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Summary

The aim of this study was to elucidate the fundamental interaction forces which

influence protein adsorption on oxide particles. Protein adsorption to oxide / materials

sufaces is omnipresent in biomedical applications and biosensor technology having a

significant impact on functionality and long-term usability of biomedical devices.

Knowing the key aspects that govern protein adsorption can lead to more customized

materials with decreased or increased protein adsorption at the interfaces, depending on

the specific applications.

The adsorption of the proteins lysozyme (LSI), bovine serum albumin (BSA) and jack

bean urease (JBU) on silica (SiOj, titania (TiOj, alumina (Al20j and zirconia (ZrOj was

investigated. The protein adsorption process was characterized by means ofzeta potential

/ isoelectric point measurements, determination ofadsorbed protein amount, suspension

surface tension measurements, enzyme activity investigations and protein charge

distribution calculations.

The keyfindings ofthis thesis are:

- For BSA adsorption on alumina a new adsorption model was suggested based on the

asymmetric charge distribution ofthe protein.

- By coating silica with AlOOH, LSI adsorption could by decreased and BSA adsorption

increased.

- A prediction methodfor the isoelectric points of lysozyme and bovine serum albumin

mixtures adsorbed on oxide surfaces was developed and experimentally verified.

- It was demonstrated that for less hydrophilic oxides such as zirconia, hydrophobic

interactions can play a more important role than electrostatics in the protein adsorption

process. It was also shown, that the hydrophobic interaction decreases the enzymatic

activity ofJBU considerably more than attractive electrostaticforces which is suggested to

be a consequence ofmore pronounced conformational changes.

- It was shown that for hydrophilic sufaces such as silica, titania and alumina the

protein adsorption process is governed by electrostatic interactions and not by

hydrophobic interactions.
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Zusammenfassung

Das Ziel dieser Arbeit war die Untersuchung der fundamentalen Wechselwirkungen

welche die Proteinadsorption auf Oxidpartikeln beeinflussen. Die Proteinadsorption auf

Oxid - und Materialobeflächen ist allgegenwärtig in biomedizinischen Anwendungen

und in der Biosensortechnologie. Die Adsorption bestimmt die Funktionalität und die

Langzeitverwendung von biomedizinischen Geräten. Das bessere Verstehen der Faktoren

welche die Proteinadsorption beeinflussen kann zu modifizierten Materialien führen,

welche -je nach Anwendung - die Proteinadsorption erhöhen oder erniedrigen können.

Die Adsorption der Proteine Lysozyme (LSZ), Bovine Serum Albumin (BSA) und Jack Bean

Urease (JBU) auf Siliziumoxid (SiOj, Titanoxid (TiOj, Aluminiumoxid (Al20j und

Zirkonoxid (ZrOj wurde untersucht. Der Proteinadsorptionsprozess wurde charakterisiert

durch Zetapotential - / Isoelektrische Punktmessungen, Bestimmung der adsorbierten

Proteinmenge, Oberflächenspannungsmessungen von Suspensionen,

Enzymaktivitätsuntersuchungen und der Berechnung von Proteinladungsverteilungen.

Die Hauptergebnisse dieser Arbeit sind wiefolgt:

- Für BSA Adsorption auf Al203 wurde ein neues Adsorptionsmodel vorgeschlagen,

ausgehend von der asymmetrische Ladungsverteilung des Proteins.

- Durch die Beschichtung von Si02mitAlOOH konnte die LSZ Adsorption erniedrigt und

die BSA Adsorption erhöht werden.

- Eine Voraussagemethode für den Isoelektrischen Punkt von LSZ und BSA Mixturen

adsorbiert aufOxidobeflächen wurde entwickelt und experimentell verifiziert.

- Es konnte gezeigt werden, dassfür weniger hydrophile Oxide wie Zr02 die hydrophobe

Wechselwirkungen einen stärkeren Einfluss auf den Proteinadsorptionsprozess haben

können als reine elektrostatische Wechselwirkungen. Es wurde auch gezeigt, dass die

hydrophobe Wechselwirkungen die Enzymaktivität von JBU wesentlich mehr reduzierte

als rein attraktive elektrostatische Wechselwirkungen. Die reduzierte Enzymaktivität

wurde aufstärkere Proteinkonformationsänderungen zurückgeführt.

- Es wurde aufgezeigt, dass bei hydrophilen Oberflächen wie Si02, Ti02 und Al203 die

Proteinadsorption durch elektrostatische und nicht durch hydrophobe Wechselwirkungen

dominiert wird.
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Chapten

I Introduction

1.1 General

Protein adsorption to surfaces of medical implants is an essential aspect of the

cascade of biological reactions taking place at the interface between synthetic material

and biological environment. The types and amounts of adsorbed proteins mediate

subsequent adhesion, proliferation and differentiation of cells as well as deposition of

mineral phases.

