal maintenance by patients 

8) Be cost-effective to manufacture and purchase 

1.3.5.1 Corneal Oxygen Requirements 

The cornea is a unique tissue in the sense that it is avascular and thus obtains its 

oxygen requirements mainly from oxygen in the atmosphere.179 Contact lenses lie on top 

of the cornea and act as a barrier between atmospheric oxygen and the cornea. Thus, the 

health of the cornea when wearing a contact lens is dependent upon the ability of the 

material to transport oxygen. The permeability (P) of a material is dependent upon the 

diffusion coefficient (D) and the solubility of oxygen in that material (k), summarized 

as:168 

Equation 1-3: Oxygen permeability 

P = Dk  

The permeability is measured in Barrers and will depend also on the thickness of the 

material (t). Thus the permeability for a given thickness (or oxygen transmissibility) is:168 

Equation 1-4: Oxygen transmissibility 

P/t = Dk/t 

measured in Barrer/mm. Holden and Mertz180 describe the material transmissibility 

requirements as 24 Dk/t during the day and 87 Dk/t overnight during sleep, though later 
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work by Harvitt and Bonanno 181 using different criteria indicate that 125 Dk/t is the 

threshold for overnight wear.  

1.3.5.2 Physiological Response 

In addition to preventing oxygen from reaching the cornea, contact lenses may block 

adequate nutrient delivery and waste product removal to and from the cornea. Water and 

ions may also be prevented from reaching the posterior surface of the lens, which can 

cause it to stick to the cornea.182 A more elastic material (as compared with a stiffer one) 

also tends to more readily adhere to the corneal surface. Thus, the lens ‘elasticity’ or 

modulus plays an important role in preventing a physiological response. Stiffer lenses 

(particularly if the fit is not optimized) may mechanically irritate tissues during blinking 

and are thought to be a cause of papillary conjunctivitis.183,184 Contact lens materials 

themselves should also be inert and not provoke an immune response.185 

1.3.5.3 Wettability 

The term “wettability” describes how a fluid spreads across a solid surface.186 For 

contact lenses, we are interested in how the tear film spreads across the lens surface as a 

continuous tear film is important for visual clarity and patient comfort.49 Measuring 

wettability is typically done by measuring the contact angle (CA) by Wilhelmy plate,66,67 

sessile drop,68,69 or captive bubble70,71 techniques. An example of CA for two 

representative contact lenses using the sessile drop technique is shown in Figure 1-11. 

For wettability determinations, two types of CA are measured, the advancing angle after 

the material has been exposed to air and the receding angle after the material has been 

exposed to water.49 The difference between the advancing and receding CA is known as 

hysteresis (see below): 



 17 

Equation 1-5: Hysteresis 

CAHysteresis = CAAdvancing - CAReceding  

 

Figure 1-11: Advancing contact angles on relatively non-wettable (left) and wettable (right) contact 
lenses.  

Contact lens CA will be influenced by the inherent material properties135,143,186,187 and 

there is some evidence indicating that adsorption of tear film components can influence 

CA.188,189 Despite the variety of CA, there is very little evidence that CA measurement 

alone will predict discomfort in patients.190–194 

1.3.5.4 Durability and Stability 

Contact lens materials should remain usable throughout the planned replacement 

schedule, without tearing or losing any of their ‘ideal’ properties. There is evidence to 

suggest that low water content lens materials last longer than high water content lens 

materials.195,196 However, these lifespans are much longer than the replacement schedules 

used with modern soft lenses, which are typically 4 weeks or less.197 The parameters of 

the contact lens materials should also remain stable after insertion onto the ocular surface, 

as there remains the potential for materials to change their EWC or lose oxygen 

transmissibility.198  
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1.3.5.5 Deposition 

Upon interacting with the tear film contact lenses can rapidly adsorb 

proteins,12,18,114,125,131,150,199,200 lipids,92,201–204 and mucins.205,206 These deposits, 

particularly protein, have a number of consequences for patients, including 

discomfort,92,207 visual deficiencies,208 bacterial adhesion,142,143 and, more seriously, 

inflammatory reactions such as giant papillary conjunctivitis (GPC).139–141 In contrast, 

there is evidence demonstrating that deposits may have benefits for patients such as 

increasing contact lens wettability188,189 and removal of adhered bacteria.209 It may be that 

an ideal contact lens should be selective in its adsorption rather than completely resistant 

to all deposits. 

1.3.5.6 Optical Transparency, with Minimal Fuss and Cost 

Contact lenses are tools for vision correction, and thus any technological 

improvements must not affect optical transparency.210 While contact lenses are great tools 

for vision correction, patients remain notorious for poor compliance in proper and safe 

use of contact lenses.211–216 There is a need for contact lens use to decrease in complexity, 

such as with daily disposable wear versus planned replacement, all while remaining cost 

effective for the patient and the manufacturer. 

1.3.6 Protein Adsorption and Contact Lenses 
It is known that proteins readily adsorb to contact lenses and can subsequently 

denature, causing problems for patients.92,142,143,207,208 Silicone hydrogels show reduced 

protein adsorption compared to CH, but the deposited protein tends to be 

denatured.133,164,166,202 Of particular consequence when considering denatured protein are 

severe complications such as GPC associated with SH wear.217,218 GPC manifests as 
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inflammation in the papillae of the upper tarsal conjunctiva (see Figure 1-12), and causes 

irritation, burning, itching, redness, and contact lens intolerance.140,217 It is characterized 

as both a type I hypersensitivity reaction (involving IgE), and as a type IV 

hypersensitivity reaction (mediated by cells).219,220 One explanation for the immune 

system reacting to unfolded self-proteins is a popular yet controversial theory called the 

‘hygiene hypothesis’.221,222 First noted by Strachan,223 it argues that exposure to 

infectious agents may decrease the incidence of allergic responses. Consequently a lack 

of exposure to infectious agents could cause the immune system to be hyper-sensitive to 

the denatured protein on contact lenses. Regardless of the exact mechanism, it is clear 

that quantifying both the level of protein deposition and degree of denaturation onto 

contact lenses is important for patient comfort and ongoing success. 

 

Figure 1-12: An example of giant papillary conjunctivitis. Image courtesy of the Centre for 
Contact Lens Research. 

Studies investigating protein adsorption onto contact lens materials typically focus on 

adsorption at typical replacement intervals of 1 to 4 weeks.80,131,133,166,224–227 While these 
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long time points provide insight into the levels of protein adsorption experienced by 

patients over the course of one wear cycle, there is a lack of understanding regarding 

protein adsorption to contact lens materials during the first few minutes of interaction 

with the tear film. Both the amount of protein adsorption and the degree of denaturation 

remain poorly understood during this early time interval. A further gap in our knowledge 

arises from the current techniques to measure the degree of protein denaturation at short 

time intervals. Secondary and tertiary structure of adsorbed proteins can be determined 

via nuclear magnetic resonance,144–148 circular dichroism,149–151 attenuated total internal 

reflection infrared spectroscopy,12,73,152–154 and Raman spectroscopy.155–158 However, 

since the biological function of proteins will only partly depend on its secondary and 

tertiary structure it may be better to measure biological function directly. Measuring 

biological function on contact lenses is primarily focused on lysozyme, and requires 

removal of lysozyme from the contact lenses. Extracting all of the lysozyme from contact 

lens materials and measuring the biological activity can provide a general overview of the 

degree of denaturation of lysozyme, however in terms of eliciting a biological response 

only loosely bound protein that can desorb into solution or protein in the outer surface 

layer of deposits can interact with biological systems. Additionally, there are inherent 

problems with any extraction procedure, as some protein could remain adsorbed to the 

material (as no methods provide 100% removal)228–232 and the physical process of 

removal may affect protein denaturation. 

Thus, there remains a need to both measure and understand protein adsorption to 

contact lens materials over the initial minutes and hours of the interaction of proteins with 

these biomaterials. 
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CHAPTER 2 EXPERIMENTAL TECHNIQUES 
The materials and methods are detailed within each experimental chapter, however 

the following will be a brief overview of the major experimental techniques used in this 

thesis. 

2.1 Micrococcal Activity Assays 
Lysozyme antimicrobial activity against Micrococcus lysodeikticus was first 

described by Fleming in 1922.1 Lysozyme catalyzes the hydrolysis of the glycosidic bond 

between N-acetylmuramic acid and N-acetylglucosamine in bacterial cell walls, causing 

the cells to lyse.2 As the cells are lysed, a solution containing M. lysodeikticus will 

become clearer. This effect can occur within minutes, depending on the concentration of 

lysozyme and can be visible to the naked eye, as demonstrated in Figure 2-1. Intact cells 

and cellular components (after lysis) scatter light differently. Intact cells, which are close 

to 1µm in diameter, are much better at scattering light than smaller cellular components, 

thus a solution of cellular components appears clearer. 

 
Figure 2-1: Micrococcus lysodeikticus before  lysozyme exposure (left) and after 2 minutes of 

exposure (right) 



 22 

Spectroscopic examinations of this phenomenon focus on specific wavelengths 

(450nm, 570nm, 700nm)3–8 using a spectrometer. The classical Micrococcal Activity 

Assay involves M. lysodeikticus in cuvettes, to which small samples of lysozyme are 

added, and the change in absorption at a chosen wavelength is measured at short intervals 

for a few minutes. The rate of adsorption change is related to the mass of lysozyme added, 

therefore standard curves can be created with known amounts of lysozyme, as shown in 

Figure 2-2, to which the rates of absorption change from unknown samples of lysozyme 

are compared, to determine the corresponding masses of lysozyme. 

 
Figure 2-2: Standard curve of the rate of absorption change based on the mass of lysozyme in 

solution 
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2.2 I125 Radiochemical Experiments 
Iodine-125 (I125) is often used as a tracer ion in protein adsorption experiments. Its 

half-life is ~two months and it emits gamma rays as it decays, which can be readily 

detected with a gamma counter, allowing for sensitive measurement of protein in the 

nanogram range. Proteins were radiolabeled by the iodine monochloride (ICl) method as 

previously described.9,10 The ICl method typically labels tyrosine residues, and a lesser 

extent histidine, though the tyrosine bond is stronger.11  

An intrinsic problem when using any label (fluorescent, radiochemical) to measure 

protein adsorption is the disassociation of the label from the protein. Since only the signal 

from the label is used to quantify protein adsorption, any label that adsorbs onto the test 

material can lead to anomalously high apparent protein adsorption. This has been shown 

for proteins labeled with I125 using a variety of labeling techniques including the ICl 

method.12 Proteins labeled with I125 have been shown to disassociate with more than half 

of all I125 labels after just three days of incubation in saline solution.12 This effect can be 

reduced if the labeled protein is incubated with other biomolecules (such as other 

proteins), but not prevented entirely. 

Due to restrictions when using radioisotopes, protein adsorption kinetic experiments 

from Chapters 6-7 were done with 106 counts per minute (CPM) of radiolabeled protein 

per mL of incubation solution. This worked out to be ~1% of the total protein incubated 

with contact lenses. Increasing the amount of radiolabeled protein can increase the 

sensitivity of this technique, however there is a risk of reaching the detector limit for high 

protein adsorbing materials and, as mentioned above, more tracer iodide could 

disassociate into solution.  
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As only the signal from the I125 label is counted (in CPM) extra steps must be taken 

to convert CPM to masses of each protein. To accomplish this, aliquots of 100µL from 

incubation solution controls (without lenses) were counted to generate a conversion factor 

(in µg/CPM) for each incubation solution and time point. The CPM for each sample is 

then multiplied by the corresponding conversion factor to determine the mass of protein 

in the sample. 
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Abstract: A new process has been developed to determine

the biological activity of an intact layer of lysozyme deposited

onto a biomaterial surface. This process is applied to a num-

ber of common hydrogel contact lenses. The activity of the

surface-adsorbed protein is measured using a standard

micrococcal activity assay, with extra steps to distinguish

between protein on the surface and protein in solution. This

is in contrast to protein extraction work in which the activity

of all adsorbed protein is measured. For ionic materials,

which are known to deposit large amounts of protein, partic-

ularly positively charged proteins such as lysozyme, there is

evidence for loosely bound protein re-entering the solution,

thus making it impossible to truly separate out the surface-

adsorbed protein. This optimized process provides the first

quantification of the biological activity of an intact layer of

surface-adsorbed protein at a hydrogel interface. VC 2012 Wiley

Periodicals, Inc. J Biomed Mater Res Part A: 00A:000–000, 2012.
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INTRODUCTION

In any biomaterial application, protein is rapidly deposited
onto the material of interest. There are a wide variety of
very sensitive techniques that can be used to measure the
amount of adsorbed protein, including ellipsometry,1–3

quartz crystal microbalance (QCM),4–6 and radiolabeling.7–10

After deposition, the conformation of proteins may change
from a native state to a non-native or denatured state.11–15

For the particular case of contact lenses, it has been well
established that tear film proteins rapidly deposit onto con-
tact lenses14,16–25 and that protein deposited on siloxane-
based materials tends to be relatively low in quantity, but a
higher percentage of the deposited protein is denatured.13–16

Denatured protein on any biomaterial poses a risk for end
users, because it has been implicated as a cause of various
inflammatory reactions.26 A specific example in the case of
contact lenses is contact lens-induced giant papillary con-
junctivitis,27–29 which is characterized by mucous discharge,
ocular itching, redness, and increased patient awareness of
the lenses.30–32 Thus, it is clear that in addition to charac-
terizing the amount of protein deposited on a biomaterial it
is even more important to characterize the (secondary or
tertiary) structure and biological activity of adsorbed pro-

tein. Although some studies have used Fourier transform
infrared spectroscopy or circular dichroism to determine
changes in secondary structure on adsorption,33–38 biologi-
cal activity of an enzyme may depend only on a part of the
total tertiary structure, and thus there is not yet a definitive
way to correlate changes in secondary structure with
changes in biological activity. Despite multilayer formation
of proteins to some ionic biomaterials, the outermost mole-
cules will have the strongest impact on a biological
response from the host because it is these molecules that
are in direct contact with the biological system. In particu-
lar, the question that should be addressed is the activity of
the absorbed layer and not the activity of all protein mole-
cules that constitute an absorbed layer. There is a significant
difference between these two quantities, because it is likely
only the protein at the interface with the surrounding solu-
tion that can truly contribute to the biological activity of the
adsorbed layer.

Contact lenses are widely used biomaterials, being worn
by 120 million people worldwide and comprising a market
in excess of $(US)6 billion.39 Contact lenses are ideal model
biomaterials because these materials have been extensively
characterized by atomic force microscopy,40–43 X-ray
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photoelectron spectroscopy,41,44 and contact angle measure-
ments.45–47 Contact lenses also represent an ideal system
for testing general concepts in biomaterials science, because
they are easily inserted and removed from the ‘‘host’’ orga-
nism, unlike many other biomaterials, which are typically
implanted for extended periods of time.

Lysozyme, a relatively small, compact, and globular pro-
tein, has a molar mass of 14,500 Da, dimensions of 45 Å !
30 Å ! 30 Å and a net positive charge at physiological
pH.48 Lysozyme, which has a concentration of 1.9 mg/mL in
human tears and accounts for 30% of total protein in
tears,49 is often utilized as a model protein for contact lens
protein conformational studies.11–15 Because lysozyme is
bacteriolytic,50 turbidometric micrococcus activity assays
are standard tools to determine its biological activity.51–57

Many previous studies measuring lysozyme activity on con-
tact lenses extracted the protein from the lenses using
highly surface active solvents, which was followed by ex situ
measurement of the protein activity.13–16 There are a num-
ber of implicit assumptions used in this approach – notably
that only surface-adsorbed protein is removed, and that the
extraction process does not affect the state of the protein.
However, the extraction process may remove lysozyme from
both the immediate surface of the contact lenses and from
within the bulk of the material. In addition, there is no way
to independently determine the effect of the extraction sol-
vent on the activity of extracted protein. Finally, because the
host response will primarily depend on the outermost pro-
tein layer deposited on a biomaterial, the use of an extrac-
tion method to determine overall protein activity is not an
ideal approach.

In a notable exception to the procedure mentioned
above, Zhang et al.58 have reported on the activity of pro-
teins on contact lenses without protein extraction. Unfortu-
nately, their technique does not make an attempt to distin-
guish between lysozyme bound to the surface and lysozyme
that had become desorbed from the surface and was pres-
ent in the surrounding solution. This results in an inability
to make definitive conclusions about the activity of surface
bound protein. A more complete assay would involve dis-
tinction of surface-adsorbed lysozyme from that which has
desorbed from the lens, both of which can contribute to the
biological activity.

Quantifying the amount of biologically active lysozyme
in solution is commonly undertaken using a micrococcal
assay.12,13,15 The basic principle behind the technique is to
expose Micrococcus lysodeikticus cells to a solution of lyso-
zyme. Biologically active lysozyme will lyse the cell, result-
ing in a decrease in the concentration of cells, whereas
increasing the amount of cell wall fragments. Because intact
cells and cell wall fragments scatter light differently, the op-
tical extinction of the solution at a particular wavelength of
incident light can be correlated to changes in the intact cell
concentration. In particular, decreases in the turbidity are
observed because cells are destroyed. This process can be
calibrated and used to quantitatively determine the amount
of active lysozyme in the solution. To the best of our knowl-
edge, there are no examples of techniques that are able to

measure specifically the biological activity of an intact pro-
tein layer adsorbed onto the surface of a biomaterial.

In this study, we present a method that can be used to
determine the amount of surface-adsorbed biologically
active lysozyme on any material and apply it to a number of
different contact lens materials. The premise of the experi-
mental technique is simple: if there is active protein
adsorbed onto the biomaterial surface, then that protein
should lyse bacterial cells in a similar manner to those in
solution. We first establish the technique on a simple PDMS-
coated polystyrene cuvette, showing that we can distinguish
active from inactive (thermally denatured) protein, and sur-
face adsorbed versus protein in solution. Subsequently, we
use the technique to perform a detailed study of lysozyme
that has deposited onto commercially available contact
lenses as a function of protein deposition time. The results
show that it is relatively easy to measure the activity of an
intact layer of surface-adsorbed lysozyme, that different
commercial lenses show very different behavior in terms of
the activity of surface-adsorbed lysozyme, and finally allow
us to make conclusions about amounts of protein that are
easily desorbed from lenses on rinsing. We also examine the
effect of thermal treatment on adsorbed protein layers, and
make comparisons with extraction activity studies. The
measurements are done as a function of exposure time,
with a focus on shorter times that are not normally the
focus of biomaterial investigations. The reason for this is
that we expect the surface activity to develop rapidly, and
may even saturate after formation of the first monolayer.

MATERIALS AND METHODS

Micrococcal activity assays as previously described12,13,15

are utilized to determine the activity of lysozyme. M. lyso-
deikticus (Sigma–Aldrich, Oakville, ON, Canada, ATCC #
4698) was diluted in phosphate buffered saline (PBS; pH
7.4) to approximately 2 mg/mL or 1 mg/mL the day before
performing the assay, to allow the bacteria to swell at "4#C
overnight. Prepared M. lysodeikticus was left to rotate on a
platform shaker at room temperature for "30 min and then
incubated at 37#C for "30 min. The M. lysodeikticus was
diluted with PBS buffer to an optical density of "1.2 at 450
nm, then divided into 1 mL aliquots, to which samples and
standards were added. Optical extinction measurements
were acquired every 30 s at 30 6 1#C for 5 min (Multiskan
Spectrum ELISA Plate Reader, Thermo Labsystems, Finland).
Standards (250 ng, 150 ng, 50 ng, and 12.5 ng) using hen
egg lysozyme (Sigma–Aldrich, Oakville, ON, Canada) were
measured concurrently with samples. Standard curves were
plotted using linear regression of the change in absorbance
over time versus mass of lysozyme, to which the change in
absorbance of the samples were compared, to extrapolate
an active mass of lysozyme in the samples. Note that the
resulting surface activity measurements are determined in
units of activity for an equivalent mass of protein in
solution.

In this study, we considered a number of different con-
tact lens materials and a simple PDMS polymer (General
Electric RTV 108). The contact lenses used (shown in Table I)
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include both conventional and silicone hydrogel materials,
which accumulate varying amounts of protein.12,15,59–61

Lenses were soaked in PBS for 24 h before protein incuba-
tion to remove any storage solution from the lenses. The
lenses were then removed from PBS, blotted on lens paper,
and placed in 6 mL screw cap vials (VWR, Mississauga, ON),
which contained 1.5 mL of lysozyme dissolved in PBS at a
concentration of 2 mg/mL or 0.2 mg/mL. Due to the short
incubation periods (as short as 10 s), samples could not be
incubated at temperatures above ambient, thus the experi-
ment was undertaken at room temperature. A subset of our
lenses (those used for thermal stability measurements as
described below) were incubated in lysozyme solution for
24 h at 37!C. After incubation, contact lenses were removed
from the screw cap vials and swirled in two containers of
100 mL PBS for 5 s each, blotted on lens paper and placed
into 1.5 mL of PBS in 24-well plates in preparation for
activity measurements.

To measure the activity of surface-adsorbed lysozyme, a
repeater pipette was used to transfer 500 lL of 2 mg/mL
M. lysodeikticus into each well of 24-well plates (VWR, Mis-
sissauga, ON), with each well containing previously incu-
bated contact lenses. The plates were then put into a Spec-
traMax M5e plate reader (Molecular Devices, SunnyVale,
CA). Each well in the plates was scanned every 30 s for 30
min while the plates were kept at 30 6 1!C to allow for
turbidity measurements, as in previously established micro-
coccal assays.62,63 The optical extinction at a wavelength of
450 nm was measured in each well. The plates were shaken
for 10 s in between each read interval and allowed to settle
for 100 ms before the next reading. The software used was
Softmax Pro (Molecular Devices, SunnyVale, CA). Lysozyme
standards (10 lg, 5 lg, 1 lg, 0.5 lg, 0.2 lg, and 0.1 lg)
using hen egg lysozyme were measured concurrently with
samples, to calibrate the measurements to known protein
amounts. Standard curves were plotted using linear regres-
sion of the change in absorbance over time versus mass of
lysozyme, to which the change in absorbance of the samples
were compared, to determine an active mass of lysozyme in
the samples.

The procedure above is essentially the same as Zhang
et al.58 and measures all active lysozyme in the sample well.
This single procedure cannot distinguish between surface-
adsorbed protein and any protein that had become
desorbed from the lens and was now in solution. Because
the final step in the rinsing process includes placing the
protein-coated lens into a buffer solution that is initially
free of protein, it is possible for reversibly adsorbed protein
to desorb from the lens. To make this important distinction,
an additional step was introduced into the process. The 24-
well plates containing contact lenses ready for activity
measurements, were first incubated at 30 6 1!C for 30 min.
This allowed for similar amounts of protein to desorb from
the lenses into solution as would occur with lenses in solu-
tion undergoing activity measurements. The contact lenses
were then removed (as described above) from the wells and
activity assays were performed on the remaining solution,
to determine the amount of protein that was released from
the lens during the time frame of the assay. We can subtract
these activity values from our studies on lenses which had
remained in the wells to obtain the contribution solely due
to the protein still adsorbed onto the lens.

After deposition of protein to a particular contact lens, it
is possible that the simple process of lens removal is a
strong enough perturbation to dislodge very weakly bound
protein (as we will detect this, both as part of the surface
active protein and desorbed protein). To investigate this fur-
ther, two different techniques for removing the lenses were
investigated on balafilcon A and etafilcon A contact lenses.
The first technique involved slow removal of lenses from
the solution. A second, more vigorous, technique involved
swirling the lenses clockwise five times, then removing/
reimmersing the lenses five times, followed by complete
and rapid removal of the lenses from the solution. Very
loosely bound protein, however, may be removed by even
the more gentle process, in which case it will not be possi-
ble to unambiguously quantify the activity of adsorbed
protein.

