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The role of the nonionic surfactarit Tween 80 on the behavior of the

therapeutic recombinant protein Factor VIII (rFVIII) was investigated at solid/liquid and

air/water interfaces. In order to provide a model system to compare results obtained for

the complicated rFVIII Tween system, a well-characterized globular protein lysozyme

was used. The experimental scheme involved the introduction of the protein and Tween to

the adsorption substrate in different manners, either lysozyme Tween together or in

sequence as lysozyme followed by Tween or vice versa. It was observed that the addition

of Tween together with lysozyme reduced the amounts adsorbed at hydrophobic surfaces,

while no such reduction was observed on hydrophilic surfaces. A high Tween

concentration was required to effect the removal of the lysozyme molecules from the

hydrophobic surface and Tween was not effective in removing lysozyme from the

hydrophilic surface at any concentration. These results suggest that the Tween surface

interaction is important in determining lysozyme adsorption. Similar observations were

made for the rFVHI Tween system at hydrophobic and hydrophilic silica interfaces. In

this case, the presence of interfacial and solution Tween together resulted in complete
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prevention of rFVITI adsorption. Electrostatic forces were observed to be play an

important role in rFVIII adsorption. The rFVIII Tween interactions at solid interfaces

were also evaluated using intrinsic fluorescence and biological activity measurements.

Results obtained with respect rFVIII adsorbed mass, and structure or biological activity

change upon adsorption, were evaluated in parallel. This parallel evaluation suggested that

rFVIII adsorption on hydrophilic, negatively charged surfaces is likely to be highly

ordered and oriented in a manner that retains the solvent accessibility of the active sites in

rFVIII. On the other hand, rFVIII may adsorb to hydrophobic surfaces in different

orientations, with a likelihood of surface induced unfolding. rFVIII Tween interaction at

the air/water interface was investigated separately. Surface tension data recorded for

rFVIII Tween mixtures suggested that Tween dominated the air/water interface as the

Tween concentration was increased. Reduced interface-induced unfolding was observed at

high Tween concentrations. These results were also thought to contribute to the reduction

in rFVIII aggregation typically observed as a result of exposure to the air/water interface.
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INTERACTION OF RECOMBINANT FACTOR VIII AND THE NONIONIC
SURFACTANT TWEEN 80 AT INTERFACES

CHAPTER 1

INTRODUCTION

The advent of modern biotechnology, particularly recombinant

technology, has led to the commercial production of an increasing number of protein

therapeutics. Typically, the protein drugs are produced in small quantities and are

extremely high value products. A prime example of such a protein is the recombinant

coagulation Factor VIII (rFVIII). Blood coagulation consists of a series of enzymatic

steps, in other words the "coagulation cascade". Factor VIII is a part of the coagulation

cascade and is involved in the activation of Factor X. A functional deficiency in Factor

VIII leads to haemophilia, a congenital bleeding disorder that occurs in approximately I in

10,000 males. rFVIII is used in Factor VIII replacement therapy used as a treatment of

haemophilia. The amount of Factor VIII circulating in human plasma is minute, typically

about 200-250 nanograms per ml plasma. This low amount makes biotechnological

manufacture and replacement therapy feasible (Shwartz 1992). It is estimated that the total

amount of Factor VIII required to treat all haemophiliacs in the world is only 500 grams a

year. But at the same time, the long series of complicated steps involved in the

manufacture of rFVIII means that the unit cost of rFVIII is very high. In this background,

the loss of even small quantities of rFVIII as a result of surface adsorption during

production, packaging and administration becomes especially relevant. The following

chapters encapsulate the work done to better understand the adsorption phenomena of



proteins in relation to the various interfaces that proteins are exposed to and the presence

of nonionic surfactant Tween 80 which is often added to therapeutic protein formulations.

Chapter 2 is a study of globular protein lysozyme adsorption at

hydrophobic and hydrophilic silica/water interfaces and the effect of Tween concentration

and method of addition on lysozyme adsorption. The main motivation for studying

lysozyme adsorption before exploring the more complex protein rFVIII was to generate a

solid framework for the consistent interpretation of results obtained with rFVIII. The

protein, the interface, and the protein solution are the three important parameters that

determine protein adsorption. We introduce the proteins (rFVIII and lysozyme) to

different interfaces and change the solution composition by varying the Tween

concentration. Lysozyme and rFVIII are very different proteins, especially in terms of

complexity and size with lysozyme having a molecular weight which is about 20 times

less than that of rFVIII. Comparing results obtained for lysozyme and rFVIII with a

similar experimental design allows us to evaluate the effect of the protein characteristics

on adsorption

Chapter 3 is an investigation of rFVIII adsorption at solid/liquid

interfaces in relation to Tween concentration, method of addition and the surface

characteristics of the solid/liquid interface. We simultaneously investigate the mass,

biological activity, and the structure upon adsorption of rFV1II. This enables us to shed

light on the driving forces relevant in rFVTII adsorption, and the possible

conformations/orientations adopted by rFVIII at different interfaces. The separate roles of

the protein, the surfactant and the surfactant-protein complex in adsorption are also

explored.

Chapter 4 explores rFVIII adsorption at air/liquid interfaces and the

subsequent change in structure, biological activity and aggregation behavior. The



3

air/liquid interface is considered as a model hydrophobic interface. A separate and focused

investigation of the rFVIII behavior in response to exposure to the air/water interface is

warranted by the possibility of molecular penetration and the likelihood of molecules

exposed to the interface returning to solution, which is unique for such interfaces.
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CHAPTER 2

INTERACTIONS OF LYSOZYME WITH NONIONIC SURFACTANT TWEEN 80
AT HYDROPHOBIC AND HYDROPHILIC SILICA INTERFACES

Abstract

Surfactants are known to modulate the interfacial behavior of proteins. Here, we describe

the interaction of a model globular protein lysozyme with nonionic surfactant Tween 80 at

solid/water interfaces. Circular dichroism (CD) spectroscopy revealed no significant

alteration in lysozyme secondary structure with the addition of Tween 80 up to a

concentration of 80 ppm, suggesting that the direct protein-surfactant interaction was

rather weak. Hydrophilic and silanized, hydrophobic silica surfaces were used as

adsorption substrates and lysozyme adsorption was monitored by ellipsometry. The

sequence of lysozyme-Tween addition was varied in order to identify the separate roles of

protein, surfactant and the protein-surfactant complex in the interfacial phenomena of the

lysozyme-Tween system. Lysozyme-Tween co-adsorption at the hydrophobic surface

resulted in a reduction in amount of protein adsorbed with increase in Tween

concentration. No such reduction was observed on the hydrophilic surface. In addition, a

Tween pre-coat prevented lysozyme adsorption on the hydrophobic surface but such a pre-

coat was completely ineffective in lowering adsorption on the hydrophilic surface. These

differences in Tween action on surfaces of different wettability was attributed to the

difference in Tween binding strengths at these surfaces. Tween was able to adsorb

strongly on the hydrophobic surface, and the interfacial Tween prevented or reduced

lysozyme adsorption. The lysozyme adsorption kinetics on hydrophobic surfaces pre-

coated with Tween, with or without Tween beingpresent in solution appeared to be very



similar. This underlined the importance of interfacial Tween and the Tween-surface

interaction in determining lysozyme adsorption.

2.1 Introduction

Proteins are surface active and are known to preferentially locate at

interfaces. The surface activity of proteins derives from their polymeric structure and

amphipathic nature (Horbett 1982). Multiple contacts with the surface may form due to

the large size of protein molecules, leading to strong binding. Proteins are also known to

undergo conformational changes upon adsorption, which are attributed to the tendency for

nonpolar residues to be internalized. In fact, the unfolding of proteins at interfaces results

in an entropic gain and is recognized as one of the driving forces of protein adsorption

(Norde 1991, Norde 1998). Another theory proposes that the "bound water", or the

hydration layer in the near vicinity of the surface with which the protein molecules

interact, controls protein adsorption (Krishnan 2005). Resistance to the displacement of

protein molecules from the surface is hypothesized to depend on the affinity ofwater for

the surface. This implies that hydrophilic surfaces adsorbed only limited amounts of

protein, whereas protein molecules can readily replace the bound water from hydrophobic

surfaces and adsorb in large amounts. Various modes of binding with a wide array of

surfaces are possible due to the presence of polar, charged and nonpolar amino acid side

chains in proteins. Thus interfaces of any type that come into contact with proteins

become rapidly coated by proteins. Proteins at interfaces are important in many diverse

areas; prominent examples being biomaterials engineering, modern biotechnology and

food processing. In the biotechnology industry in particular, protein adsorption is a major

concern in upstream bioreactors, downstream packaging and administration to the end



user. Protein adsorption results in not only the loss of material but also the biological

activity of the therapeutic protein drug due to surface induced denaturation.

Surfactants adsorb readily at most interfaces. In addition, surfactant

molecules associate with one another in solution in order to minimize the contact of the

hydrophobic chains with water. Surfactants also interact with proteins in solution to form

protein-surfactant complexes (Reynolds 1976). The protein-surfactant complex may have

different interfacial behavior compared to pure protein or pure surfactant. Formation of

such complexes also redue the concentration of free surfactant molecules in solution

::c1i may increase the critical micellar concentration (CMC, Arnebranl195).

Surfactants are known to modulate the interfacial behavior of proteins. The interaction of

surfactants and proteins upon adsorption, either competitive or sequential, may result in a

difference in net protein adsorbed at an interface as compared to adsorption from a pure

protein solution. Published results (Amebrant 1995) suggest that adsorption from a

protein-surfactant solution may result in one of three outcomes: complete hindrance,

reduced amounts, or increased amounts of protein adsorption. Complete hindrance is

attributed to the faster diffusion of the smaller surfactant molecules (as compared to

protein molecules) and the adsorbed surfactant layer sterically preventing protein

adsorption. Reduced and increased amounts are usually attributed to the formation of

surfactant-protein complexes with reduced or increased surface activity, respectively.

Sequential introduction of surfactants after protein adsorption may result in removal of

adsorbed protein molecules. This may be due to the formation of surfactant-protein

complexes and the subsequent solubilization of these complexes, and/or due to

replacement of adsorbed protein molecules by surfactant molecules on account of the

(possibly) stronger surfactant-interface interaction. The removal of adsorbed protein

molecules mediated by surfactant depends on the protein, surfactant and surface properties



among other factors. McGuire et al (1995) report that the dimethyl triammonium bromide-

mediated elution of structural stability mutants of bacteriophage T4 lysozyme increases

with increase in the stability of the protein. The difference in the protein elutability

mediated by anionic, cationic and nonionic surfactants corresponds with the strength of

binding to protein in solution (Arnebrant 1995). Nonionic surfactants which are known to

bind rather weakly to proteins are not as effective in removing adsorbed protein molecules

from the interface. Eiwing et al (1989) studied the elutability of proteins adsorbed on

wettability gradient surfaces. The authors note that nonionic surfactants do not affect the

amount adsorbed on the hydrophilic surface but have a considerable effect on the amount

adsorbed on the hydrophobic surface, presumably because of the difference in surfactant

binding strength at the interface.

2.2 Materials and Methods

2.2.1 Protein. surfactant and buffers

Lysozyme, from chicken egg white, was purchased from Sigma (Lot

number 051K7028). Phosphate buffer (PB, 0.01 M) at pH 7 was prepared by dissolving

1.08 g sodium phosphate dibasic (Sigma) and 0.53 g of sodium phosphate monobasic

(Maliinckrodt) in I L distilled deionized water (DDW). Lysozyme was dissolved in

filtered (0.2 im Pall filter) phosphate buffer at a concentration of 5 mg/mi. This solution

was used as protein stock solution for all adsorption experiments. Protein solutions were

prepared fresh each day. Tween 80 (J.T. Baker) was dissolved in DDW to obtain

concentrated stock solutions at 10,000 and 50,000 ppm. The Tween stock solutions were

aliquoted into 2 ml Eppendorf vials and frozen at -80 °C and then thawed just before use.



2.2.2 Preparation of hydrophilic and hydrophobic adsorption substrates

Silicon (Si) wafers (crystal grade, type N, boron doped, orientation 1-0-0,

thickness 525 + 18 JIm, resistivity 0.01-0.02 ohm-cm) were purchased from WaferNet Inc.

Silicon wafers were oxidized by placing in a furnace at I atm and 1000 °C for 18 minutes

to obtain an oxide film thickness of 300 A (Podhipleux 1998). Wafers were cut into I x 3

cm plates using a tungsten pen, and rinsed with acetone to remove dust and organic

residues. Plates were further cleaned using a standard acid/base cleaning procedure

(Klintstorm 1992). The plates were first immersed in a 10 ml mixture of NFL1OH: H202:

H20 (1:1:5 volume ratio) and heated at 80 °C in a water bath for 10 minutes. Silica plates

were then rinsed in copious amounts of DDW, transferred to a 10 ml mixture of HCI:

H202: H20 (1:1:5 volume ratio) and heated at 80 °C for 10 minutes. The plates were

rinsed with DDW again and dried under a flow of nitrogen. At this stage, the silica plates

have hydrophilic surface characteristics, as evidenced by a water contact angle of 0- 10

Contact angle measurements were obtained using a video-based FTA 32 (First Ten

Angstroms) instrument. Hydrophilic plates were stored in ethanol until further use.

For preparing hydrophobic silica plates, the nitrogen-dried plates were

transferred to a silanizing solution containing 1% dichlorodimethyl silane in xylene, and

kept for 1 hour. The plates were then rinsed sequentially with xylene, acetone and ethanol.

The silanization procedure rendered the silica plates hydrophobic, as evidenced by a water

contact angle of 90- 100 O The hydrophobic plates were stored in ethanol until further

use.

2.2.3 Evaluation of lysozyme secondary structure

The circular dichroism spectra of a protein contain information about its

secondary structure (Vermeer 1998). The CD experiments at Tween 80 concentrations of
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0, 8, 20 and 80 ppm were performed to evaluate the effect of Tween 80 on the structure of

lysozyme in solution and to investigate whether Tween modifies the structure of the

lysozyme molecule in any way. The stock lysozyme solution was diluted to 0.5 mg/mi by

adding filtered phosphate buffer. Intermediate Tween stocks at 200, 500 and 2,000 ppm

were prepared from the 10,000 ppm Tween stock. A small volume (20 il) of the

intermediate stock solutions was added to 0.5 ml lysozyme solution at 0.5 mg/mI to obtain

8, 20 and 80 ppm Tween-containing solutions.

The CD spectra were obtained using a J-720 UV Spectrum

spectropolarimeter (JASCO). All experiments were carried out at 25 °C. A cylindrical

cuvette with a 100 tm pathlength was used. The CD spectra were recorded with every 1

nm increment in wavelength, starting at 290 nm and ending at 182 nm. In order to increase

the signal-to-noise ratio, six scans were recorded for each sample and then averaged. The

CD spectra of protein-free Tween-containing buffer were subtracted from the lysozyme

CD spectra in every case.