Therefore, the nature of this adsorption process is of great interest in order to better

understand the bio-integration of implant materials, with the long-term objective of

synthesizing either fully bio-compatible materials or, in the ideal case, truly bio-active

materials to replace current materials. This would bring the advantages of improved

patient recovery and subsequent quality of life. With an ageing population, this subject

has naturally become one of great academic and industrial interest over recent years [1-

4]. Synthesizing fully biocompatible materials, however, requires more understanding

of the fundamental aspects of protein adsorption.

Whilst metal oxides are directly used for applications where their extreme hardness

is necessary (e.g. femoral head replacement), most metallic biomaterials are

themselves covered by a protective, stable oxide film such as titanium oxide on

titanium. In these cases proteins only interact with the oxide film and not with the

underlying metal. Closer investigations of the protein - oxide interface are therefore

vital to the biomaterials field as it strives to make the transition from merely bio-inert

to fully bioactive implant materials [4, 5].

Why is it important to understand the protein adsorption process in addition to that

of cell ortissue adsorption onto oxides?

It was shown by Healy et al. in 1996 [6] that bone cells can adhere and proliferate

only on surfaces, where, prior to cell adhesion, protein adsorption has taken place. The

first process which occurs, when materials surfaces are exposed to biological systems,
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Introduction

is protein adsorption within 20 - 30 min. In the next step, after a "protein carpet"

covers the materials surface, cells can adhere and proliferate on the material,

respectively protein layer within 1 -24 hours (see Figure 1.1).

Figure 1.1 Titanium, a widely used bioimplantfor hip-joint replacements, is always covered with Ti02. The cell

adheres andproliferates on "protein carpets", and not on the Ti02.

It is assumed that not only the amount of adsorbed protein but also the protein's

conformation is important for cell proliferation [4, 7, 8]. A change of protein structure

would hamper the cell receptors situated within the cell membrane to recognize the

specific protein function (see Figure 1.1, magnification). As a consequence, on proteins

with heavily deformed shapes, the cell will not adhere and proliferate on the protein

carpet. The cell does not accept the adsorbed proteins as body own proteins but rather

sees them as intruders. This fatal mistake, made by the cell, is assumed to be one of the

reasons which promotes local inflammation and tissue mutations [9].

The implant materials surface properties are vital to protein adsorption which is in

most cases an oxide. On the biological side we know from Healy et al. [6] that the first

step, namely protein adsorption, is governing cell adhesion and proliferation. Hence the

investigation of the protein - oxide interface is of prime interest.

However, not everywhere is protein adsorption desired and in many biomedical

applications protein adsorption is unavoidable e.g. in blood pumps or in blood vessel

14
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stents. Protein adsorption - in these cases also called "bio fouling" [17] - can to some

extent, be avoided by using for instance Poly- L- Lysine - Polyethylenglycol (PLL-PEG)

coatings [18,19] or other surfactants [20] which make the materials surface resistant to

protein adsorption.

Interfaces of proteins and metal-oxides are not only of interest to the bioimplant

field, but also become more and more important in the growing field of biosensors. In

the general approach, enzymes are being immobilized on hydrophilic materials, where

they operate as bioselective catalysts for the specific cracking of biomolecules [10-13].

The cracked biomolecules can be detected by e. g. photometric methods. The more

gentle the used immobilization technique is in regard to the native enzyme

conformation, the higherthe activity of the immobilized enzyme will be. A high enzyme

activity is desired to achieve a high turnover rate. We showed in a feasibility study the

possibility of using metal-oxide particles with a high specific surface area for biosensor

applications with a high turnover (see Figure 1.2, pictures taken from reference [14]).

Figure 1.2 Miniaturized enzyme

reactor based on hierarchically

shaped porous ceramic microstruts

[14].

a) Micro struts ordered

b) Close-up ofa micro strut

c) Each micro strut consists of

nanoparticles

d) Total view ofthe biosensor with

inlet, outlet and the microchannel

By using colloidal particles, we can quantify parameters such as the surface charge

of oxide particles, their zeta potential, particle size and take advantage of the high

surface area for enzyme activity measurements.

Proteins and oxide particles are charged in aqueous solutions and their first

interaction is governed by electrostatic interactions. Thus, the system parameters
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which have to be controlled are pH, ionic strength and temperature, according to the

DLVO-Theory [15,16].