In addition to the activity of adsorbed proteins, it is im-
portant to consider the resistance of adsorbed protein to

TABLE I. Contact Lens Materials Evaluated in This Study

Name USAN Manufacturer Principle Monomers
Diameter
(mm)

Acuvue OASYS Senofilcon A Johnson & Johnson mPDMS, DMA, HEMA, siloxane
macromer, TEGDMA, and PVP

14

Air Optix Lotrafilcon B CIBA Vision DMA, TRIS, and siloxane monomer 14.2
Acuvue 2 Etafilcon A Johnson & Johnson HEMA and MAA 14
PureVision Balafilcon A Bausch & Lomb NVP, TPVC, NVA, and PBVC 14
Biofinity Comfilcon A CooperVision M3U, FMM, TAIC, IBM, HOB,

NMNVA, and NVP
14

mPDMS, monofunctional polydimethylsiloxane; DMA, N,N-dimethylacrylamide; HEMA, 2-hydroxyethyl methacrylate; TEGDMA, tetraethylene-
glycol dimethacrylate; PVP, polyvinyl pyrrolidone; TRIS, trimethyl siloxy silane; MAA, methacrylic acid; NVP, N-vinyl pyrrolidone; TPVC, tris-(tri-
methylsiloxysilyl) propylvinyl carbamate; NVA, N-vinyl aminobutyric acid; PBVC, poly[dimethylsiloxyl] di [silylbutanol] bis[vinyl carbamate];
M3U, ax-bis(methacryloyloxyethyl iminocarboxy ethyloxypropyl)-poly(dimethylsiloxane)-poly(trifluoropropylmethylsiloxane)-poly(methoxy-poly-
(ethyleneglycol)propylmethyl-siloxane); FMM, a-methacryloyloxyethyl iminicarboxyethyloxypropyl-poly(dimethylsiloxy)-butyldimethylsilane;
TAIC, 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione; IBM, isobornyl methacrylate; HOB, 2-hydroxybutyl methacrylate; NMNVA, N-methyl-N-
vinyl acetamide.
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denaturing. A particularly tractable example is that of ther-
mal stability. The thermal stability of the adsorbed lysozyme
was determined by heating the samples to 80!C for 2 h. A
24-well plate containing prepared contact lenses, after 24 h
incubation in 1.5 mL of 2 mg/mL lysozyme, and predeter-
mined amounts of lysozyme soaking in 1.5 mL PBS was
placed into an oven at 80!C and incubated for 2 h. After
incubation, the plate was rapidly cooled in ice before assay-
ing in the Molecular Devices SpectraMax M5e plate reader,
as previously described. A similar test was also done for ly-
sozyme adsorbed on a simple PDMS-coated substrate. A
thin layer of PDMS was added to one side of the inside of
4.5 mL polystyrene cuvettes (VWR, Mississauga, ON) and
left at 75!C to cure overnight. The cuvettes were then incu-
bated at 37!C with 3 mL of 1 mg/mL lysozyme for "22 h.
The cuvettes were rinsed with water to remove any
unbound or loosely bound lysozyme and then either incu-
bated at 37!C or, for studying thermally denatured protein
80!C, for "1 h before assaying. Micrococcal activity assays
were performed, as described above, with the exception
that 1 mL of "1.2 OD M. lysodeikticus was added to the cuv-
ettes containing lysozyme deposited onto PDMS.

Statistical analysis
Data analysis was undertaken using Statistica 8 (Statsoft,
Tulsa, OK). Significance levels of p # 0.05 were considered
to be significant. Data were analyzed using repeated meas-
ures one-way analysis of variance. Tukey HSD post hoc com-
parisons were performed, where applicable.

RESULTS

Activity of lysozyme adsorbed onto PDMS
As a test of our technique, a preliminary study (without
considering kinetics) was undertaken using a PDMS sub-
strate and lysozyme activity was determined before and af-
ter heating the sample to 80!C.

Significantly more active lysozyme was detected on
PDMS when incubated at 37!C ("45 ng), compared with af-
ter heating the sample to 80!C (<1 ng; p < 0.05) as seen in
Figure 1. These findings demonstrate that micrococcal
assays can be used to detect and quantify the activity of ly-
sozyme adsorbed to biomaterial surfaces and also that the
denatured lysozyme (as suspected) shows no evidence for
biological activity.

Time dependence of lysozyme activity on
contact lens materials
The activities of lysozyme deposited to the different contact
lens materials over time is shown in Table II. ‘‘Total active
lysozyme’’ was determined for the contact lenses in the so-
lution using the micrococcal assay. The activity of protein
that was released from the lens into the solution was fur-
ther measured and this amount was subtracted from the
‘‘total active lysozyme’’ to calculate the ‘‘surface active lyso-
zyme’’. Note that for etafilcon A lenses, the concentration of
the protein in the solution was 0.2 mg/mL and for balafil-
con A lenses both 2 mg/mL and 0.2 mg/mL concentrations

were studied. ‘‘BD’’ refers to values that were below the
detection limit of the experiment.

The observation that lysozyme on etafilcon lenses from
times greater than or equal to 15 min started to exhibit sig-
nificant desorption led us to use the time points between
10 s and 7.5 min to calculate the mean of the surface active
protein amounts for each lens type (Table III). This number
quantifies the mass equivalent biological activity of the
adsorbed lysozyme layer. We consider the contact lens to
have a total surface area of two sides to be 3.34 cm2. We
further use calculate surface monolayer coverage of lyso-
zyme on a surface to be 207 ng/cm2 or 310 ng/cm2

depending on the orientation of lysozyme.65 Using these
two references, we calculated the amount for a theoretical
monolayer of lysozyme on a contact lens to be 692–1035
ng and thus determined the percentage of active lysozyme
in a surface layer for each lens type (Table III). For these
calculations, the mean value of the ‘‘surface active lysozyme’’
from Table III was used.

Figure 2(a) shows the data for lysozyme deposited to
senofilcon A (a), lotrafilcon B (b), and comfilcon A (c) con-
tact lenses. For both senofilcon and lotrafilcon, the total
active lysozyme and surface active lysozyme showed little if
any time dependence. Only about 30 ng of active protein
was found on the lens surface, and this remained essentially
constant over the range of the experiment. Two of the three
replicates for solution activity at 10 s, and total activity at 1
h were omitted as they were below detection, resulting in
n ¼ 1 for those values. No significant differences were seen
between the activity of a surface layer on senofilcon A and
lotrafilcon B lenses(p < 0.05), which is in agreement with
findings by Subbaraman et al.15 who extracted lysozyme af-
ter 1 day of incubation (Table IV). (We note that the amount
of active lysozyme was below detection at the 1 h time
point.)

It is interesting to note that although there was measur-
able surface lysozyme activity on both senofilcon A and
lotrafilcon B at most times with less than an hour of expo-
sure to protein solution, it was below detection at the 1 h

FIGURE 1. Comparison of the activity of lysozyme deposited onto
PDMS under normal assay conditions versus thermal denaturation.
Error bars represent mean 6 SD.

4 HALL, JONES AND FORREST MEASURING THE KINETICS AND ACTIVITY OF ADSORBED PROTEINS



 31 

T
A
B
L
E
II
.
T
o
ta
l
a
n
d
S
u
rf
a
ce

A
ct
iv
e
L
y
so

zy
m
e
o
n
C
o
n
ta
ct

L
e
n
se

s
in

lg
/L
e
n
s
(M

e
a
n
6

S
D
)

L
e
n
s
T
y
p
e

V
a
lu
e

T
im

e

1
0
s

1
.5

m
in

3
m
in

4
.5

m
in

7
.5

m
in

1
5
m
in

3
0
m
in

1
h

2
h

S
e
n
o
fi
lc
o
n
A

(2
m
g
/m

L
)

T
o
ta
l
a
ct
iv
e

ly
so

zy
m
e

0
.1
1
3
6

0
.0
0
7

0
.1
2
5
6

0
.0
3
1
7

0
.1
3
0
6

0
.0
0
3

0
.1
4
4
6

0
.0
0
7

0
.1
3
3
6

0
.0
0
3

0
.1
3
9
6

0
.0
0
2

0
.1
4
6
6

0
.0
0
8

0
.1
1
7
a

0
.1
4
9
6

0
.0
1
0

S
u
rf
a
ce

a
ct
iv
e

ly
so

zy
m
e

0
.0
2
5
6

0
.0
0
7
a

0
.0
2
9
6

0
.0
3
2

0
.0
2
9
6

0
.0
0
5

0
.0
3
7
6

0
.0
0
7

0
.0
2
8
6

0
.0
0
8

0
.0
2
8
6

0
.0
0
7

0
.0
3
1
6

0
.0
1
1

0
.0
0
5
6

0
.0
1
0
a

0
.0
6
8
6

0
.1
2
5

L
o
tr
a
fi
lc
o
n
B

(2
m
g
/m

L
)

T
o
ta
l
a
ct
iv
e

ly
so

zy
m
e

0
.1
4
3
6

0
.0
2
3

0
.1
2
9
6

0
.0
0
3

0
.1
4
3
6

0
.0
0
5

0
.1
2
7
6

0
.0
1
2

0
.1
4
7
6

0
.0
0
6

0
.1
3
5
6

0
.0
1
5

0
.1
3
5
6

0
.0
1
2

B
D

0
.1
4
0
6

0
.0
2
1

S
u
rf
a
ce

a
ct
iv
e

ly
so

zy
m
e

0
.0
5
3
6

0
.0
2
3

0
.0
3
3
6

0
.0
0
9

0
.0
3
7
6

0
.0
2
0

0
.0
2
6
6

0
.0
1
3

0
.0
3
5
6

0
.0
0
8

0
.0
2
1
6

0
.0
1
6

0
.0
3
2
6

0
.0
1
2

B
D

0
.0
5
8
6

0
.1
3
5

C
o
m
fi
lc
o
n
A

(2
m
g
/m

L
)

T
o
ta
l
a
ct
iv
e

ly
so

zy
m
e

0
.1
2
0
6

0
.0
1
3

0
.1
1
9
6

0
.0
1
6

0
.1
5
4
6

0
.0
1
2

0
.2
0
5
6

0
.0
2
2

0
.2
4
4
6

0
.0
0
8

0
.2
6
0
6

0
.0
1
1

0
.3
0
0
6

0
.0
1
4

0
.3
9
5
6

0
.0
4
8

0
.4
0
0
6

0
.0
3
3

S
u
rf
a
ce

a
ct
iv
e

ly
so

zy
m
e

0
.0
2
3
6

0
.0
1
4

0
.0
0
2
6

0
.0
1
9

0
.0
1
2
6

0
.0
1
3

0
.0
2
7
6

0
.0
2
4

0
.0
4
6
6

0
.0
0
9

0
.0
2
0
6

0
.0
1
5

0
.0
5
9
6

0
.1
1
7

0
.0
3
3
6

0
.0
4
9

0
.0
2
3
6

0
.0
7
1

B
a
la
fi
lc
o
n
A

(2
m
g
/m

L
)

T
o
ta
l
a
ct
iv
e

ly
so

zy
m
e

0
.3
5
6
6

0
.0
1
9

0
.8
2
3
6

0
.0
7
0

1
.0
7
6

0
.0
6
3

1
.4
9
4
6

0
.1
9
7

1
.7
0
4
6

0
.1
9
0

1
.9
4
6
6

0
.2
0
1

2
.2
4
8
6

0
.1
3
4

3
.6
7
8
6

0
.0
4
5

2
.9
0
6
6

0
.1
9
6

S
u
rf
a
ce

a
ct
iv
e

ly
so

zy
m
e

0
.1
2
4
6

0
.0
2
0

0
.3
5
1
6

0
.0
8
7

0
.2
8
1
6

0
.0
6
5

0
.4
4
0
6

0
.2
5
0

0
.3
4
2
6

0
.2
2
7

!
0
.1
6
4
6

0
.4
0
6

!
0
.2
6
2
6

0
.2
5
1

0
.6
0
4
6

0
.2
9
3

!
1
.3
5
9
6

0
.5
0
5

B
a
la
fi
lc
o
n
A

(0
.2

m
g
/m

L
)

T
o
ta
l
a
ct
iv
e

ly
so

zy
m
e

B
D

0
.0
3
9
6

0
.0
3
2

0
.1
2
7
6

0
.0
0
5

0
.1
7
7
6

0
.0
1
7

0
.2
1
6
6

0
.0
4
4

0
.3
1
8
6

0
.0
1
7

0
.3
4
0
6

0
.0
0
8

0
.3
7
4
6

0
.0
2
5

0
.3
6
0
6

0
.0
9

S
u
rf
a
ce

a
ct
iv
e

ly
so

zy
m
e

B
D

0
.0
3
9
6

0
.0
3
2

0
.1
1
6
6

0
.0
1
0

0
.1
4
9
6

0
.0
1
8

0
.1
6
2
6

0
.0
4
9

0
.2
0
8
6

0
.0
3
0

0
.1
7
2
6

0
.0
3
4

0
.1
6
4
6

0
.0
6
3

0
.1
1
4
6

0
.1
0
1

E
ta
fi
lc
o
n
A

(0
.2

m
g
/m

L
)

T
o
ta
l
a
ct
iv
e

ly
so

zy
m
e

0
.9
9
1
6

0
.0
6
8

3
.5
5
4
6

0
.4
8
0

4
.5
4
3
6

0
.2
4
2

5
.1
4
4
6

0
.5
8
5

5
.6
9
3
6

0
.7
5
7

6
.9
9
4
6

1
.5
0
5

9
.5
3
5
6

0
.0
9
5

9
.8
5
4
6

1
.0
9
8

1
2
.3
9
6
6

0
.7
4
9

S
u
rf
a
ce

a
ct
iv
e

ly
so

zy
m
e

0
.0
4
5
6

0
.3
1
4

1
.1
2
7
6

0
.6
4
4

0
.4
3
0
6

0
.5
9
6

1
.0
8
7
6

1
.2
0
7

1
.3
5
2
6

0
.8
6
8

!
0
.7
2
9
6

1
.6
2
8

!
2
.5
5
6
6

1
.4
6
8

!
4
.1
9
8
6

2
.7
1
6

!
1
.7
3
8
6

0
.8
0
2

B
D
,
b
e
lo
w

d
e
te
ct
io
n
.

a
D
e
n
o
te
s
n
¼

1
.



 32 

incubation time point. In addition, there was no evidence
for surface activity on these materials after 24 h of incuba-
tion for both thermally treated and untreated lenses (not
included in time dependence due to different incubation
temperature). This may indicate long-term structural
changes in the adsorbed protein which would be relevant
on time frames for normal use. In this case, the small meas-
ured activity between 10 s and 1 h of exposure would be
considered a transient event, with a long-term state of com-
plete inactivity.

In contrast to senofilcon and lotrafilcon, comfilcon A
contact lenses [Fig. 2(c)] show a clear increase in the
amount of active lysozyme as the incubation time increases.
In a technique that does not differentiate between desorbed
protein and protein remaining adsorbed to the biomaterial,
it would appear that the adsorbed surface protein maintains
a significant biological activity (certainly much greater than
senofilcon A or lotrafilcon B). However, after correcting for
the protein which had desorbed into surrounding solution,
the actual activity of the adsorbed layer was even less than
that of senofilcon A or lotrafilcon B (Table III). This is a
clear indication that on comfilcon A, there is some amount
of protein that is reversibly adsorbed and desorbs from the
surface and either retains or regains its biological activity.
At the same time, the protein that remained on the surface
had very little biological activity. It is not necessarily sur-
prising that the protein desorbs in this way, because while
the lens is incubated in lysozyme solution there is both
adsorption and desorption going on. The actual measured
uptake of protein is the final result of the competition
between adsorption and desorption. Once the lens is
removed from the incubation vial and transferred to the
well plate, there is no more adsorption because the sur-
rounding solution is originally free from protein, and de-
sorption is the only transport mechanism.

Balafilcon A contact lenses incubated in a 2-mg/mL pro-
tein solution [Fig. 3(a)], at time points greater than or equal
to 15 min, showed lysozyme activity which was surprisingly
higher in solution compared with the total active lysozyme,
which contained both surface active lysozyme and solution
active lysozyme. Although these differences are of only
slight statistical significance, the resulting calculation of sur-
face active lysozyme led to values less than zero. Some of

TABLE IV. Comparison of Lysozyme Activity Deposited (lg) on
Contact Lenses From Different In Vitro Studies (Mean 6 SD)

Lens Type

Total Active
Lysozyme
(Hour 2)

This Study

Subbaraman
et al.15 (Day 1; 1.9

mg/mL)

Senofilcon A 0.15 6 0.01 0.4 6 0.2
Lotrafilcon B 0.14 6 0.02 0.2 6 0.2
Comfilcon A 0.40 6 0.03 –
Balafilcon A 2.91 6 0.20 0.8 6 0.1
Balafilcon A 0.36 6 0.09

(0.2 mg/mL)
Etafilcon A 12.40 6 0.75

(0.2 mg/mL)
560 6 36

TABLE III. Surface Active Lysozyme on Contact Lenses
(Mean 6 SD)

Lens Type

Surface Layer
Active Lysozyme

(ng/Lens)

Surface Active
Lysozyme %

(Range min–max)

Senofilcon A 30 6 10 3–4
Lotrafilcon B 37 6 10 4–5
Comfilcon A 22 6 10 2–3
Balafilcon A

(2 mg/mL)
310 6 80 30–45

Balafilcon A
(0.2 mg/mL)

90 6 20 9–13

Etafilcon A
(0.2 mg/mL)

810 6 500 78–117

FIGURE 2. Kinetics of active and total lysozyme deposited onto non-
ionic: (a) senofilcon A (2 mg/mL), (b) lotrafilcon B (2 mg/mL), and (c)
comfilcon A (2 mg/mL). Error bars represent mean 6 SD, n ¼ 3,
* Denotes n ¼ 1. In all cases: (l) total activity and (*) activity of the
surface-adsorbed lysozyme after correction for desorbed lysozyme.
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the buried layers of lysozyme may have been removed from
the lenses by physical forces during to the lens removal pro-
cess, hence resulting in greater solution activity. This was
further investigated by comparing the two different removal
techniques using balafilcon A lenses. Although slow removal
typically resulted in more solution active lysozyme than vig-
orous removal, up to 100 ng more, we were unable to find
a lens removal process that removed this effect. From Fig-
ure 3(a), total active lysozyme increased slightly over time,
whereas surface active lysozyme showed a linear trend for
incubation times up to 7.5 min; and although the amount of
biologically active lysozyme that was released from the lens
in the solution increases, or more specifically the amount of

active lysozyme in solution that has desorbed from the
lenses (results not shown) increased when more lysozyme
deposited on balafilcon A lenses, the surface active lysozyme
remained relatively constant.

The incubation of balafilcon A contact lenses in a solu-
tion with a lower protein concentration (0.2 mg/mL)
showed total active lysozyme increasing over time, whereas
surface active lysozyme saturated after 15 min, which is
similar to the results seen with balafilcon A using the higher
lysozyme concentration (2 mg/mL). However, the amount of
activate lysozyme on balafilcon A contact lenses incubated
in a 0.2-mg/mL solution was approximately 2! lower com-
pared with balafilcon A lenses incubated in a 2-mg/mL so-
lution. One possible reason could be the different concentra-
tions lead to different mechanisms for adsorption, which
has been described previously.65

Etafilcon A contact lenses incubated in 0.2 mg/mL lyso-
zyme solution showed, for times <15 min, total activity
increasing with time, whereas surface active lysozyme
remained essentially constant. At time points greater than
or equal to 15 min, Etafilcon displayed the same behavior
as balafilcon, resulting in negative amounts of calculated
surface active lysozyme.

The data on lysozyme activity for senofilcon A, lotrafil-
con B, balafilcon A, and etafilcon A contact lenses in this
study are substantially lower compared with previous
in vitro studies (Table IV). To date, there are no published
data on lysozyme activity for comfilcon A lenses. Major
differences are seen between the measured surface activity
(left) and the measured activity using extraction techni-
ques15 (far right column). However, it needs to be consid-
ered that extraction techniques measure the biological
activity of all lysozyme removed from the lens. The surface
activity determined in this study is the biological activity of
the outermost protein layer on the lens surface. In that
sense, the quantity in the left column of data will be very
similar to that of a protein monolayer.

The comparison between the data in Figures 2 and 3
shows that our technique is able to quantify the activity of
the layer of strongly bound protein to a biomaterial, and
also to measure the amount that becomes desorbed into so-
lution. This works well for materials in which the protein
layer is fairly strongly bound to the material. In particular,
in cases where the seemingly gentle process of removing a
protein-coated lens disrupts the protein layer, this technique
can lead to anomalous negative values.

Thermal stability of lysozyme adsorbed
to contact lenses
The structural stability of lysozyme was further investigated
by heating the samples for 2 h at 80"C, followed by activity
measurements. In standard solutions, this heating process
removed 100% of the biological activity for lysozyme solu-
tion containing 1 lg or less protein, and removed 94% and
80% for solutions of 5 lg and 10 lg of lysozyme, respec-
tively. Comfilcon A, balafilcon A, and etafilcon A were the
only lens types that had detectable amounts of surface
active lysozyme after 1 day of incubation. Heating lysozyme-

FIGURE 3. Kinetics of active and total lysozyme deposited onto ionic:
(a) balafilcon A (2 mg/mL), (b) balafilcon A (0.2 mg/mL), and (c) etafil-
con A (0.2 mg/mL). Error bars represent mean 6 SD, n ¼ 3, * Denotes
n ¼ 1. In all cases: (l) total activity and (*) activity of the surface-
adsorbed lysozyme after correction for desorbed lysozyme.
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coated comfilcon A lenses resulted in activity levels below
the detection threshold. Similarly, thermal treatment of lyso-
zyme-coated etafilcon lenses resulted in a 90% decrease in
the activity. This is similar to the solution controls and sug-
gests that adsorption onto etafilcon does not enhance the
thermal stability of lysozyme. Applying the same treatment
to lysozyme (2 mg/mL)-coated balafilcon lenses only
resulted in a !41% reduction for biological activity. By
comparison, heating lysozyme on PDMS resulted in 100%
loss of its biological activity. Previous studies have shown
that large amounts of lysozyme can deposit within the bulk
material of balafilcon A and etafilcon A lenses,7,61 which
could have protected the protein stability for balafilcon A
during the heating process, but had no protective effect for
lysozyme accumulated to etafilcon A. Because this study
was measuring the activity of the surface layer only, it could
be speculated, that after the thermal treatment, protein
which was previously protected inside the material matrix
may have traveled in the solution phase and readsorbed to
the surface, hence give rise to an apparent increase in activ-
ity. Whether this is impacted by the porosity of the lens or
specific interaction between the protein and the material
has not been determined.

DISCUSSION

All of the FDA group I materials tested had similar amounts
of surface active lysozyme, despite differences in total activ-
ity. The overall percentage of active lysozyme was low (2–
5% compared with solution standards). There are a number
of possible reasons for this finding: (a) all protein molecules
have reduced their activity to 2–5%, (b) 95–98% of the
adsorbed protein is inactive, but 2–5% has remained active,
and (c) the adsorption has caused a change in the shape of
the protein which affects the number of molecules/mono-
layer. We note that these are not exclusive effects, and the
actual reason for the low activity of the adsorbed layer can
be any combination of these three (or even other) reasons.
In any event, these are significant findings, because other
work has shown that protein deposited on FDA group I
materials retains a high amount of activity 2 days after incu-
bation15 using extraction methods before activity analysis.
When comparisons are made to previous work (Table IV),
our total activity results for senofilcon A and lotrafilcon B
were similar. Despite this immediate loss in biological activ-
ity, irreversible denaturation of lysozyme may take days
after depositing on FDA group I materials.