2.2.4 Evaluation of lysozyme adsorption kinetics

Lysozyme adsorption kinetics were studied by in situ ellipsometry. An

ellipsometer measures the change in the state of polarization upon the reflection of a laser

beam. The effect of reflection is characterized by the angles defined as the change in

phase, and P, the arctangent of the factor by which the amplitude ratio changes, with

reference to the two component plane waves into which the electric field oscillation is

resolved (Archer 1968). Ellipsometry allows the analysis of protein adsorption on solid,

specular surfaces in real time and in situ in biologically relevant aqueous media (Elwing

1998). An automatic ellipsometer (L-IO4SA, Gaertner Scientific Corp.) with a 1 mW He-

Ne light source was used. The angle of reflection was set equal to the angle of incidence at
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70 O Each silica plate (hydrophobic and hydrophilic) was suspended in a trapezoidal fused

quartz cuvette (Flelima) which was equipped with a magnetic stir-bar and filtered

phosphate buffer was added. The optical properties (i and 'F) of the laser beam reflected

from the bare surface were measured for 30 minutes, at 15-second intervals. Lysozyme,

Tween, mixed lysozyme-Tween or buffer solutions were then injected into/flowed through

the cuvette in a manner described in the following sections. The adsorbed

proteinlsurfactant layer changes the optical properties of the reflected laser beam which

can then be related to the adsorbed mass. A one-film-model ellipsometry program

(Krisdhasima 1992) was used for the calculation of adsorbed mass. The program uses the

values of the ratio between molar mass and molar reflectivity (M/A) and partial specific

volume (V) of the adsorbing species. The MIA and V used for lysozyme were 3.84 1 g/mI

and 0.761 mug, respectively. As explained by McGuire et al (1995) protein-specific

values of V and M/A were used to determine the adsorbed mass in both the presence and

absence of surfactant, as it is not possible to assign a correct value to these parameters for

mixed, proteinlsurfactant films. This approach does not influence any of the trends

observed in these experiments.

The experimental scheme involved the introduction of Tween together

with (co-adsorption), after (sequential) and before the introduction of the protein (pre-

coat). For adsorption on hydrophobic silica, different Tween concentrations (0, 8, 20 and

80 ppm) were used in each case. For adsorption on hydrophilic silica, experiments were

performed without Tween (0 ppm) or in the presence of Tween at a "high" concentration

(80 ppm). This scheme was devised to help determine the optimum concentration of

Tween to obtain a desired effect as well as to identify the mechanism governing Tween-

protein interactions at interfaces.
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2.2.4.1 Tween - lysozyme co-adsorption

Tween 80 concentrated stock solutions at 10,000 and 50,000 ppm were

diluted to obtain intermediate Tween solutions at 2,000, 5,000, and 20,000 ppm.

Lysozyme solutions (0.5 ml, 5 mg/mi) were taken in 2 ml Eppendorf vials and 20 p1 of

intermediate Tween solutions were added to obtain 80, 200, and 800 ppm Tween-

containing protein samples. These samples were vortexed briefly to ensure mixing. At the

start of an experiment, 4.5 ml filtered PB was added to the cuvette. A (hydrophobic or

hydrophiiic) silica plate was then suspended in the cuvette and bare surface P and i were

monitored for 30 minutes. Lysozyme-Tween solutions (0.5 ml) were then added to the

cuvette to obtain a final protein concentration of 0.5 mg/mi and a Tween concentration of

0, 8, 20 or 80 ppm for hydrophobic and, 0 or 80 ppm for hydrophilic silica. Adsorption

was monitored for 30 minutes. The sample was then rinsed by flowing phosphate buffer

through the cuveue, at a flow rate of 30 mi/mm for 5 minutes. Buffer elution was

monitored for a further 25 minutes.

2.2.4.2 Lysozyme Tween sequential adsorption

Tween-free lysozyme solutions were added to a cuvette containing

hydrophobic or hydrophilic silica and kinetic adsorption data were recorded for 30

minutes. After this, the surface was rinsed with phosphate buffer at a flow rate of 30

mi/mm and elution was monitored for a further 25 minutes. Tween 80 solutions at 80, 200

and 800 ppm were obtained by diluting concentrated Tween stock solutions. Tween

solutions (0.5 ml) were then added such that the final Tween concentrations reached 8, 20

or 80 ppm. Tween was allowed to contact the surface (and the surface-adsorbedprotein)

for 15 minutes, after which the sample was rinsed with buffer. Data was recorded for a

further 25 minutes after rinse.
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2.2.4.3 Tween lysozyme co-adsorption at a surface pre-coated with Tween

In this case, 4.4 ml filtered PB was added to the trapezoidal cuvette. One-

tenth (0.1) ml Tween sample was then added such that the final Tween concentration in

the cuvette after the addition of protein was 8, 20 and 80 ppm. Tween adczorption was

monitored for 4 minutes, after which time 1yiyme solution (0.5 ml) was added to the

cuvette to obtain a final protein concentration of 0.5 mg/mi. Adsorption of-swftant-

protein mixture (i.e. the lysozyme which was added and the Tween that was already

present in the cuvette) was monitored for 30 minutes. The plate was then rinsed with

buffer for 5 minutes and buffer elution data was recorded for a further 25 minutes.

2.2.4.4 Lysozyme adsorption at a surface pre-coated with Tween

The procedure followed was similar to 2.2.4.3 up to the point where

protein is added. Here, the sample was rinsed with phosphate buffer for 5 minutes and

elution followed for a further 25 minutes. After this, a 0.5 ml lysozyme solution was

added to the cuvette to obtain a final protein concentration of 0.5 mg/mi. Adsorption was

monitored for 30 minutes. The sample was then rinsed with phosphate buffer for 5

minutes and buffer elution data was recorded for a further 25 minutes.

2.3 Results and Discussion

2.3.1 Lysozyme secondary structure as a function of Tween concentration

There are numerous reports (Leffers 2004, Bisaglia 2005, Manning 2004)

which describe the effect of surfactants on the structure of proteins in solution. In

particular, ionic surfactants such as sodium dodecyl sulfate (SDS) and dimethyl
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triammonium bromide (DTAB) are reported to have a denaturing effect on the structure of

proteins. Tween 80 is a nonionic surfactant. Nonionic surfactants are known to be much

weaker than ionic surfactants, and are not generally expected to alter protein secondary

structure in solution.
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Figure 2.1 Circular dichroism spectra of lysozyme in the presence of Tween 80

The CD spectra of lysozyme in the presence of 0, 8, 20 and 80 ppm

Tween are shown in Figure 2.1. In all cases, a minimum in the molar residual ellipticity

was observed around 208 nm which is typical for a protein which has high u-helix content

(Bloemendal 1995). The lysozyme spectra at different concentrations of Tween were

essentially identical, which suggests that increasing Tween concentration did not induce



15

any secondary structure change in lysozyme. For the purpose of the secondary structure

content analysis, lysozyme was considered to consist of 129 amino acids, and have a

molecular weight of 14,300 Da. However, these findings do not preclude the possibility

that Tween binds with lysozyme to form a surfactant-protein complex. It is likely however

that the strength of this binding is not strong enough to effect any detectable change in

secondary structure. Hiligren et al (2002) have noted a similar behavior in the case of

Tween 80 interaction with lactate dehydrogenase (LDH). Pyrene fluorescence

measurements were carried out to get an indication of the local polarity in the Tween-

LDH system. A hydrophobic interaction between LDH and Tween was observed at or

below the Tween CMC, but this interaction was not strong enough to denature the protein.

While considering the Tween-lysozyme system, our results definitely rule out the

possibility that a "new" lysozyme species with completely different structural

characteristics is generated as a result of Tween addition. The fact that we are essentially

dealing with a protein that is not substantially altered upon interaction with surfactant

allows for a more direct interpretation of the adsorption kinetics described in the

subsequent sections.

2.3.2 Lysozvme adsorption kinetics as a function of Tween concentration and method of
addition

2.3.2.1 Tween lysozyme co-adsorption on hydrophobic silica

The adsorption kinetics of lysozyme in the presence of 0, 8, 20 and 80

ppm Tween on hydrophobic silica are shown in Figure 2.2. The lysozyme adsorption

kinetics in the absence of Tween were comparable to results obtained by Lee (1999) under



similar experimental conditions. Lee (1999) reported adsorbed amounts of 0.23 jig/cm2

and 0.18 jig/cm2 at the end of a 60-minute adsorption and 15-minute buffer elution cycle,

respectively. A reduction in adsorption with an increase in Tween concentration was

observed. Also, reduced amounts remained after rinse. These observations suggest two

possible mechanisms, Tween diffuses to the surface faster owing to its smaller size as

compared with lysozyme and thereby prevents lysozyme adsorption, and/or Tween forms

complexes with lysozyme which have a reduced surface activity. These mechanisms are

usually associated with protein-surfactant systems that display a reduction in protein

adsorption when surfactant is added.
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Figure 2.2 Co-adsorption of lysozyme on hydrophobic silica with Tween at
concentrations of 0, 8, 20 and 80 ppm
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The adsorption kinetics for the lysozyme-Tween solutions at 80 ppm

Tween were comparable to that for pure Tween adsorption (Figure 2.6), suggesting that

Tween may be dominating the interfacial process at high concentrations. There appeared

to be a correlation between the amount adsorbed and the Tween CMC in a single

component solution in pure water (13-15 ppm). Only minor further reduction in the

amount adsorbed after 30 minutes (ads. cycle) and amount adsorbed after 60 minutes (des.

cycle) was observed once the Tween concentrations exceeded the CMC. This observation

is illustrated in Figure 2.3.
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Figure 2.3 Adsorbed amounts on hydrophobic silica after co-adsorption of lysozyme and
Tween, and after buffer elution
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2.3.2.2 Lysozyme-Tween sequential adsorption on hydrophobic silica

Lysozyme adsorption kinetics with the introduction of Tween at a

concentration of 8, 20 or 80 ppm after the lysozyme buffer elution step are shown in

Figure 2.4. The first 60 minutes of the plots were essentially identical, since they

constitute the same experimental condition up to that point i.e. adsorption of 0.5 mg/ml

lysozyme followed by a rinse with buffer. Tween solutions at different concentrations

were then introduced. It is important to note that there was no lysozyme remaining in

solution at this stage, since the protein solution was replaced with buffer during the rinsing

procedure. Also, the interfacial lysozyme is relatively stably bound considering that these

are the protein molecules which have resisted buffer elution. When Tween solutions at 8

and 20 ppm were added, adsorbed mass was observed to increase, consistent with Tween

adsorption at the empty sites on the surface and/or on the adsorbed protein layer. After

rinsing, adsorption values were essentially identical to those before Tween addition

suggesting that at these concentrations the Tween was loosely held and had no apparent

effect on the amount of protein adsorbed.
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Figure 2.4 Lysozyme adsorption on hydrophobic silica followed by the addition of Tween

At "high" Tween concentrations (80 ppm), a decreasing trend in the kinetic plot was

observed immediately following Tween adsorption suggesting that a removal of adsorbed

protein molecules occured. Upon rinse, the amount adsorbed was lesser than that before

Tween addition, and was consistent with pure Tween adsorption. This suggests that the

adsorbed lysozyme molecules may have been replaced by Tween when Tween was

present at high concentrations. The fact that an initial increase in adsorbed amount upon

Tween introduction was observed at all concentrations including 80 ppm suggests that

Tween may require binding to the protein layer in order to effect removal.
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Figure 2.5 Comparison of Tween sequential addition: in rinse buffer and after lysozyme
buffer elution

Figure 2.5 depicts a special case in which 8 ppm Tween was introduced in

the rinse buffer during elution. Lysozyme adsorption kinetics for this case are compared

with those obtained when there was no Tween in the rinse buffer, but 8 ppm Tween was

added after the buffer elution cycle. Comparison between the two plots showed that

elution kinetics for the first 5 minutes were indistinguishable. But after this time, the rate

of elution appeared to decrease for the case where Tween was added to the rinse buffer.

This was attributed to two mechanisms which may be occurring simultaneously, lysozyme

elution and concomitant Tween adsorption at the empty sites. This reasoning was

supported by the observation that the adsorbed amount after 60 minutes for the "Tween in

rinse" case was consistent with the case when Tween is added after completion of the



elution cycle. While the kind of adsorption kinetic data shown in Figure 2.5 generate

valuable information, interpretation of the adsorption/desorption phenomena of mixed

protein-surfactant systems is further complicated due to the simultaneous occurrence of

separate mechanisms. We believe that the tests presented in Figure 2.4 are more effective

at evaluating the surfactant-mediated elution of lysozyme.

2.3.2.3 Lysozyme-Tween co-adsorption on hydrophobic silica pre-coated
with Tween

21

Results depicted in Figure 2.6 pertain to the case where Tween was

allowed to adsorb at the hydrophobic interface first, followed by the addition of lysozyme,

and elution with buffer.
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Figure 2.6 Lysozyme-Tween co-adsorption on hydrophobic silica pre-coated with Tween
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There was no competition for the surface during the initial adsorption

phase; consequently, Tween molecules were expected to form a tightly packed layer at the

interface. In addition, Tween molecules were present in solution when lysozyme was

added. It was therefore not surprising that very little lysozyme adsorption at the Tween

pre-coated surface was observed. The difference in lysozyme adsorption was clearly seen

when compared with the case where no Tween pre-coat was present. Note that the zero

time for the "without pre-coat" plot is shifted ahead to correspond with the time point at

which lysozyme was introduced for the other plots. The results indicate that lysozyme was

unable to replace Tween adsorbed at a hydrophobic interface to any appreciable extent,

especially when excess Tween was present in solution. Also, the lysozyme adsorbed along

with the loosely held Tween was apparently rinsed away and the adsorbed amounts

reached final values which were consistent with pure Tween kinetics. There was no

apparent difference in adsorption behavior at surfaces pre-coated with 8, 20 or 80 ppm

Tween suggesting that any Tween concentration higher than 8 ppm may be sufficient to

saturate the interface and result in reduction of lysozyme adsorption.