There are, of course, also disadvantages when using colloidal particle ensembles to

characterize protein / oxide interactions. In order to characterize carefully particle

systems and measure parameters such as specific surface area or crystal phases

present, one needs to apply different techniques than for flat surfaces. Due to the

processing method, some surface impurities or salt additions may be present in the

powders supplied by different companies. However, our preparation methods allow to

produce fine particles with > 99.99 % purity and some of the commercial suppliers of

oxide powders are routinely providing powders with purities betterthan 99.998 %.

Furthermore, one has to be aware of the fact, that colloidal oxide particles are never

single crystals but polycrystalline or amorphous. Within this approach, no crystal

orientation depended investigations can be carried out. But as far as bioimplants are

concerned, the ceramic or metal interfaces always consist out of polycrystalline

materials also. Thus powder particles will represent with their average over many

crystallographic surfaces very well implant surfaces.

In this study adsorption of different proteins (Lysozyme, Bovine Serum Albumin) on

various ceramic particles (Si02, Ti02, Al203, ZrOj with special focus on the influence of

the charge and the adsorbed amount of the oxides and proteins are systematically

investigated. From these experiments, conclusions considering the basic interaction

forces between protein and oxide surfaces are drawn and the role of electrostatic and

hydrophobic interactions elucidated.

It is investigated how these interactions influence the adsorption amount and

orientation of proteins, how surface modifications alter protein adsorption, how the

zeta potential of oxides are changed upon protein adsorption, how the isoelectric point

of binary protein mixtures adsorbed on oxide surfaces can be predicted and how the

activity of the enzyme urease changes its activity in different oxide suspensions.
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Chapter 2

Z Stability ofColloidal Particle Suspensions

ABSTRACT This section gives an introduction to the stability theory of colloidal

suspensions. The definitions of the van der Waals interaction energy, Hamaker constant,

electrostatic / suface / zeta / interaction potential, Debye - Hückel length and electric

field strength of charged particles are discussed in detail. At the end, the DLVO theory is

presented as a useful approximation to understand the stability of colloid particle

suspensions.

2.1 Van der Waals Forces

In this section we want to derive the van der Waals interaction energy UA(h) of two

spheres as a function of the surface separation distance In.

The origin of van der Waals forces lies in the dipole or induced - dipole interactions

at the atomic level and are therefore essential in almost all aspects of materials studies.

There are three major types of van der Waals forces: Debye, Keesom and London (=

Dispersion) forces. These three terms describe permanent dipole - induced dipole,

permanent dipole - permanent dipole and induced dipole - induced dipole interactions.

The London (Dispersion) force is always present (like the gravitational force) as it does

not require the existence of permanent polarity or charge - induced polarity in

molecules. Mathematical details for all three contributions can be found in physical -

chemistry books as in reference [1].

The strength of van der Waals forces increase for interactions between macroscopic

objects such as colloidal particles as typically each particle has a large number of atoms

or molecules. But van der Waals forces are - as we will see later - only effective over

short distances of typically 0.2 - 3 nm which is the reason why for instance colloidal

suspensions do not coagulate instantly. Due to the short range of van der Waals forces

only a "perfect" - that is a close enough - contact is effective. A prominent

demonstration for van der Waals forces gives nature itself: Van der Waals forces are

assumed to be responsible for the amazing climbing abilities of Geckos [2, 3] whose

feet soles are covered with millions of thin and tiny hairs which make a perfect contact

to any materials surface.
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Stability of Colloidal Particle Suspensions

In 1937 Hamaker [4] showed that the van der Waals interaction energy between two

spherical interacting particles of the same material separated by a distance, h, is given

by

UA (h) = -A H(h, geometry) (2.1)

where A is the Hamaker constant and H(In, geometry) a function of the geometry of

the interacting (macroscopic) bodies. Equation (2.1) solved for two interacting spheres

of the same radii a yields Equation (2.2):

UA(h)
A 4a2 2a2

6 \h + 4ah h + 4ah + 4a

- + ln
h2 + 4ah

h2 + 4ah + 4a2
(2.2)

where h is the particle surface separation distance. Van der Waals interaction energy

functions for other geometries can be found in [5].