Of the four silicone hydrogel lenses tested, balafilcon A
showed the greatest amount of total activity after 2 h. Previ-
ous work15 has reported that lysozyme extracted from bala-
filcon A lenses retains its biological function (!90% after 1
day incubation) which is a much larger percentage than our
results for surface activity.

Etafilcon A was the only conventional hydrogel investi-
gated in this study. Etafilcon A is known to adsorb substan-
tial amounts of lysozyme,7,64 which largely remains
active.12,13,15 Previous studies have further determined that
lysozyme on etafilcon A lenses is distributed evenly
throughout the lens material.7,61 In this study, for etafilcon

A lenses at least 85% of the surface layer of deposited lyso-
zyme retained its biological function. Other studies have
shown that more than 90% of the lysozyme extracted from
etafilcon A lenses after more than 2 weeks of incuba-
tion12,15 still retained its biological function. Etafilcon A
lenses were the only lens type investigated that showed an
intact layer of deposited lysozyme with similar percentage
of retained activity because total lysozyme extracted from
lenses in previous studies.12,15 These results suggest that ly-
sozyme does not rapidly lose its biological function on
depositing to etafilcon A contact lens.

Table IV compares total active lysozyme after 2 h from
this study to previously published work using protein
extraction after 1 day. This comparison utilizes total activity
as a rather than surface activity as the extraction process
follows that protocol more closely. We note reasonable
agreement between the two, suggesting that either the total
protein deposited is not much more than a monolayer, or
that underlying layers are irreversibly denatured. One
exception was balafilcon A incubated in a 2-mg/mL solution
which had !3.5" the activity compared with extraction
studies. The problems associated with extraction studies
become evident with this lens type. Previous work has
shown the extraction efficiency with balafilcon A is only
53%.66 In addition, the remaining differences may highlight
the denaturing effect of the extraction process on lysozyme.
Future work will make direct comparisons between the two
techniques in identically prepared samples.

Limitations in this current technique were found when
determining the amount of surface active lysozyme on the
ionic lenses (balafilcon A and etafilcon A). These lenses had
large amounts of solution active lysozyme, which produced
negative results for the surface active lysozyme calculations.
One possible explanation for this result is that the ionic na-
ture of balafilcon A and etafilcon A lenses attract loosely
bound, positively charged lysozyme to their surfaces which
easily desorbs from the lenses, due to shear forces when
the lenses are removed from solution. However, it is impor-
tant to keep in mind that the calibration, as well as the
measurements of activity of desorbed protein, is done with
the protein in solution, whereas the surface activity involves
measuring the activity of adsorbed protein. It is not neces-
sarily true that the same amount of lysozyme will give the
same activity in the two different cases, and this difference
could contribute to the anomalous negative results.

This current technique measures different features of ly-
sozyme activity compared with previous methods, which
required extracting protein before analysis. We were able to
determine the activity of a surface layer of lysozyme, which
might be of great relevance for biocompatibility testing of
biomaterials. Extraction techniques, despite their limitations,
are effective at probing the total activity of a protein layer.
Given the strengths of both techniques, they should be uti-
lized together to achieve a complete lysozyme activity assay.

CONCLUSIONS

This study has established an effective technique to evaluate
the activity of an intact lysozyme layer coating on a
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biomaterial. The results showed that protein can rapidly de-
posit and can rapidly lose its biological function in as little
as 10 s of exposure. The quantity and biological activity of
adsorbed lysozyme was influenced by the material composi-
tion, reiterating previous findings that silicone hydrogels de-
posit less lysozyme than conventional hydrogels and the bi-
ological activity of lysozyme is reduced (to near zero) on
silicone hydrogels versus conventional hydrogels. Compari-
sons between our technique and previous protein extraction
show reasonable agreement once proper comparisons are
made. The ability to measure the activity of the outermost
surface layer of deposited lysozyme will provide a better
understanding between interaction of biomaterials and host
response.
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Extraction versus In Situ Techniques for
Measuring Surface-Adsorbed Lysozyme

Brad Hall*, Chau-Minh Phan†, Lakshman Subbaraman‡, Lyndon W. Jones§, and James Forrest||

ABSTRACT
Purpose. To compare two techniques for measuring the activity of lysozyme deposited onto hydrogel contact lens and to
image the binding of Micrococcus lysodeikticus to contact lenses.
Methods. Using a previously described protein extraction technique and a recently developed in situ technique, we
measured the time-dependent activity of adsorbed lysozyme on six different contact lens materials during the first minute
and up to 1 week of interaction with the material surface. Total activity of extracted lysozyme, total in situ activity, and the
activity of the outer surface layer of sorbed lysozyme were determined using the two different techniques. Micrococcal
cellular interaction with surface-adsorbed lysozyme was imaged using confocal microscopy.
Results. The differences between total extracted activities, total in situ activities, and surface activities were both mea-
surable and material specific. In most cases, total extracted activity is greater than total in situ activity, which, in turn, is
greater than surface activity. After 1 week, etafilcon A had the highest extracted activity at 137 Kg/lens, followed by
omafilcon A, balafilcon A, comfilcon A, senofilcon A, and lotrafilcon B at 27.4, 2.85, 2.02, 0.46, and 0.27 Kg/lens, re-
spectively. Micrococcal cell adhesion was greatest on contact lenses with high contact angles, such as balafilcon A,
omafilcon A, and senofilcon A and lowest on contact lenses with low contact angles, such as etafilcon A, comfilcon A, and
lotrafilcon B. Subsequent removal/prevention of adhered micrococcal cells was greatest on balafilcon A, which had the
highest surface activity, and lowest on lotrafilcon B, which had the lowest surface activity.
Conclusions. This study hasmeasured andmade direct comparisons between two established techniques for measuring the
activity of adsorbed lysozyme. The extraction technique determines the activity of underlying layers of lysozyme or ly-
sozyme within the matrix of the material. Conversely, the in situ technique allows conclusions to be drawn about only the
biologically relevant lysozyme including the activity of just the outer surface of adsorbed lysozyme.
(Optom Vis Sci 2014;91:1062Y1070)

Key Words: protein adsorption, contact lens, protein activity on biomaterials, protein surface activity, lysozyme kinetics,
silicone hydrogel

The interaction between a biomaterial and protein in solu-
tion is one of the fundamental problems in biomaterials
science and bioengineering. This problem can be further

divided into measuring the quantity of adsorbed protein and the
biological activity (related to structure) of that protein. Mea-
suring the amount of adsorbed protein on a flat substrate is
relatively straightforward and many techniques are used,

including ellipsometry,1,2 quartz crystal microbalance,3,4 surface
plasmon resonance,5,6 and atomic force microscopy.7 Similar mea-
surements on commercial materials are not as straightforward, and
techniques such as Western blotting, enzyme-linked immunosor-
bent assays, and radiolabeling using I125 or C14 have been
used.8Y10 From an application standpoint, biological structure and
resultant activity rather than the amount of adsorbed protein are
often more important, as denatured proteins may lead to an im-
munological response.11 Additionally, denatured protein can pro-
vide a substrate for bacterial adhesion,12,13 whereas protein that
remains active can remove bacterial cells.14 In the case of contact
lenses, for example, accumulation of denatured protein is asso-
ciated with the development of giant papillary conjunctivitis15Y17

and discomfort.18

Measuring the tertiary or secondary structure of adsorbed protein
deposits has been undertaken with limited success.19,20 Given that
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biological function may relate to only part of the structure, the best
approach is probably to measure the biological activity of the
adsorbed protein directly. More specifically, it is desirable to mea-
sure the activity of the intact biomaterial-adsorbed protein layer. A
technique that canmeasure in situ the biological activity of an intact
deposit of lysozymehas recently been described.21More commonly,
the protein deposit is removed or extracted from the material and
then activity is measured ex situ.22 This extraction technique has
been used extensively to characterize the activity of protein
adsorbed onto soft contact lenses.9,23Y25 There are a number of
potential drawbacks to the extraction approach. For example, the
extraction process cannot remove all the protein adsorbed onto
contact lenses. This efficiency is material dependent and can be as
low as 54% of the total adsorbed protein.24Y26 Additionally, the
highly surface active solutions used to remove the protein may
affect protein activity.25 Finally, the extraction process does not
distinguish between surface-adsorbed protein and protein de-
posited within thematerial matrix as the removal process removes
protein from the surface and bulk areas of the lenses and transfers
it to solution. If we consider an example of multilayer adsorption,
where the protein in near or immediate contact with the material
surface was denatured and inactive, but the outer-top surface
maintained full biological activity, then an in situ measure would
indicate ‘‘high’’ activity, whereas an extraction method (which
measures activity of all molecules in the layer) would suggest a lower
activity. For comparison with in vivo systems, this distinction can be
very important.
Lysozyme is the typical model protein for biological activity

measurements.24,27Y30 It is abundant in the tear film, accounting
for 30% of the total protein with a concentration of 1.9 mg/mL,31

and the biological activity can be measured using a standard
micrococcal activity assay.9,21,23,24,27Y30

In this article, we make direct comparisons between in situ and
ex situ measures of the protein activity of lysozyme deposits on
commercial contact lenses. By using the same experimental pro-
tocols for the lens preparation and protein deposition before
activity measurements, we can make quantitative and direct mea-
surements of in vitro and extracted lysozyme activity for a number
of common soft lens materials.

Experimental Technique
Contact Lens Preparation

Preparation and subsequent deposition of lysozyme onto the
lenses were completed in the same manner before activity mea-
surements. Four silicone hydrogel and two conventional hydrogel
contact lenses (all commercially available), known to deposit
lysozyme,9,21,23,32Y34 were investigated (Table 1).

The contact lenses were removed from their packaging solu-
tions, rinsed with phosphate-buffered saline (PBS; pH 7.4) to
remove any residual packaging solution, and then placed into
individual wells of a 12-well plate (VWR, Mississauga, ON)
containing 5mL of PBS. The plates were then sealed with parafilm
and placed on a shaker for 24 hours at ambient temperature. The
lenses were then removed, blotted on lens paper, and placed into
6-mL screw cap glass vials (VWR), which contained 1 mL of
lysozyme dissolved in PBS at a concentration of 1.9 mg/mL
(etafilcon A was incubated in 0.19 mg/mL lysozyme as the high
lysozyme accumulation interferes with the accuracy of in situ
activity measurements). The lenses were incubated at 37-C and
removed after specific time intervals in minutes: 10, 100, 1000
(~1 day), and 10,000 (~1 week), with the exception of a subset
of lenses that were incubated at ambient temperature and re-
moved after 1 minute (as it was not feasible to reliably incubate
at 37-C for this short time). Removed lenses were swirled in two
containers of 100 mL PBS for 5 seconds each, blot dried on lens
paper, and then placed either in 24-well plates for in situ activity
measurements or into 6-mL polyethylene vials (VWR) for ly-
sozyme extraction.

Determination of Lysozyme Activity

The extraction process was performed as described previ-
ously.9,23,25,26,35 In brief, all lenses were then placed into 6-mL
polyethylene vials containing an extraction solvent consisting
of acetonitrile (ACN) and 0.2% trifluoroacetic acid (TFA)
(ACN and 0.02% TFA were used for senofilcon A as the higher
concentration disintegrates this material) and then incubated in
the dark at ambient temperature for 24 hours. After incubation,

TABLE 1.

Properties of contact lens materials evaluated in this study

USAN Proprietary name Manufacturer Water content, % FDA group Principal monomers

Senofilcon A ACUVUE OASYS Johnson & Johnson 38 I mPDMS, DMA, HEMA, siloxane macromer,
TEGDMA, PVP

Lotrafilcon B AIR OPTIX CIBAVision 33 I DMA, TRIS, siloxane monomer
Comfilcon A BIOFINITY CooperVision 48 I M3U, FMM, TAIC, IBM, HOB, NMNVA, NVP
Balafilcon A PUREVISION Bausch + Lomb 36 III NVP, TPVC, NVA, PBVC
Omafilcon A PROCLEAR CooperVision 62 II HEMA, PC
Etafilcon A ACUVUE 2 Johnson & Johnson 58 IV HEMA, MA

mPDMS, monofunctional polydimethylsiloxane; DMA, N,N-dimethylacrylamide; HEMA, 2-hydroxyethyl methacrylate; TEGDMA,
tetraethylene-glycol dimethacrylate; PVP, polyvinyl pyrrolidone; TRIS, trimethyl siloxy silane; M3U, ax-bis(methacryloyloxyethyl
iminocarboxy ethyloxypropyl)-poly(dimethylsiloxane)-poly(trifluoropropylmethylsiloxane)-poly(methoxy-poly-(ethyleneglycol)propylmethyl-
siloxane); FMM, >-methacryloyloxyethyl iminicarboxyethyloxypropyl-poly(dimethylsiloxy)-butyldimethylsilane; TAIC, 1,3,5-triallyl-1,3,5-
triazine-2,4,6(1H,3H,5H)-trione; IBM, isobornyl methacrylate; HOB, 2-hydroxybutyl methacrylate; NMNVA,N-methyl-N-vinyl acetamide;
NVP,N-vinyl pyrrolidone; TPVC, tris-(tri-methylsiloxysilyl)propylvinyl carbamate;NVA,N-vinyl aminobutyric acid; PBVC,poly[dimethylsiloxyl]
di [silylbutanol] bis[vinyl carbamate]; PC, phosphorylcholine; MA, methacrylic acid.
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1-mL aliquots of the resultant solution were transferred to sterile
Eppendorf tubes (VWR) and dried using a Savant Speed Vac
(Holbrook, NY). The dried lysozyme samples were stored at
j80-C before reconstitution in 100 KL of tear dilution buffer
(10 mM trimethyl siloxy silane, 1 mM ethylenediaminetetraacetic
acid, NaCl [0.9% wt/vol], pH 8.0).
For lysozyme activity measurements, Micrococcus lysodeikticus

(Sigma-Aldrich, Oakville, ON, Canada; American Type Culture
Collection # 4698) was diluted in PBS, pH 7.4, to concentrations
of 1 to 1.5 mg/mL and allowed to swell at 4-C for 24 hours. The
prepared M. lysodeikticus was removed and placed on a shaker for
30 minutes and subsequently incubated at 37-C for 30 minutes.
TheM. lysodeikticus was added to individual wells in 24- or 96-well
plates, containing contact lens or contact lens extracts in PBS, to
a volume of 2 and 0.1 mL, respectively, and an optical density of
1.2 at 450 nm. Optical extinction measurements were obtained at
31-C every 30 seconds for 30 minutes (SpectraMax M5e plate
reader, Molecular Devices, Sunnyvale, CA). Contact lens and con-
tact lens extract absorbance versus time was compared with stan-
dard curves, whichwere plotted using linear regression of the change
in absorbance over time versus mass of lysozyme, to extrapolate
active masses of lysozyme in the samples. Note that standard curves
were plotted using known amounts of lysozyme in solution, and the
resulting masses are equivalent to masses of lysozyme in solution.
The activity of lysozyme in the lens extracts models the activities

of all the adsorbed lysozyme, including lysozyme deposited within
the matrix of the lens materials, whereas the activity of lysozyme
for lenses directly in solution models the activities of the most
biologically relevant lysozyme, which is lysozyme located in the
outer surface layer of adsorbed protein and any protein desorbed
into solution to which the host’s biological systems can interact.
To determine the activity of the surface-adsorbed layer of lysozyme,
an extra step was implemented in which contact lens samples were
incubated in 1.5 mL of PBS at 31-C for 30 minutes to allow for
lysozyme desorption into solution. The contact lenses were removed
from the well plate, and the activity of the remaining solution was
measured as described above. The activity values of lysozyme
desorbed into PBS are then subtracted from the activity of lysozyme-
coated lenses (whose activity is influenced by both surface-adsorbed
lysozyme and desorbed lysozyme in PBS) to calculate the activity of
surface-adsorbed lysozyme solely.

Confocal Imaging of M. lysodeikticus Adhesion
onto Contact Lenses

Although the in vitro activity measurements give a quantitative
value of the activity of the adsorbed protein layer, they do so on the
basis of calibration with known amounts of lysozyme in solution.
Using this calibration involves an implicit assumption that the
lysing efficiency of the adsorbed lysozyme is the same as that in so-
lution. The activity measurements are essentially dependent on the
speed at which lysozyme can catalyze the hydrolysis of the glycosidic
bond between N-acetylmuramic acid and N-acetylglucosamine in
bacterial cell walls, thus causing the cells to lyse.36 It is likely then
that ifM. lysodeikticus cells are localized very near or on the protein-
covered lens materials, then the cells would be able to interact
with a larger number of lysozyme molecules simultaneously (or
interact for longer times) than possible with random interactions

in solution. Determination of the ability for M. lysodeikticus
to localize near the contact lens surface was measured using a
confocal imaging technique, as previously described.37 Briefly,
prepared contact lens samples were exposed to 2 mL of M.
lysodeikticus solution with an optical density of 1.2 at 450 nm for
5 minutes. To stain the cells for imaging, lenses were then rinsed
in 100mL of PBS, placed in a scanning plate covered with 100KL
of amixture of STYO9 and propidium iodide (Molecular Probes,
Burlington,ON,Canada), and incubated at 31-C for 15minutes.
Samples were then imaged using a confocal microscope. ImageJ
(Bethesda, MD) software was used to determine the area on the
contact lenses covered by M. lysodeikticus cells.

Statistical Analysis

Data were analyzed using repeated-measures analysis of vari-
ance. Tukey honestly significant difference post hoc comparisons
were performed, where applicable; p < 0.05 was taken to be sig-
nificant. The Student t test was used to assess pairwise differences
where applicable.

RESULTS

The measured activities (compared with solution standards) are
summarized in Table 2 for the 1-week time point.

Fig. 1 shows the results of lysozyme activity measurements after
four silicone and two conventional hydrogel contact lens materials
were exposed to lysozyme solutions for times ranging from
1 minute to 1 week. In this figure, we plot the activity of the
extracted deposit as solid circles, the total in situ activity (as defined
in the ‘‘Experimental Technique’’ section) as hollow circles, and the
derived in situ surface activity as solid triangles. The extracted
protein may include any protein that had been adsorbed (which

TABLE 2.

Activity of lysozyme on contact lenses (in micrograms per
lens, mean T SD, n = 4)

Lens type Activity 10,000 min (~1 week)

Senofilcon A Extracted 0.46 T 0.13
Direct method 0.18 T 0.03
Surface 0.03 T 0.04

Lotrafilcon B Extracted 0.27 T 0.08
Direct method 0.15 T 0.01
Surface 0.02 T 0.01

Comfilcon A Extracted 2.02 T 0.18
Direct method 0.79 T 0.06
Surface 0.41 T 0.09

Balafilcon A Extracted 2.85 T 0.21
Direct method 3.19 T 0.26
Surface 1.25 T 0.29

Omafilcon A Extracted 27.38 T 4.68
Direct method 3.91 T 0.09
Surface 0.36 T 0.12

Etafilcon A Extracted 137.31 T 13.79
Direct method 3.92 T 0.09
Surface 0.29 T 0.10
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FIGURE 1.
Kinetics of active lysozyme deposited onto (A) senofilconA, (B) lotrafilcon B, (C) comfilcon A, (D) balafilconA, (E) omafilconA, and (F) etafilcon A (0.2 mg/mL).
Error bars represent mean T SD, n = 4. In all cases: (&) total activity from extraction, ()) total activity from direct measurement, (4) activity of the surface-
adsorbed lysozyme after correction for desorbed lysozyme. Note that panels A and B are on the same scale, different from panels C to F.
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can be many times the amount of protein in the outermost layer
of an adsorbed deposit), whereas the total direct method activity
includes surface-adsorbed protein as well as any protein that was
desorbed from the lens after exposure to the bacterial solution (as
that solution initially contains no lysozyme). The surface activity
involves only the protein that remains on the lens surface during
the entire activity measurement. Generally, over time, the ex-
tracted activity increases, whereas total in situ and surface activity
tend to plateau, although there are significant differences between
all quantities, and these differences are material dependent.

Activity of Silicone Hydrogels

For the nonionic silicone hydrogels (Fig. 1A to C), the extracted
protein has an activity that is greater than or equal to either of the
in situ measurements. For senofilcon A, the extracted activity is
higher than the in situ activity after 10 minutes or longer, whereas
the extracted activity from comfilcon A was statistically higher only
after 10,000 minutes (p < 0.0005). Lysozyme activity from ex situ
and in situmeasurementswas not statistically different for lotrafilcon
B. In all cases where distinction is possible, the surface activity was
the lowest measured quantity. Note the relatively high variability
for activity measurements using the extraction technique.
For balafilcon A (Fig. 1D), there is a surprising reversal in this

trend. Whereas for the initial time points, the extraction activity
results were not distinguishable from the ‘‘in situ surface activity,’’
the total measurement in the in situ method was greater than that
of the extraction measurement for 10 minutes e t e 1000 minutes
(p < 0.0005). This is puzzling, as the lenses were treated in exactly
the same manner until either the in situ assay or the extraction
process was reached. Because the total integrated adsorbed protein
must be greater than the total direct measure, this observation
means that the amount of protein that simply desorbs from the
lens into the solution during the activity assay measurements is
much greater than that which is removed by extraction or that
the extraction has had a significant effect on the activity of the
extracted protein. To confirm this surprising observation, we
undertook a direct comparison between the extraction efficiencies
of the traditional extraction mixture (as described above) and PBS.
Prepared contact lenses were placed in 1.5 mL of either a mixture
of ACN/TFA or PBS and left in the dark at ambient temperature
for 24 hours. From the resultant solution, aliquots of 100 KL were
immediately used for activity measurements, whereas a subset of
ACN/TFA extracts were subjected to drying and j80-C storage.
The results of this test are shown in Fig. 2. It is clear that for
balafilcon A, a PBS solution extracts more active lysozyme than a
mixture of ACN and TFA (p < 0.005), whereas storage atj80-C
after extraction does not affect activity. Previous work has shown
that the extraction process used in this study can only extract about
54% of lysozyme from balafilcon A lenses,26 which may explain
this difference in activity.

Activity of Conventional Hydrogels

Omafilcon A is a nonionic polyHEMA-based material. Com-
pared with the other nonionic lenses in this study, there is an order
of magnitude greater extracted activity and direct method activity

(Fig. 1E). The extracted activity and direct method activity are
statistically different only at day 7 (p < 0.0005).

Etafilcon A (Fig. 1F) was incubated with 1/10 of the lysozyme
concentration compared with all other lens types but still had the
greatest extracted activity after 7 days (p < 0.0005). Ex situ activity
measurements were statistically greater than in situ activity mea-
surements at all time points after 100 minutes (p < 0.05).

Adhesion of M. lysodeikticus to Contact
Lens Materials

Attraction and subsequent adhesion ofM. lysodeikticus to contact
lensmaterials may affect the efficiency of surface-adsorbed lysozyme
compared with lysozyme in solution. This interaction should be
understood to improve the direct comparison of extraction and
in situ measurements. Representative images of M. lysodeikticus
cells that adhered to contact lens materials are shown in Fig. 3.

Percent coverage of cells on lysozyme-treated and untreated
contact lenses is shown in Fig. 4. Lysozyme-treated contact lenses
had a significantly lower percent coverage of the contact lens
surface by M. lysodeikticus than untreated lenses for senofilcon A,
comfilcon A, etafilcon A, and omafilcon A (p < 0.05). There were
no cells visible on comfilcon A and etafilcon A for lysozyme-
treated lenses.