Tween
2.3.2.4 Lysozyme adsorption on hydrophobic silica pre-coated with

In order to more directly isolate the contribution of interfacial Tween

in the observed reduction in lysozyme adsorption, a rinsing step was introduced after the

formation of a Tween pre-coat prior to the addition of lysozyme. This step removed

Tween present in solution and ensured that the Tween molecules remaining were resistant

to elution. Figure 2.7 displays lysozyme adsorption on hydrophobic silica pre-coated with

a stable Tween layer as described above.
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A large fraction of Tween molecules remained adsorbed even after the

hydrophobic surface was rinsed with buffer. This apparent irreversibility is contrary to the

behavior of other surfactants such as SDS and DTAB, the adsorption of which is generally

completely reversible upon buffer dilution. Some lysozyme adsorption was noted on the

Tween layer. The amount adsorbed was comparable to the previous case in which

lysozyme-Tween were co-adsorbed on to a Tween pre-coated surface. This suggests that

the reduction in protein adsorption at a Tween pre-coated surface was a consequence of

the presence of interfacial Tween. Conversely this suggests that the faster Tween diffusion

to the interface may play a more crucial role than the formation of lysozyme Tween

complexes. But contrary to the previous case, when the surface was rinsed following

lysozyme adsorption (105 minutes), no desorption was observed. When lysozyme

adsorbed on Tween pre-coat which had not been rinsed and when there was Tween

present in solution as well, it is likely that the protein adsorbed loosely on to the Tween

layer. But when the Tween layer was rinsed and the lysozyme added, lysozyme possibly

occupied the empty sites on the surface and even replaced some of the Tween. Due to the

direct interaction with the surface, the lysozyme molecules will likely be rather tightly

bound. This hypothesis is supported by the almost complete lack of lysozyme elution

observed in Figure 2.7.
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Figure 2.7 Lysozyme adsorption on hydrophobic silica pre-coated with Tween
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Figure 2.8 Post-elution adsorbed amounts on hydrophobic silica based on the order of
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Lysozyme and Tween are added to the adsorbing system by different

methods as described previously. The challenge involved in interpreting ellipsometry

results with multi-component systems is that the technique detects the total adsorbed mass

and does not differentiate between individual adsorbing species. We propose to use the

final rest values of adsorbed amounts at the end of the final elution step as a semi-

quantitative indicator of adsorbed layer identity. In every case the experiment was ended

by performing a final elution step. The final elution step is expected to remove the loosely
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held proteinlsurfactant molecules. The post-elution adsorption values were calculated as

an average of the last of the 12 data points (in other words, the last 3 minutes), and are

plotted in Figure 2.8. Single ANOVA analysis was then performed with a p-value less

than 0.05 considered significant. Data was compared to pure Tween and pure lysozyme

adsorption values. The identity of the adsorbed layer can then be considered to be

lysozyme, if the adsorbed amount was significantly dissimilar to pure Tween but not

significantly dissimilar to lysozyme. Results indicate that the final adsorbed layer

probably consisted of mostly lysozyme for co-adsorption with 8 ppm Tween, sequential

adsorption with 8 and 20 ppm Tween. On the other hand, the final adsorbed layer

probably consisted of mostly Tween for co-adsorption with 80 ppm Tween, sequential

adsorption with 80 ppm Tween and co-adsorption on a surface pre-coated with 8 and 80

ppm Tween. The results for co-adsorption on a surface pre-coated with 20 ppm Tween

were somewhat surprising, in so much that they do not conform to the trend observed for

co-adsorption on surfaces pre-coated with 8 and 80 ppm Tween. The final layers for

surfaces pre-coated with Tween and rinsed prior to lysozyme adsorption appeared to

consist of lysozyme or of both lysozyme and Tween. This underlined the importance of

having Tween in solution from a complete lysozyme repulsion standpoint.

2.3.2.6 Comparison of lysozyme-Tween co-adsorption on hydrophobic
and hydrophilic silica

Figure 2.9 depicts the lysozyme-Tween co-adsorption kinetics on

hydrophobic and hydrophilic silica. As discussed previously, there was a large reduction

in the net amount adsorbed when 80 ppm Tween was added to lysozyme during

adsorption to hydrophobic silica.
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Figure 2.9 Comparison of lysozyme-Tween co-adsorption on hydrophobic and
hydrophilic silica

For adsorption on hydrophobic silica, the co-adsorption of Iysozyme-80

ppm Tween resulted in adsorption kinetics which closely corresponded with those for pure

Tween adsorption. No similar reduction in adsorbed amount was observed when 80 ppm

Tween was added to lysozyme during adsorption to hydrophilic silica. In fact, there

appeared to be no difference between the adsorption kinetics of lysozyme on hydrophilic

silica at 0 and 80 ppm Tween. The dynamics of the protein-surfactant interaction in

solution should, in theory, remain the same when adsorption occurs in the presence of a

hydrophilic or a hydrophobic surface. So the observed differences in adsorption behavior

at different hydrophobic and hydrophilic surfaces have to be attributed to the

proteinlsurfactant surface interaction. Tween is a nonionic surfactant which adsorbs at



an interface only on account of its (Tween's) amphiphilicity. The hydrophobic surface is

energetically more dissimilar to the aqueous environment than is a hydrophilic surface.

Therefore, it is likely that the Tween-hydrophilic surface bond is relatively weak

compared to the Tween-hydrophobic surface bond. For adsorption to a hydrophobic or a

hydrophilic surface, it is expected that Tween diffuses to the surface faster, owing to its

smaller size in comparison with lysozyme. But even if the Tween molecules were able to

reach the hydrophilic surface first, there was no apparent effect on the subsequent

lysozyme adsorption. The results obtained suggest that lysozyme is more successful at

replacing the Tween at hydrophilic surfaces due to the weaker Tween-surface interaction.

2.3.2.7 Comparison of lysozyme-Tween co-adsorption on hydronhilic and
hydrophobic surfaces pre-coated with Tween

Figure 2.10 shows the comparison of lysozyme-Tween co-adsorption

kinetics on hydrophobic and hydrophilic silica pre-coated by the adsorption of 80 ppm

Tween. It was observed that Tween adsorbed in reduced amounts on hydrophilic as

compared to hydrophobic silica. This supports the theory that Tween has a greater affinity

for hydrophobic than hydrophilic surfaces. in the experimental protocol followed here,

Tween was allowed to reach the interface first without any competition with the protein.

When lysozyme was added, the protein apparently replaced Tween from the hydrophilic

surface and adsorbed to the same extent as on bare hydrophilic silica. In fact a comparison

of adsorption kinetics on Tween pre-coated and bare hydrophilic silica revealed no

difference in the lysozyme adsorption or elution behavior. This suggests that lysozyme

completely replaced Tween, and the fact that Tween had reached the surface first was

irrelevant. This underlines the relative importance of adsorbing species surface

interaction over the lysozyme Tween interaction in solution in the adsorption process.
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Figure 2.10 Lysozyme Tween co-adsorption on hydrophobic and hydrophilic surfaces
pre-coated with 80 ppm Tween

2.3.2.8 Comparison of lysozyme-Tween sequential adsorption on
hydrophilic and hydrophobic silica

Figure 2.11 presents results for the case where 80 ppm Tween was added

sequentially following lysozyme adsorption on and subsequent elution from hydrophilic

and hydrophobic silica. It was noted earlier that when Tween was added in such a manner

in the presence of hydrophobic silica, Tween was apparently able to remove the adsorbed

protein layer and the final adsorbed mass after rinse was comparable to that for pure

Tween. No such effect was seen in the presence of hydrophilic silica. There was a small

105
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increase in adsorbed amount upon the introduction of Tween. The adsorbed amount

dropped back to the value before Tween addition when the hydrophilic surface was rinsed.

This observation is consistent with previous cases, where no "Tween effect" was observed

probably as a result of the weak Tween-hydrophilic surface interaction. The results for the

sequential Tween introduction experiments suggest that a strong Tween-surface

interaction is required to effect protein removal. This in turn suggests that the replacement

mechanism in which surfactant is able to remove adsorbed protein molecules on account

of strong surfactant-surface affinity may be more relevant here than the solubilization

mechanism
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Figure 2.11 Lysozyme adsorption kinetics on hydrophobic and hydrophilic silica when 80
ppm Tween was added after lysozyme elution
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2.4 ConcJusions

The addition of Tween decreased lysozyme adsorption on hydrophobic

silica, and the reduction in adsorbed amounts increased with the Tween concentration.

Separate studies involving the formation of an interfacial Tween layer prior to lysozyme

adsorption revealed the importance of interfacial Tween in reducing lysozyme adsorption.

A comparison of adsorption kinetics on hydrophilic and hydrophobic silica surfaces

provided an opportunity to compare the protein/surfactant surface and protein

surfactant solution interaction and their relevance to the lysozyme adsorption processes.

Contrary to the observations made in regard to the hydrophobic surface, the amount of

lysozyme adsorbed at the hydrophilic silica surface did not change as the Tween

concentration was increased. This suggested that strong Tween - surface binding is

necessary to prevent lysozyme adsorption. This claim was supported by the results for

Tween pre-coat on hydrophilic surface. In this case, lysozyme readily replaced Tween and

adsorbed in amounts identical to those without Tween pre-coat. Data described in this

work suggest that Tween-surface interaction may play a more crucial role than Tween-

lysozyme interaction in solution. Accordingly, when adsorption occurs from a mixed

lysozyme/Tween system, the faster diffusion of Tween to the interface is likely to

contribute dominantly to the reduction in adsorption. Protein replacement at the interface

by Tween may govern the removal of adsorbed lysozyme molecules when Tween is

sequentially introduced at a high concentration.
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CHAPTER 3

INTERACTIONS OF RECOMBINANT FACTOR VIII WITH NONIONIC
SURFACTANT TWEEN 80 AT SOLID/WATER INTERFACES

Abstract

The adsorbed mass çf rFVIII and corresponding structure and activity

35

upon exposure to hydrophobic or hydrophilic solid/water interfaces bearing positive or

negative charge is evaluated. The simultaneous evaluation of adsorbed mass, structure and

biological activity on surfaces displaying varied surface characteristics enables us to

postulate an interfacial model involving possible driving forces relevant in rFVHI

adsorption and the likely orientations adopted by rFVIII at the surface. The effect of

nonionic surfactant Tween 80 was also studied. In particular, the Tween concentration was

varied from 8 ppm to 80 ppm (200 ppm in certain cases) and the method of Tween

addition was varied such that Tween reached the interface prior to, in competition with, or

following rFVIII. Tween at high concentrations was effective in reducing rFVIII

adsorption at hydrophobic interfaces but had no such effect at hydrophilic interfaces.

Results suggest that a strong Tween surface interaction which occurs at hydrophobic

surfaces may be relevant in the observed reduction in rFVIII adsorption. The comparison

of rFVIII adsorbed mass from solutions at different ionic strengths suggests that

electrostatic forces may be relevant in determining the amounts of rFVIII adsorbed. The

rFVIII tertiary structure was changed upon exposure to hydrophobic nanoparticle surfaces,

but the structure remained largely comparable to native rFVIII upon exposure to

hydrophilic surfaces. The biological activity of rFVIII was reduced when the protein was

exposed to hydrophobic surfaces at low Tween concentration. In general, the structure and

activity were better protected when the Tween concentration was increased to 80 ppm.
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This was attributed to a greater fraction of rFVIII molecules remaining unadsorbed and/or

Tween preventing rFVIII from unfolding at the surface due to steric constraints.

3.1 Introduction

Factor VIII is a high-molecular-weight (280 kDa) multidomain protein

that is an essential blood coagulation factor. Factor VIII has a domain structure of Al -A2-

B-A3-C1-C2, in which the heavy chain is composed ofAl, A2 and B domains and the

light chain is composed of the A3, Cl and C2 domains (Derrick 2004). FVI1I exists as a

heterodimer of the heavy and light chain and is associated with 50-fold excess von

Willebrand Factor (vWF) when present in plasma (Kaufman 1992). In the blood

coagulation cascade, FVIII serves as a cofactor for factor IXa in the activation of factor X

to factor Xa (Curtis 1994). FVIII is first cleaved by thrombin to the active form, Factor

Villa which is a heterotrimer consisting of the Al domain, the A2 domain and the light

chain (Gilbert 1998). The thrombin proteolysis of FVlll to FVIIIa thus results in the

removal of the B domain (Bardelle 1993). The A2 and A3 domains interact with Factor

IXa while the C-terminal domain of the C2 domain interacts with vWF and, upon

activation, with phosphatidyl-L-serine-containing membranes. A functional deficiency in

FVIII causes hemophilia A, a congenital bleeding disorder.

There are relatively few reports on the structure of the full-length FVI1I

molecule. The heavy and light chains are held together by metal ion-dependent and

hydrophobic interactions (Fay 2005). Sudhakar and Fay (1996) evaluated the hydrophobic

sites on the surface of FVIII and FVIIIa using intrinsic and extrinsic probe fluorescence.

An identical binding and emission pattern for fluorescent probe bisanilinonapthalsulfonic

acid of FVIII and FVIIIa, which lacks the B-domain, suggested that the B domain does
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not contain any hydrophobic sites on the surface. Sudhakar and Fay (1996) identified two

hydrophobic sites each on the isolated heavy and light chain. The authors further proposed

that one hydrophobic site each on the heavy and light chain are retained on the surface of

reconstituted FVIII while the other two hydrophobic sites participate in intersubunit

association. Fowler et al (1990) used electron microscopy to study the domain structure of

Factor V and FVIII. Each Factor V and FVIII molecule contained a large globular domain

12-14 nm in diameter. A single tail up to 50 nm was also often resolved in preparations

containing a high-molecular weight heavy chain. Fowler et al present a molecular model

of FVITT in which the A and C domains constitute the globular head and the connecting B

domain is represented by a two-stranded tail. Stoilova-McPhie (2002) used the method of

2-dimensional crystallization of B domain-lacking FVIII onto phospholipid monolayers

followed by electron microscopy and crystallography to solve the structure of such FVIII.

The domain arrangement displayed A3 domains in close association with the C domains

near the membrane surface. Four C2 loops are embedded within the lipid monolayer. The

Cl domain is nearly perpendicular to C2, with the Cl long axis almost parallel to the

membrane. Looking towards the membrane, Al appears to fully covering Cl, while C2 is

partially overlapped by the A2 domain of the adjacent molecule.

Historically, Factor VIII was derived from human plasma. The risk of

pathogen transmission and the limited availability of plasma have led to the development

of a recombinant Factor VIII (Jiang 2002). rFVIII is the largest molecule ever successfully

cloned by genetic engineering techniques and is the largest and most complex protein

currently manufactured (Boedeker 2001). The rFVIJI molecule is sensitive to both

chemical and physical degradation. The degradation involves changes in higher order

structure and may be caused by a number of pathways including aggregation, precipitation

or adsorption onto surfaces (Wang 2003). Surface adsorption of rFVIII is rapid



(DiMichele 1996). Approximately 50% of rFVIII product maybe lost due to adsorption

just during sterile filtering (Osterberg 1997). In many studies involving rFVIII, the activity

loss of rFVIII is the only indicator for adsorption. This paper addresses the rFVJII

adsorption issue with three indicators: adsorbed mass, higher order structure and

biological activity. These indicators are complementary to each other and the assimilation

of all information obtained facilitates a comprehensive understanding of rFVIII

adsorption.

In the past, human serum albumin (HSA) was added to rFVIII solutions

to prevent adsorption during manufacture and packaging. This practice has been

discontinued due to the risk of infectious agents originating from HSA. Nonionic

surfactant Tween 80 is now added as a replacement for HSA since surfactants are

generally effective in reducing protein adsorption. Fatouros et al (2000) have reported that

the agitation induced denaturation of rFVIII is significantly reduced upon addition of 0.2

mg/mi Tween 80 or Tween 20. Recently, our laboratory completed a two-year study of the

surface tension kinetics of Tween-rFVIII mixtures at the air/water interface (Chu 2005). In

this work, we present rFVIIT adsorption on solid interfaces, particularly the effect of

Tween concentration and method of addition and the effect of the surface characteristics

of the solid/liquid interface on the adsorbed mass and the corresponding structure and

activity loss experienced by FVIIL

3.2 Materials and Methods

3.2.1 Protein. surfactant and buffers

The recombinant Factor VIII (rFVIII) used in this work was a gift from

Bayer HealthCare (Berkeley, CA). The rFVIII used in ellipsometry experiments was

obtained in a frozen liquid formulation at a concentration of 533 ig/ml. The protein was



formulated in 0.02 M 3-(N-Morpholino)propanesulfonic acid hemisodium salt (MOPS,

Sigma), 220 mM NaCI, 25 mM CaCl2, 1 % sucrose and 80 ppm Tween 80. The frozen

rFVIJI solution was thawed and aliquoted in 2 ml Eppendorf vials. The Eppendorf vials

were then placed in a -80 °C freezer and were thawed just prior to use. The MOPS buffer

used for incubation and rinsing during ellipsometry experiments was prepared without any

Tween. Tween 80 (J.T. Baker) was dissolved in distilled, deionized water to obtain

concentrated stock solutions at 10,000 and 50,000 ppm. The Tween stock solutions were

aliquoted into 2 ml Eppendorf vials and frozen at -80 °C and then thawed just before use.