The Hamaker constant for two particles of materials 7 and 2, respectively, interacting

across a liquid medium (subscript 3) is given by Equation (2.3), [6]:

11
°°

A32=—KTYXNlal(iO-N3aMn)\[N2^0-N3aMn)\ (2.3)

where A/, are the number density of molecules in material 7, 2 and 3, a, the molecular

polarizabilities of the three materials. The summation is evaluated at the imaginary

values of frequency

E,n =27rnkBT I h (2.4)

corresponding to the poles of

coth(Â rnllkj) (2.5)

in the upper half of the imaginary number plane.
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Alternatively, Equation (2.3) can be expressed in terms of dielectric constants of

various materials through the relationship ey
= 1 + NjOij as

11
°°

AU2=—kBTJl[SMn)-^(^n)]-[^2(^n)-^(^n)] (2-6)
8 „=0

although pair wise additivity remains valid only for s O 1.0. In addition, we have

influences due to retardation effects. From Equation (2.6) we can see that the Hamaker

constant not only depends on the dielectric constants of the interacting materials but

also on the medium between material 7 and 2.

The Hamaker constant can be obtained experimentally from surface force

measurements using the surface force apparatus or atomic force microscopy [7, 8].

Experimentally obtained Hamaker constants for different materials with the interface

medium water are given in Table 2-1. All Data were taken from references [7-9].

Table 2-1. Hamaker constantsfor different materials (at the surface) in water.

Material Quartz

(fused)

Si02 Mica Mg02 A1203 Zr02 Ti02

(Rutile)

Gold Si3N4

Al A2 A3 A4 A5

A [10"20J] 0.83 1.6 2.2 4.32 6.7 13 26 40 45

The van der Waals inter particle potentials UA(h) for different materials using the

Hamaker constants from Table 2-1 and Equation (2.2) are plotted in Figure 2.1. One can

see that for different materials the van der Waals interaction range significantly varies.

The shortest distance obtained for silica is around 2 nm whereas for gold the

interaction potential ranges up to about 10 nm.
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Stability of Colloidal Particle Suspensions

10 100

-800
Separation Distance h [nm]

Figure 2.1 Van der Waals inter particle potentials ofdifferent materials with Hamaker constantsfrom Table 2-1

for a particle radius of100 nm in water at T = 25 °C

Further and more comprehensive discussions of van der Waals forces and the

Hamaker constant can be found in [4, 7, 8,10-14].

2.2 Electrostatic Double Layer and Double - Layer Interactions

In this section we want to derive the electrostatic potential y(x) and the electrostatic

interaction energy for charged spheres as a function of the surface separation distance

x.

A surface exposed to a liquid may acquire charges. The origin of charges at oxide

surfaces in water will be discussed later in 2.4. The charged surface generates in the

liquid an electric field with a potential in analogy to an electrode. The electrical

potential causes ion adsorption on the particle surface and a so called Stern layer is

formed. The common model including the Stern layer and the diffuse double layer is

illustrated by Figure 2.2.
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Diffuse Double
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Figure 2.2 Diffuse double layer model of a charged

particle surface (gray) in water with a low ion

concentration (top) Counterions adsorbed on the

particle surface form the Stern layer At the shear

plane (x$ we measure the zeta potential Ions are

continuously exchanged between the diffuse double

layer and the stern layer

The corresponding electrostatic potential y/ (x) is

given below as afunction ofdistance from the surface

y/0 is defined as the surface potential and y/ç as zeta

potential
The Debye - Huckel length at x = d is plotted as well

and will be explained later

The surface potential (\|/0) is defined as the potential found at the surface (xj. The

zeta potential (\|/ç) is defined as the potential obtained atx = x^. The distinction of these

two potentials has a practical reason. The zeta potential is obtained from electro kinetic

potential measurements such as electrophoresis or the colloidal vibration current

technique (see section Methods and Principles) but never directly the surface potential.

However, at very low ionic strengths, the surface potential can be approximated by the

zeta potential, that is \\j0 « \|/ç.

Now we want to derive the electrostatic potential \\j(x) as a function of the particle

surface distance. The following mathematical treatment was mainly taken from

references [5,15] with modifications and additional comments.

The variation of potential with distance from a charged surface of arbitrary shape is

a classical electrostatic problem. The general problem is described by the Poisson

equation,
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(dV / dx2 ) + (dV / dy2 ) + (5V / &2 ) = "(P / e) (2-7)

or in terms of the Laplacian operator V2,

V2y/ = -(pls) (2.8)

where we define s as the product of srs0 and thereby account for the effect of the

medium. In these expressions, p is the charge density (i. e., C m3) in the system, a

quantity that itself is a function of x, y and z.

We define the direction perpendicular to the surface as the x direction and consider

the surface as extending to infinity in the positive and negative y and z directions. In

this case and with s = srs0 Equation (2.7) reduces to

_2 ,
.

d2y/{x) p(x)

vy(x)= y2
j
=
-t^—L

(2.9)

where s0 is the permittivity of free space, ethe relative dielectric constant, set equal

to its bulk value. The distance x is counted from the surface (if the double layer is purely

diffuse) or from the local electrolyte concentration. The space charge density p(x) is

related to the local electrolyte concentrations.