DISCUSSION

Micrococcal activity assays are used to determine the biological
activity of lysozyme after or during adsorption onto bio-
materials. In this study, we make direct comparisons between direct
in situ measurements of activity and measurements after protein
extraction. Generally, there is a good agreement between these two

FIGURE 2.
Comparison of the activity of lysozyme extracted from balafilcon A contact
lenses using a mixture of PBS, ACN and TFA, and ACN and TFA and then
j80-C storage for 24 hours. Error bars represent mean T SD, n = 3.
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measurements until about 10 minutes, where there is more ex-
tracted activity than in situ, with the notable exception of balafilcon
A. This is not unexpected, as the initial buildup of lysozyme
monolayers will require some time before there is more lysozyme
buildup than is biologically relevant (lysozyme that can interact
with the host’s biological systems). The differences between
extracted activities and in situ activities after 10 minutes will be
caused by protein removed in underlying layers and within the
matrix of the material. There are instances then where either

measurement is more appropriate than the other. Determining the
biologically relevant active lysozyme on materials provides insight
into material biocompatibility, whereas understanding the dena-
turation extent of underlying lysozyme presents an opportunity to
develop processes, such as cleaning solutions, capable of removing it.

Surface activity measurements are not directly measured but
calculated from two separate measurements. As a result, materials
that deposit relatively high amounts of lysozyme, such as the
conventional hydrogel lenses omafilcon A and etafilcon A, are

FIGURE 3.
Micrococcus lysodeikticus adhesion onto untreated senofilcon A (left) and balafilcon A (right) contact lenses. Stained with STYO 9 and propidium iodide.

FIGURE 4.
Surface coverage of M. lysodeikticus on untreated (black) and lysozyme-treated (gray) contact lenses.

Measurement of Surface-Adsorbed LysozymeVHall et al. 1067

Optometry and Vision Science, Vol. 91, No. 9, September 2014

Copyright © American Academy of Optometry. Unauthorized reproduction of this article is prohibited.



 45 

prone to significant desorption of lysozyme from these materials,
resulting in larger errors in surface activity determination. This
process is not unexpected, as a lysozyme-coated material placed in
a solution will approach equilibrium of adsorption and desorp-
tion; however, the desorption can lead to negative values when we
calculate surface activity. As a result, this technique is not well
suited to lead to strong conclusions about the surface activity of
lysozyme on omafilcon A and etafilcon A materials. Despite this
limitation for lenses that deposit high amounts of lysozyme, this
surface technique presents a unique opportunity to probe the
activity of intact deposits of adsorbed lysozyme.
The surface activities of lysozyme deposited on senofilcon A

and lotrafilcon B are relatively constant through all time points
and average about 24 and 16 ng, respectively. These values are
not significantly different and indicate that senofilcon A and
lotrafilcon B are qualitatively the same, as demonstrated previ-
ously.9,21 Lotrafilcon B and senofilcon A are both classified as
Food and Drug Administration (FDA) group I materials (non-
ionic, low water content) and represent the first and second
generation of silicone hydrogels, respectively,38 which may explain
their similar effect on lysozyme.
Comfilcon A is a later ‘‘generation’’ of silicone hydrogels39 but

is also classified as an FDA group I material. The main difference
between comfilcon A, senofilcon A, and lotrafilcon B is the in-
creased water content and reported wettability of comfilcon A
owing to incorporation of inherent wetting agents in the material
backbone.39 These properties may result in comfilcon A behaving
more similarly to a conventional hydrogel,40 which would help
explain the relatively higher amount of activity in all measure-
ments compared with senofilcon A and lotrafilcon B.
If we take the contact lens to be a spherical cap with a diameter

of 14 mm and a radius of curvature of 13 mm, then the surface
area will be 3.34 cm2. Because adsorbed lysozyme will have a
coverage of 207 ng/cm2 or 310 ng/cm2 depending on its orien-
tation,33 692 to 1035 ng will be the theoretical amount of lyso-
zyme for monolayer coverage of a contact lens. By comparing
our in situ and surface activity measurements to the theoretical
maximum, we can draw conclusions about the overall activity of
the adsorbed lysozyme.
Balafilcon A is known to deposit large amounts of lysozyme

compared with other silicone hydrogels because of its net negative
charge and large pore size.41,42 It is the only material investigated
to show about 100% of the activity expected of the 1035-ng
theoretical maximum amount of lysozyme that could be present
in the outer surface layer,33 which occurred after 1 week. This is in
contrast to previous work,9,24 which demonstrated by extraction
that about 63% of the total lysozyme deposited is active. This
contrast is precisely why surface activity measurements are important
in understanding biocompatibility. Extraction measurements could
lead to the conclusion that balafilcon A has low biocompatibility
in terms of protein activity; however, surface activity measure-
ments demonstrate a high biocompatibility in terms of biologi-
cally relevant lysozyme. To the best of our knowledge, this is the
only study to directly compare extraction, in situ, and surface
activity measurements.
Both omafilcon A and etafilcon A, despite a high amount of

activity from extraction, showed a plateau of activity from the
in situ activity measurements at about 4 to 5 Kg. This may be the

maximum amount of biologically relevant lysozyme on contact
lenses. Using the theoretical maximum of lysozyme per mono-
layer, we can calculate the maximum amount of monolayers that
are biologically relevant on contact lenses to be about four to
seven. The fact that this is greater than a single monolayer could
indicate that the surface-adsorbed protein is adsorbing not as a
simple layer but as a structure with more surface area. Alterna-
tively, and more likely, this is a result of the fact that activity on the
lens surface has been compared with a calibration in solution.

There is a limitation when using the turbidimetric assay. It
is not as sensitive as the fluorescence-based technique used by
Ng et al.35 with contact lens extracts. Ng et al.35 determined the
detection limit of the turbidimetric assay to be 20 ng and the
detection limit of the fluorescence-based assay to be 2 ng. This
discrepancy has also been discussed previously.27 Despite the
enhanced sensitivity of the fluorescence-based assay, Ng et al.
found only 3 ng of deviation between the two methods,35 which
may not be a relevant difference for activity measurements after
extraction. Using a fluorescence-based assay for in situ and subse-
quently surface activity measurements warrants further investigation.

In a previous study,21 where we introduced the technique to
measure activity of an intact layer, we did not distinguish between
two different mechanisms for the surface activity. One possibility
is that the bacterial cell interacts with lysozyme that is adsorbed
onto the lens. A second possibility is that the bacterial cell interacts
with lysozyme that was initially adsorbed to the lens but had
desorbed into solution. There is a clear and important difference
as if it is the first case, then the calibration (where we compare
the activity of lysozyme in solution) is not necessarily valid because
the actual lysing occurs on the biomaterial and not in solution. To
test this, the following was implemented. Balafilcon A lenses were
prepared for confocal imaging as previously described; however,
both untreated and treated lenses were placed together and ex-
posed to M. lysodeikticus cells simultaneously. If solution active
lysozyme lyses the M. lysodeikticus cells, then there would be the
same number of cells for both lenses as the protein-coated lens
would act as a source of lysozyme in solution for both lenses. If
surface-adsorbed lysozyme lyses the M. lysodeikticus cells on the
lens, then there would be more cells on the untreated surfaces. We
found more M. lysodeikticus cells on lysozyme-untreated versus
lysozyme-treated lenses (p < 0.005), which indicates that surface-
adsorbed lysozyme interacts directly with M. lysodeikticus cells
at the surface. Adsorbed lysozyme lysing bacterial cells directly at
the surface could potentially, owing to the bacterial cell proximity
to the biomaterial surface, cause the cell contents to adsorb onto
the material. These cellular contents may cause inflammatory
reactions and discomfort. In the case of lipopolysaccharides, they
are known to cause keratitis and conjunctivitis.43 It is clear that
any investigation of protein activity on biomaterials must char-
acterize the surface-adsorbed protein.

Contact lens materials with surface active lysozyme may be
able to remove adhered M. lysodeikticus cells and/or prevent their
adherence to the lens material surface. This reduction was highest
for lysozyme-coated omafilcon A and balafilcon A. This is ex-
pected, as omafilcon A and balafilcon A have relatively high
surface activities. Lenses with the relatively lowest surface activi-
ties (senofilcon A and lotrafilcon B) showed moderate and no
reduction, respectively. Lysozyme-coated etafilcon A and
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comfilcon A completely desorbed and/or prevented adhesion of
M. lysodeikticus cells, although we would expect that there will be a
relatively small amount of cells.
The adhesion of M. lysodeikticus cells to the contact lenses in

this study was material dependent. Previous studies have suggested
that bacterial adhesion to biomaterials will be dependent on the
hydrophobicity of the material and will favor hydrophobic
materials.44Y47 Senofilcon A, omafilcon A, and balafilcon A all had
relatively large amounts of M. lysodeikticus cells on the surface in
the absence of lysozyme compared with lotrafilcon B, comfilcon
A, and etafilcon A, which had relatively low amounts of cells.
Previous work48Y50 has determined that the contact angles are
relatively higher for senofilcon A, omafilcon A, and balafilcon A
than the contact angles of lotrafilcon B, comfilcon A, and etafilcon
A. This suggests that the attraction and subsequent adhesion ofM.
lysodeikticus are dependent on the hydrophobicity of the material.
To the best of our knowledge, this is the first study to use this con-
focal imaging technique to image surface-bound M. lysodeikticus.

CONCLUSIONS

We have measured the activities of lysozyme extracted from
deposits and lysozyme still adsorbed onto contact lenses and
imaged the adhesion of M. lysodeikticus on contact lenses. Using
these methods, we have shown that lysozyme activity and M.
lysodeikticus adhesion are material dependent. Individually, the
extraction activities demonstrate the activity of underlying layers
of lysozyme or lysozyme within the matrix of the material. In situ
measurements allow conclusions to be drawn about only the bi-
ologically relevant lysozyme, which we have shown to encompass
about four to seven monolayers, and surface activity measure-
ments reveal the activity of just the outer surface layer of lysozyme.
Together, this suite of techniques provides a powerful method to
characterize biomaterial and protein interactions for future lyso-
zyme activity studies.
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ABSTRACT

Purpose: To determine the effect of competitive adsorption between lysozyme and lactoferrin on silicone
hydrogel contact lenses and the effect on lysozyme activity.

Methods: Three commercially available silicone hydrogel contact lens materials (senofilcon A, lotrafilcon B and
balafilcon A) were examined, for time points ranging from 10 s to 2 h. Total protein deposition was determined
by I125 radiolabeling of lysozyme and lactoferrin, while the activity of lysozyme was determined by a
micrococcal activity assay.

Results: Senofilcon A and balafilcon A did not show any relevant competitive adsorption between lysozyme and
lactoferrin. Lotrafilcon B showed reduced protein deposition due to competitive adsorption for lactoferrin at all
time points and lysozyme after 7.5 min. Co-adsorption of lactoferrin and lysozyme decreased the activity of
lysozyme in solution for senofilcon A and lotrafilcon B, but co-adsorption had no effect on the surface activity of
lysozyme for all lens types investigated.

Conclusions: Competition between lysozyme and lactoferrin is material specific. Co-adsorption of lysozyme and
lactoferrin does not affect the activity of surface-bound lysozyme but can reduce the activity of subsequently
desorbed lysozyme.

Keywords: Competitive protein adsorption, contact lens, lysozyme activity, protein deposition,
silicone hydrogel

INTRODUCTION

In any biomaterial application, contact with bodily
fluids leads to protein deposition within the first few
minutes of interaction. These adsorbed proteins may
subsequently change their conformation from a native
state to a denatured state, which can lead to problems
for the host, including thrombosis and inflammation.1

The contact lens is an example of a widely used
biomaterial, with an estimated 38 million wearers in
the United States alone.2 During wear, contact lenses
invariably sorb proteins from the surrounding tear
film.3–7 These deposits are known to affect wearers by

decreasing their visual performance,8 decreasing
comfort,5,9 and upon denaturing can lead to inflam-
matory responses including giant papillary conjunc-
tivitis (GPC).10–12

Measuring the quantity of protein on a lens can be
achieved using a variety of techniques, including
quartz crystal microbalance,13,14 surface plasmon
resonance,15,16 ellipsometry,17,18 atomic force micros-
copy,19 and radiolabeling using I12520,21 or C14,22

while protein conformational analysis involves inves-
tigating the changes of secondary or tertiary protein
structure4,23 or the changes in protein biological
activity by ex-situ6,21,24 or in-situ25 measurements.
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Despite the variety of techniques, they are typically
focused on measuring single protein species.
Given that biological fluids contain a variety of
molecules – including many different protein species
– it is imperative to understand how co-adsorption or
competitive adsorption affects protein deposition, and
more importantly, how it affects protein state.

Lysozyme is one of the key proteins of interest in
protein-biomaterial conformational studies,6,21,24,25

and is a well-known biofouler of contact
lenses.3,6,24,26–33 One of its major biological functions
is to induce bacterial lysis, which can be measured
using Micrococcal activity assays.21,25,34–36 In addition
to lysozyme, lactoferrin is also found in tears and is
known to deposit on contact lenses.20,29,37 In mixed
solutions, lactoferrin can have a synergistic effect on
the bacteriolytic function of lysozyme.38,39 In particu-
lar, lactoferrin has been observed to increase the
activity of lysozyme with bacterial cells.40 To date,
however, there is very little understanding of how
co-adsorption and competitive adsorption of lyso-
zyme and lactoferrin onto biomaterials affects the
biological functions of these proteins, particularly
surface-adsorbed protein.

The fact that lactoferrin can increase the activity of
lysozyme in bulk solution does not necessarily mean
the same applies on adsorbed deposits. The activities
of such deposits are very relevant for real biomaterial
use. Using a recently reported technique to determine
the activity of surface-adsorbed lyosyme,25 we aim to
determine the activity of co-adsorbed lysozyme and
lactoferrin deposits, as compared to simple lysozyme
deposition.

EXPERIMENTAL TECHNIQUE

Figure 1 provides a brief overview of the experimental
technique detailed below. All contact lens materials
utilized were prepared in the same manner prior to
activity and total protein quantification.

The contact lens materials (as shown in Table 1)
were removed from their packaging solution, rinsed
in 100 mL of phosphate buffered saline (PBS), pH 7.4,
to remove any residual packaging solution and
then placed into individual wells of a 24-well plate
(VWR, Mississauga, ON) containing 1.5 mL of PBS.
The plates were sealed with parafilm and placed on a
shaker for 24 h at ambient temperature. The lenses
were removed, blotted on lens paper and placed into
6 mL screw cap glass vials (VWR), which contained
1.5 mL of protein dissolved in PBS. Protein uptake
measurements were done on lenses, which had
incubated in a mixture of 2 mg/mL lysozyme
(from hen egg, Sigma-Aldrich, Oakville, Canada)
and 2 mg/mL lactoferrin (from bovine, Sigma-
Aldrich). Both lysozyme and lactoferrin were
radiolabeled with an iodine tracer (125I) using the

iodine monochloride method, as previously
described.41,42 In an effort to reduce anomalously
high apparent protein deposition due to free iodine in
solution, the protein solutions were placed in dialysis
bags (Pierce, Rockford, IL) and were then immersed in
500 mL of PBS at ambient temperature for 24 h. The
radiolabeled proteins were subsequently diluted in
unlabeled protein solution to a gamma counting rate
of 106 counts per minute (CPM)/mL. Total protein
measurements included four parts: each protein
quantified individually at a concentration of 2 mg/
mL, and each protein quantified while competing
with the other with both proteins at a concentration of
2 mg/mL. All lenses were incubated at ambient
temperature and removed after 10 s, 1.5, 3, 4.5, 7.5,
15 and 30 min, and 1, 2 and 24 h. Removed lenses were
swirled in two containers of 100 mL PBS for five
seconds each, dried on lens paper and placed into
either radioactivity counting vials to dry overnight or
into 1.5 mL of PBS in 24-well plates for activity
measurements.

Radioactivity counting vials were counted using a
gamma counter (Wallac Wizard 1470 Gamma Counter
Perkin Elmer, Woodbridge, ON) providing results in
CPM. In order to be able to convert from CPM to mg
lysozyme or lactoferrin, 100 mL of the doping solution

FIGURE 1 Flowchart depicting the layout of this study.
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controls (without lenses) were pipetted into radio-
activity counting vials and left to dry over night.

The substrate used for lysozyme activity measure-
ments, Micrococcus lysodeikticus (Sigma-Aldrich, ATCC
# 4698), was diluted in PBS, pH 7.4, to concentrations
of 1.5 mg/mL and allowed to swell at 4 !C for 24 h.
The prepared M. lysodeikticus was removed and
placed on a shaker for 30 min and subsequently
incubated at 37 !C for 30 min. The M. lysodeikticus
was added to individual wells in 24-well plates,
containing contact lenses in PBS, to a volume of 2 mL
and an optical density of 1.2 at 450 nm. Optical
extinction measurements were obtained at 31 !C
every 30 s for 30 min (SpectraMax M5e plate reader,
Molecular Devices, SunnyVale, CA). Optical absorb-
ance versus time data were compared to standard
curves, which were plotted using linear regression of
the change in absorbance over time versus mass
of lysozyme, to extrapolate active masses of lysozyme
in the samples. Note that standard curves are plotted
using lysozyme in solution, and all the resulting
masses are equivalent to masses of lysozyme in
solution.

The most biologically relevant model for the
activity of lysozyme on contact lenses is a direct
measure of the activity of a contact lens, which has
been exposed to lysozyme, and then allowed to reach
an equilibrium with buffer solution. In this case, the
active protein can either be on the lens itself, or in
the solution having been desorbed from the lens.
To determine the activity of only the adsorbed layer of
lysozyme (independent from protein which has
desorbed into solution), an extra step was required.
In this case, contact lens samples previously exposed
to lysozyme solution for specific times were incubated
in 1.5 mL of PBS at 31 !C for 30 min to allow for
protein desorption into solution. The contact lenses
were then removed and the activity of the remaining
solution was measured as described above. These
activity values represent the activity of only
the desorbed protein and can be subtracted from
measurements of lenses in solution to obtain the
contribution solely from lysozyme adsorbed onto
the lens. We note that the same calibration curve is
used to quantify both the in solution and adsorbed

lysozyme. This means that activity is always
measured in units of ‘‘solution equivalent mass of
lysozyme’’.

To test the affect of lactoferrin in solution to
lysozyme activity in solution, 100 ng of lysozyme
and either 0, 10, 25, 50 or 100 ng of lactoferrin were
diluted in PBS to a volume of 1.5 mL within individ-
ual wells of a 24-well plate. Subsequently, 0.5 mL of
prepared M. lysodeikticus was added to the wells, and
the lysozyme activity was measured.

Statistical Analysis

Data analysis was conducted using STATISTICA 12
(StatSoft Inc., Tulsa, OK). The difference in protein
quantity and lysozyme activity for all time periods
was analyzed using repeated measures analysis of
variance. A post-hoc analysis using Tukey’s HSD was
used where applicable, p50.05 was taken to be
significant.

RESULTS

In order to determine the effect lactoferrin has on the
biological activity of lysozyme deposits on contact
lenses, we must first measure the actual amount of
each protein on the lens. As part of this, we measure
both independent and co-adsorbed protein on the
three lenses considered in this study. These data are
shown in Figure 2. This is done by radiolabeling the
specific protein of interest and then treating lenses
with either single or mixed protein solutions. Figure 2
demonstrates that differences between single protein
adsorption and co-adsorption of the two proteins can
be significant and material specific. For the cases of
senofilcon A and balafilcon A (Figure 2a and c), there
is no clear difference in the deposition for each protein
when adsorbing isolated or co-adsorbing for all time
points measured (10 s" t" 1 d), p40.05. This signifies
that during the time scale of these studies, there is no
evidence for competition for binding sites between
proteins and very little interaction between the pro-
teins. In contrast, for lotrafilcon B, there is a significant

TABLE 1 Properties of contact lenses evaluated in this study.

USAN Proprietary name Manufacturer Water content (%) FDA group Principle monomers

Senofilcon A ACUVUE OASYS Johnson & Johnson 38 I mPDMS, DMA, HEMA,
siloxane macromer,
TEGDMA, PVP

Lotrafilcon B AIR OPTIX Alcon 33 I DMA, TRIS, siloxane monomer
Balafilcon A PUREVISION Bausch & Lomb 36 III NVP, TPVC, NVA, PBVC

mPDMS, monofunctional polydimethylsiloxane; DMA, N,N-dimethylacrylamide; HEMA, 2-hydroxyethyl methacrylate; TEGDMA,
tetraethylene- glycol dimethacrylate; PVP, polyvinyl pyrrolidone; TRIS, trimethyl siloxy silane; NVP, N-vinyl pyrrolidone; TPVC, tris-
(tri- methylsiloxysilyl) propylvinyl carbamate; NVA, N-vinyl aminobutyric acid; and PBVC, poly[dimethylsiloxyl] di [silylbutanol]
bis[vinyl carbamate].

Competitive adsorption, lysozyme and lactoferrin 3

! 2014 Informa Healthcare USA, Inc.

C
ur

r E
ye

 R
es

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

U
ni

ve
rs

ity
 o

f W
at

er
lo

o 
on

 0
9/

30
/1

4
Fo

r p
er

so
na

l u
se

 o
nl

y.



 53 

 

 

 

difference between the simply adsorbed and
co-adsorbed protein. Lysozyme and lactoferrin indi-
vidual adsorption is significantly higher for both
proteins compared to when they are co-adsorbing,
p = 0.019 for both proteins. For lotrafilcon B, it is clear

that co-adsorption decreases the sorbed mass of both
proteins. It may be that lysozyme and lactoferrin are
competing for binding sites, or that interaction
between lysozyme and lactoferrin decreases their
affinity for the lotrafilcon B material.

After determination of how much of each protein
deposits onto the study materials, the next step is to
measure the biological activity of lysozyme. Prior to
activity measurements on adsorbed lysozyme, we
measure the effect lactoferrin has on lysozyme activity
when both proteins are in solution (Figure 3).
This figure clearly demonstrates that lactoferrin
can increase the activity of lysozyme in solution.
Since both proteins can co-adsorb onto contact lens
materials, we investigated whether lactoferrin can
similarly affect the activity of lysozyme when lacto-
ferrin co-adsorbs with lysozyme on contact lens
materials.

Figure 4 shows the activity of lysozyme when
presented alone (!) and with lactoferrin co-adsorption
(") for both total in situ activity and surface activity.
It is clear from Figure 4, that the activities are material
dependent. The y-axis in either case is a measure of
the activity in units of mass of equivalent activity of

FIGURE 2 Lysozyme and lactoferrin deposition onto: (a) senofilcon A, (b) lotrafilcon B and (c) balafilcon A. Error bars represent
mean ± SD, n = 3, In all cases: (!) lysozyme, (H) lysozyme competing with lactoferrin, (") lactoferrin and ( ) lactoferrin competing with
lysozyme. Note the difference in scale between (c) and (a and b).

FIGURE 3 Equivalent active masses of lysozyme in solution
when 100 ng of lysozyme interacts in solution with different
masses of lactoferrin.

4 B. Hall et al.
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lysozyme in solution. For this reason, the mass values
should not be literally interpreted as a mass. Even
with this caveat, it is remarkable that the activity
values correspond to mass values, which are 5–20% of
the total amount of protein for senofilcon and
lotrafilcon, and about 30% of the total amount for
balafilcon. We also note that lysozyme adsorbed onto
balafilcon has 10 times the activity of either lotrafilcon
or senofilcon.

For the non-ionic hydrogels (Figure 4a and b), the
total in situ lysozyme activity for simply adsorbed
lysozyme deposits is significantly greater (p = 0.0015
and p = 0.00018, respectively) than those made made
by co-adsorbing lysozyme with lactoferrin. This is a
puzzling observation. One possible explanation for
senofilcon A and lotrafilcon B is that co-adsorption
with lactoferrin may decrease desorption of lysozyme.