The rFVIII used in the fluorescence and activity assays was formulated in

the KG-2 buffer consisting of 30mM NaC1, 2.5 mM CaCl2, 22 g/l glycine, 3.1 g/L L-

histidine and 10 gIL sucrose at pH 6.8. The buffer excipients were provided by Bayer

Health Care. The protein solution contained approximately 100 pg/mi rFVIII and 20 ppm

Tween.

3.2.2 Preparation of hydronhilic and hydrophobic silica adsorption substrates

Silicon (Si) wafers (crystal grade, type N, boron doped, orientation 1-0-0,

thickness 525 ± 18 pm, resistivity 0.01-0.02 ohm-cm) were purchased from WaferNet Inc.

Silicon wafers were oxidized by placing in a furnace at I atm and 1000 °C for 18 minutes

to obtain an oxide film thickness of 300 A (Podhipleux 1998). Wafers were cut into 1 x 3

cm plates using a tungsten pen, and rinsed with acetone to remove dust and organic

residues. Plates were further cleaned using a standard acid/base cleaning procedure

(Welin-Klinstorm 1992). The plates were first immersed in a 10 ml mixture of NH4OH:

H70,: H20 (1:1:5 volume ratio) and heated at 80 °C in a water bath for 10 minutes. Silica

plates were then rinsed in copious amounts of DDW, transferred to a 10 ml mixture of

HCI: H202: H20 (1:1:5 volume ratio) and heated at 80 °C for 10 minutes. The plates were
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rinsed with DDW again and dried under a flow of nitrogen. At this stage, the silica plates

have hydrophilic surface characteristics, as evidenced by a water contact angle of 0 10

Contact angle measurements were obtained using a video-based FTA 32 (First Ten

Angstroms) instrument. Hydrophilic plates were stored in ethanol until further use.

For preparing hydrophobic silica plates, the nitrogen-dried plates were

transferred to a silanizing solution containing 1% dichlorodimethyl silane in xylene, and

kept for 1 hour. The plates were then rinsed sequentially with xylene, acetone and ethanol.

The silanization procedure rendered the silica plates hydrophobic, as evidenced by a water

contact angle of 90 100 O The hydrophobic plates were stored in ethanol until further

use.

3.2.3 Evaluation of the surface charge of silica adsorption substrates

Silica wafers were cut into 3.8 x 6.35 cm plates anu Laned and silanized

using the procedure described previously to produce hydrophilic and hydrophobic

adsorption substrates. The surface chargewas measured using the EKA ElectroKinetic

Analyzer (Anton Paar) instrument which measures the streaming potential. The MOPS

buffer, with no Tween and diluted 20-fold with DDW, was used as the electrolyte

solution. The calculated zeta potentials for the hydrophilic and hydrophobic silica plates

were -37.95 mV and -29.47 mV, respectively.

3.2.4 Nanoparticles conforming to different surface characteristics

Nanoparticles provide a large surface area for interfacial processes to take

place while remaining dispersed due to their colloidal nature. Thus, nanoparticles enable

the use of solution phase assays to study phenomena occurring on a solid substrate.

Nanoparticles conforming to four distinct surface characteristics were obtained and used
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as supplied. Table 3.1 describes the properties of the various nanoparticles used. The sizes

of the nanoparticles were sufficiently larger than rFVIII to eliminate any particle curvature

effects.

Table 3.1 Properties of nanoparticles used in structure and activity tests

Surface characteristics Mean

Description
Diameter Supplier

Wettability Charge
(nm)

Interfacial
Sulfated white

Hydrophobic Negative 75
Dynamics

polystyrene latex Corp.

Interfacial
Amidine white

Hydrophobic Positive 78
Dynamics

polystyrene latex Corp.

Nyacol ® 9950 Hydrophilic Negative 100
EKA

Chemicals
silica

Bindzil ® CAT 80 EKA
alumina-coated Hydrophilic Positive 40 Chemicals

3.2.5 Evaluation of rFVIII secondary structure as a function of Tween concentration

The circular dichroism (CD) spectra of a protein contain information

about its secondary structure (Bloemendal 1995). The CD experiments were performed to

evaluate the effect of Tween on rFVIII secondary structure and investigate whether Tween

alters the rFVIII molecule in any way. The solution contained 533 jig/mI protein

formulated in the MOPS buffer and 80 ppm Tween. Small volumes of concentrated

Tween stock were added to prepare solutions containing 160 and 280 ppm Tween. It was
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not possible to study rFVIII at a Tween concentration lower than 80 ppm without

simultaneously diluting the protein.

CD spectra were obtained using the J-720 UV Spectrum

spectropolarimeter (JASCO). All experiments were carried out at 25 °C. The cuvette used

had a 100 j.tm pathlength and was cylindrical in shape. CD spectra were recorded with

every 1 nm increment in wavelength, starting at 300 nm and ending at 194 nm. In order to

increase the signal-to-noise ratio, six scans were recorded for each sample and then

averaged. The CD spectra of protein-free Tween-containing buffer were subtracted from

the rFVIII CD spectra in every case.

3.2.6 Evaluation of rFVIII adsorption kinetics

Factor VIII adsorption kinetics were studied with in situ ellipsometry. An

ellipsometer measures the change in the state of polarization upon the reflection of a laser

beam. The effect of reflection is characterized by the angles , defined as the change in

phase, and kP, the arctangent of the factor by which the amplitude ratio changes, between

the two component plane waves into which the electric field oscillation is resolved

(Archer 1968). Ellipsometry allows the analysis of protein adsorption on solid, specular

surfaces in real time and in situ in biologically relevant aqueous media (Elwing 1998). An

automatic ellipsometer (L-1 O4SA, Gaertner Scientific Corp.) with a 1 mW He-Ne light

source was used. The angle of reflection was set equal to the angle of incidence at 70 O

Each silica plate (hydrophobic and hydrophilic) was suspended in a trapezoidal fused

quartz cuvette (Heilma) which was equipped with a magnetic stir-bar and filtered MOPS

buffer was added. The optical properties ( and P) of the laser beam reflected from the

bare surface were measured for 30 minutes, at 15-second intervals. Factor VIII, Tween,

mixed rFVlIl-Tween or buffer solutions were then injected into/flowed through the
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cuvette in a manner described in the following sections. The adsorbed proteinlsurfactant

layer changes the optical properties of the reflected laser beam which can then be related

to the adsorbed mass. A one-film-model ellipsometry program (Krisdhasima 1992) was

used for the calculation of adsorbed mass. The program uses the values of the ratio

between molar mass and molar reflectivity (MIA) and partial specific volume (V) of the

adsorbing species. It is difficult to assign these values for rFVIII, since rFVIII is a highly

glycosylated protein. In the absence of accurate values specifically for rFVIII, the values

for a model globular protein, lysozyme, were used instead. Lysozyme was selected to

enable easier comparison of results to a recently published article from our group (ret) that

used a similar experimental scheme with lysozyme and Tween. The WA and V used for

lysozyme were 3.841 g/ml and 0.76 1 mug, respectively. As explained by McGuire et al

(1995) protein-specific values of V and WA were used to determine the adsorbed mass in

both the presence and absence of surfactant, as it is not possible to assign a correct value

to these parameters for mixed, proteinlsurfactant films. This approach does not influence

any of the trends observed in these experiments.

The experimental scheme involved the introduction of Tween together

with (co-adsorption), after (sequential) and before the introduction of the protein (pre-

coat). For adsorption on hydrophobic silica, different Tween concentrations (8, 28 and 88

ppm) were used in each case. For adsorption on hydrophilic silica, experiments were

performed in the presence of Tween at low (8 ppm) or high (88 ppm) concentrations. It

must be noted that rFVIII adsorption kinetics with no Tween could not be recorded since

the protein was obtained in a liquid formulation containing 80 ppm added Tween and was

used without any further modification. Thus the lowest Tween concentration studied was

8 ppm, obtained by the 10-fold dilution of the protein sample during the ellipsometry

procedure.
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3.2.6.1 Tween - rFVIII co-adsorption

Tween 80 concentrated stock solutions at 10,000 and 50,000 ppm were

diluted to obtain intermediate Tween solutions at 2,000, 5,000, and 20,000 ppm. Frozen

rFVIII vials were thawed by holding in a 37 °C water bath. Twenty (20) p1 of intermediate

Tween solutions were added to obtain 200 and 800 ppm Tween-containing protein

samples. These samples were vortexed briefly to ensure mixing. At the start of an

experiment, 4.5 ml filtered formulation buffer was added to the cuvette. A (hydrophobic

or hydrophilic) silica plate was then suspended in the cuvette and bare surface 'F and b

were monitored for 30 minutes. FVIII-Tween solutions (0.5 ml) were then added to the

cuvette to obtain a final protein concentration of 0.05 3 mg/mI and a Tween concentration

of 8, 28 and 88 ppm for hydrophobic and 8 and 88 ppm for hydrophilic silica. Adsorption

was monitored for 30 minuts The sample was then rinsed by flowing buffer through the

cuvette, at a flow rate of 30 ml/min for 5 minutes. Buffer elution was monitored for a

further 25 minutes.

3.2.6.2 rFVIII Tween sequential adsorption

rFVHI solutions at a Tween concentration of 8 ppm were added to a

cuvette containing hydrophobic or hydrophilic silica and kinetic adsorption data was

recorded for 30 minutes. After this, the surface was rinsed with buffer at a flow rate of 30

mi/mm and buffer elution was monitored for a further 25 minutes. Tween 80 solutions at

80, 200, 800 and 2000 ppm were obtained by diluting concentrated Tween stock solutions.

Tween solutions (0.5 ml) were now added such that the final Tween concentrations were

8, 20 and 80 ppm. Tween was allowed to contact the surface (and the surface-adsorbed
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protein) for 15 minutes, after which the sample was rinsed with buffer. Data was recorded

for a further 25 minutes after rinse.

3.2.6.3 Tween rFVIII co-adsorption at a surface pre-coated with Tween

In this case, 4.4 ml filtered PB was added to the trapezoidal cuvette. One-

tenth (0.1) ml Tween sample was then added such that the final Tween concentration in

the cuvette after the addition of protein was 8, 20 and 80 ppm. Tween adsorption was

monitored for 45 minutes, after which time a 0.5 ml rFVIII solution was added to the

cuvette to obtain a final protein concentration of 0.05 3 mg/mI. Adsorption of surfactant-

protein mixture (i.e. the rFVIII which was added and the Tween that was already present

in the cuvette) was monitored for 30 minutes. The plate was then rinsed with buffer for 5

minutes and buffer elution data was recorded for a further 25 minutes.

3.2.6.4 rFVIII adsorption at a surface pre-coated with Tween

The procedure followed was similar to the preceding case up to the point

where protein is added. Here, the sample was rinsed with buffer for 5 minutes and buffer

elution followed for a further 25 minutes. After this, a 0.5 ml rFVIII solution was added to

the cuvette to obtain a final protein concentration of 0.053 mg/mI. Adsorption was

monitored for 30 minutes. The sample was then rinsed with buffer for 5 minutes and

buffer elution data was recorded for a further 25 minutes.

3.2.7 Evaluation of rFVIII tertiary structure

The rFVIII tertiary structure, in solution and on adsorption to colloidal

particles, was studied using fluorescence emission spectroscopy (Koutsopoulos 2005,

Natale 2005). Tryptophan is a well documented intrinsic fluorophore (Lakowicz 1999).
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rFVJII has 37 tryptophan residues (Vehar 1984). There are several well documented

results that relate tryptophan fluorescence with the protein tertiary structure. The

tryptophan fluorescence depends on the local environment of the amino acid residues

within the protein molecule. Analysis of fluorescence emission spectra often involves the

calculation of the wavelength at which the fluorescence intensity is at a maximum

If the X of tryptophan spectra within the protein dissolved in an aqueous medium is

shifted to shorter wavelength in relation to the ?,, of free tryptophan in water, the

tryptophan must be internal and in a nonpolar environment (Friefelder 1976).

The rFVIII sample contained approximately 100 pg/mi protein and 20

ppm Tween and was formulated in the KG-2 buffer. The sample was diluted with KG-2

buffer containing no Tween so that the final Tween concentration was 8 ppm. A small

volume of concentrated Tween stock solution was added to 2 ml rFVIII samples to obtain

20 and 80 ppm Tween containing solutions. The volume of each nanoparticle suspension

added was determined based on the specific surface area of each suspension and the

molecular dimensions of rFVIII. The longest axis of the rFVIII molecule is reported to be

14 nm (Fowler 1990). One rFVIII molecule was assumed to occupy a 14 x 14 nm area on

the surface. The area required for the adsorption of all molecules was calculated by taking

the product of area occupied by one molecule and the number of rFVIII molecules in the

2-mi sample volume. A 50% excess area was provided in each case to account for

molecular proximity effects and to ensure that rFVIII molecules had sufficient surface

area for adsorption. The volume of nanoparticle suspension can then be easily estimated

by dividing the area required by the specific surface area of the suspension. The sulfate

and amidine polystyrene lattices were obtained as 8% and 4% (g/lOOml) suspensions

respectively and were used as supplied. The silica and alumina-coated silica nanoparticles,

obtained in the form of 50% and 42% suspensions, were diluted 10-fold using KG-2
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buffer just prior to use. The volume of suspension added corresponded to the same surface

area provided in each case. The samples were then equilibrated overnight by placing on a

tube rotator. Protein-free buffer samples were prepared in an analogous manner. After

overnight equilibration, samples were transferred to a quartz cuvette and tested for internal

fluorescence. Emission spectra of rFVIII and rFVIII adsorbed on nanoparticles was

obtained using the PTI fluorometer (QuantaMaster, Photon Technology International).

The excitation wavelength was set at 295 nm to selectively excite the tryptophan residues

within rFVIII. Emission spectra were recorded at I nm increments from 305 to 405 nm.