Generally,

P(x) = FTjjZjCj(X"> (2.10)

where F is Faraday's constant and the valences (also called charge numbers) have

the signs included. For a symmetrical electrolyte, for which z+ = -z. = z, Equation (2.10)

reduces to

p(x) = zF[c+ (x) - c_ (x)] (2.11)

Local concentrations are related to their bulk values c = c(œ) by Boltzmann's law
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c](x) = c]e
J

(2.12)

whereyfxj is a normalized dimensionless potential, defined by

y(x) = Fy/(x)lRT (2.13)

Combination of Equations (2.9), (2.11) and (2.12) leads to the Poisson - Boltzmann (PB)

equation for the present case

RT d2y(x)
_

zFc
(x) (x)

F dx s0s
(e-vw-ew>) (214)

where we have used c+(oo) = c_(o6) = c (for a symmetric salt).

Introducing the reciprocal Debye - Hückel length k [16, 17] for a symmetrical

electrolyte

k1 =2Flczl Is()sRT (2.15)

and replacing the term in brackets in Equation (2.14) by -2sinh[zy(x)] the PB equation

becomes

d2\zy(x)]
9 . , r , Nn—L y) n

= k2 sinh[zy(x)] (2.16)
dx

This equation can be integrated with the boundary condition for the integration

constant that at large distance from the surface dx/dy —>o and y —>o. We find const. = -

7. Introducing the expressions for y and k into (2.16) the electric field strength in a

diffuse double layer is immediately found as

«VW= wrsinhffVW
dx V s(,s \ 2RT

(2.17)
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We need the minus sign as for positive potentials ^decreases with x, whereas for

negative potentials it increases.

The ionic strength / (= c) can be accordingly adjusted over a pH range when titrating

with an ionic start concentration of c0:

c = c0+ (10^ff +\0pH-pKw)M (2.18)

where c0 is in mM with pKw = 14.

The electric potential y^x) is a function of the electric field strength E and the

reciprocal Debye - Hückel length Kgiven by

^(x) =
—^

(2.19)
K

For the potential we can now write

(d2y/ldx2) = K2y/(x) (2.20)

This equation above will have to be solved under the conditions that t//—> y/0 as x —>

x0and t//—>o asx —><x>. The solution that satisfies these conditions is

y/(x) = y/0 exp(-Kx) (2.21)

and yields trfx) as a function of the reciprocal Debye - Hückel length and distance x

from the surface. From this equation we can now see the meaning of the Debye -

Hückel length d = K\ At the distance k = x the potential has dropped to the i/e -th of

the surface potential y/0 and is considered as the thickness d of the diffuse double layer

(see Figure 2.2). The Debye - Hückel length for different ionic strengths calculated from

Equation (2.15) for a mono valent, symmetric electrolyte are given in Figure 2.3.
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0.0001 0.001 0.01

Ionic Strength [mol/l]

Figure 2.3 Debye - Huckel length for different concentrations ofa mono valent, symmetric electrolyte in water.

For studying the stability of colloidal particles in suspension or for determining the

potential at the surface of particles, one often needs expressions for potential

distributions around small particles that have curved surfaces. Solving the Poisson -

Boltzmann equation for curved geometries is not trivial. The linearized PB equation (i. e.,

the PE equation in the Debye- Hückel approximation [5,15]) can, however, be solved for

spherical electrical double layers relatively easily, and one obtains, in place of Equation

(2.21),

y/(x) = y/0(Rs/r) exp(-/r(r - Rs )) (2.22)

where Rs isthe radius of the spherical particle and ris the distance of any point in the

double layer from the center of the particle, that \s r = x + Rs. Figure 2.4 illustrates the

solutions for Equation (2.22) for different ionic strengths of a monovalent, symmetrical

electrolyte.
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0.025

Figure 2.4 Electrostatic potential y/ (x) in water calculated with Equation (2.22) for different ionic strengths of

h 2 3 4
= 0.0001, 0.001, 0.01, 0.1 M, particle radius Rs = 100 nm and a surface potential y/0of25mVatT = 25

°C.
'

The electrostatic interaction energy between two charged spheres can be described

by using Derjaguin's approximation. Derjaguin [18] developed a method to utilize the

parallel plate interaction energy Up(x) [5] as an approximation for the interaction

energy between two spheres UE(x). This approximation is given by

/•CO

UE(x)=\ 27thUp(x)dx
JO

(2.23)

and essentially decomposes the curved surfaces into parallel plate rings of various

radii interacting across the liquid gap x between two particles. This approximation is

good when the curvature of the surface is small compared to the double layer

thickness, that is when kRs > 0.5. The electrostatic interaction energy for two identical

spheres is then obtained as [19]:

UE{x) = 27rswsoWo2RM^e ) (2.24)
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As this equation was derived by using the linearized PB equation [5] the equation is

only valid for i//0<2$ mV.