Since the desorbed lysozyme is the largest contributor
to the total in situ activity, this would certainly result
in activity similar to that reported in Figure 3(a and b).
The desorption of lysozyme was tested directly and it
was determined that the total amount of desorbed
lysozyme does not depend on whether the lysozyme
is formed by adsorption from a pure or mixed protein
solution. This result combined with Figure 4 suggest
that while the total amount of desorbed lysozyme is
the same from lysozyme that has been simply
adsorbed versus co-adsorbed from solution onto
either senofilcon or lotrafilcon, the actual amount of
active lysozyme is different. This would seem to indicate
that the presence of lactoferrin co-adsorbed onto the
lens may result in a lower activity of the desorbed
lysozyme. This has a significant impact on the ability
to make strong ‘‘real-world’’ statements about protein

FIGURE 4 Lysozyme total activity (left) deposited onto: (a) senofilcon A, (b) lotrafilcon B, (c) balafilcon A and lysozyme surface
activity (right): (a) senofilcon A, (b) lotrafilcon B and (c) balafilcon A. Error bars represent mean ± SD, n = 3. In all cases: (!) lysozyme,
(") lysozyme + lactoferrin. Note the difference in scale between (c) and (a and b).
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activity from adsorbed layers using only simple one-
protein studies.

Figure 4 clearly suggests that lactoferrin
co-adsorption has no effect on lysozyme surface
activity. However, we must remember that the protein
content in the outer surface layer (that able to interact
with the assay bacteria) will not be the same at all
time points. In order to present a more accurate
comparison, we must compare the amount of active
lysozyme for isolated adsorption and co-adsorption
with lactoferrin to the masses of the proteins that
deposit.

Table 2 lists the total adsorption per lens. This is not
necessarily the best metric in order to think about
the interaction of that protein when adsorbed onto the
lens and worn by a user. In such a system, it is really
only the outer surface layer of the adsorbed layer that
can interact with the environment. Clearly, the outer
surface layer must depend on the structure of the
deposits. As a first approximation, we assume the
protein deposits uniformly over the entire surface of
the lens. This is equivalent to saying that a monolayer
is deposited over the entire lens before any part of the
lens has more than one layer.

In order to estimate the protein content of the outer
surface layer, the following procedure was

implemented. If we take the surface area of a contact
lens to be25 3.34 cm2, and use the maximum density
that surface-adsorbed lysozyme and lactoferrin can
obtain based on their dimensions and orientation,
310 ng/cm2 and 244 ng/cm2, respectively,43,44 we can
approximate the amount of each protein in the outer
surface layer using the following equations:

ASurface ¼ Alysozyme þAlactoferrin

3:34 cm2 ¼ mass lysozyme
! "

=310 ng=cm2
#

þ mass lactoferrinð Þ=244 ng=cm2
$

=# monolayers

This approximation treats every layer of protein
deposition the same, which we note they are not, but
still provides a reasonable approximation of the outer
surface layer. Similarly, the same approximation was
used for isolated lysozyme. Since adsorbed isolated
lactoferrin does not have any detectable activity using
the micrococcal assay, the mass of isolated lactoferrin
in the outer surface layer is omitted from Table 3.
Approximated values of isolated lysozyme each pro-
tein co-adsorbed on the hydrogels investigated are
listed in Table 3.

TABLE 2 Mass of protein deposited onto contact lenses (in mg, n = 3).

Lens type Time (s) Mass of lysozyme
Mass of lysozyme when

competing with lactoferrin
Mass of

lactoferrin
Mass of Lactoferrin when
competing with lysozyme

Senofilcon A 10 0.089 ± 0.026 0.121 ± 0.059 0.245 ± 0.072 0.381 ± 0.072
90 0.058 ± 0.018 0.106 ± 0.035 0.278 ± 0.196 0.222 ± 0.061

180 0.133 ± 0.056 0.186 ± 0.085 0.372 ± 0.182 0.416 ± 0.237
270 0.119 ± 0.027 0.675 ± 0.831 0.612 ± 0.535 0.391 ± 0.046
450 0.137 ± 0.018 0.167 ± 0.068 0.819 ± 0.759 0.536 ± 0.073
900 0.157 ± 0.055 0.142 ± 0.037 0.419 ± 0.236 0.538 ± 0.052

1800 (30 min) 0.186 ± 0.043 0.197 ± 0.018 0.395 ± 0.046 0.404 ± 0.084
3600 (1 h) 0.193 ± 0.035 0.194 ± 0.063 0.377 ± 0.024 0.447 ± 0.030
7200 (2 h) 0.231 ± 0.023 0.219 ± 0.024 0.652 ± 0.019 0.593 ± 0.016

86,400 (24 h) 0.416 ± 0.055 0.456 ± 0.087 2.904 ± 0.138 2.628 ± 0.320

Lotrafilcon B 10 0.209 ± 0.075 0.126 ± 0.019 1.572 ± 0.406 0.794 ± 0.068
90 0.262 ± 0.041 0.236 ± 0.028 – 1.239 ± 0.099

180 0.352 ± 0.117 0.300 ± 0.051 2.098 ± 0.148 1.412 ± 0.086
270 0.424 ± 0.163 0.378 ± 0.086 1.720 ± 0.103 1.500 ± 0.121
450 0.644 ± 0.124 0.386 ± 0.024 1.935 ± 0.058 1.387 ± 0.075
900 0.664 ± 0.022 0.483 ± 0.053 2.506 ± 0.614 1.685 ± 0.116

1800 (30 min) 0.811 ± 0.029 0.511 ± 0.049 1.942 ± 0.108 1.388 ± 0.079
3600 (1 h) 0.960 ± 0.072 0.579 ± 0.015 2.155 ± 0.086 1.641 ± 0.155
7200 (2 h) 1.040 ± 0.080 0.547 ± 0.038 2.318 ± 0.095 1.687 ± 0.112

86,400 (24 h) 1.343 ± 0.073 0.741 ± 0.035 3.428 ± 0.077 2.599 ± 0.250

Balafilcon A 10 0.425 ± 0.058 0.312 ± 0.074 0.940 ± 0.181 0.820 ± 0.053
90 0.971 ± 0.228 0.842 ± 0.074 1.196 ± 0.185 1.035 ± 0.104

180 1.219 ± 0.071 1.009 ± 0.245 1.359 ± 0.578 1.147 ± 0.068
270 1.587 ± 0.199 1.569 ± 0.162 1.025 ± 0.152 1.278 ± 0.118
450 1.831 ± 0.118 1.832 ± 0.059 1.071 ± 0.101 1.262 ± 0.041
900 2.516 ± 0.119 2.441 ± 0.062 1.266 ± 0.148 1.518 ± 0.179

1800 (30 min) 3.512 ± 0.332 3.423 ± 0.097 1.245 ± 0.087 1.210 ± 0.107
3600 (1 h) 4.986 ± 0.240 4.997 ± 0.218 1.220 ± 0.070 1.391 ± 0.071
7200 (2 h) 6.648 ± 0.276 6.406 ± 0.162 1.448 ± 0.063 1.490 ± 0.085

86,400 (24 h) 17.396 ± 0.673 16.893 ± 0.205 3.661 ± 0.375 3.175 ± 0.212

6 B. Hall et al.
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After calibrating our activity measurements to only
the lysozyme contained in the outer surface layer
(Figure 5), we find there is very little difference of
lysozyme activity alone and lysozyme activity when
co-adsorbed with lactoferrin for all lens types. This is
not surprising as lactoferrin is thought to increase the
activity of lysozyme by facilitating the interaction
between lysozyme and bacterial cells.40 If the bacterial
cells are already attracted to the material surface, as
demonstrated previously (unpublished), then lacto-
ferrin will not be effective at facilitating the interaction
between lysozyme and the bacterial cells, and thus
will not be able to increase the surface activity of
lysozyme when both proteins are co-adsorbed onto
materials. In this case, the enhancement of activity
demonstrated for protein solution in Figure 3 appears
to be irrelevant for lysozyme deposits on silicone
hydrogel biomaterials.

The percentage of active lysozyme adsorbed solely
or co-adsorbed with lactoferrin is less than 100% for
all materials, though there are some material differ-
ences. Lysozyme activity on balafilcon A is generally
greater than 40%, while lysozyme activity on seno-
filcon A and lotrafilcon B are generally lower than
40%. Lysozyme activity on senofilcon A is generally
above 20%, while on lotrafilcon B it is lower than 20%.
It may be that (1) our calibration is off and there is not
a complete monolayer formed, and thus less lysozyme
present in the outer surface layer or (2) that a large
percentage of the deposited lysozyme is denatured
in the outer surface layer, which is unaffected by
co-adsorption with lactoferrin. These two possibilities
are not mutually exclusive.

Based on our approximation from Table 3, seno-
filcon A was the only hydrogel that did not deposit
enough protein to form a complete monolayer for
either isolated lysozyme or co-adsorption of lysozyme
and lactoferrin. Since senofilcon also showed no
difference between total lysozyme deposited for
isolated lysozyme and co-adsorption of lysozyme
and lactoferrin, it is no surprise that for all time
points, the mass of adsorbed lysozyme is the same for
both cases.

FIGURE 5 Percentage of active lysozyme deposited onto: (a)
senofilcon A, (b) lotrafilcon B and (c) balafilcon A. Error bars
represent mean ± SD, n = 3. In all cases: (!) lysozyme and (")
lysozyme + lactoferrin.

TABLE 3 Protein outer surface layer coverage (in ng, n = 3).

Lens type

Senofilcon A Lotrafilcon B Balafilcon A

Time Iso Lys Co Lys Co Lac Iso Lys Co Lys Co Lac Iso Lys Co Lys Co Lac

10 s 89 121 381 211 126 – 425 89 745
1.5 min 58 106 222 265 196 661 971 1035 –
3.0 min 133 186 416 356 166 684 1035 509 414
4.5 min 120 597 345 429 180 673 1035 563 372
7.5 min 137 167 536 652 175 678 1035 577 361
15 min 158 142 538 673 223 640 1035 622 326
30 min 187 197 404 823 200 658 1035 705 260
1.0 h 194 194 447 976 256 614 1035 747 227
2.0 h 233 219 593 1035 215 646 1035 835 158

Competitive adsorption, lysozyme and lactoferrin 7
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Lotrafilcon B did not have enough deposited
protein to reach full monolayer coverage for isolated
lysozyme deposition, but did after 1.5 min when
lysozyme was co-adsorbing with lactoferrin, with
the outer surface layers showing about a 3:1 ratio for
lactoferrin to lysozyme coverage for all time points.
Balafilcon A reached a monolayer of deposition for
both isolated and co-adsorbed protein in as little as
3 min.

DISCUSSION

Lysozyme and lactoferrin are proteins found within
the tear film.45 When a contact lens is worn, these
proteins can compete for binding sites and/or interact
with each other and additional tear film components.
Previous studies have examined the impact of
protein–protein interaction and/or competition
on the adsorption of tear film proteins to contact
lenses.14,46–49 To the best of our knowledge, this is the
only study to investigate protein competitive adsorp-
tion on silicone hydrogels over short time periods,
and the subsequent effect on lysozyme activity.

Determining the activity of lysozyme not only
provides insight into the general state of proteins on a
contact lens, which if unfolded can cause inflamma-
tion such as GPC,10–12 but clinically denatured
lysozyme has been correlated with patient discom-
fort.50 We demonstrate in this manuscript that
adsorbed lysozyme can still be active against
Gram-positive bacteria, but it should be noted
that lens-adsorbed lactoferrin can kill adhered
Gram-negative bacteria.51,52 Thus, understanding the
quantity and quality of contact lens adsorbed lyso-
zyme and lactoferrin is important for understanding
patient responses.

Senofilcon A and lotrafilcon B are non-ionic sili-
cone hydrogels. Lactoferrin deposition on these
materials is higher than lysozyme deposition, reach-
ing 2.9 mg and 3.4 mg, respectively, after one day,
compared to 0.4 mg and 1.3 mg for lysozyme.
Lactoferrin depositing more than lysozyme on low
water content, non-ionic (FDA group I) materials has
been demonstrated previously,46 and may be due to
inherent material properties.

Lactoferrin deposition on balafilcon A lenses was
higher than all other silicone hydrogels investigated
after one day, at 3.6 mg. Previous work has also
demonstrated lactoferrin deposition on balafilcon A
lenses is higher than other silicone hydrogels.20

Balafilcon A has a net negative charge,53 therefore it
is not unexpected that positively charged lactoferrin
would have greater deposition on balafilcon A than
the non-ionic lenses in this study. Lysozyme depos-
ition was also highest on balafilcon A lenses com-
pared to senofilcon A and lotrafilcon B after one day.

For balafilcon A, lysozyme deposition was much
higher than lactoferrin deposition, which differs from
the other silicone hydrogels investigated. One
possible explanation for this is that lactoferrin has a
weaker net positive charge than lysozyme,54 thus the
electrostatic attraction for lysozyme will be greater
than for lactoferrin.

Lotrafilcon B was the only lens type to show
competitive binding between lysozyme and lactofer-
rin. Competition for binding sites reduced lactoferrin
deposition compared to isolated adsorption in as little
as 10 s, whereas lysozyme deposition was reduced
after 7.5 min compared to isolated lysozyme adsorp-
tion. The presence of lactoferrin has been shown to
decrease the deposition of lysozyme for up to 28 d
of incubation on lotrafilcon B lenses.48 The surface of
lotrafilcon B is modified in a gas plasma reactive
chamber to create a thin (25 nm) hydrophilic layer,
which has been shown to resist protein penetration
into the underlying material matrix.55 This resistive
layer may cause lysozyme and lactoferrin to compete
for surface binding sites, reducing the amount either
can deposit compared to isolated adsorption.55,56

Senofilcon A and balafilcon A lenses did not show
competition for binding sites between lysozyme and
lactoferrin.

The total lysozyme activity on balafilcon A was the
same in the case of lysozyme adsorbed solely or
lysozyme co-adsorbed with lactoferrin. This is not
unexpected as the total mass of lysozyme deposited
on balafilcon A was the same for lysozyme adsorbed
solely or co-adsorbed with lactoferrin. Senofilcon A
and lotrafilcon B showed the opposite trend for total
lysozyme activity. Total lysozyme activity was higher
for lysozyme adsorbed solely versus lysozyme
co-adsorbed with lactoferrin for senofilcon A and
lotrafilcon B. This effect cannot be explained merely
by deposition differences between isolated lysozyme
and lysozyme lactoferrin co-adsorption, as only
lotrafilcon B had reduced lysozyme deposition when
competing with lactoferrin. We determined experi-
mentally (unpublished) that there are no differences
in protein desorption for these materials between
lysozyme adsorbed solely and co-adsorbed with
lactoferrin. Thus we can conclude that the lysozyme
desorbing from these non-ionic lenses when co-
adsorbing with lactoferrin is more denatured than
when lysozyme adsorbs solely. Lactoferrin
can increase the activity of lysozyme in solution, but
co-adsorption and subsequent desorption appears to
denature lysozyme. If lysozyme and lactoferrin were
desorbing into solution individually, we would expect
the total activity to be higher, since the activity of
lysozyme in solution would increase, as demonstrated
in Figure 2. These proteins may be desorbing as
aggregates; perhaps single protein aggregates and/or
multi-protein aggregates. Aggregates could be formed
as the proteins unfold to have hydrophobic

8 B. Hall et al.
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interactions with the lens surface, and while doing so
they become entangled. From Figure 4, we see activity
of lysozyme on the material surface is unaffected by
co-adsorption of lactoferrin for senofilcon A, lotrafil-
con B and balafilcon A.

Though there are no observed differences in
Figure 4 for surface activity, it is important to calibrate
the activity in terms of how much lysozyme is in the
outer surface layer for each material (Figure 5). We
can see from Figure 5 that the percentage of active
lysozyme is unaffected by co-adsorption with
lactoferrin.

In conclusion, co-adsorption and/or competition of
lysozyme and lactoferrin decrease their subsequent
deposition on lotrafilcon B, but does not affect their
deposition on senofilcon A or balafilcon A. Lactoferrin
co-adsorption with lysozyme has no effect on the
surface activity of lysozyme, but can decrease the
activity of lysozyme, which desorbs from non-ionic
silicone hydrogels.
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Abstract 

Purpose. To investigate the accuracy of I125 radiolabeling to quantitatively determine the 

deposition of protein onto various commercially available contact lens (CL) materials. 

Methods. Commercially available silicone hydrogel and conventional hydrogel CL 

materials were examined for times ranging from 10 seconds to one week. Adsorption of 

free I125 was measured directly for the CL. The use of dialyzing labeled proteins and/or 

using NaI to compete with free I125 uptake was investigated as ways to minimize effects 

due to free I125. 

Results. At all time points and with all lens materials there was 0.3 µg/lens or greater of 

apparent mass attributable to free I125 uptake. Dialyzing labeled proteins significantly 

reduced free I125 uptake for all materials investigated. The benefit of using dialyzed 

protein was most prominent at shorter times, as free I125 is continuously generated over 

time. Using NaI can reduce free I125 uptake for some lens materials, but this is shown to 

directly affect protein deposition on some materials. 

Conclusions. Periodic replenishment of incubation solutions with freshly dialyzed labeled 

protein to limit free I125 generation is recommended, but the incorporation of NaI onto the 

buffer solution is not. Irrespective of the exact procedure to limit free I125 uptake, extra 

steps must be performed to quantify the amount of I125 adsorbed onto contact lens 

materials, to determine thresholds of confidence with respect to the actual protein 

deposition that occurs. 

Keywords: Silicone hydrogel, contact lens, protein deposition, I125 radiolabeling, free I125  
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Introduction 

Any material in contact with bodily fluids is at risk for protein deposition. This is one of 

the fundamental problems in biomaterials research. In the ocular environment, contact 

lenses are in constant contact with tear fluid and are notoriously prone to protein deposits 

from the tear film.1–5 These protein deposits can lead to severe complications for some 

patients, including bacterial colonization of lenses6,7 and giant papillary conjunctivitis.8,9 

It is therefore imperative to determine accurately the deposition of protein from the tear 

film onto contact lenses. 

 Silicone hydrogels (SH) are increasing in popularity with patients and currently 

account for over 60% of all new fits and re-fits of contact lenses in the USA.10 Protein 

sorption by SH materials is relatively low compared to conventional poly[2-hydroxyethyl 

methacrylate] (pHEMA) based contact lenses,2,3,11,12 though the protein sorbed on SH 

materials is often reported to be denatured.11,13–15 Due to the low amounts of protein 

deposited on SH materials, the methodologies that can be utilized to measure protein 

deposition are more limited than those for conventional lenses.  In particular, any 

technique must be sensitive enough to measure the small amount of protein deposited, 

even over the short time periods (<24 hours) associated with normal daily wear.  The use 

of chemical extraction of the deposited protein from the lens material prior to analysis is 

undesirable, as some protein may not be extracted, regardless of the extraction 

methodology employed.16  
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One common technique to measure protein adsorption that is generally well suited 

to SH lenses is the use of I125 radiolabeling of protein.12,17–19 Radiolabeling using I125 is 

sensitive enough to measure the low amounts of protein that deposits onto SH materials, 

can accomplish this without the need for scintillation fluid and does not require chemical 

extraction of the adsorbed protein. However, the use of radiolabelled protein is not 

without its complications. The biggest concern is that the I125 tracer can dissociate from 

the protein of interest and the free tracer ion can bind to the material under test. This has 

been observed and quantified in metallic biomaterial applications.20,21 Since only the 

radioactivity of the material is measured, the binding of the free tracer ion leads to 

anomalously high apparent protein deposition. This effect reduces the accuracy of the 

technique, and always leads to greater estimates of adsorbed protein. The radioactivity of 

the tag also limits its use to solely in vitro experiments and cannot be utilized for clinical 

investigations. 

 This manuscript quantifies the use of I125 radiolabeling to determine the in vitro 

deposition of protein onto various commercially available contact lens materials for time 

periods ranging from seconds to a week. Disadvantages of the technique will be 

discussed and potential solutions proposed and tested.  

Materials and Methods 

Contact Lens Pre-Treatment 

The contact lenses (and their properties) used for this study are provided in Table 1.  

Contact lenses were removed from their packaging solution, swirled in 100mL of either 

phosphate buffered saline (PBS) pH 7.4 or PBS plus 0.01M NaI (PBSI) pH 7.4 for 5s to 
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remove any residual packaging solution. The lenses were then placed into individual 

wells of 24-well plates (VWR, Mississauga, ON, Canada) containing 2mL of PBS or 

PBSI. The plates were sealed with parafilm and placed onto a shaker for 24 hours at 

ambient temperature. 

Effect of Labeled Lysozyme Concentration and Dialysis on Protein Deposition 

Lysozyme (from hen egg, Sigma-Aldrich, Oakville, ON, Canada) was radiolabeled with 

an iodine tracer (I125) using the iodine monochloride (ICl) method, as previously 

described.22,23 Unbound I125 was removed by passing the labeled samples through two 

3mL syringe packed with AG 1-X4 (100-200 dry mesh in chloride form) (Bio-Rad, 

Hercules, CA, USA). 

To test the effectiveness of dialysis to reduce the amount of unbound I125, half of the 

labeled lysozyme was placed into dialysis cassettes (7000 MWCO) (Pierce, Rockford, IL, 

USA) and immersed into 500mL of PBS at ambient temperature for 24 hours, while half 

was not. After dialysis was complete, dialyzed labeled lysozyme and non-dialyzed 

labeled lysozyme was added to solutions of 2mg/mL of unlabeled lysozyme. The amount 

of radioactive lysozyme added was varied to give rise to gamma counting rates of 106, 

5x105, 2x105CPM (counts per minute)/mL. Then 1.5mL of the lysozyme solutions 

containing dialyzed or unanalyzed labeled lysozyme were pipetted into 6mL screw cap 

glass vials (VWR, Mississauga, ON). Prepared senofilcon A, lotrafilcon B and balafilcon 

A contact lenses were added. The vials were sealed with parafilm and incubated at 370C 

for 24 hours. After incubation, the contact lenses were removed, swirled for 5s each in 

two containers of 100mL PBS and placed into radioactivity counting vials. The count rate 
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from each of the lenses was measured using a gamma counter (Wallac Wizard 1470 

Gamma Counter Perkin Elmer, Woodbridge, ON, Canada) providing results in CPM. To 

convert CPM to mass of lysozyme, 100µL samples of the doping solution controls 

(without lenses) were counted. 

Free I125 Generated Over Time 

Even after dialysis, labeled proteins may continuously release some of the iodine tracer.  

To measure this effect, lysozyme, lactoferrin, and albumin were radiolabeled with an 

iodine tracer (I125) using the ICl method,22,23 dialyzed for 24 hours, and then diluted in 

1.9mg/mL lysozyme, 1.8mg/mL lactoferrin (from bovine, Sigma-Aldrich, Oakville, ON, 

Canada), 0.2mg/mL albumin (from bovine, Sigma-Aldrich, Oakville, ON, Canada) 

respectively,  to a gamma counting rate of 106 CPM/mL. The protein solutions contained 

either buffered saline solution (BSS) as described in Table 2, or buffered saline solution 

containing artificial tear components (ATS), as previously described,12,17,24  outlined in 

Table 3. Of each of the six resultant solutions, 1.5mL was added to 6mL - vials, which 

were capped, sealed with parafilm, and incubated at 370C for 1 or 7 days. In order to 

measure only I125 in solution, we first denature and aggregate all (labeled and unlabeled) 

protein by reacting 1mL from the vials with 0.5mL of 20% trichloroacetic acid (TCA) for 

10 minutes. The 1.5mL resultant solution was centrifuged at 3000rpm for 2 minutes. 

After this process there should be no protein in the supernatant liquid, and thus measuring 

the count rate of the supernatant is a measure of the amount of free tracer ion.  In order to 

measure this, 100µL aliquots were pipetted into counting tubes from the supernatant and 

the original incubation vial.  
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Since radioactivity in the supernatant will be solely from free I125, while the original 

incubation vial will contain both free I125 and labeled protein, the percent of the total 

CPM from just free I125 can be calculated as follows (accounting for the dilution by 

TCA):  

Free I125 % = CPM supernatant/CPM incubation solution * 100%.  