The excitation and emission slit widths were set at 0.25 and 2.0 mm, respectively. Three

scans were recorded and averaged in each case in order to increase the signal-to-noise

ratio. The data was corrected for protein-free background. Each experiment was

performed in triplicate. In order to estimate the wavelength at which maximum

fluorescence emission (?,.ax) occurred, the background-corrected data were differentiated

using the FeliX32 software supplied by the fluorometer vendor. The wavelength at which

the differentiated curve intersected the x-axis was noted and reported as

3.2.8 rFVIII bioloicaI activity in the presence of nanoparticles

The rFVII1 activity was evaluated using a one-stage clotting assay based

on the activated partial thromboplastin time (aPTT, Rosen 2002). Factor VIII acts as a

cofactor in the presence of Factor iXa, calcium, and phospholipid in the enzymatic

conversion of Factor X to Xa. In this assay, the test samples are incubated at 37°C with a

mixture of rFVIII deficient plasma substrate and aPTT reagent. Calcium chloride was then

added to the incubated mixture and clotting was initiated. An inverse relationship exists

between the time (seconds) it takes for a clot to form and the logarithm of the rFVIII

activity. Activity levels for unknown samples were interpolated by comparing the clotting



times of various dilutions of test material with a curve constructed from a series of

dilutions of standard material of known activity and were reported in International Units

per mL (IUImL).

In order to evaluate the effect of nanoparticles on the assay, a control

experiment was performed in which rFVIII at a final concentration of 1 Hi/mi was added

to the plasma. Thirty (30) pi of each nanoparticle suspension or buffer was added to the

plasma substrate, clotting was initiated by calcium chloride and the time required for clot

formation was measured in each case. The tests were performed in triplicate. Results are

presented in Table 3.2. The clot times with the addition of the nanoparticles are

comparable to those with no nanoparticles added. This indicated that nanoparticles by

themselves did not affect the activity assay.

Table 3.2 Control experiment to evaluate effect of nanoparticles on the rFVIII activity
assay

Sample Clot time (seconds) (Mean ± S.D.)

Buffer 36.73 ± 0.70

Negative, hydrophobic nanoparticles 38.00 ± 0.36

Positive, hydrophobic nanoparticles 38.60 ± 0.89

Negative, hydrophilic nanoparticles 39.00 ± 0.56

Positive, hydrophilic nanoparticles 38.80 ± 0.36

The rFVIII samples used for activity testing were prepared as indicated

for the fluorescence experiments. However, the samples were not equilibrated overnight
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but tested within 6 hours of preparation. Samples were kept at room temperature in the

duration prior to actual testing. Samples were tested at least twice.

3.3 Results and Discussion

3.3.1 rFVIII secondary structure as a function of added Tween

roii
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Figure 3.1 Circular dichroism spectra of rFVIII as a function of Tween concentration

The CD spectra of rFVUI at Tween concentrations of 80, 160 and 280

ppm are shown in Figure 3.1. The CD spectra at each Tween concentration were nearly

identical which suggests that Tween in the concentration range studied had no effect on

the rFVIII secondary structure. It must be noted that Tween concentrations lower than 80
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ppm were not evaluated. So we cannot rule out the possibility of structure change as the

Tween concentration is increased from a low value to 80 ppm. The CD spectra obtained

correspond closely to results published by Grub (2001), also for rFVIII at low Tween.

This suggests that Tween may not alter secondary structure in any concentration range.

The CD data was then deconvoluted using the "cdsstr" program described by Johnson

(1999). Results are presented in Table 3.2. rFVIII appeared to have a low helical content

and a more pronounced f structure. The data compares well with results obtained by

Grillo (2001). The breakup of the structural elements at different Tween concentrations

was very similar. This provided additional mathematical support to the observation that

Tween at concentration ranging from 80 to 280 ppm did not alter rFVIII secondary

structure.

Table 3.3 Calculated secondary structure of rFVIII at 80, 160 and 280 ppm Tween

Secondary structure Tween concentration

component 80 ppm 160 ppm 280 ppm

a-helix
6 6 8

3/10 helix
4 5 4

extended f-strand
26 28 26

n-turns
14 13 13

polyprolinelike 3/1 helix
9 8 9

others
41 41 41
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3.3.2 Factor VIII adsorption kinetics as a function of Tween concentration and method of
addition
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3.3.2.1 Tween rFVIJJ co-adsorption on hydrophobic silica
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Figure 3.2 Co-adsorption of Factor VIII with Tween at concentrations of 8, 28 and 88
ppm on hydrophobic silica

Figure 3.2 depicts rFVIII adsorption kinetics on hydrophobic silica in the

presence of 8, 28 and 88 ppm Tween. The amounts adsorbed after 30 minutes in the

presence of 8,28 and 88 ppm Tween were 0.139 + 0.02 1 jig/cm2, 0.097 ± 0.011 jig/cm2,

0.109+ 0.001 jig/cm2, respectively. The amount adsorbed decreased as the Tween

concentration was increased. The amounts remaining after rinse were 0.118 ± 0M04

jig/cm2, 0.080 ± 0.009 jig/cm2, 0.094 ± 0.005 jig/cm2 for 8, 28 and 88 ppm Tween,

respectively. These values also decreased as the Tween concentration was increased. The

observed reduction in adsorbed amounts is consistent with two possible mechanisms,
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Tween diffusing faster to the interface on account of its smaller size in comparison with

rFVIII and/or forming a complex with rFVIII with a reduced surface activity. There is

some evidence for the formation of rFVIII Tween complexes as evidenced by the trends

in the steady state surface tension value of rFVIII at different Tween concentrations

(Chapter 4). A reduction in adsorbed amounts at the hydrophobic surface with an increase

in Tween concentration was also observed for lysozyme-Tween co-adsorption (Chapter

2). The molecular weight of lysozyme is 20 times lesser than that of rFVIII. As a result, it

is possible that the faster diffusion of Tween may assume greater importance in the

observed reduction in rFVIII adsorbed amounts as compared with lysozyme.

The rFVIII Tween adsorption kinetics at high Tween concentration

were consistent with those for Tween by itself (Figure 3.6), suggesting that Tween may

dominate the interfacial processes when present at a high concentration. An unambiguous

interpretation of co-adsorption results is complicated by the lack of data for rFVIII

adsorption alone. It is likely that rFVIII by itself adsorbs in a greater amount than

observed upon co-adsorption with 8 ppm Tween.
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Figure 3.3 rFVIII Tween sequential adsorption on hydrophobic silica
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Figure 3.3 depicts the case where rFVlIl and 8 ppm Tween co-adsorption

and rinse were followed by the addition of 8, 20 and 80 ppm Tween. The first 60 minutes

of the plot were essentially identical for all the three experimental conditions. At the end

of 60 minutes, the adsorbed layer was likely composed of stably bound rFVIII and Tween

molecules that resisted buffer elution. When Tween was then introduced, an increase in

surface concentration was observed. This suggests that Tween was adsorbed at the empty

sites on the surface and/or to the layer already present. When the hydrophobic surface was
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rinsed after Tween addition, the surface concentration reverted back to values before

Tween adsorption. This was consistent with Tween being loosely held at the interface.

There was no net decrease in surface concentration after Tween introduction and rinse, as

compared to the 60-minute value in Figure 3.3. This was true even when Tween was

added at a concentration of 80 ppm, which was contrary to the results obtained with the

lysozyme-Tween system (Chapter 2). A net removal of lysozyme was observed when 80

ppm Tween was added. Recombinant FVIII is a much larger molecule than lysozyme.

This allows the formation of more contact points with the interface for the rFVI1I

molecules as compared with lysozyme molecules. Recombinant FVJII adsorption can be

expected to be much stronger, which is supported by the lack of reduction in adsorbed

amount upon introduction of 80 ppm Tween. in fact, there was no reduction in adsorbed

amount even when Tween was introduced at a concentration as high as 200 ppm (data not

shown). In conclusion, the introduction of Tween after rFVIII adsorption is unlikely to

effect any reduction in surface concentration, irrespective of the Tween concentration. It is

also instructive to compare the amounts adsorbed when 8 ppm Tween was introduced

together with rFVIII (30-minute value in Figure 3.3) and sequentially (75-minute value in

Figure 3.3). The 75-minute value was greater, which suggests that there might be history-

dependent molecular rearrangement taking place which enables a more efficient interfacial

packing of Tween molecules (Calonder 2001, Joshi 2005)
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Figure 3.4 Adsorption time effect on the sequential adsorption of rFVIII with 80 ppm
Tween on a hydrophobic surface

It is well-recognized that adsorption induces structural changes in the

protein molecules and the magnitude of these changes increases as the time scale of

adsorption increases. As a result of the surface-induced structural alteration, protein

molecules become increasingly tightly bound to the surface. A separate experiment in

which the rFVIII adsorption and rinse times were changed to 15 minutes from the original

30 minutes was performed with the objective of generating an adsorbed layer consisting of

rFVlII molecules with a lower binding strength. This would then enable us to test whether

Tween is successful at replacing the rFVIII (adsorbed with a potentially lower binding

strength) as was observed with lysozyme. The results are presented in Figure 3.4. No net

reduction in surface concentration upon Tween introduction was apparent even when the

105



56

adsorption and rinse times were reduced by half. The calculated values for adsorbing

species resisting elution upon buffer dilution, i.e. amount remaining after rinse divided by

the amount adsorbed just prior to rinse, were comparable for both 15 and 30-minute

adsorption runs. Moreover, these values were rather high, 82-84%, suggesting that rFVIII

binds very tightly irrespective of time allowed for adsorption and adsorption-induced

structure change. Therefore it was not surprising to find that 80 ppm Tween was unable to

replace the rFVIII at the interface.

with Tween
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3.3.2.3 rFVIII Tween co-adsorption on hydrophobic silica i,re-coated
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Figure 3.5 rFVIII-Tween co-adsorption on hydrophobic silica pre-coated with Tween
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Results for rFVIII 8 ppm Tween co-adsorption on a hydrophobic

interface pre-coated with Tween are presented in Figure 3.5. Results for rFVIII 8 ppm

Tween with no pre-coat are superimposed here beginning at the 45 minute time-point to

correspond with protein addition for the pre-coat experiments. Tween adsorbed in

comparable amounts when added at 8, 20 and 80 ppm concentrations. The rFVIII sample

containing 8 ppm Tween was then added. The solution present in the cuvette contained the

Tween added to form the pre-coat. For the 8 ppm pre-coat, the amount adsorbed after

protein addition was similar to that with no pre-coat. The data for the 20 ppm pre-coat

showed a delayed increase in adsorbed amount to that with no pre-coat. The 80 ppm pre-

coat displayed nearly no further increase in adsorbed amount after addition of protein. The

comparable amounts adsorbed from solutions containing 8, 20 and 80 ppm Tween suggest

similar Tween interfacial concentrations in each case. If the Tween interfacial layers in

each case are in similar states of orientation and "packing", the difference in rFVIII

adsorption on the Tween layers may then be attributed to the difference in Tween

concentration in solution. We have already noted that adsorption kinetics of rFVIII

containing 88 ppm Tween were consistent with those for pure Tween (Figure 3.2). When

considering co-adsorption, two possible mechanisms were suggested, namely Tween

reaching the interface faster or Tween forming a complex with rFVIII which alters the

protein surface activity. In the case at hand (Figure 3.5), we have ensured that Tween had

no competition for getting to the interface. But here we observed a reduction in adsorbed

amount only when 80 ppm Tween was present in solution. This suggests that either the

rFVIII Tween interaction in solution may be important in the observed reduction in

adsorption, or Tween experiences a concentration-driven "packing optimization" at the

interface which serves to minimize rFVIII adsorption.



3.3.2.4 rFVIII Tween co-adsorption on hydrophobic silica pre-coated
with Tween with no added Tween in rFVIII solution
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Figure 3.6 rFVIII Tween co-adsorption on hydrophobic silica pre-coated with Tween
(no Tween present in solution)

In order to isolate the contribution of interfacial Tween to the rFVIII

adsorption process, hydrophobic silica pre-coated with Tween was rinsed with buffer to

remove the free Tween in solution. rFVIII was introduced after this. Results are presented

in Figure 3.6. Tween adsorption was not completely reversible upon buffer dilution and on

average 82% of the adsorbed Tween resisted elution. This suggests that a tightly bound

interfacial Tween layer was formed. However, the interfacial Tween was unable to

prevent rFVIII adsorption. When rFVIII together with 8 ppm Tween was added at the 75-

minute time-point, an almost instantaneous increase in adsorbed amount was observed.
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The adsorption plateaus reached after rFVIII addition were identical, irrespective of the

Tween concentration with which the pre-coat was generated. The interfacial Tween was

apparently not effective at preventing rFVIII adsorption. As discussed in Chapter 2, when

lysozyme was added on a Tween pre-coated hydrophobic surface, there was no further

adsorption. These observations suggest that whereas interfacial Tween was important to

prevent lysozyme adsorption, a combination of interfacial and solution Tween was

important to prevent rFVIII adsorption. The difference in lysozyme and rFVIII behavior

may be attributed to the higher surface binding strength exhibited by rFVIII.
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3.3.2.5 rFVIII Tween co-adsorption on hydrophilic silica
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Figure 3.7 rFVIII Tween co-adsorption on hydrophilic silica (: 8 ppm Tween rFVIII
on hydrophilic silica, : 88 ppm Tween rFVIII on hydrophilic silica, : 8 ppm Tween
rFVIII on hydrophobic silica, 0: 88 ppm Tween rFVIII on hydrophobic silica)



Figure 3.7 depicts a comparison of rFVIII Tween co-adsorption on

hydrophobic and hydrophilic silica at a Tween concentration of 8 and 88 ppm. The

amounts adsorbed on hydrophilic silica at both Tween concentration studied were much

greater than on hydrophobic silica. It is routinely observed that proteins adsorb in greater

amounts on hydrophobic as opposed to hydrophilIc surfaces. We have made a similar

observation when studying lysozyme adsorption kinetics on hydrophobic and hydrophilic

surfaces in Chapter 2. So the behavior of rFVIII on hydrophilic silica was somewhat

surprising. As reported in an earlier section, the streaming potential measurements of the

silica surfaces revealed that the hydrophilic silica had a higher negative charge density

than the hydrophobic silica. In addition, the silanized, hydrophobic silica has methyl

groups on the layer closest to the interface. The methyl groups may provide a partial

positive character to the outermost boundary of the surface and the negative charge may

be buried within. Consequently, the negative charge on the hydrophobic silica is likely to

be less solvent accessible. The difference in adsorbed amounts on hydrophobic and

hydrophilic silica surfaces suggest that adsorption may be determined by a driving force

different than hydrophobic interaction and that electrostatic forces possibly play an

important role in rFVIII adsorption. This, in turn, explains the increased adsorption on the

hydrophilic, highly negatively charged surface. It is likely that there is a mobile and

solvent accessible domain bearing a highly positive charge on the rFVIII molecule, which

binds with the negatively charged surface with a high affinity. In fact, the B domain is

calculated to have a highly positive charge, and the idea of the B domain being a potential

adsorption site is developed further in this work (Section 3.3.3.4).

There was no reduction in adsorbed amount on the hydrophilic silica

when the Tween concentration was increased from 8 to 88 ppm. Tween is a nonionic

surfactant which adsorbs at an interface only on account of the hydrophobic driving force.
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Thereby, Tween binds very weakly on a hydrophilic surface. rFVIII is then able to replace

the Tween at the interface. We have discussed the role of solution and interfacial Tween in

the rFVIII adsorption process. The nature of rFVIII Tween complexes will be the same

irrespective of the nature of the interface that they are exposed to. But a Tween

concentration of 88 ppm had close to no effect on rFVIII adsorption. A likely explanation

is that Tween binds in a manner that renders the protein molecule less surface active, but

is unable to mask the charges on the surface of the protein molecule.
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Figure 3.8 Effect of ionic strength on the adsorption of rFVIII 8 ppm Tween on a
hydrophilic surface
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In order to test the hypothesis that charge attractions play an important

role in rFVIII adsorption, the ionic strength of the buffer was changed. All data reported

so far was for rFVIII in a formulation buffer containing 220 mM NaCl and 2.5 mlvi CaC12.