We want to get a feeling for Equation (2.24) and see what solutions we obtain when

we change the surface potential or the ionic strength of the mono valent, symmetric

electrolyte. Solutions for of Equation (2.24) are plotted in Figure 2.5 a), b).

»1%
= 25 mV

a)

Separation Distance x [nm]

b)

Separation Distance x [nm]

Figure 2.5 a), b) Electrostatic interaction potential UE(x) in water calculated with Equation (2.24) for different

surface potentials (a) and ionic strengths f 2,3,4
= 0.0001, 0.001, 0.01, 0.1 M (b). Particle radius Rs = 100 nm,

T = 25°C

We see that the electrostatic interaction distance can reach up to 100 nm whereas

forvan der Waals interaction the highest distance is around 10 nm (see Figure 2.1).

2.3 The DLVO Theory

After elucidating the van der Waals and the electrostatic interaction forces we are

now ready to discuss the DLVO theory which is the basic theory to understand the

stability of colloid suspensions.

The DLVO theory was named after Derjaguin, Landau, Verwey and Overbeek [20, 21]

who formulated the total interaction energy between colloidal particles as the sum of

the van der Waals and the electrostatic interaction potential being simply the

summation of Equation (2.2) and Equation (2.24) and replacing h with x

Ur :UA(x) + UE(x) (2.25)
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Note that the DLVO theory does not take into account steric repulsion due to

molecules adsorbed on the particle surface.

The inter particle potential for different ionic strengths is illustrated by Figure 2.6.

-120

repulsion

attraction

100

Separation Distance x [nm]

Figure 2.6 Inter particle potential UDLVO(x) in water calculated with Equation (2.25) for different ionic strengths

h, 2,3,4
= 0.0001, 0.001, 0.01, 0.1 M. Surface potential 25 mV, Particle radius Rs = 100 nm, T = 25 °Q

Hamaker constant 6.7 10'20 J (alumina).

From the curves in Figure 2.6 we can define the stability of colloids. Three major

regions can be defined: stable, metastable, unstable. The inter particle potential curves

forthese three distinctions are schematically plotted in Figure 2.7.
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Separation Distance x

Figure 2.7 Potential energy curves for the interaction of two colloidal particles, each of radius Rs. Unstable:

repulsion less than attraction in magnitude and/or same range; metastable: repulsion and attraction comparable
in magnitude and range; stable: attraction less than repulsion.

2.4 Origin of Charges on the Oxide Surface in Water

This section briefly explains the origin of surface charge on an oxide particle surface.

A dry oxide surface in dry air does not carry surface charges because of electro

neutrality. However, as soon as the surface is exposed to water, chemical surface

reactions take place between the oxygen ions and the water molecules resulting in a

surface charge. The amount of surface charge depends on various parameters as the

number of de-/protonable surface sites per surface area and the acidicity / basicity of

the oxide surface. The de-/protonation of the oxide surface is illustrated by Figure 2.8

using alumina as an example.
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H H

X0/ ki OH k2 o"
i + i <* i

I. II. III.

Figure 2.8 Reaction ofwater at the alumina surface: I. Protonated, II Neutral, III Deprotonated state.

Which surface charge state (I., II. or III.) is predominantly present depends on the pH

and the point of zero charge (PZC) of the material. The PZC is a materials constant

defined as the pH at which the net surface charge (and thus the surface potential) is

zero. The PZC is an ideal value for a suspension system without any counterions and

can theoretically not be measured in an experiment. The PZC under experimental

conditions is called the isoelectric point (IEP). We will use the term IEP for all

subsequent discussions in this thesis as this is the value which can be obtained directly

from measurements.

The surface charge - or surface / zeta potential - that we measure is always a

superposition of the surface states I. to III. (see Figure 2.8). It is important to note that

states I. to III. can coexist over a wide pH range. A schematic zeta potential plot as a

function of pH is given by Figure 2.9 for alumina and silica. The IEP of the materials

differ obviously. The IEP of silica is close to pH 1 whereas the IEP of alumina is at pH 9.
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Figure 2.9 Schematic zeta potential curves as afunction ofpHfor silica and alumina.