Kinetics of Lysozyme and Lactoferrin Deposition with and without Dialysis 

It is important to understand the effect of free I125 on any measurements of protein uptake 

as a function of time. To test this, lysozyme and lactoferrin were radiolabeled with an 

iodine tracer (I125) using the ICl method,22,23 some were dialyzed while others  were not, 

then diluted in 2mg/mL lysozyme and 2mg/mL lactoferrin in PBS to a gamma counting 

rate of 106 CPM/mL. Aliquots of 1.5mL of each solution were added to 6mL vials to 

which prepared senofilcon A, lotrafilcon B and balafilcon A contact lenses were added. 

The vials were capped, sealed with parafilm, and incubated at 370C for 30, 60, and 120 

minutes, and at ambient temperature only for 0.17, 1.5, 3, 4.5, 7.5, and 15 minutes due to 

the multiple short time points. After incubation the lenses were removed, swirled for 5s 

each in two containers of 100mL PBS and placed into radioactivity counting vials.  

Effect of PBSI on Contact Lens Uptake of Lysozyme and Free I125 

It could be argued that if the system is in chemical equilibrium, the amount of free I ions 

should be fixed at some value.  The unbinding of I from the protein is the result of the 

drive of the overall system to attain chemical equilibrium. If this is the case, then adding I 

into solution directly could lessen the rate at which the tracer I becomes released into 

solution. It is also possible that the NaI could inhibit the adsorption of free I125 to the 
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contact lens materials. To measure this, senofilcon A, lotrafilcon B, comfilcon A, 

balafilcon A, and etafilcon A contact lenses were prepared in either PBS or PBSI as 

described above. Contact lenses were placed into 6mL vials containing 1.5mL of 

1.9mg/mL of lysozyme containing 104 CPM/mL of free I125 diluted in either PBS or PBSI 

and incubated at ambient temperature for 1 minute, 2 hours, and 24 hours. Contact lenses 

were removed, swirled for 5s twice in two containers of 100mL of either PBS or PBSI 

and placed into radioactivity counting vials.  If PBSI can limit the uptake of free I125, then 

this may have an effect on the apparent lysozyme adsorption kinetics by contact lenses. 

To investigate this, senofilcon A, comfilcon A, and balafilcon A contact lenses were 

prepared in either PBS or PBSI as described above. Contact lenses were placed into 6mL 

vials containing 1.5mL of 1.9mg/mL of lysozyme containing 106 CPM/mL of I125 tagged 

lysozyme, diluted in either PBS or PBSI and incubated at 370C for 1 minute, 2 hours, and 

1 and 7 days. Contact lenses were removed, swirled for 5s twice in two containers of 

100mL of either PBS or PBSI and placed into radioactivity counting vials. In order to 

distinguish between tightly bound protein and transient protein, contact lenses were 

immersed in 1.5mL of PBS within the counting vials for 24 hours at ambient temperature. 

The PBS and any desorbed protein was then removed and placed into separate 

radioactivity counting vials. Individual lenses and desorbed protein in PBS were counted 

using a gamma counter. 

Statistical Analysis 

Data analysis was conducted using STATISTICA 10 (StatSoft Inc, Tulsa, OK, United 

States). The difference in protein (and apparent protein) quantity and for all time periods 

was analyzed using repeated measures analysis of variance (RM-ANOVA). A post-hoc 
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analysis using Tukey’s HSD was used where applicable, P<0.05 was taken to be 

significant. 

Results 

Effect of Labeled Lysozyme Concentration and Dialysis on Protein Deposition 

The effect of dialysis and the concentration of radioactivity (CPM/mL) on contact lens 

uptake of lysozyme are shown in Figure 1. It is evident from this figure that the use of 

labeled protein that has not been dialyzed results in much higher apparent adsorbed mass 

of lysozyme. The contact lenses from each concentration of radioactivity are compared to 

standards of known mass. Since the actual mass of lysozyme is independent of the 

fraction of radiolabelled lysozyme, the masses in Figure 1 should be the same at each 

concentration of radioactivity.  The most probable reason for the apparent differences as a 

function of total radioactivity is that there are differences in the amount of free I125 in 

each solution and that this free I125 eventually deposits onto the contact lens materials and 

is therefore interpreted as adsorbed protein. Using dialyzed labeled lysozyme 

significantly reduces the free I125 in solution, but there are still some concentration 

differences. This implies that there is still a measurable amount of free I125 in the 

incubation solution even after dialysis. Quantification of this effect is complicated by the 

fact that the free I125 seems to affect each contact lens material differently.  

Free I125 Generated Over Time 

Compared to lysozyme in simple PBS, this release of bound I125 into solution containing 

free I125 may be different for other proteins, or solutions containing various proteins and 

lipids. Figure 2 demonstrates the free I125 generation over time in two different solutions 
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containing labeled albumin, lactoferrin, or lysozyme: a buffered saline solution or an 

artificial tear solution. For each protein type both solutions contain a significant amount 

of free I125 after one day of incubation, with lysozyme containing the least. Free I125 for 

all proteins increases after one week of incubation, with lysozyme still being the lowest. 

Generally, the free I125 is highest for ATS after one day and BSS after one week.  

Kinetics of Lysozyme and Lactoferrin Deposition with and without Dialysis 

It is almost certain that free I125
 is continuously released from the labeled protein. Not 

surprisingly, the rate at which this release (and subsequent contact lens uptake) happens 

may be different for different proteins. We have investigated these effects on contact lens 

protein deposition kinetics and the results are shown in Figure 3. It is immediately clear 

from this figure that free I125 is taken up by each of the contact lens materials in 

significant quantities. At almost every time point for each protein and each contact lens 

material the non-dialyzed labeled protein results in erroneously high protein mass 

calculations. After just 2 hours for all lens types and each protein these differences are 

significant (P<0.00006). Dialyzing the labeled protein removes a significant amount of 

free I125 (~70-80%), but despite this, there is usually around 1-2.5% of the total CPM/mL 

of just free I125 after 24 hours. To accurately determine the protein deposition on contact 

lenses, it is vital to understand the mass equivalent radioactivity (CPM) attributed to free 

I125 uptake alone. 

Effect of PBSI on Contact Lens Uptake of Lysozyme and Free I125 

Figure 4 quantifies the amount of free I125 bound to different contact lens materials, 

converting the CPM/lens to equivalent masses of protein. At all time points and lenses 
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there is 0.3 µg/lens or greater of erroneous mass due to free I125 in solution. Research 

with other biomaterials try to limit free I125 uptake by adding 0.01M of  non-radioactive 

NaI in incubation solutions.20,21,25–28 Pre-treating contact lenses with this ‘cold’ iodide 

may hinder the rate of later I125 adsorption. Including NaI in the incubation solutions may 

alter the rate of free I125 generation (due to the excess iodide) while the non-radioactive 

I127 may also compete with the I125 for adsorption onto contact lenses. Adding NaI to 

incubation solutions indeed reduces the amount of free I125 uptake for senofilcon A and 

balafilcon A after 24 hours but was only statistically significant for senofilcon A 

(P<0.003). There was no difference for lotrafilcon B, comfilcon A, or etafilcon A 

(P>0.05). Without NaI, the free I125 uptake on senofilcon A and balafilcon A increases 

over time. 

If adding NaI to incubation solutions decreases the amount of free I125 uptake for some 

contact lens materials, we would expect an incubation solution with NaI and labeled 

lysozyme to have less apparent mass of lysozyme than without NaI. Indeed, this is the 

case with senofilcon A and balafilcon A, as shown in Figure 5. This difference was 

statistically significant for balafilcon A after 2 hours or longer (P<0.02). Also shown in 

Figure 5 are the values from Figure 4 of free I125 uptake by contact lenses alone (dashed 

lines). For senofilcon A, the kinetics of lysozyme deposition are below the apparent mass 

contribution from just free I125, and therefore we have no ability to measure actual protein 

uptake for this lens material. For comfilcon A, we would expect there to be no difference 

between lysozyme deposition with and without NaI, since NaI did not impact I125 uptake. 

However, this is not the case and lysozyme deposition is increased in the presence of NaI. 

This same pattern is seen for balafilcon A, even though NaI did decrease free I125 uptake. 
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For both comfilcon A and balafilcon A lysozyme deposition is greater than the 

contribution from just free I125 and we can be confident in these values after 2 hours of 

incubation. This implies that NaI has a direct impact on the adsorption of lysozyme. 

From Figure 5 we can also see differences in tightly bound protein (dotted lines), which 

was protein not removed from soaking in PBS or PBSI for 24h, compared to the total 

amount deposited (solid lines), which is the sum of the tightly bound protein and protein 

which was removed after soaking for 24h in PBS or PBSI. After 2 hours of incubation for 

comfilcon A, there is ~1 µg/lens of lysozyme that is reversibly bound and desorbs from 

the lens surface. For balafilcon A about half of the lysozyme that deposits is reversibly 

bound and desorbs into solution. Though we are not completely confident we can 

measure lysozyme depositing on senofilcon A, it is worth noting that all the ‘deposits’ are 

irreversibly bound.  

Discussion 

Quantifying protein deposition is a primary concern in any biomaterial application. 

Ideally, a technique will have the sensitivity to detect low levels of protein, will not be 

dependent upon protein extraction prior to quantification, and must solely interact with 

the protein of interest. This manuscript has investigated the merit and potential 

difficulties of using I125 radiolabeling to measure protein deposition on contact lens 

materials. 

The main problem with using I125 labeling to measure protein adsorption is the uptake of 

the free iodide in solution. We are unable to distinguish between I125 bound to protein that 

adsorbs onto a lens and that which detaches from protein and then adsorbs onto the lens 
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as a free ion. This effect results in anomalously high apparent masses of protein. We see 

from Figure 4 that the free I125 deposits onto all the contact lens materials investigated 

and at amounts that correspond to significant apparent masses of protein. For some 

materials, such as senofilcon A, the net result of this effect is a complete inability to make 

a quantitative estimate of the actual protein adsorbed. Senofilcon A incorporates 

polyvinylpyrrolidone (PVP) as an internal wetting agent.29 PVP has a high affinity for 

iodine30 and this may explain the large uptake of free I125 compared to the other lens 

materials. Senofilcon A was also the only lens material to have protein deposition below 

the threshold of confidence. 

Dialysis of the labeled protein prior to use can significantly reduce free I125, and minimize 

the difficulties discussed above. In some instances there is an order of magnitude higher 

apparent protein deposition for protein solutions that have not undergone dialysis 

compared to those which have. The use of dialyses only offers temporary relief from this 

complication, as free I125 is continuously released from labeled protein. After just one 

week of labeled protein incubating there is up to 4 times more free I125 than after one day 

of incubation. This indicates that for studies with incubation times longer than one week, 

the incubation solution should be replenished with freshly dialyzed labeled protein. 

From Figure 4, we see that adding NaI into the buffered solutions decreases the amount 

of free I125 for senofilcon A and balafilcon A, but does not have an effect for lotrafilcon B, 

comfilcon A, or etafilcon A. This result on its own suggests that NaI could be used in all 

I125 radiolabeled protein studies to reduce free I125 uptake. Indeed, there have been studies 

using metallic20,21 and polymeric25–28 biomaterials which have used NaI for this purpose. 

However, in the case of contact lens applications the effect of NaI on lysozyme 
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deposition is not completely understood.  In particular the I may not be a simple 

bystander ion and can directly affect the adsorption of proteins. For balafilcon A, free I125 

is reduced with NaI (Figure 4), however lysozyme deposition is increased (Figure 5). For 

comfilcon A there is no effect to free I125 uptake with NaI (Figure 4), but lysozyme 

uptake is greater (Figure 5). The deposition of lysozyme onto balafilcon A is influenced 

by the electrostatic attraction between positively charged lysozyme and negative charged 

balafilcon A, at pH 7.4. It is possible that the addition of NaI increases the negativity of 

balafilcon A and thus increases the deposition of lysozyme. The same mechanism may 

explain the similar result for comfilcon A, which would indicate that the interaction 

between lysozyme and comfilcon A is largely influenced by electrostatic interactions.  

Our findings largely agree with that of Bohnert et al.31 While our investigations focused 

on SH, they observed free I125 uptake by polymers and copolymers of HEMA and methyl 

methacrylate (MMA) when radiolabeling albumin, lysozyme and IgG. To reduce these 

complications they dialyzed the labeled protein for at least 24 hours before use and added 

unlabeled NaI to their incubation solutions. Dialysis was effective in reducing the free 

I125 uptake, however as in this study, the addition of NaI was not sufficient to prevent free 

I125 uptake entirely. When using I125 labeled proteins it is important for researchers to 

recognize that ‘apparent masses of protein’ can be introduced by two main factors: the 

amount of free I125 in solution and the adsorption of I125 to the contact lens materials. 

Caution must be exercised when interpreting past and future studies that do not recognize 

these limitations, attempt to limit their influence, and quantify the material specific free 

I125 uptake. 
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Conclusions 

We have quantitatively investigated I125 radiolabeling to quantify protein deposition onto 

contact lens materials. The main conclusion from this work is that accurate results are 

only obtained by minimizing the amount of free I125. This can be accomplished by 

dialyzing labeled proteins prior to use and periodic replenishment of incubation solutions 

with freshly dialyzed labeled protein. Irrespective of the exact procedure to limit free I125, 

extra steps should be performed to quantify the amount of unbound I125 adsorbed onto 

contact lens materials to determine thresholds of confidence. 
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Tables	
  

Table 1.  
Properties of Contact Lens Materials Evaluated in this Study 

USAN Proprietary 
Name 

Manufacturer Water 
Content 
(%) 

FDA 
Group 

Principal Monomers 

Senofilcon A ACUVUE 
OASYS 

Johnson & 
Johnson 

38 I mPDMS, DMA, HEMA, 
siloxane macromer, 
TEGDMA, PVP 

Lotrafilcon B AIR OPTIX CIBA Vision 33 I DMA, TRIS, siloxane 
monomer 

Comfilcon A BIOFINITY CooperVision 48 I M3U, FMM, TAIC, 
IBM, HOB, NMNVA, 
NVP 

Balafilcon A PUREVISION Bausch + Lomb 36 III NVP, TPVC, NVA, 
PBVC 

Etafilcon A ACUVUE 2 Johnson & 
Johnson 

58 IV HEMA, MA 

     mPDMS, monofunctional polydimethylsiloxane; DMA, N,N-dimethylacrylamide; HEMA, 2-hydroxyethyl methacrylate; 
TEGDMA, tetraethylene- glycol dimethacrylate; PVP, polyvinyl pyrrolidone; TRIS, trimethyl siloxy silane; M3U, ax-
bis(methacryloyloxyethyl iminocarboxy ethyloxypropyl)-poly(dimethylsiloxane)-poly(trifluoropropylmethylsiloxane)-poly(methoxy-
poly- (ethyleneglycol)propylmethyl-siloxane); FMM, a-methacryloyloxyethyl iminicarboxyethyloxypropyl-poly(dimethylsiloxy)-
butyldimethylsilane; TAIC, 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione; IBM, isobornyl methacrylate; HOB, 2-hydroxybutyl 
methacrylate; NMNVA, N-methyl-N- vinyl acetamide;NVP, N-vinyl pyrrolidone; TPVC, tris-(tri- methylsiloxysilyl) propylvinyl 
carbamate; NVA, N-vinyl aminobutyric acid; PBVC, poly[dimethylsiloxyl] di [silylbutanol] bis[vinyl carbamate]; MA, methacrylic 
acid. 

Table 2. 
Buffered Saline Solution Components 
 
Name Chemical Formula mM (mmol/mL) MW (g/mol) 
Sodium chloride NaCl 90 58.44 
Sodium phosphate dibasic Na2HPO4 24 294.1 
Potassium chloride KCl 16 74.55 
Sodium carbonate Na2CO3 12 105.99 
Potassium bicarbonate KHCO3 3 100.12 
Trisodium citrate Na3C6H5O7 1.5 294.1 
Urea (NH2)2CO 1.2 60.06 
Calcium chloride CaCl2 0.5 147 
Glucose C6H12O6 0.2 180.2 
Milli-Q water H2O - - 
Hydrochloric acid HCl 26 - 
ProClin 300 - 0.2 mL/L - 
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Table 3. 
Artificial Tear Solution (ATS) Components 
 
Name Concentration (mg/mL) 
Lipids  
Cholesteryl oleate 0.024 
Triolein 0.016 
Oleic acid methyl ester 0.012 
Cholesterol 0.0018 
Oleic Acid 0.0018 
Phosphatidyl choline 0.0005 
Proteins  
Lysozyme 1.9 
Lactoferrin 1.8 
Albumin 0.2 
Mucin 0.15 
IgG 0.02 
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Figures 
 
 

 
 

Figure 1. Box-and-whiskers plot of lysozyme deposited onto balafilcon A, lotrafilcon B, and senofilcon A 
contact lenses under different CPM/mL conditions, using incubation solutions containing labeled lysozyme 
that had either been through (n)dialysis or remained (n)undialyzed. The upper and lower extremities of 
the box represent the 75th and 25th percentiles, the bar within the box represents the median, and the 
whiskers represent the full extent of the data ranges, n=3. 
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Figure 2. Box-and-whiskers plot of free iodide percentage over time for albumin, lactoferrin, and lysozyme 
in a (n)buffered saline solution and an (n)artificial tear solution. The upper and lower extremities of the 
box represent the 75th and 25th percentiles, the bar within the box represents the median, and the whiskers 
represent the full extent of the data ranges, n=3. 
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Figure 3. Kinetics of protein deposition when using labeled (●)lysozyme, (○)dialyzed lysozyme, 
(▲)lactoferrin,  and ( )dialyzed lactoferrin on senofilcon A, lotrafilcon B, and balafilcon A. Error bars 
represent mean ± SD, n=3. Note the difference in scale for A, B and C compared to D, E and F. 

 

 

 

 

Figure 4. Kinetics of Free I125 depositing on senofilcon A, lotrafilcon B, comfilcon A, balafilcon A, and 
etafilcon A in (●)PBS and (○)PBSI incubation solutions. Error bars represent mean ± SD, n=3. 
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Figure 5. Kinetics of (---)free I125, (---) total lysozyme, and (…)tightly bound lysozyme deposited on 
senofilcon A, comfilcon A, and balafilcon A in (●)PBS and (○)PBSI incubation solutions. Error bars 
represent mean ± SD, n=3. 
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Abstract 

Purpose: To determine the competitive or co-adsorption effects of tear film components 

to the deposition of lysozyme, lactoferrin, and albumin (lys, lac, and alb) onto hydrogel 

contact lenses, and whether these proteins are reversibly bound. 

Methods: Using a previously described artificial tear solution (ATS), we measured the 

time dependent adsorption of lys, lac, and alb onto 1 hydrogel and 4 silicone hydrogel 

contact lens materials between the first minute and up to one week of protein interaction 

with the material surface. Proteins were quantified using I125 radiolabeling of each protein 

individually in ATS and buffered saline. Extra steps were taken to limit the amount of 

unbound I125 and to quantify the amount of reversibly bound protein. 

Results: Comfilcon A, balafilcon A, and etafilcon A did not show any relevant 

competitive adsorption between the ATS components and lys, lac, or alb until after 1 

week. Competitive adsorption affects for lys, lac, and alb, were observed in as little as 1 

minute on lotrafilcon B. Lotrafilcon B had no reversibly bound protein at any time points. 

The ionic materials balafilcon A and etafilcon A deposited significant amounts of 

reversibly bound lysozyme and lactoferrin in just 10 minutes. Senofilcon A apparent 

deposition was below our thresholds of confidence for this protein quantification method. 

Conclusions: Both the competition between lys, lac, and alb and ATS components, and 

the reversibility of these bound proteins is material specific. Co-adsorption of lys, lac, 

and alb with ATS components can increase the reversibility of their adsorption. 

Keywords: Silicone hydrogel, contact lens, protein deposition, competitive protein 

adsorption, artificial tear solution
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Introduction 

Protein interaction with biomaterials is a fundamental problem underpinning biomaterial 

use. Not only does this interaction occur rapidly,1 but after adsorbing onto biomaterials, 

proteins may lose their structure or function and become denatured, possibly leading to 

thrombosis and inflammation.2 In the case of contact lenses, denatured proteins can cause 

discomfort,3,4 reduction in vision,5 and, more seriously, inflammatory reactions such as 

giant papillary conjunctivitis (GPC).6–8  

There are numerous studies which have focused on protein adsorption onto soft contact 

lenses for typical replacement schedules of 1 to 4 weeks, 9–16 but it is also fundamentally 

important to understand protein adsorption to biomaterials during the first few minutes of 

interaction. While a recent technique has been developed to measure the activity of 

lysozyme after these short time periods,1 there is a lack of  detailed knowledge regarding 

the amount of protein adsorbed. We have recently quantified lysozyme and lactoferrin 

adsorption in buffered saline individually and while co-adsorbing at these short time 

periods,17 however the tear film is much more complicated. It is still not well understood 

how other proteins, lipids, and mucins from the tear film influence protein adsorption at 

short time points.  

As proteins adsorb onto contact lenses they may rearrange their structure (denature) to 

lower the energy of the protein-substrate system.18 Therefore, denatured protein should 

become more difficult to remove than if it had retained its native state, as it will have to 

additionally overcome the free energy of rearrangement.18 Thus, if we can distinguish 

between loosely and tightly bound protein, we can gain insight into the protein state.  
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This study investigated the effects of competitive adsorption and co-adsorption of various 

tear film components on lysozyme, lactoferrin, and albumin adsorption onto contact 

lenses, using a recently developed artificial tear solution (ATS).19 Additionally, extra 

steps were taken to distinguish loosely and tightly bound protein, the latter of which may 

be fully or partially denatured. 

Materials and Methods 

The contact lens materials utilized in this study and their properties are shown in Table 1. 

All contact lenses were prepared in the same manner prior to protein quantification. 

 
Contact lenses were removed from their packaging solution, rinsed in 100mL of 

phosphate buffered saline (PBS) at pH 7.4 to remove any residual packaging solution and 

then placed into individual wells of a 24-well plate (VWR, Mississauga, ON) containing 

2mL of PBS. The plates were sealed with parafilm and placed on a shaker for 24 hours at 

ambient temperature. Lenses were removed and placed into 6mL screw cap glass vials 

(VWR, Mississauga, ON) containing 1.5mL of either Solution 1(a, b, c) or Solution 2. 

Solutions 1a, 1b and 1c contained a solution containing a single protein in isolation. 

Solution 1a included lysozyme (hen egg), 1b included lactoferrin (bovine), and 1c 

included albumin (bovine serum) (all proteins were purchased from Sigma-Aldrich, 

Oakville, ON, Canada) dissolved into a buffered saline solution (pH 7.4) containing salts, 

urea, and glucose, as shown in Table 2. Solution 2 was an ATS as described 

previously,12,13,19 and utilized the same buffered saline solution as Solution 1(a, b, c), but 

also contained lipids and a variety of proteins, as described in the bottom of Table 2.  
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To quantify the protein adsorption onto the contact lens materials, albumin, lysozyme, 

and lactoferrin were radiolabeled one at a time with an iodine tracer (I125) using the iodine 

monochloride (ICl) method, as previously described.20,21 There are many ways to label 

and quantity adsorbed protein and each method has its own advantages and disadvantages. 

Radiolabeling using I125 is sensitive enough to measure the low amounts of protein that 

deposit onto SH materials and does not require chemical extraction of the adsorbed 

protein. However, a known problem with any labeling technique is that the tracer can 

dissociate from the protein and the free tracer ion can bind to the material under test. For 

I125 radiolabeling, only the radioactivity of the material is measured, therefore the binding 

of the free tracer ion leads to anomalously high “apparent” protein adsorption, as 

previously reported in studies investigating metallic biomaterial applications.22,23 In this 

current study, unbound I125 was reduced substantially by placing the labeled proteins into 

dialysis bags (Pierce, Rockford, IL, USA) and then immersing the bags into 500mL of 

PBS at ambient temperature for 24 hours, as previously described.17  

Radiolabeled proteins were then removed from dialysis bags and diluted in either 

prepared Solution 1(a, b, c) or Solution 2, to a gamma counting rate of 106 CPM (counts 

per minute)/mL. In the ATS solution (Solution 2), only one protein at a time was labeled 

with the tracer.  Screw cap vials containing contact lenses and incubation solutions were 

sealed with parafilm and incubated at 370C for 100, 1000, and 10000 minutes, and 1 and 

10 minutes at ambient temperature with no parafilm needed, due to the short time periods. 