Results in Figure 3.8 depict a comparison of rFVIII 8 ppm Tween adsorption from a

solution containing 220 mM and ten-fold less i.e. 22 mM NaC1. The concentration of all

other buffer components, including CaCl2 was kept constant. An increase in adsorption

was observed as the ionic strength was reduced 10-fold. Salt ions shield the electrostatic

forces and rFVIII molecules have to approach the surface at a shorter distance for the

charge-charge interactions to occur. This in turn decreases the likelihood of an adsorption

event. The fact that we see such a large difference in adsorbed amounts with a change in

ionic strength is further proof that electrostatic forces play a very important role in rFVIII

adsorption.

3.3.2.6 rFVIII Tween sequential adsorption on hydrophilic silica

A comparison of rFVIII Tween sequential adsorption kinetics on

hydrophobic and hydrophilic silica is presented in Figure 3.9. Almost no removal of

rFVIII adsorbed on hydrophilic silica was obtained when the surface was rinsed. Unlike

on the hydrophobic surface, there was no discernible increase in adsorbed amount when

Tween was introduced following rinsing on the hydrophilic surface. This suggests that

rFVIII was adsorbed on the hydrophilic surface in a very tightly packed and possibly

highly ordered layer, leaving no space for the subsequent binding of Tween. There was no

removal of adsorbed rFVIII following Tween introduction or rinse on the hydrophilic

surface. This may be expected since the Tween hydrophilic surface binding strength is

low, and likely to be lower than the strong charge charge attraction that appears to bind

rFVIII to the negatively charged, hydrophilic surface.
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Figure 3.9 Comparison of rFVIII 80 ppm Tween sequential adsorption on hydrophobic
and hydrophilic silica surfaces
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3.3.2.7 rFVIII Tween co-adsorption on hydrophilic silica pre-coated
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Figure 3.10 Comparison of rFVIII Tween co-adsorption on hydrophobic and
hydrophilic silica pre-coated with Tween

Figure 3.10 shows a comparison of rFVIII Tween co-adsorption kinetics

on hydrophobic and hydrophilic silica pre-coated with a Tween solution at a concentration

of 80 ppm. The first 45 minutes represent adsorption of Tween only. Tween adsorbed very

weakly to the hydrophilic silica, as evidenced by the low surface concentration (<0.05

tg/cm2) and the unstable nature of the adsorption kinetics. The Tween pre-coat was

unable to prevent rFVIII adsorption on hydrophilic silica, and rFVIII adsorbed in amounts

similar to those without a Tween pre-coat (Figure 3.7). rFVIII was apparently able to

replace the Tween at the hydrophilic interface, even though Tween reached the
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hydrophilic interface first. We have now noted that Tween at any concentration and

irrespective of the method of addition rFVIII is unable to effect any reduction in rFVIII

adsorption at hydrophilic surfaces. This underlines the importance of Tween-surface

interaction in rFVIII interfacial phenomena. As noted previously, ellipsometry suggests

very little rFVIII adsorption detected on the interfacial Tween layer in the case of

hydrophobic silica. This difference in efficacy of the Tween pre-coat on the two surfaces

was attributed to the difference in the strength of the Tween-surface binding.

3.3.3 Evaluation of rFVIII tertiary structure

3.3.3.1 Native rFVIII fluorescence spectra at 8. 20 and 80 ppm Tween

Figure 3.11 depicts typical results obtained for rFVIII fluorescence in the

presence of Tween at concentrations of 8, 20 and 80 ppm. The fluorescence spectra at

different Tween concentrations were nearly identical. The calculated for different

Tween concentrations were also nearly identical (Figure 3.12) and statistical analysis

revealed no significant difference between groups (p-value> 0.05). This provides

additional evidence to the claim that Tween did not alter the structure of the native rFVIII

molecule in any way.
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3.3.3.2 rFVIII fluorescence in the presence of nanoparticles

Recombinant FVIII fluorescence emission was evaluated in the presence

of hydrophobic and hydrophilic nanoparticles that had a positive or negative surface

charge. Four types of nanoparticles, each representing a particular surface characteristic,

were evaluated. Figures 3.1 3a through 3.1 3d depict the typical fluorescence spectra and

Figures 3.14a through 3.14d depict the calculated values of? in presence of

nanoparticles at different Tween concentrations.
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Figure 3.13a rFVIII fluorescence spectra in the presence of negative, hydrophobic
nanoparticles
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Figure 3.13b rFVIII fluorescence spectra in the presence of positive, hydrophobic
nanoparticles

i 700000

I,J

1:::::

300000

200000

100000
C

0

0 8 ppm

o 20 ppm

a 80 ppm

305 315 325 335 345 355 365 375 385 395 405
Wavelength (nm)

Figure 3.13 c rFVIII fluorescence spectra in the presence of negative, hydrophilic
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The ?,, shifted to longer wavelengths (338.5 ± 1.18 nm) as compared to

native, when rFVIII was adsorbed on negative, hydrophobic nanoparticles at a low Tween

concentration (8 ppm). This suggests that the tertiary structure of rFVIII was significantly

altered in a manner that exposes some or all the tryptophan residues to the aqueous

environment. As more Tween was added, the , upon adsorption approached the native

value, suggesting that the addition of Tween prevented unfolding. There are two possible

mechanisms which may contribute to this effect. As more Tween is added, there will be an

increased competition for surface sites between Tween and rFVIII. More rFVIII is then

likely to remain unadsorbed and in a native form, contributing to a k value which

approaches that for native rFVIII. We also know that Tween adsorbs strongly on a

hydrophobic surface. The adsorbed rFVIII molecules may find it increasingly difficult to
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unfold due to the steric constraints imposed by the neighboring Tween molecules. On

account of this, the structure of the adsorbed rFVIII molecules may be better preserved.

When rFVIII was adsorbed on positive, hydrophobic nanoparticles in the presence of low

Tween, the shifted to shorter wavelengths (331.6 ± 0.44 nm) as compared to native.

Thus, there was some indication of a structure change upon adsorption. But in this case,

the tryptophan residues appear to be on average more buried and less exposed to the

aqueous environment than the native molecule. This was contrary to the observations

made with negative, hydrophobic nanoparticles. We have previously noted that

electrostatic forces, i.e. attraction (or repulsion) between the charged surface and the

oppositely charged domains in the protein, may play a very important role in the

adsorption process. The difference in the direction of the A. shift on positively and

negatively charged hydrophobic surfaces may be attributed to different orientations

adopted by the rFVIII in response to the surface charge. As Tween concentration was

increased, the 2 upon exposure to positive, hydrophobic nanoparticles approached the

native value. This was consistent with the trend observed with negative, hydrophobic

particles. Similar mechanisms as discussed for negative, hydrophilic nanoparticles are

likely to be responsible for the enhanced structural protection.

When rFVIII was adsorbed on negative, hydrophilic nanoparticles in the

presence of low Tween, there was no significant shift in as compared to native.

Ellipsometry results on negatively charged silica surfaces indicate that rFVIII adsorbed in

large amounts and most probably due to electrostatic attraction. This suggests that rFVIIJ

adsorbed on the negative, hydrophilic nanoparticles as well. But at the same time,

adsorption did not appear to induce any unfolding. This may be explained if we consider

the formation of a tightly packed and highly ordered layer of rFVIII molecules on the

surface. It is likely that the rFVIII molecules orient in a manner that allows the positively
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charged domain to face towards the surface. Once this layer is formed, there may not be

any space remaining for unfolding. Also, unfolding may not be energetically favorable

since that may reduce the electrostatic attractive force. On a negative, hydrophobic

surface, the electrostatic and hydrophobic forces are both relevant. This increases the

likelihood of a more random adsorption of rFVHI molecules and in turn explains the loss

of rFVIII structure upon adsorption at negative, hydrophobic as compared with the

negative, hydrophilic surface. As the Tween concentration was increased to 20 ppm, the

A,,, appeared to shift to a shorter wavelength. This was also observed with the negative,

hydrophobic surface. This trend was somewhat surprising and no explanation for this

observation was forthcoming. The ?,, in the presence of positive, hydrophilic

nanoparticles displayed only small deviations from the native. This was apparent at all

Tween concentrations studied. It may be concluded that there is less perturbation in rFVIII

tertiary structure when adsorbed on hydrophilic as compared with hydrophobic surfaces.

3.3.3.3 rFVIII activity in the presence of nanoparticles

The biological activity of rFVIII samples containing nanoparticles bearing

various surface characteristics was evaluated with the one-stage clotting assay. Control

samples with no nanoparticles were evaluated along with every experimental run. Results

are presented in Figure 3.15.
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Figure 3.15 rFVIII biological activity in the presence of nanoparticles. Control samples
contained no nanoparticles

A large decrease in activity was observed when negative, hydrophobic

nanoparticles were added to the rFVIII sample at low Tween concentration. We can

correlate this decrease in activity with a significant loss in rFVIII tertiary structure under

similar conditions. It is well-known that proteins need to maintain structural integrity to

remain biologically active. As the Tween concentration was increased, an increased

recovery in biological activity was obtained with the negative, hydrophobic nanoparticles.

The improved recovery with increasing Tween concentration was attributed to the better

preserved structure and reduced adsorption of rFVIII. The positive, hydrophobic surface

caused an activity loss at low Tween, and here too there was an improved recovery with
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increasing Tween. The hydrophilic, negative surface caused the least loss in activity at the

low Tween concentration. We have noted earlier that rFVllI adsorbed in large amounts at

the hydrophilic, negative surface. This suggests that even though the protein molecules

were adsorbed, they were still active and in all likelihood the active sites in the protein

were not associated with adsorption. An unusually large decrease in activity was noted in

the presence of hydrophilic, positive nanoparticles. We suspect that this decrease may be

related to the alumina coating present on these particles. Aluminium ions, even when

present at a low concentration, have been implicated in the aggregation and inactivation of

rFVIII. It is likely that the aluminium ions which are present on the surface of the

nanoparticles or likely leached out in solution, caused the large decrease in rFVIII activity.

3.3.3.4 Postulated molecular model for rFVIII interfacial phenomena

Recombinant FVIII adsorption appears to be driven by both electrostatic

and hydrophobic forces. Negative surface charge appears to precipitate a large increase in

rFVIII adsorption. The overall isoelectric point of rFVIII is reported to be 6.8. This means

that the molecule is uncharged at a buffer pH of 6.8. McGuire et al (1995) have

demonstrated the importance of charge location and mobility rather than overall charge in

the protein adsorption process. We can argue that rFVIII has a domain of high positive

charge which strongly interacts with the negatively charged surface. In fact, calculations

performed by Trout (personal communication) indicate that the B-domain in rFVIII bears

a markedly high positive charge (p1 9.5). The charge calculations are based on the rFVIII

primary sequence and do not consider the effect of glycosylation. We hypothesize that

rFVIII is likely to adsorb on a negatively charged surface in an orientation that aligns the

B-domain towards the surface. Since a particular orientation is preferred due to the charge

interactions, the adsorbed layer is likely to be highly ordered and packed. This is depicted
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in Figure 3.16 a. The formation of a tightly packed adsorbed layer in turn explains the

high adsorbed amounts of rFVIII on hydrophilic, negative surfaces. In spite of large

adsorption on such surfaces, good structural protection and high activity recovery was

obtained even when a low Tween concentration was used. The B-domain is not required

for rFVTJI biological activity (Kessler 2005). So the unavailability of the B-domain on

account of binding to the surface need not necessarily impact the activity. This is entirely

consistent with what we have observed. The tightly packed and highly ordered protein

layer does not offer any free space for structural alteration. This may explain the structure

protection we have observed on negative, hydrophilic surfaces.

On the other hand, adsorption on a hydrophobic surface is likely to be

more random due to the applicability of hydrophobic and electrostatic forces in

combination (Figure 3.16 b). Upon adsorption, active sites may no longer remain available

to participate in the clotting cascade. This in turn may lead to the observed decrease in

rFVlll activity in the presence of hydrophobic nanoparticles. The unordered nature of the

adsorbed layer may allow room for unfolding to occur. We have observed this in the

tertiary structure results. Tween binding becomes more relevant on the hydrophobic

surface as evidence by the stronger Tween-surface interaction on the hydrophobic as

compared to the hydrophilic surface. As the Tween concentration is increased, Tween

molecules will compete with rFVIII for space at the interface and rapidly fill in the empty

sites remaining after rFVIII adsorption. This limits the space available for the surface

induced unfolding of rFVffl molecules. We have seen structure preservation when rFVIIJ

was adsorbed on hydrophobic nanoparticles at high Tween concentrations. More rFVIII

molecules are also likely to remain unadsorbed at high Tween concentration, which

contributes to the improved recovery of biological activity.
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Figure 3.16a Postulated rFVIII adsorption model on negative, hydrophilic surface. The
rFVIII molecules are represented by the ellipsoids. Formation of a tightly packed layer of
adsorbed rFVIII molecules is depicted, with the positively charged B domain oriented
towards the interface. Ellipsometry results suggest that Tween may not be relevant in
determining rFVIII adsorption at hydrophilic interfaces, and is not depicted here.



78

J

Time

Low Tween concentration

High Tween concentration

Figure 3.16b Posulated rFVIII adsorption model on hydrophobic surfaces at low and high
Tween concentration. rFVIII molecules are represented by the ellipsoids and Tween by
the spheres with tails. Structurally altered rFVIII molecules at the interface are depicted by
the flattened ellipsoids. The surface-induced unfolding of rFVIII with time is relevant
when adsorption occurs from a solution containing a low Tween concentration. Surface-
induced unfolding may be prevented by the presence of Tween at high concentrations



3.4 Conclusions

Recombinant FVIII adsorption on hydrophobic and hydrophilic surfaces

bearing positive or negative charge was analyzed in terms of adsorbed mass, structure and

biological activity. Tween was observed to adsorb to hydrophobic surfaces and was nearly

irreversible to buffer elution. Tween was relevant towards determining rFVIII interfacial

phenomena at such surfaces. The co-adsorption of rFVIII with Tween at increasing

concentrations decreased the amount of rFVIII adsorbed. A combination of a Tween pre-

coat and the presence of Tween at a high concentration in solution was required in order to

achieve the least rFVI1I adsorption on a hydrophobic surface. The tertiary structure of

rFVIII was altered in the presence of hydrophobic nanoparticles at low Tween

concentrations. The biological activity also dropped under similar conditions. This was

attributed to adsorption of rFVIII on hydrophobic surfaces in multiple orientations, in

addition to surface-induced unfolding. The structure and activity were better preserved at

high Tween concentrations. This was attributed to a reduction in adsorbed amounts and

steric repulsion preventing rFVIII adsorption. Electrostatic attraction appeared to govern

adsorption on negative, hydrophilic surfaces and rFVIII adsorbed in large amounts on

such surfaces. Tween concentration or method of addition did not alter the rFVIII

adsorption profile on the hydrophilic surface and this was attributed to the Tween-surface

interaction being relatively weak. The hydrophilic surfaces did not induce a large structure

or activity loss. This was attributed to the formation of a tightly packed, highly ordered

adsorbed layer which did not involve rFVIII active sites in contact with the surface.
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CHAPTER 4

RECOMBINANT FACTOR VIII TWEEN 80 INTERACTIONS AT THE
AIRJWATER INTERFACE

Abstract

The kinetic surface tension data of rFVIII Tween 80 mixtures were

recorded over a range of Tween 80 (Tween) concentrations (8 108 ppm) employing

interfacial tensiometry. There was no further reduction in steady state values of surface

tension of rFVIII Tween mixtures relative to those of Tween by itself once the Tween

concentration was increased beyond 18 ppm. This suggests that 18 ppm may be the

critical micelle concentration (CMC) of the binary protein-surfactant system. rFVIII

Tween mixtures were agitated over an extended duration to assure exposure of the system

to a large air/water interfacial area. The formation of insoluble aggregates and tertiary

structure change were monitored using turbidity measurements and intrinsic fluorescence

spectroscopy, respectively. Aggregation was apparent in all rFVIII samples exposed to the

air/water interface but the extent of aggregation appeared to be reduced as the Tween

concentration was increased. Small changes in rFVIII tertiary structure were also detected

at low Tween concentrations, but were not apparent when 80 ppm Tween was present.