Both materials show different zeta potential values at different pHs which

implicates that the surface charge is different as well. We now will look closer at the

origin of the surface charge and the difference found between different materials

surfaces.

The surface of an oxide particle consists of various crystallographic planes. Even if

these individual surface planes would be free of defects, they bear various densities of

nonequivalent singly, doubly, or triply coordinated oxygen atoms [22]. All these oxygen

atoms introduce a heterogeneity of the surface by their different intrinsic proton

affinities.

To illustrate the different oxygen densities of the crystal planes examples of alumina

(alpha), titania (rutile) and silica (quartz) were visualized by a 3 D graphics software

(XtalDraw) in Figure 2.10 a)-c).The ionic radii were taken from reference [23].
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a) alumina (alpha)

b) titania (rutile)

c) silica (quartz)

Figure 2.10 a) - c) Crystal structures of alumina, titania and silica. The ionic radii are to scale. The white

spheres are the cations and the gray spheres oxygen ions. The ionic radii were takenfrom reference [23].

It can be seen that the oxygen ions are much bigger than the metal cations and that

their densities vary on different crystal planes. Thus it is not difficult to imagine that
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also the surface reactions with water differ and that different surface charges can

result on each crystal plane.

The surface charge of silica is mathematically described by a i-pK model with N = 8

ionizable sites per nm2 and pK= 7.5, [24]:

o___ 1

eN~
Œ~

1 +10«V^
(2'26)

where cris the surface charge (C/m2), e the elementary charge of an electron and a

the ionization degree of the silica surface (a number in between o and 1). y/0 is the

surface potential and relates the potential at the start of the diffuse layerx0 (in case of

protein adsorption, the start of the protein adsorbed layer) according to [25].

The alumina surface is described by N = 5 nm
2

[26], pK = 9 and a i-pK model for an

amphoteric material (in which the pK is equal to the isoelectric point), [25]:

G * 1 1
— OC — (2 27)

eN 2 l + KF^V^»

where a* is the relative degree of charge for alumina (in between -0.5 and 0.5).

We can see from Equations (2.26) and (2.27) that the ionization degree of the surface

is the higher the farer away the pH is from the pK, respectively from the IEP. We also

note that the number of ionizable sites differ for silica and alumina and that silica can

carry higher numbers of charge per surface area.
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Chapter 3

Proteins and Materials Surface Interactions

ABSTRACT: This chapter explains what proteins are and the forces that keep proteins

together. From these internalforces, energy contributions relevant to the interaction with

materials surfaces are elucidated. At the end of this chapter some aspects of protein

adsorption kinetics are discussed.

3.1 What are Proteins

Proteins are linear polymers built of 20 monomer units called amino acids. The

amino acid sequence determines the protein's three-dimensional structure.

Proteins - also called polypeptides - are the most versatile macromolecules in living

systems and serve crucial functions in essentially all biological processes. They function

as catalysts, they transport and store other molecules such as oxygen, they provide

mechanical support and immune protection, they generate movement, they transmit

nerve impulses, and they control growth and differentiation.

3.2 Amino Acids

All amino acids feature the same general structure and are only distinguished by

their side chain residues R as shown in Figure 3.1.

a - Carbon atom

H H o

Amino- XN_C_C/
group / i \

H r OH

Side chain

residue

Figure 3.1 The structure ofamino
acids.

Carboxyl-group
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In a protein, the amino acids are bound covalently by an amid bond called peptide

binding. The reaction of two amino acids is a condensation reaction whereby a water

molecule is liberated and one amino and one carboxyl group form one peptide bond

(see Figure 3.2).

hH0Hh0 hhor0

\ i ^ \ i s -h70 \ i ii i s
n—c—c + n—c—c —2__* n—c— c— n — c— c

/ I \ / I \ / I I I \
H r OH H r OH H r h H OH

Figure 3.2 The condensation reaction oftwo amino acidsforming a peptide bond Thefour atoms in the dotted

rectangular boxform a stiffandplanar unit There is no rotation possible around the C — N— axes

The backbone of a protein is a long chain of amino acids covalently linked by peptide

bonds. The chemical and physical properties and the folding structure of the protein

are determined by the side chain residues of its amino acids. Amino acids can be

divided into three groups: Nonpolar, polar and ionizable. The amino acids including

their structures and the pKa values of ionizable side chains are shown in Figure 3.3. The

pKa values for the ionizable amino acids were taken from Stryer [1].