Contact lenses were removed from the various solutions, rinsed in 2 containers of 100mL 

PBS for five seconds each and placed into radioactivity counting vials containing 1.5mL 

of PBS. The contact lenses were immersed in PBS for 24 hours at ambient temperature, 
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to remove any loosely bound protein, before the PBS was removed and placed into 

separate radioactivity counting vials. Individual lenses and desorbed protein in PBS were 

counted using a gamma counter, (Wallac Wizard 1470 Gamma Counter Perkin Elmer, 

Woodbridge, ON, Canada) providing results in CPM. To convert CPM to mass of each 

protein, 100µL samples of each incubation solution (1a, 1b, 1c, and 2) were counted.  

To determine the uptake of the free iodine tracer, additional steps were carried out.  All 

lens types were prepared in PBS as described above. The contact lenses were placed into 

6mL vials containing 1.5mL of 1.9mg/mL of lysozyme and 104 CPM/mL of free I125. The 

contact lenses were then incubated at ambient temperature for 1 minute, 2 hours, and 24 

hours, removed, rinsed for five seconds each in two containers of 100mL of PBS and 

placed into radioactivity counting vials. Note that due to regulatory handling constraints 

with unlabeled I125, the measurements for the free I125 tracer were up to 24 hours versus 

~1 week for the competitive adsorption measurements. Due to the same constraints, the 

uptake of the I125 tracer was measured in unlabeled lysozyme only, and the same 

threshold was used for all three proteins. 

Data analysis was conducted using STATISTICA 12 (StatSoft Inc, Tulsa, OK, United 

States). The difference in protein quantity for all time periods was analyzed using 

repeated measures analysis of variance (RM-ANOVA). A post-hoc analysis using 

Tukey’s HSD was used where applicable, P<0.05 was taken to be significant. 

Results 

The adsorption results are shown for lysozyme, lactoferrin, and albumin in Figures 1, 2, 

and 3 respectively. In each figure we show both the lens protein, which is adsorbed 

protein not removed after soaking in PBS, and the total protein, which is the sum of lens 
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protein and any protein removed during PBS soaking. For each contact lens material in 

each figure, there is a long dashed line, which represents the uptake of the I125 tracer on 

its own (i.e. with no protein in the solution). Any adsorption amount that lies below this 

threshold cannot be accurately measured. In such cases, we can only conclude that the 

adsorption amount is below the threshold. For example, Figure 1A shows this behavior 

for the case of senofilcon A. The uptake of just the I125 tracer is much higher than 

lysozyme, lactoferrin, or albumin adsorption (Figures 1-3) and thus we cannot determine 

accurately the amount of protein adsorption onto senofilcon A at these short time periods 

using this method.  

From Figure 1, we can note that comfilcon A, balafilcon A, and etafilcon A do not show 

any significant differences in adsorption between isolated lysozyme (Solution 1a) and the 

analogous case of lysozyme with the components of the ATS (Solution 2), until after 1 

week of incubation.  After 1 week, we can see that the adsorption is higher for isolated 

lysozyme compared to lysozyme in the ATS (P<0.0002). For lotrafilcon B the adsorption 

was significantly higher for isolated lysozyme (Solution 1a) versus the ATS (Solution 2) 

after about 1 day (P<0.0002).  Comparison of lens versus total protein shows that all of 

the lysozyme adsorbed to lotrafilcon B and comfilcon A was tightly bound and not 

removed during soaking for both isolated lysozyme (Solution 1a) and lysozyme in ATS 

(Solution 2). In contrast, significant amounts of loosely bound lysozyme were removed 

from etafilcon A and balafilcon A lenses incubated for 1 week (P<0.02) and 1 day 

(P<0.0003) respectively. After 1 week of incubation in ATS (Solution 2), 20 and 40 

percent of the lysozyme on etafilcon A and balafilcon A respectively can be removed by 

soaking in PBS.  
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For lactoferrin (Figure 2), comfilcon A, balafilcon A, and etafilcon A do not show any 

significant differences in adsorption with isolated lactoferrin (Solution 1b) compared to 

lactoferrin in ATS (Solution 2). Similarly to lysozyme, isolated lactoferrin (Solution 1b) 

adsorption was significantly higher after just 1 minute of incubation (P<0.0006) 

compared to incubation in ATS (Solution 2), though this difference occurred sooner with 

lactoferrin. No significant amounts of lactoferrin could be removed by soaking in PBS for 

lotrafilcon B, etafilcon A, balafilcon A, and comfilcon A. Note that lactoferrin adsorption 

onto comfilcon A was below threshold until after 1 day. 

As was the case for senofilcon A, we cannot accurately measure albumin adsorption to 

comfilcon A or balafilcon A as they are below the thresholds of I125 uptake alone (Figure 

3). For etafilcon A, we can only accurately measure isolated albumin (Solution 1c) 

adsorption after 1 day, and there was no significant removal of albumin. We can 

accurately measure isolated albumin (Solution 1c) adsorption onto lotrafilcon B after 10 

minutes and, similar to etafilcon A, there is no significant removal of albumin, but 

isolated albumin adsorption is much higher than when in ATS (Solution 2). 

Discussion 

We have determined the effect of competitive adsorption of lysozyme, lactoferrin, and 

albumin onto hydrogel contact lenses. It is clear from the results that there are key 

differences between isolated protein adsorption for all 3 proteins (Solutions 1[a, b, c]) and 

protein adsorption in an ATS (Solution 2). As a general rule, protein adsorption is 

decreased when competitively adsorbing with other tear film components. 
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We also note that for senofilcon A we cannot accurately measure any of the adsorption 

results using this radiolabel technique, as they are all below the threshold of confidence 

due to the amount of unlabelled I125 uptake, though we can say the adsorption of 

lysozyme, lactoferrin, and albumin is less than 2µg after one day. Senofilcon A 

incorporates polyvinyl pyrrolidone (PVP) as an internal wetting agent, which is known to 

have a high affinity for iodine.24 The most likely explanation is that the PVP is binding 

free I125 in large quantities, causing our threshold of confidence for senofilcon A to be 

relatively high. 

Lotrafilcon B was the only lens type in this study that demonstrated competitive 

adsorption effects in an ATS (Solution 2). Lysozyme, lactoferrin, and albumin adsorption 

are reduced when in an ATS (Solution 2) almost immediately, compared to isolated 

adsorption of each protein (Solutions 1[a, b, c]). The surface of lotrafilcon B undergoes 

plasma oxidation to create a 25nm thick hydrophilic layer, which prevents protein 

penetration.25,26 The ‘sealed-in’ nature of this material may facilitate competitive 

adsorption between proteins and other tear film components. Previous work has shown, 

for lotrafilcon B, that components in an ATS can reduce the amount of adsorbed 

lysozyme,13 and that lysozyme reduces the amount of adsorbed lactoferrin.17 The 

observable differences in adsorption between isolated proteins (Solutions 1[a, b, c]) and 

protein in ATS (Solution 2) was seen in just 1 minute for lactoferrin, the quickest of all 

three proteins. Lactoferrin is much larger than lysozyme, at ~80 kDa versus ~14,27,28 

which may influence the increased competitive pressures for lactoferrin. The reversibility 

of the bound lactoferrin occurs only after longer incubation, if at all, compared to 

lysozyme. Similarly, when comparing loosely bound lysozyme and lactoferrin isolated 
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adsorption (Solutions 1[a and b]) versus that which occurs in ATS (Solution 2), the 

reversibility of these proteins is observed much sooner, if at all, in ATS. It may be 

worthwhile in future studies to determine if lysozyme incubation in ATS retains more 

activity than when it is adsorbed in isolation. It is important to note that lotrafilcon B was 

the only material where we could accurately measure albumin adsorption across our time 

scales. All other materials, with the exception of etafilcon A after 1 day incubation, had 

albumin adsorption levels too low to be measured accurately using the I125 labeling 

technique. We know from our thresholds that the upper limit of potential adsorption is 

quite low for albumin, generally below 1µg.  

Comfilcon A had lysozyme and lactoferrin adsorption levels similar to lotrafilcon B and 

all of the protein adsorbed was tightly bound, although no competitive adsorption effects 

were observed until after 1 week for lysozyme. Both comfilcon A and lotrafilcon B are 

silicone hydrogel materials and as such are classified into the new FDA group V material 

group. The similarities between these non-ionic silicone hydrogel materials and relatively 

low water content may explain their similar results.29 However, comfilcon A is a later 

“generation” of silicone hydrogels and incorporates internal wetting agents in the material 

backbone rather than using a surface-treatment to enhance wettability.30  

For the ionic silicone hydrogel material balafilcon A, lysozyme adsorption was the 

highest compared to all other silicone hydrogels. This result is expected due to the net 

negative charge and large pore size of balafilcon A,31,32 which attracts and allows the 

penetration of the small and net positively charged lysozyme.33 The adsorption of 

lactoferrin to balafilcon A is also amongst the highest of all lenses investigated.  
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Etafilcon A had two orders of magnitude greater lysozyme adsorption than most other 

materials, and one order greater than balafilcon A. Etafilcon A was the only conventional 

hydrogel investigated and has a net negative charge and high water content. It is known 

to adsorb high amounts of lysozyme,34–36 though interestingly low amounts of net 

positively charged lactoferrin,11 which is similar to our results. Lactoferrin is larger than 

lysozyme and has a weaker net positive charge, which explains these differences.33 

In addition to understanding how an ATS can affect protein adsorption, it is important to 

distinguish loosely bound protein from that which is tightly bound. Some fraction of the 

more tightly bound protein may be inactive (denatured) and could pose complications for 

contact lens wearers.6–8 Previous work1,37 has shown that the amount of biologically 

relevant active lysozyme on these lenses in ascending order is: lotrafilcon B < comfilcon 

A < balafilcon A < etafilcon A, which is the same ordering of amount of loosely bound 

protein in this work, which investigated the protein adsorption over much shorter time 

periods than the previous studies. Although lotrafilcon B had only tightly bound protein, 

there is still measurable biologically relevant lysozyme activity (0.14 ± 0.02 µg).1 Despite 

a large amount of tightly bound lysozyme on contact lenses being inactive/denatured, 

some of the tightly bound lysozyme is still active. For a material such as etafilcon A, 

studies have shown that extracted lysozyme is nearly 100% active,10,38 so it is likely that 

almost all the tightly bound lysozyme on this lens material is still active and less likely to 

lead to complications for contact lens wearers. 
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Conclusions 

We have measured the competitive and co-adsorption effects of ATS components on 

lysozyme, lactoferrin, and albumin adsorption. All protein adsorption onto lotrafilcon B 

was decreased when incubated in ATS, while the other lens materials showed reduction 

only after 1 week of incubation. No significant amounts of protein adsorption onto 

lotrafilcon B lenses were reversibly bound, however reversibly bound lysozyme and 

lactoferrin were found more often and earlier on balafilcon A and etafilcon A.  
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Table 1.  
Properties of Contact Lens Materials Evaluated in this Study 

USAN Proprietary Name Manufacturer Water 
Content 
(%) 

FDA 
Group 

Principal Monomers 

Balafilcon A PUREVISION Bausch + 
Lomb 

36 V NVP, TPVC, NVA, 
PBVC 

Comfilcon A BIOFINITY CooperVision 48 V M3U, FMM, TAIC, IBM, 
HOB, NMNVA, NVP 

Etafilcon A ACUVUE 2 Johnson & 
Johnson 

58 IV HEMA, MA 

Lotrafilcon B AIR OPTIX Alcon 33 V DMA, TRIS, siloxane 
monomer 

Senofilcon A ACUVUE 
OASYS 

Johnson & 
Johnson 

38 V mPDMS, DMA, HEMA, 
siloxane macromer, 
TEGDMA, PVP 

NVP, N-vinyl pyrrolidone; TPVC, tris-(tri- methylsiloxysilyl) propylvinyl carbamate; NVA, N-vinyl aminobutyric acid; PBVC, 
poly[dimethylsiloxyl] di [silylbutanol] bis[vinyl carbamate]; M3U, ax-bis(methacryloyloxyethyl iminocarboxy ethyloxypropyl)-
poly(dimethylsiloxane)-poly(trifluoropropylmethylsiloxane)-poly(methoxy-poly- (ethyleneglycol)propylmethyl-siloxane); FMM, a-
methacryloyloxyethyl iminicarboxyethyloxypropyl-poly(dimethylsiloxy)-butyldimethylsilane; TAIC, 1,3,5-triallyl-1,3,5-triazine-
2,4,6(1H,3H,5H)-trione; IBM, isobornyl methacrylate; HOB, 2-hydroxybutyl methacrylate; NMNVA, N-methyl-N- vinyl acetamide; 
HEMA, 2-hydroxyethyl methacrylate; MA, methacrylic acid; DMA, N,N-dimethylacrylamide; TRIS, trimethyl siloxy silane; mPDMS, 
monofunctional polydimethylsiloxane; TEGDMA, tetraethylene- glycol dimethacrylate; PVP, polyvinyl pyrrolidone. 
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Table 2. 
Buffered Saline Solution and Artificial Tear Solution (ATS) Components 

 
Name Chemical Formula Concentration MW (g/mol) 
Buffered Saline  mM (mmol/mL)  
Sodium chloride NaCl 90 58.44 
Sodium phosphate dibasic Na2HPO4 24 294.1 
Potassium chloride KCl 16 74.55 
Sodium carbonate Na2CO3 12 105.99 
Potassium bicarbonate KHCO3 3 100.12 
Trisodium citrate Na3C6H5O7 1.5 294.1 
Urea (NH2)2CO 1.2 60.06 
Calcium chloride CaCl2 0.5 147 
Glucose C6H12O6 0.2 180.2 
Milli-Q water H2O - - 
Hydrochloric acid HCl 26 - 
ProClin 300 - 0.2 mL/L - 
    
ATS Lipids  (mg/mL)  
Cholesteryl oleate  0.024  
Triolein  0.016  
Oleic acid methyl ester  0.012  
Cholesterol  0.0018  
Oleic Acid  0.0018  
Phosphatidyl choline  0.0005  
    
ATS Proteins  (mg/mL)  
Lysozyme  1.9  
Lactoferrin  1.8  
Albumin  0.2  
Mucin  0.15  
IgG  0.02  
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Figure 1: Kinetics of lysozyme adsorption in (●) buffered saline solution (BSS, Solution 1a), (n) artificial 
tear solution (ATS, Solution 2), and (---) unbound I125 onto contact lens materials. Filled symbols represent 
total lysozyme and unfilled symbols represent tightly bound lysozyme. Error bars represent mean ± SD, 
n=3. Note the increasing y-axis scales, ascending from A-E.  
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Figure 2: Kinetics of lactoferrin adsorption in (●) buffered saline solution (BSS, Solution 1b), (n) artificial 
tear solution (ATS, Solution 2), and (---) unbound I125 onto contact lens materials. Filled symbols represent 
total lactoferrin and unfilled symbols represent tightly bound lactoferrin. Error bars represent mean ± SD, 
n=3.  
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Figure 3: Kinetics of albumin adsorption in (●) buffered saline solution (BSS, Solution 1c), (n) artificial 
tear solution (ATS, Solution 2), and (---) unbound I125 onto contact lens materials. Filled symbols represent 
total albumin and unfilled symbols represent tightly bound albumin. Error bars represent mean ± SD, n=3.  
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CHAPTER 8 GENERAL DISCUSSION 
Fundamental to understanding the biocompatibility of biomaterials is determining 

how they interact with bodily fluids.  It is known that proteins from these fluids can 

deposit onto biomaterials within the first few minutes of interaction1,2 and can lead to 

serious complications for users, with inflammation,3 thrombosis3 and bacterial adhesion4,5 

being commonly reported. While these biocompatibility issues are associated with 

denatured protein, it is difficult to draw conclusions about material biocompatibility 

based solely on the quantity of active or inactive protein. Distinction must be made 

between materials based upon the relative amounts of active protein compared to the total 

deposited. A material that deposits relatively large amounts of protein and keeps 50% of 

it active could have much greater denatured protein than a low depositing material with 

20% active protein. Thus, it is imperative to have the ability to accurately measure 

protein quantity and quality on biomaterials.  

This thesis has focused upon improving existing techniques to determine the quantity 

and quality of protein on biomaterials, with an emphasis on overcoming their limitations 

and improving their accuracy. This work has generated a broad understanding of the 

techniques currently available, their limitations, and where the novel methods outlined in 

this thesis fit within the literature. The focus was on contact lens materials, as they are 

widely used6 and readily available. However, these findings have broader implications to 

the field of biomaterial research. In this general discussion, an overview of the current 

literature in this area will be presented.  
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8.1 Quantifying Protein 
When examining biomaterial-protein interactions, it is first important to understand 

how much protein has deposited. Any technique to do so must be able to measure both 

the protein in the material matrix and on the surface, as there can be substantial amounts 

of protein in both.7–9 There are many techniques that have been developed to measure 

protein in solution, including gel electrophoresis,10–12 enzyme linked immunosorbent 

assays (ELISA),13–16 colorimetric assays,17–19 fluorescent assays,20–22 and UV 

spectroscopy.23–25 To utilize these techniques with biomaterials, typically adsorbed 

proteins are removed and re-suspended in solution.15,25–28 This extraction process may not 

remove all of the protein of interest,29 may remove substances from the material that 

interfere with the subsequent assay, and may detract from later protein activity 

measurements.30 Protein extraction may not be required if mass depletion measurements 

are used. Mass depletion involves measuring the supernatant of the protein solution 

before and after exposure to materials. This can be undertaken using gel 

electrophoresis,10–12 enzyme linked immunosorbent assays (ELISA),13–16 colorimetric 

assays,17–19 fluorescent assays,20–22 and UV spectroscopy23–25 and provides in situ protein 

adsorption information. These measurements will be concentration dependent and thus 

any material that adsorbs a significant amount of water from the incubation solution 

could affect the supernatant concentration. Most importantly, particularly in situations 

such as those assessed in this thesis where the quantity of protein deposited is often very 

low, mass depletion may not be sensitive enough to detect the low amounts of protein 

that can deposit onto some materials. There is therefore a need for a technique sensitive 

enough to accurately measure small amounts of protein adsorbed onto biomaterials. 
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Many different techniques have been developed as an attempt to fill this need, but as we 

will see, they all have their own advantages and disadvantages.  

8.1.1 In situ  
An accurate measurement of protein adsorption should limit its perturbation of the 

adsorption process and this thesis has previously provided reasons why extracting protein 

is not ideal. The best option would be to allow the adsorption process to remain 

undisturbed during measurement. It has been argued, somewhat controversially, that an 

interphase exists between adsorbed protein and that in solution that should be included in 

protein adsorption studies.31 Removal of the material may alter or destroy this interphase, 

limiting our ability to measure it. Also, removal exposes adsorbed proteins to air, which 

may change the protein-material interactions of the adsorbed proteins.  

It is worth first discussing the techniques that do not require removal of 

biomaterials from protein incubation solutions and their drawbacks. 

8.1.1.1 Ellipsometry 

Ellipsometry is commonly used to measure the thickness of protein layers on 

surfaces.32–35 First described by Drude, it uses polarized light to examine interfaces.36 

Basically, a polarized beam of light is sent to and reflected from the surface of the 

biomaterial to a detector. A change in the polarization of the light is correlated to 

thickness changes at the solid-liquid interface and thickness changes in the nanometer 

range can be detected.37 A simple setup is shown in Figure 8-1.  
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Figure 8-1: A simplified ellipsometer setup 

 
Despite the sensitivity of ellipsometry there are several drawbacks. Ellipsometry 

measures thickness changes and thus models based on the dimensions of the protein of 

interest have to be used to determine how many protein layers there are in the measured 

thickness. This also precludes measurements of protein adsorption with more than just 

one biomolecule of interest (such as more proteins or lipids) as there is no way of 

discerning the contribution of each component to the thickness. Curved surfaces, such as 

contact lenses, can difficult for accurate determinations of thicknesses38 since they can 

converge or diverge the incident light.  

8.1.1.2 Quartz Crystal Microbalance 

Quartz crystal microbalance (QCM) can be utilized to measure protein uptake on 

biomaterials.9,39,40 Sauerbrey in 1959 demonstrated that mass additions to a piezoelectric 

quartz crystal would linearly decrease the crystal’s resonance frequency.41 Thus, with 

careful measurement of the crystal’s resonance frequency, adsorbed mass to the crystal 
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can be quantified. QCM measurements were later adapted for use in liquid media, paving 

the way for protein adsorption studies.42 The basic setup involves attaching two 

electrodes to the upper and lower crystal surface (typically gold or platinum) and 

applying an alternating electric field, which causes the crystal to oscillate at a 

characteristic frequency.43,44 Thin films of the material of interest are added to the QCM 

crystal and subsequently exposed to protein solutions. Careful measurement of the 

resonance frequency of the crystal during adsorption can provide sensitive measurements 

of mass in the ng/cm2 range.9,45,46  

Similarly to ellipsometry, obtaining mass values based on the frequency changes 

requires modeling, which can be difficult for biomaterials that uptake significant amounts 

of water.9 As different proteins can displace different amounts of water as they adsorb, 

comparisons between proteins must be interpreted with care.9 Additionally, mass 

contributions from different co-adsorbing biomolecules (such as those in real or 

artificially created bodily fluids) are qualitative and not quantitative.47 Biomaterials are 

also not examined directly, but analogues are merely created on the QCM crystal as thin 

films. 

8.1.1.3 Attenuated Total Internal Reflection 

Attenuated total internal reflection (ATR) is another technique to measure protein 

adsorption onto biomaterials in situ.34,48,49 It utilizes the principle of total internal 

reflection and evanescent waves to probe the quantity and quality of adsorbed proteins. 

Light entering a trapezoidal crystal at certain angle will completely reflect from the 

internal surface 1+N times, with the angle being dependent on the refractive index of the 

crystal and sample media and the number of internal reflections (N) is dependent on the 
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incident angle and crystal thickness and length.50 A typical setup using this approach is 

shown in Figure 8-2. 

 
 

Figure 8-2: A simplified ATR setup 

 

At each reflection there will be an evanescent wave created which penetrates into the 

sample.50,51 Analyzing the interaction between the evanescent wave, the biomaterial, and 

any adsorbed protein allows information to be gathered about the quantity and 

conformation of deposited protein. Proteins absorb infrared light strongly at distinctive 

wavenumber bands at approximately 3300cm-1, 1640cm-1, and 1550cm-1 corresponding to 

N-H stretching, and amide regions I and II.52,53 It is common for ATR techniques to be 

paired with Fourier transform infrared spectroscopy (FTIR) because of proteins strong 

infrared (IR) absorption.54–56 Comparing the IR absorption of the untreated biomaterial to 

the material with deposited protein at these bands can give some information about the 

protein adsorption kinetics. Unfortunately, the information is more qualitative than 

quantitative as protein deposition is often reported as arbitrary “absorption units”, 

requiring other techniques to quantify the results.54,56  
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A major concern when undertaking ATR-FTIR measurements, especially in situ, is 

that water absorbs infrared wavelengths at almost exactly the amide I region that 

characterizes protein adsorption, but at orders of magnitude stronger.50,57 The validity of 

subsequent subtraction of the absorption from water is questionable. As with ellipsometry 

and QCM, adsorption kinetics of different biomolecules is not possible using ATR-FTIR. 