The biological activity of agitated rFVIII samples was evaluated, and a significant loss in

activity was noted at every Tween concentration studied. Improved recovery of activity

was obtained with increasing Tween concentration. We hypothesize that Tween at high

concentrations reduces the exposure of rFVIII molecules to the hydrophobic air/water

interface by preferential adsorption and by the formation of Tween-rF VIII complexes,

resulting in a better preserved native rFVIII structure. This in turn leads to reduced

aggregation and enhanced activity recovery.



4.1 Introduction

Factor VIII is a high-molecular-weight (280 kDa) multidomain protein

that is an essential blood coagulation factor. In the blood coagulation cascade, FVIII

serves as a cofactor for factor IXa in the activation of factor X to factor Xa (Curtis 1994).

Factor VIII has a domain structure of Al -A2-B-A3-C 1 -C2, in which the heavy chain is

composed of Al, A2 and B domains and the light chain is composed of the A3, Cl and C2

domains (Derrick 2004). FVTII exists as metal-ion connected heterodimer of the heavy

and light chain and is associated with 50-fold excess von Willebrand Factor (vWF) when

present in plasma (Kaufman 1992). A functional deficiency in FVIII causes hemophilia A,

a congenital bleeding disorder. Historically, Factor VIII was derived from human plasma.

The risk of pathogen transmission and the limited availability of plasma have led to the

development of a recombinant Factor VIII (rFVIII, Jiang 2002). Factor VIII is the largest

molecule ever successfully cloned by genetic engineering techniques and is the largest and

most complex protein currently manufactured (Boedeker 2001). The rFVIII molecule is

sensitive to both chemical and physical degradation. The degradation involves changes in

higher order structure and may be caused by a number of pathways including aggregation,

precipitation or adsorption onto surfaces (Wang 2003). Surface adsorption of FVIII is

rapid (DiMichele 1996). Approximately 50% of rFVIII product may be lost due to

adsorption just during sterile filtering (Osterberg 1997). Recombinant FVIII is inherently

unstable, especially in liquid formulations. Due to the instability of the protein, all rF VIII

products currently on the market are in the form of lyophilized powders. The lyophilized

products necessitate a reconstitution step, typically performed by the patient. The

reconstitution step requires some training on the part of the end user and increases the

complexity of infusion. A stable, liquid rFVIII formulation, if developed, will present a
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unique advantage in this regard. As discussed previously, interface-induced rFVIII

denaturation is a major pathway of rFVIII instability and activity loss. This work provides

further insight into rFVIII degradation due to exposure to the air/water interface. This is

an active field of research as shown by numerous publications, some of which are

summarized here. Fatouros et al (2000) investigated the influence of temperature, pH,

ionic interactions and nonionic surfactants on the structural stability and surface

adsorption of B-domain deleted rFVIII (BDDrF VIII) using biological activity, circular

dichroism and surface tension measurements employing the pendant drop method. The

BDDrF VIII samples were agitated by means of a vibrating plate set at 600 rpm for 6 days.

Nonionic surfactants Tween 80 and Tween 20 protected BDDrF VIII against activity loss

to an equally high degree. Activity recovery was much higher in the pre nce of these

surfactants as compared to crnsrol. surfactant-free samples. Sur±i tension data indicated

that the protein adopted more flexibi c'e as :iie temperature was increased.

However, the surface tension of BDDrF VIII samples with added nonionic surfactants was

not recorded. Near UV CD spectra revealed only minor interactions of the protein with the

nonionic surfactants (Tween 20 and Genapol 80) added at a concentration of 200 ppm.

Wang and Kelner (2003) studied the stability of rFVIII in solution at different p1-I in order

to identify the mechanisms responsible for rFVIII inactivation under accelerated storage

conditions. Size exclusion chromatography high performance liquid chromatography

(SEC-HPLC) analysis revealed that as the content of the native rFVIII peak area dropped

with time, there was an increase in the high-molecular-weight (HM'sV) peak area but no

major change in the low-molecular-weight (LMW) peak area. The authors interpreted this

aggregation as being the major rFVIII degradation mechanism in the pH range studied

(5.2 7.0). A linear correspondence was observed between native rFVIII peak area and

activity recovery, which suggested that rFVIII aggregation was mainly responsible for



rFVIII inactivation in solution at 40 C. SDS-PAGE results showed that the rFVIII

aggregation may involve three different mechanisms: disulfide bond formation/exchange,

non-reducible crosslinking, and physical interactions. Gnllo et al (2001) studied rFVIII

aggregate formation employing a number of biophysical techniques including dynamic

light scattering, fluorescence and circular dichroism (CD) spectroscopy, Fourier transform

infrared (FTIR) spectroscopy and differential scanning calorimetry (DSC). Dynamic light

scattering studies revealed that the mean size of rFVIII increased from approximately 12

nm to between 25 and 35 nm after a 7-day incubation at 37 °C. Only 85% of the original

biological activity remained after the 7-day incubation. No significant differences in the

CD spectra and the wavelength at which maximum intrinsic fluorescence were observed

when the fractionated, native rFVIII sample was compared with the aggregated species.

Temperature-induced transitions d6served using DSC, intrinsic fluorescence and extrinsic

dye (bis-A1?S)-binding fluorescence indicated a conformational change in rFVIII that

exposed apolar residues to a greater extent. Although there was no alteration in the protein

secondary structure, the tertiary structure changed to a limited extent. Grillo et al

concluded that fairly minor structural alterations in the rFVIII molecule can result in

marked aggregation behavior. Ramani et al (2005) continued the work of Gnllo et al and

investigated the domains involved in the initiation of aggregation employing CD, SEC,

fluorescence and domain specific antibody binding. The ESH 4 antibody which binds to

the lipid-binding region, comprised of residues 2303-2332 in the C2 domain of rFVJII, or

the 8860 antibody which binds to an epitope in the A2 domain were used as the capture

antibodies. In both cases, the ESH 8 antibody which specifically binds to a region in the

C2 domain was used as the probe antibody. The antibody binding patterns suggested that

the conformation of the C2 domain was altered. It is interesting to note that regions in the

C2 domain were also implicated (Gilbert 2002) in phospholipid binding and binding to



87

von Willebrand Factor (vWF). In particular, Gilbert et al speculated that two hydrophobic

spikes (residues 2 199-2200 and 225 1-2252) may be influential in the adsorption and

intermolecular association behavior of native rFVIII. The authors hypothesized that since

in plasma the vWF is able to bind to these inherently sticky spikes, the nonspecific

interactions are prevented in the body. Surfactants are routinely used as excipients in

therapeutic protein formulations. Arakawa and Kito (2000) investigated the mechanism of

protein stabilization by surfactants by studying the effect of Tween 80 on the aggregation

of bovine serum albumin (BSA). The BSA aggregation was induced via thermal stresses,

by subjecting BSA to elevated temperatures such as 50, 60, 70 and 80 °C. Addition of

Tween before heating reduced aggregation, and this effect was enhanced with increasing

Tween concentrations. The addition of Tween after heating had no effect on aggregate

formation. The authors concluded that the observed BSA stabilization upon Tween

addition may be preferentially attributed to Tween's role in preventing aggregation over

the possibility of Tween significantly stabilizing the native conformation of BSA. Bam et

al (1995) explored a novel electron paramagnetic resonance (EPR) technique to evaluate

the protein Tween binding stoichiometry. A specific interaction between the Tween

family of surfactants and recombinant human growth hormone (rhGH) was detected with

a Tween-protein binding stoichiometry between 2.5-4.1 (Tween-to-protein ratio). Barn et

al (1998) further investigated Tween stabilization of rhGH using aggregate formation after

agitation, differential scanning calorimetry and injection titration microcalonmetry as

indicators. A protective effect was apparent in agitation studies; no effect or even a slight

destabilizing effect was noted in DSC and injection titration microcalorimetry

experiments. The authors claimed that the protective effect attributed to Tween did not

correlate with the Tween CIVIC but rather the amount of Tween required to bind to the

hydrophobic patches on the protein, i.e. the molar Tween:rhGH ratio. They further



hypothesized that the likely mechanism of Tween protection against aggregation was due

to Tween sterically blocking the aggregation-prone hydrophobic patches on the protein

molecule. On the other hand, Kreilgaard et al (1998) used EPR and CD spectroscopy and

found no evidence that Tween 20 binds to either the native state or the folding

intermediate of recombinant Factor XIII (rFXIII). But they did find that Tween 20 was

useful in reducing the agitation-induced aggregation of rFXIII and that maximum

protection occurred at concentrations near the surfactant CMC, irrespective of protein

concentration. In this case, competition for the interface between the surfactant and

protein was cited as the mechanism responsible for the stabilization of rFXIII. Thus,

depending on the specific interaction between the surfactant and the protein, and the

surfactant/protein and the interface, either the surfactant-protein complex formation or the

interface competition mechanisms may become important.

In this paper, we investigate the effect of Tween and Tween

concentration on rFVIII structure, biological activity, and aggregation using a combination

of interfacial tension, fluorescence, turbidity and activity measurements.

4.2 Materials and Methods

4.2.1 Protein, surfactant and buffers

The recombinant Factor VIII (rFVIII) used in this work was a gift from

Bayer HealthCare (Berkeley, CA). The FVIII was formulated in the KG-2 buffer

consisting of 30mM NaCI, 2.5 mM CaC12, 22 g/l glycine, 3.1 gIL L-histidine and 10 gIL

sucrose at pH 6.8. The rFVIII solutions used in surface tensiometry contained 24.5 jig/ml

protein. The rFVIII solutions used in fluorescence spectroscopy and biological activity

measurements contained 30 jig/mI protein. The rFVIII solution was kept frozen at -80 °C



and thawed just prior to use. Small volumes of concentrated Tween stock solution were

added to the rFVIII samples to obtain samples at various Tween concentrations. Tween 80

was obtained from J.T. Baker, buffer salts were obtained from Sigma and the histidine,

glycine and sucrose were provided by Bayer.

4.2.2 Evaluation of rFVIII Tween surface tension kinetics

The interfacial tension kinetic and steady state behavior exhibited by

rFVIII formulations at the air-solution interface were recorded as a function of added

Tween concentration using a computer-controlled automatic tensiometer (Model FTA

Ti 0, First Ten Angstroms, Portsmouth, VA). This instrument measures interfacial tension

by the corrected DuNouy ring method, as well as the Wilhelmy plate method. We

employed the Wilhelmy plate method in the work described here. In a given experimenE,

fresh rFVIII solutions were prepared from frozen stock (125 tg/ml rFVIII), Tween 80 was

added to yield a desired solution concentration, and interfacial tension kinetic data were

recorded over a period of about one hour. All solutions included rFVIII at 24.5 jig/mI, and

the concentration of Tween was varied from 8 to 108 ppm. After one hour, the surface

tension decrease had slowed appreciably in any given experiment, and we were able to

record a good estimate of the steady state value of interfacial tension.

In separate experiments, the interfacial tension kinetic and steady state

behavior exhibited by Tween solutions in the absence of rFVIII was recorded as a function

of Tween concentration. In a given experiment, Tween 80 was dissolved in water to yield

a desired solution concentration (ranging from 5 to 79 ppm), and interfacial tension kinetic

data were recorded until a steady state was reached, generally requiring several hours.



4.2.3 Evaluation of insoluble aggregate formation

rFVIII Tween mixtures were agitated in order to ensure exposure of the

sample to a large air/water interfacial area. Recombinant FVIII samples containing 8, 20

and 80 ppm Tween were secured horizontally on a shaker set at 220±20 rpm and agitated

over 72 hours at room temperature. Turbidity measurements were employed to monitor

insoluble aggregate formation in the rFVIII samples. Turbidity measurements are

routinely used to evaluate protein aggregation (Katakam 1997, Maclean 2002). The

sample absorbance at 350 nm after agitation for 72 hrs was measured using a Beckman

DU-62 spectrophotometer and corrected for protein-free blank sample treated in an

analogous manner.

4.2.4 Evaluation of rFVIII tertiary structure upon exposure to the air/solution interface

The exposure of protein molecules to the air/water interface often leads to

changes in the higher order structure of the protein. We used intrinsic fluorescence

spectroscopy to investigate structural alterations in FVIII, after exposure of rFVIII to the

air/water interface induced by extended agitation. Tryptophan is a well documented

intrinsic fluorophore (Lakowicz 1999). Recombinant FVIII has 37 tryptophan residues

(Vehar 1984). There are several well documented results that relate tryptophan

fluorescence with the protein tertiary structure. The fluorescence of tryptophan depends on

the local environment of the amino acid residue within the protein molecule. Analysis of

fluorescence emission spectra often involves the calculation of the wavelength at which

the fluorescence intensity is at a maximum (?ax). If the A,, of tryptophan spectra within

the protein dissolved in an aqueous medium is shifted to shorter wavelength in relation to

the of free tryptophan in water, the tryptophan must be internal and in a nonpolar

environment (Friefelder 1976). Recombinant FVIII samples containing 8, 20 and 80 ppm



Tween were agitated over a period of three days and the fluorescence emission of the

samples was tested every 24 hours. This semi-kinetic analysis was designed to enable us

to capture the onset of a structure change. Control samples which were not agitated but

simply kept at room temperature over the same duration were also analyzed. Emission

spectra were obtained using a PTI QuantaMaster fluorometer (Photon Technology

International, NJ). The excitation wavelength was set at 295 nm to selectively excite the

tryptophan residues within the rFVIII molecule. Emission spectra were recorded at 1 nm

increments from 305 to 405 nm at 1 nm/s scan rate. The excitation and emission slit

widths were set at 0.25 and 2.0 nmi, respectively. Three scans were recorded and averaged

in each case in order to increase the signal-to-noise ratio. The data were corrected for

protein-free background. Each experiment was performed in triplicate. In order to estimate

the wavelength at which maximum fluorescence emission (A,) occurred, the

background-corrected data were differentiated using the FeliX32 software supplied by the

PTI. The wavelength at which the first order derivative curve intersected the x-axis was

noted and reported as

4.2.5 Evaluation of the biological activity of rFVIII upon exposure to the air/water
interface

The agitated rFVIII samples used in structure analysis were collected in

Eppendorf vials and frozen at -80 °C. The frozen samples were thawed later and tested for

biological activity using the one-stage clotting assay based on activated partial

thromboplastin time (aPTT) (Rosen 2002). Factor VIII acts as a cofactor in the presence

of Factor IXa, calcium, and phospholipid in the enzymatic conversion of Factor X to Xa.

In this assay, the test samples were incubated at 37°C with a mixture of FVIII deficient

plasma substrate and aPTT reagent. Calcium chloride was then added to the incubated
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mixture and clotting was initiated. An inverse relationship exists between the time

(seconds) it takes for a clot to form and the logarithm of the FVIII activity. Activity levels

for unknown samples were interpolated by comparing the clotting times of various

dilutions of test material with a curve constructed from a series of dilutions of standard

material of known activity and were reported in International Units per mL (IU/rnL).

4.3 Results and Discussion

4.3.1 rFVIII-Tween surface tension kinetics

The molecular dynamics contributing to changes in interfacial tension for

protein-surfactant mixtures are complex. In ideal circumstances (random chain protein

molecules and small, ionic surfactants at equilibrium) the following behavior is expected

with increasing surfactant concentration (Dickinson 1989)

I. At very low surfactant concentrations, the interfacial tension is

the same as it would be for pure protein.

II. With increasing surfactant concentration the interfacial tension

decreases, due to surfactant occupation of "empty sites" at the air-water interface, as well

as to formation of surface active, surfactant-protein complexes.

III. At higher surfactant concentrations, interfacial tension is expected

to "level off", presumably because it is energetically favorable for surfactant to bind to

protein at these concentrations (in this range, the critical micelle concentration (CMC)

recorded for the pure surfactant may be exceeded).

IV. Interfacial tension then decreases again with increasing surfactant

concentration, a result of complete displacement of protein from the interface by

surfactant.



93

V. Further increases in surfactant concentration have no effect on

interfacial tension, and the CMC has been met.
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Figure 4.1 Steady state surface tension of rFVIII-Tween mixtures as a function of Tween
concentration. The regions 1-V are indicated based on the empirical trends expected for
protein-surfactant mixtures as described by Dickinson (1989).

But all of the above relates to an idealized protein-surfactant mixture at

equilibrium. While it can constitute a useful reference for interpreting observations with

systems of greater complexity, for reasons both theoretical and practical true interfacial

equilibrium measurements are not possible for real protein-surfactant mixtures, including

rFVIII-Tween. This is due mainly to protein adsorption being an inherently irreversible

process, and to measurement uncertainties with origins in the fact that adsorption occurs at

the surface of the Wilhelmy plate or DuNouy ring itself. We can at best identify a
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"pseudo-equilibrium" state at a given Tween concentration, and this was referred to at the

outset as a "steady state" condition.

The relationship between steady state interfacial tension and (added)

surfactant concentration for rFVIII-Tween mixtures is shown in Figure 4.1. The data

plotted in Figure 4.1 suggest the existence of an interfacial tension vs. surfactant

concentration pattern consistent with that described for ideal circumstances (i.e., the five

regions identified above). In particular, the CMC of Tween 80 in this rFVIII solution

would be determined as the concentration defining the transition between regions IV and

V (about 55-60 ppm based on Fig. 4.1). More pertinently, the fact that the data conforms

to the empirical 5-region plot suggests the existence of rFVIII Tween complexes in

solution. The precise nature of such complexes, in terms of binding stoichiometry or

similar, is not clear at this point.
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Figure 4.2 Steady state surface tension of rFVIII Tween mixtures as compared with
solutions containing Tween as the only surface active species.
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But the premise of surface chemical approaches to identification of the

CMC in protein-surfactant mixtures is the determination of the surfactant concentration at

which steady state interfacial behavior is governed entirely by surfactant. Comparison of

the steady state surface tension data recorded for rFVIII-Tween mixtures with similar data

recorded for Tween in the absence of rFVIII, however, suggest that steady state interfacial

behavior is governed entirely by surfactant at Tween concentrations well below that

defining the transition between regions IV and V. In particular, we recorded no

appreciable difference in the steady state value of interfacial tension demonstrated by

rFVIII-Tween mixtures and by Tween alone, once the Tween concentration reached about

18 ppm. Representative data illustrating this finding are shown in Figure 4.2. The MC

L



of Tween 80 in these rFVIII formulations cannot be unambiguously determined by

interfacial tensiometry. But we suggest that above a surfactant concentration of about 18

ppm, the steady state interfacial tension appears to be dominated by surfactant. Changes in

the pattern of interfacial tension kinetics observed with increasing Tween concentration

beyond this value are consistent with the fact that Tween itself exhibits faster adsorption

kinetics with concentration in the range of concentrations studied (Figure 4.3). The time

required for the surface tension values to reach a plateau was reduced from about 5 hours

for 5 ppm Tween to about 2 hrs for 79 ppm Tween.
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Figure 4.3 Surface tension kinetics exhibited by Tween as a function of Tween
concentration
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4.3.2 Insoluble aggregate formation

The formation of insoluble aggregates in agitated rFVIII samples

containing 20, 50, 80 and 200 ppm Tween was monitored by measuring the absorbance of

the samples at 350 nm. Results are plotted in Figure 4.4. The amount of insoluble

aggregates formed as result of exposure to the air/water interface decreased as the Tween

concentration in the rFVIII sample was increased. Tween is likely to form complexes with

rFVIII molecules as the Tween concentration is increased. The presence of Tween

surrounding the rFVIII molecule in the form of such complexes may prevent rFVIII

molecules from associating with one another, which will reduce the extent of aggregation

in the system. No further change in turbidity was observed as the Tween concentration

was increased from 80 to 200 ppm. This correlated well with the surface tension data. The

rFVIII-Tween surface tension data suggested that Tween may dominate the interface

when present in high concentrations. If Tween molecules occupy the interface, rFVIII

molecules will be protected from exposure and the resulting damage. This, in turn, may be

influential in the observed reduction in insoluble aggregate formation.
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Figure 4.4 Turbidity (Absorbance at 350 nm) data of rFVIII samples exposed to the
agitation-induced air/water interface

4.3.2 rFVTIJ tertiary structure upon exposure to the air/water interface

The wavelengths at maximum fluorescence emission (A) of rFVIH

samples containing 8, 20 and 80 ppm Tween and agitated for 3 days are presented in

Figure 4.5a. The ?,, values of control rFVIJI samples which were not agitated but simply

maintained at room temperature over a period of 3 days are presented in Figure 4.5b.

A small increase in the A,( of agitated samples containing 8 and 20 ppm

Tween was observed. The of agitated samples containing 80 ppm Tween did appear

to increase but the rate of increase was much less than that seen at low Tween

concentrations. In fact, there was no significant difference in the values of the



agitated, 80 ppm Tween-containing rFVIII samples at the 0-day and 3-day time points.

Significance was established by performing an ANOVA analysis with the p-value set

below 0.05 taken to be significant. These findings suggest that Tween when present at

high concentration (80 ppm) protected rFVIII from structural damage induced by

exposure to the air/water interface. This may be attributed to Tween being able to occupy

a large proportion of the air/water interfacial area generated during agitation which

precluded rFVIII from being exposed thereby preventing rFVIII structural change. We

have made a similar observation in the case of rFVIII adsorption at the hydrophobic

solidlwater interface in the presence of 80 ppm Tween (Chapter 3). hi that situation,

rFVIII adsorption was noted to be reduced with the addition of Tween and the structure of

adsorbed rFVIIJ was also better preserved in the presence of high Tween concentrations.

Recombinant FVIII molecules with a perturbed tertiary structure may act as a nucleating

seed for intermolecular aggregation events to occur. This is supported by the increased

turbidity observed in rFVIII samples containing low Tween. Although it is difficult to say

with any certainty whether structural change led to aggregation or vice versa, our results

indicate that interface-induced aggregation and structural change are complementary

phenomena.
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Figure 4.5a Wavelength at maximum fluorescence emission of rFVIII samples exposed to
the air/water interface
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Figure 4.5b Wavelength at maximum fluorescence emission of control rFVHI samples
kept at room temperature over the duration of agitation.
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The ?,, values of control, unagitated samples revealed no significant

difference between 0-day and 3-day time points at any Tween concentration (Figure 4.5

b). This suggests that rFVIII did not undergo any major structural change simply because

of prolonged storage at room temperature and that the changes in A of the agitated

samples can be attributed to exposure to the air/water interface. It is important to note that

although the discussion throughout this paper focuses on the air/water interface generated

by agitation, agitation may also induce other stresses, such as shear. The contribution of

shear to any of the observed phenomena cannot be isolated from the interfacial

phenomena and is not dealt with further here.

The fluorescence intensity of agitated and unagitated samples was

monitored at a wavelength of 334 nni (Figures 4.6 a and b). The fluorescence intensity

was normalized with respect to the zero-day value at each Tween concentration. A

decrease in fluorescence intensity was observed at all Tween concentrations in both

agitated and unagitated samples. Since the rFVIII concentration remained the same, the

loss of intensity was attributed to aggregation, and the shielding of the fluorescence

emission originating from aggregated molecules. The fluorescence intensity of the

unagitated rFVIII sample containing 8 ppm Tween decreased to about 75% after 3 days. A

trend was apparent even in the unagitated samples: samples containing higher Tween

concentrations displaying 3-day fluorescence intensity values closer to the 0-day values.

The rate of decrease in fluorescence intensity was much higher in the agitated samples

compared with the unagitated samples. The intensity of the 8 ppm Tween-containing

agitated sample dropped to about 46% of the original in 3 days. The rate of intensity loss

was much less steep in agitated 80 ppm Tween-containing samples. High Tween
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concentrations appeared to prevent rFVIII aggregation in this context as well. This was

supportive of the turbidity results described in a previous section.

1.2

8 ppm
1.O B-20ppm

::
0.4

N

E 0.2
0
z

0 1 2 3 4

Agitation time period (days)

Figure 4.6a Normalized fluorescence intensity at 334 nm for agitated rFVIII samples.
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Figure 4.6b Normalized fluorescence intensity at 334 nm for unagitated rFVIII samples



4.3.3 rFVIII biological activity upon exposure to the air/water interface
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Figure 4.7 Biological activity of 8,20 and 80 ppm Tween-containing rFVIII samples upon
exposure to the air/water interface or storage at room temperature for 3 days

The biological activity of rFVIII samples containing 8, 20 and 80 ppm

Tween upon agitation for 3 days or upon storage at room temperature over the same

duration are presented in Figure 4.7. rFVIII activity was significantly reduced when

samples were exposed to the air/water interface. An enhanced recovery in rFVIII activity

was obtained as the Tween concentration was increased from 8 to 80 ppm. This was

consistent with the improved protection of rFVIII tertiary structure at high Tween

concentrations. The biological activity of proteins is often correlated with their native
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structure and disruptions in structure may lead to reduction or complete loss of activity.

The loss of activity of rFVIII samples containing 8 and 20 ppm Tween upon agitation may

be partly attributed to the observed structure change. The activity of unagitated rFVIII

samples stored at room temperature over 3 days also were reduced in comparison to the 0-

day samples. Since the structure of the unagitated samples was more or less similar to the

0-day samples, it is likely that some other deactivation mechanism may be influential

towards the activity loss. Aggregation has often been cited as a physical pathway that

leads to a loss in rFVIII activity (Grillo 2001, Ramani 2005). We have observed a

reduction in rFVIII aggregation induced by exposure to the air/water interface as the

Tween concentration was increased. It is likely that aggregation may also be a factor even

when rFVIII ic exposed to ambient conditions over an extended period. When considering

unagitated rFVIII samples, Tween may become relevant through the formation of Tween-

rFVIII complexes, which in turn may help prevent aggregation of rFVIII molecules in

solution. Thus the improvement in rFVTII activity recovery in samples containing high

Tween concentrations may also be attributed to a reduction in rFVIII aggregate formation.

4.4 Conclusions

The exposure of rFVIII to the air/water interface appeared to induce

aggregation. The aggregation may be due to a small change in rFVHI tertiary structure on

account of the damage caused by the hydrophobic air/water interface. The extent of

aggregation and structure change depended on the amount of Tween 80 that was present in

solution. Higher Tween concentrations were beneficial in reducing structure change and

aggregation. This was attributed to Tween being able to dominate the interfacial

processes, and also form complexes with rFVHI molecules, when present at higher

concentrations. Steady state surface tension data supported both Tween interfacial
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domination and complex formation at high Tween concentrations. The biological activity

of agitated rFVIII samples decreased as compared to the starting value. This decrease in

biological activity was likely due to structurally perturbed and/or aggregated rFVIII

molecules being less active than the native rFVIII molecules. An improved recovery in

biological activity was evident as the Tween concentration was increased, which is in line

with the trends encountered with. aggregation and structural alteration
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CHAPTER 5

GENERAL CONCLUSION

The effect of nonionic surfactant Tween 80 (Tween) on protein

adsorption, specifically lysozyme and recombinant Factor VIII at hydrophobic and

hydrophilic solid/liquid interfaces bearing positive or negative charge, and at the air/water

interface is evaluated. At the solid/liquid interface, the ability of Tween to modulate the

protein adsorption behavior appears to depend on the relative strength of protein surface

and surfactant surface interaction. Tween 80 adsorbed in greater amounts on

hydrophobic as compared with hydrophilic solid/liquid interfaces. Consequently, addition

of Tween together with, following or prior to protein adsorption at hydrophilic surfaces,

had no perceivable impact for either lysozyme or rFVIII. Recombinant FVIII was

observed to be more resistant to buffer elution than lysozyme, in other words the rFVIII

surface interaction appears to be stronger than that for lysozyme. As a likely outcome of

this difference, Tween was more effective at reducing lysozyme adsorption or removing

adsorbed lysozyme than for rFVIII. With reference to rFVIII, electrostatic forces appear to

be relevant in adsorption and the positively charged B domain appears to be a likely

candidate as an adsorption site at negatively-charged hydrophilic interfaces. This is based

on the tertiary structure data pointing to the formation of a tightly packed rFVIII

monolayer upon adsorption and a near complete recovery of biological activity upon

exposure to negatively charged, hydrophilic nanoparticles. Interfacial tensiometry

suggests that Tween dominates the air/liquid interface when the concentration of Tween in

rFVIII Tween mixtures is increased. Tween was also effective at reducing rFVIII

aggregation and improving the recovery of the rFVIII biological activity upon exposure to

the air/liquid interface.
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The manuscripts documented in this dissertation present an efficient

model for studying protein surfactant interaction at interfaces and can be applied to a

number of different combinations of therapeutic proteins and surfactants, and such study

can be very useful during drug formulation development or process improvement

exercises.
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