Total internal reflection fluorescence (TIRF) can be utilized to overcome the 

overwhelming absorption from water. By tuning the incident light to the excitation 

wavelength of a fluorophore attached to proteins, such as fluorescein isothiocyanate 

(FITC) 495nm58–60 or the intrinsic fluorescence of proteins 290nm,61,62 protein adsorption 

data can be obtained by measuring the intensities of the subsequently emitted light. The 

use of a fluorophore would allow for examination of competitive adsorption between 

multiple proteins, though the fluorophores may affect protein/protein and protein/surface 

interactions.63,64 Regardless of the fluorescent technique used, careful calibration is 

required to obtain masses of absorbed protein. Biomaterials cannot be measured directly, 

but require ‘analogues’ to be created on the surface of the crystal. 

Surface plasmon resonance (SPR) also utilizes ATR to measure the kinetics of protein 

adsorption.65–68 When a thin metallic film (such as gold or silver) is added between the 

surface of the crystal and the biomaterial of interest, surface plasmons, oscillations of free 

electron density in the metal, can be created from the evanescent wave.69 At a certain 

angle these surface plasmons can be resonantly excited and will absorb energy from the 

incident beam.68 Biomaterial-adsorbed proteins will change the angle at which resonance 

occurs, and thus monitoring of this critical angle allows for determination of the protein 

adsorption kinetics.70 Determination of adsorbed mass from changes in the critical angle 
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requires careful interpretation and mathematical analysis.70 As with the other ATR 

techniques, protein adsorption to biomaterials is not measured directly, but thin films of 

analogues are added to the metallic surface. 

8.1.1.4 Atomic Force Microscopy 

Atomic force microscopy (AFM) can be used to obtain qualitative measurements 

of proteins adsorbed to biomaterials. A small tip, attached to a cantilever, traces the 

material directly in contact, not in contact but close to the surface, or constantly 

oscillating toward and away from the surface.51 Laser light is focused onto the cantilever 

and reflected to a detector which is sensitive enough to convert the information to a three 

dimensional topographical map with less than 1nm resolution.71 Using AFM, protein 

deposits can be imaged directly on biomaterials and the deposit height determined in 

situ.72–74 Information can be gathered as to the deposition pattern of the protein, such as 

clumps or monolayer, in addition to deposit thicknesses. Figure 8-3 shows an AFM image 

of bovine serum albumin adsorbed to a lotrafilcon B contact lens material. 
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Figure 8-3: Bovine serum albumin adsorbed onto a lotrafilcon B contact lens 

Since the height profile will be relative to the lowest height measured, smoother and 

flatter surfaced biomaterials may be easier to accurately determine the protein deposit 

thickness. Protein thickness determinations require unfouled material nearby as a 

reference, and may make interpretations difficult for monolayer or multilayer coverage.  

8.1.1.5 Summary 

In general, the above-mentioned techniques are sensitive enough to measure the 

small amounts of protein that can deposit onto biomaterials during the first few minutes 

of exposure to protein containing fluids. Additionally, they can be used to monitor the 

adsorption process in situ and in real time. A major problem with these techniques is that 

some do not measure actual biomaterials directly, but thin films of analogues. Careful 

mathematical modeling is needed for accuracy in the interpreted results, which may be 
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difficult as adsorption, desorption, thickness changes, denaturation, expulsion of water, 

etc. will be occurring simultaneously in real time.  

8.1.2 Ex situ 
Despite the advantages of in situ measurements, there is still a need for a 

technique sensitive enough to measure small amounts of protein on biomaterials directly. 

Most techniques involve removal of the biomaterial from the protein solution prior to 

analysis.  

8.1.2.1 Colorimetric Assay 

A popular technique to measure protein in solution is to use a colorimetric assay, 

such as the Lowry,17 Bradford,18 or bicinchoninic acid (BCA).19 The presence of protein 

in samples causes a colour change in the reagents used and the total protein is eluded 

from adsorption spectra. Colorimetric assays are typically done with extracted 

protein,15,20,75 though some research has been done using the BCA assay directly on 

biomaterials76 including contact lens materials.77,78 This thesis work attempted to utilize 

the BCA assay to measure protein adsorbed to contact lens materials, as described by 

Zhang et al.78 but was not successful. There was significant interference from the contact 

lens materials themselves (1-3.5µg of apparent protein adsorption), which dwarfed any 

protein deposition for relatively low depositing silicone hydrogels. There was also 

significant interference from the blister pack solutions (2-28µg of apparent protein 

adsorption). These results are unpublished, but highlight a key problem with colorimetric 

assays. The results can be influenced by non-protein components (material monomers, 

surfactants, lipids) that lead to anomalous results. Colorimetric assays also cannot 

distinguish between different proteins. 
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Using an enzyme linked immunosorbent assay (ELISA), first established in the 

1970s,14,16,79 is another popular method of determining protein concentration in solution. 

This technique typically involves immunoglobulin-enzyme complexes (IECs) that bind to 

the protein. IECs that do not bind the proteins are removed, the enzyme’s substrate is 

added, and a colour change occurs that can be read using a spectrometer. It is a sensitive 

technique and ELISAs have been used to quantify extracted protein15,80 and protein 

adsorbed to materials.13,81,82 The main concern when using this technique with 

biomaterials is that the region of the protein that the IEC binds to must be available. If the 

protein changes its conformation, denatures, binds to the material or other protein using 

this region it will not be measured. If the IEC binds to the material then anomalously high 

protein measurements will occur. 

8.1.2.2 Confocal Laser Scanning Microscopy 

Confocal laser scanning microscopy (CLSM) can be used to localize where 

proteins have adsorbed to biomaterials.7,8,83–86 Proteins are conjugated to fluorescent 

labels before adsorption to biomaterials, which are subsequently excited with the incident 

laser light after adsorption. Only the emitted light from the focal plane can pass through a 

pinhole aperture and reach the detector. Thus thin “slices” of the biomaterial can be 

imaged for protein deposits and pieced together for a three dimensional image. A 

simplified schematic is shown in Figure 8-4. 
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Figure 8-4: A simplified confocal laser scanning microscopy setup 

With different fluorescent labels, different protein types could be imaged 

simultaneously. However, since CLSM requires the use of a fluorescent label, there is the 

possibility of label-surface, label-label, or protein-label interactions that could affect 

protein adsorption.63,64 Another drawback is that the images acquired are not quantitative, 

but qualitative.  

8.1.2.3 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) can detect the adsorption of proteins by 

chemical analysis.86–89 When a sample is irradiated with X-rays, the atoms in the sample 

will absorb them and emit electrons.87,90 These emitted electrons have binding energies 

unique to each element and their intensities are proportional to the elements 

concentration.87,90 Nitrogen is usually the element used to determine the concentration of 

adsorbed protein, but other trace elements present in the protein structure can be used (Fe, 

P, S) if present in high enough quantities.87,90  
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Relying on nitrogen or trace element concentration to determine the quantity of 

adsorbed protein means that distinguishing between different protein deposits on the 

same material is not possible with XPS solely. XPS also utilizes freeze-drying of the 

adsorbed proteins and biomaterial, which is not ideal. 

8.1.2.4 Mass Spectrometry 

Mass spectrometry (MS) is a powerful technique to reveal information about 

adsorbed proteins. It involves bombarding samples with electrons to eject ions from the 

sample.90–92 These ions are subsequently separated by their mass/charge ratios and the 

results are output as a spectrum of ion abundance versus mass/charge ratio.  

There are two commonly used methods for biomaterial bombardment: secondary 

ion mass spectrometry (SIMS) and matrix-assisted laser desorption ionization mass 

spectrometry (MALDI-MS). The SIMS technique, pioneered by Benninghoven,93 

involves sputtering electrons onto the outermost 1-1.5nm of protein deposits to eject 

neutral and ionic molecules.94,95 Laborious analysis of the spectrum is needed to construct 

the proteins from the component molecules measured.96–98 MALDI-MS was developed 

by Hillenkamp99 and aims to determine the molecular weights of deposits by limiting 

fragmentation.90,91 This allows discrimination between different adsorbed 

biomolecules.100–102 MALDI-MS can only detect proteins that are removed from the 

biomaterial by the matrix,91 and thus tightly bound proteins or proteins in the bulk of the 

biomaterial may be missed.  
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8.1.2.5 Radiochemical Experiments 

Instead of fluorescent labels, which can modify the properties of the labeled 

protein,103 radiochemical experiments attach radioactive atoms to proteins and are 

thought not to affect protein properties or binding. Commonly C14 and I125 isotopes are 

used. The beta emissions from C14 require scintillation fluid in order to be counted, and 

thus experiments with C14 labeled proteins and biomaterials typically extract the labeled 

protein first.104,105 A direct measurement of C14 labeled lysozyme adsorbed to contact lens 

materials was undertaken during this thesis work and is shown in Figure 8-5. From this 

figure we can see that it is possible to measure adsorbed protein in situ without extraction, 

even when the levels of lysozyme are very low. Despite this success, there are concerns 

about the validity and accuracy of the results. When comparing these results to previously 

established techniques of measuring adsorbed protein on the same silicone hydrogel 

materials,106,107 the results in Figure 8-5 show much greater lysozyme deposition, which 

could be an indication of inaccuracy.  In order to extrapolate adsorbed masses of 

lysozyme a standard curve must be generated of known amounts of lysozyme in 

scintillation fluid, which may react with the scintillation fluid very differently than 

adsorbed lysozyme. It is likely that the calibrations will be material specific. 
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Figure 8-5: Lysozyme adsorption onto (●)senofilcon A, (○)lotrafilcon B, (▼)balafilcon A as 
measured by C14 methylated lysozyme. Error bars represent mean ± SD, n=3. 

Radiochemical experiments using I125 do not need scintillation fluid as the emitted 

gamma rays can be measured directly. Adsorbed protein which has been tagged with I125 

can be measured whether it is in the bulk of the material or on the surface of a variety of 

biomaterials without protein extraction,85,88,94,108–115 and is commonly used instead of C14. 

Since only the protein with the tracer ion will be quantified, it is possible to measure 

single protein species in a multi-component fluid.  

Despite the assumed non-effect to protein properties or binding, I125 labeling suffers 

from one of the major problems associated with any label, that the I125 tracer can 

disassociate from the protein and adsorb to the biomaterial itself.116,117 This was shown in 

Chapter 6. The effect is material specific and materials that deposit relatively high levels 

of protein are relatively unaffected, however low protein adsorbing materials can uptake 

substantial amounts of the iodine tracer compared to ‘real’ protein adsorption. An even 
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greater risk for inaccuracies are materials that incorporate monomers exhibiting strong 

interactions with iodine, such as polyvinyl pyrrolidine (PVP),118 which can adsorb more 

tracer iodine than labeled protein, as seen in Chapter 6.  

When using I125 radiochemical experiments, the generation of free I125 should be 

limited. Labeled protein should be used as soon as possible after labeling. Any generated 

free I125 can be reduced by dialysis of the labeled protein, however disassociation of the 

tracer iodine from protein is an ongoing process. From Chapter 6 we saw that the amount 

of free I125 can double or quadruple after a week of incubation with biomaterials. As a 

consequence, incubation solutions should be refreshed within one week with fresh, 

dialyzed, I125 labeled protein. Despite these precautions there will remain a small amount 

of free I125 in solution that should be measured. Biomaterials can then be exposed to the 

same concentration of unbound tracer iodine to determine the representative apparent 

deposition from just free I125.  

8.2 Protein Conformation 
Arguably, more important to the biocompatibility than measuring the quantity of 

protein adsorbed to biomaterials is measuring the state of the protein. Adsorbed proteins 

may be in their native state or there could be some degree of denaturation, either 

structural changes and/or a loss of biological activity. Denatured protein is undesirable on 

biomaterials as it may lead to discomfort,119 an immunological response,3,120–122 bacterial 

adhesion4,5 and loss of function to remove any adhered bacteria,123 and potentially 

thrombosis.3 Measuring the degree of denaturation of adsorbed proteins can be broken 

down into two broad categories: measuring the secondary and tertiary structural changes 
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and measuring changes in biological activity. In any approach to measure protein 

denaturation there is a need to avoid affecting the protein state by the chosen technique. 

8.2.1 Measuring Secondary and Tertiary Structure 
Proteins interacting with biomaterials may rearrange their structure in order to 

better associate with the material. For instance, a protein could rearrange its structure to 

allow normally internal hydrophobic groups to interact with a hydrophobic surface. These 

secondary and tertiary structural changes can be measured using sensitive techniques to 

gain an overall understanding of protein conformation. 

8.2.1.1 Nuclear Magnetic Resonance 

Nuclear magnetic resonance (NMR) is a technique used to measure the quantum 

magnetic properties of atomic nuclei, specifically nuclei with a spin such as C13 and 

H1.124 NMR can be used to determine the secondary and tertiary structure of proteins, 

including the structure of their component amino acids, adsorbed to biomaterials.125–129 

Due to its low sensitivity, NMR requires relatively long processing time124,127 and protein 

adsorption is typically done using spheres.125,128,129 

8.2.1.2 Circular Dichroism 

Circular dichroism (CD) uses polarized light to determine the secondary and 

tertiary structure of adsorbed proteins.130 CD measures the difference in absorption for 

left-handed and right-handed circularly polarized light passing through asymmetric 

samples.130 Proteins are asymmetric and absorb UV light, thus absorption spectra using 

CD can be done in the UV range for proteins in solution131–135 and adsorbed to 

biomaterials.136–138 A simplified setup is shown in Figure 8-6.  
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Figure 8-6: A simplified setup of circular dichroism spectroscopy 

Using references of 100% α-helix, 100% β-sheet, etc. the fractional component of 

each can be interpreted for solution suspended and adsorbed proteins from the absorption 

spectra.136,138 Due to the calibration needed from isolated secondary structural elements, 

the accuracy of this technique is lacking.139 

8.2.1.3 Attenuated Total Internal Reflection Infrared Spectroscopy 

As described in section 8.1.1.3, ATR-FTIR is a sensitive technique used to 

measure protein quantity, but is also routinely used to determine biomaterial-adsorbed 

protein secondary and tertiary structure.52,55,140–142 Proteins absorb infrared light strongly 

at distinctive wavenumber bands, approximately 3300cm-1, 1640cm-1, and 1550cm-1, 

corresponding to N-H stretching, and amide regions I and II.52,53 The amide I region is the 

focus for structural information,143–146 specifically the absorption at 1650-1658cm-1 is 

correlated to α-helix content50,147 and the absorption at 1620-1640cm-1 is correlated to β-

sheet content.143,147 Comparing spectra of native to protein to adsorbed protein can 

provide insight into whether the protein is denatured. Denaturation effects will be protein 

specific, but some examples include increasing β-sheet content during aggregation and 

decreasing α-helix content with a corresponding increase in random coil content.147  
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In addition to the water absorption issues in the amide I region described in 

section 8.1.1.3,50,57 the absorption by α-helices and β-sheets lie fairly close to one another 

and can make analysis difficult.50  

8.2.1.4 Raman Spectroscopy 

Raman spectroscopy is used to characterize the secondary and tertiary structure of 

proteins and is similar to infrared spectroscopy (IR).148 Like IR, Raman measures 

intensities at specific wavenumbers, that correspond to molecular vibrations and 

rotations,148 and relate them too protein structure.148–151 An important region, as it is in IR, 

is the amide I at ~1640cm-1 which contains contributions from both the α-helices and β-

sheets within the protein structure.152 Raman relies on collecting inelastically scattered 

light from samples, rather than the absorption of infrared light,148 which is a significant 

advantage over IR since water gives only a weak Raman signal in the amide I region. A 

simplified Raman setup is shown in Figure 8-7.  

 
Figure 8-7: A simplified Raman spectroscopy setup 
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Raman spectroscopy has the potential to be used for investigating secondary and 

tertiary structural changes of adsorbed proteins, but it is difficult for materials without a 

high surface to volume ratio such as nanoparticles.153 It is also difficult to distinguish 

between different biomolecules, since the spectrum will be the sum of all contributions in 

the sample. 

8.2.2 Biological Function 
  It is clear from section 8.2.1 that measuring the secondary and tertiary structure of 

adsorbed proteins has had only limited success. Each technique, though powerful, can 

have accuracy issues from calibration, long processing times, and interference from the 

solvent, or lack of ability to distinguish between protein species. Even with a flawless 

technique to measure protein structure, the biological function of a protein will only 

relate to part of the structure. A decrease in α-helix content does not necessarily mean 

that the protein has lost its biological function since the active site of an enzyme could be 

unaffected. It may be that the best measure of surface adsorbed protein denaturation is to 

determine the loss of biological function.  

8.2.2.1 Lysozyme Activity 

Lysozyme is enzymatic, and thus is frequently used for biological activity 

measurements.154–158 It catalyzes the hydrolysis of components in the bacterial cell wall, 

causing damage and eventual cell lysis. Based on this property, standard micrococcal 

activity assays have been developed to measure the biological activity of lysozyme in 

solution.1,106,154–159 In Chapter 3 the micrococcal activity assay was modified to directly 

measure the biological activity of adsorbed lysozyme,1 and used again in Chapters 4-

5.30,160 This technique directly measures the activity of biologically relevant lysozyme 
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rather than an overall measure of denaturation of all adsorbed lysozyme, as can be 

measured following lysozyme extraction. Biologically relevant biomaterial-adsorbed 

biomolecules are only those that can interact with biological systems. Biologically 

relevant lysozyme is therefore that which is in the outer surface layer of deposits and any 

lysozyme that desorbs back into solution. Extraction of the protein from the surface 

would be required to measure the activity of protein in the material bulk or underlying 

protein layers.140 

Biological activity can also be determined when co-adsorbed with other 

biomolecules141 since this is a specific measure of lysozyme biological function. By 

measuring the biological function of lysozyme on contact lenses, we have shown in 

Chapter 4 that lenses with more surface active lysozyme have reduced bacterial adhesion 

than those with less surface-adsorbed lysozyme or reduced surface activity of 

lysozyme.140 Figure 8-8 demonstrates that bacterial adhesion is reduced when the contact 

lenses are coated in lysozyme, with the exception of lotrafilcon B that has adsorbed 

lysozyme which has lost its biological function, allowing for more adhesion.  

Despite the clear advantages of measuring the biological function of lysozyme, it is 

important to remember that the amount of active surface-adsorbed lysozyme is 

determined based on calibrations from lysozyme in solution. It is possible that a material 

with 50% active lysozyme could have all “active” lysozyme but at a reduced efficiency. 

Conversely 25% of the lysozyme could be active, but functioning at an increased 

efficiency. It is likely that each calibration will be material specific and warrants further 

investigation. 
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Figure 8-8: Micrococcus Lysodeikticus adhesion to untreated and lysozyme coated contact lenses. 
Stained with STYO 9 and propidium iodide 
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CHAPTER 9 CONCLUSIONS 
There are a wide variety of techniques to measure both the amount of biomaterial-

adsorbed protein and its degree of denaturation, and each has its advantages and 

disadvantages. To measure protein deposition over short time periods, on biomaterials, 

not just thin films, the method of choice should be I125 radiolabeling. As long as steps are 

taken to limit and measure any interaction of the iodine tracer with the material, it is 

sensitive enough to measure small amounts of deposited protein. I125 radiolabeling can 

also measure adsorbed protein from the bulk of the material and on the surface, without 

protein removal, and does not require lengthy processing times. To measure the 

denaturation of protein over short time periods, on biomaterials, the method of choice 

should be to measure the biological function of the adsorbed protein. The biological 

function will only partly depend on the secondary and tertiary forms, therefore it is better 

to measure the biological function directly. Any measure of the biological function of 

adsorbed proteins should include both the biologically relevant protein, protein in the 

outer surface layer and any protein that has desorbed into solution, and the non-

biologically relevant protein, within the bulk of the material and underlying adsorption 

layers. The biologically relevant protein activity can be measured directly in solution. 

However, to measure the activity of non-biologically relevant protein, extraction is 

required.  

Thus, in conclusion, investigations of protein adsorption onto biomaterials, over 

short time periods, should measure the protein adsorption with I125 radiolabeling and the 

adsorbed protein biological function directly and after extraction. 
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CHAPTER 10 PAPERS NOT INCLUDED IN THESIS 
 

1. Hall, B, McCanna, D, Jones, L. Identification of coagulase negative staphylococci 
in daily disposable contact lens wearers. Letters in Applied Microbiology 
2014;59(3):313-319. 

 
This study aimed to identify and quantify the number of contaminating organisms on 

daily disposable (DD) soft contact lenses, which may be responsible for mild cases of 

keratitis that occur with this lens wear modality. Ten participants wore DD lenses, and 10 

participants wore planned replacement (PR) lenses. Lenses were collected aseptically and 

analyzed for microbial contamination. Colony-forming units (CFU) were recorded, and 

representative colonies were used for identification using the API identification system. 

The DD lenses evaluated in this study were contaminated with coagulase-negative 

staphylococcus (CNS), ranging from 1 to 653 CFU. PR lenses showed more diversity in 

the types of contaminating micro-organisms and consisted of CNS, Gram-negative 

bacteria (Pseudomonas), a yeast (Candida) and a mold (Aspergillus), ranging from 1 to 

230 CFU. CNS was the only type of micro-organism found on DD contact lenses and 

therefore may be the cause of any form of keratitis observed in DD lens wearers.  
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2. Hall, B, Jones, L, Dixon, B. Silicone allergies and the eye: fact or fiction? Eye 
Contact Lens 2014;40(1):51-57. 

 
Objective: The purpose of this manuscript was to review the evidence concerning the role 

of an allergic reaction to silicone as the basis for the reported increase in contact lens-

associated infiltrates in wearers of silicone hydrogel contact lenses. 

 

Methods: A literature review was undertaken to investigate the antigenic properties of 

silicone and the causes of contact lens-associated inflammatory reactions. 

 

Results: Immune cells cannot interact with silicone directly but can interact with antigens 

on these lenses. These antigens could be due to tear film deposits, microbial 

contamination, or components of care systems used with these lenses. 

 

Conclusions: Inflammatory reactions associated with silicone hydrogel contact lens wear 

are not caused by an allergic reaction to silicone alone.  
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3. Hall, BJ, Jones, L. Contact lens cases: the missing link in contact lens safety? Eye 
Contact Lens 2010;36(2):101-105. 

 
Purpose: To summarize a variety of issues associated with contact lens case 

contamination and discuss appropriate methods that can limit this.  

 

Methods: A literature review was undertaken investigating the major factors associated 

with case contamination, with specific reference to the major pathogens associated with 

contamination, the role of bacterial biofilms, and methods that can limit contamination.  

 

Results: The use of antimicrobial cases, regular case cleaning and case replacement, 

avoidance of topping up solutions, and not using tap water to rinse cases all appear to be 

important in avoidance of significant case contamination.  

 

Conclusions: Contact lens case contamination is a significant public health concern and 

may contribute significantly to the development of microbial keratitis in contact lens 

wearers. Patients should be reminded that they must clean and disinfect their lens cases 

daily, should avoid the use of tap water for rinsing them, must not top up their solutions, 

must take into careful consideration where and how the cases are stored  
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4. Hall, B and Jones, L. Countering noncompliance with lens care and case 
technology.  Contact Lens Spectrum 2010;25(12):50-51. 

 
Objective: To summarize relevant contact lens care and case technology which may 

reduce hygienic non-compliance seen with contact lens wearers. 

 

Methods: A literature review was undertaken investigating novel contact lens care system 

and case technology. 

 

Results: Lens care and case technological improvements aim to increase lens and case 

replacement compliance, decrease microbial lens case contamination by antimicrobials 

and UV purification, and enhance the removal of deposits. 

 

Conclusions: The development of novel contact lens cases will continue and is 

encouraged to aid in the compliance of contact lens wearers, though their effectiveness at 

reducing serious complications remains unproven. 
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