Nonpolar

I 9
0

H,N. A.
2 ^~^

OH

NH2
NH2

gly g Glycin
ala aAlanm val v Vahn

0

T ii
0

Vi »

'
NH2

—V^CH
NH2 NH2

leu ILeucm lie i Isoleucin met m Methionin

0

0

U^J NH2

^-^T^"» 0H

NJ NH2
H

trp w Tryptophan

V-NH

phe f Phenylalanin pro p Prolin
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Polar

0
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OH 0

0

HS y OH

HO'^f'OH "^fOH NH2

NH2 NH2 cys c Cystein

ser s Serin thr tThreonm

pKa83

0 0

f^Y^l;0H
H0AJ NH2

h=nvV1oh
0 NH2

0 0

tyr y Tyros n asn n Asparagin gin q Glutamin

Ionizable

(acidic and basic)

hoyVoh
O NH2

0 0

HoA^V^OH
NH2

I

asp d Asparagmsaeure glu e Glutam nsaeure his h Histidin

pKa4i pKa4i pKa6o

0

IMH2

J! -^^vi

lys k Lys n wfl r ht 4 n*i

pKa io 8 pKa 12 5

Figure 3.3 The 20 amino acids grouped into nonpolar, polar and ionizable (incl pKa values ofthe ionizable side

chains, takenfrom Stryer [1J)

From these three amino acid categories and the amino acid residues we can identify

the essential interaction forces amongst amino acids themselves, defining the protein

functionality: Electrostatic interaction (repulsive and attractive), hydrogen bridges

(polar - polar), disulfide bridges (cystein, covalent), hydrophobic interaction (in a

hydrophilic solvent), van der Waals interaction.

3.3 Protein Structure

Four different protein structure levels are distinguished called primary, secondary,

tertiary and quaternary structure. The primary structure is the sequence of amino acids

in a protein. The secondary structure is the bending and hydrogen bonding of a protein

backbone to form repeating patterns. The elements of the secondary structure are

subdivided into a - helices and ß - sheets. The tertiary structure is the overall
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conformation (= shape) of a polypeptide, as reinforced by interactions between the side

chains (R groups) of amino acids. The quaternary structure is the association between

two or more polypeptides that make up a protein (see Figure 3.4, illustrations taken

from reference [2]).

Quaternary structure

Figure 3.4 a) -d) Thefour levels ofprotein structure (illustrations takenfrom reference [2]).

Prediction of the three - dimensional structure of a protein from the primary

structure, that is from the amino acid sequence, is up to date only possible for proteins

with about 20 amino acids.

3.4 Protein Interactions with Materials Surfaces

The degree of protein adsorption is generally determined by the standard Gibbs

energy of the adsorption. Protein adsorption occurs if the free Gibbs energy of the

system decreases upon adsorption. The Gibbs energy of a protein - materials system

can be described by different energy terms as shown in Figure 3.5.
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(1) Surface charge and IEP of

protein and materials

(AGLE and AGe!)

(2) Hydrophobicity, hydrophilicity
of protein and materials

(3) Conformation of protein

(ÛGccrf)

(4) van der Waals interaction

(ÛGv*v)

0.3 nm

Figure 3.5 Energy terms governing protein - surface interactions. The system parameters affecting the

interaction terms are pH, ionic strength and temperature.

The resulting adsorption energy is the sum of the following energy contributions

AGa£fc = AGd(1) + AGL£(1) + AGhphoJ2' + AGco„/3) + AGvd,(4) (31}

When AGads is negative, protein adsorption to the materials surface occurs. All energy

terms are subject to the system parameters pH, ionic strength and temperature (at a

constant pressure).

(i) AGel is attributed to long range coulomb interactions of the protein with the

materials surface. The charge of the protein and the materials surface are strongly

dependent on the system parameters pH and ionic strength (see also previous chapter)

and on the isoelectric point (IEP).

(i) AGLE is an energy term that results from the so called ligand exchange reaction

which is essentially a condensation reaction between an organic acid and a protonated

materials surface. The ligand exchange model is illustrated in Figure 3.6.
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o
II

-c-o

pH7

H

H

\

/

^

O
yyj Figure 3.6 Ligand ex-

J/J/J change model: A carboxyl
ii / group adsorbs on an acidic

l^ \J Al / surface followed by a

/yy. condensation reaction and

liberation of one water

W, molecule.
+ H20

The result of the ligand exchange reaction is the formation of a bond between the

organic molecule and the materials surface and the liberation of one water molecule.

The ligand exchange model was studied in detail by Kümmert at al. [3] and Hidber [4, 5]

for organic acids. The ligand exchange reaction takes places on short ranges, depending

on the molecule size.

(2) AGhphoblc is attributed to hydrophobic interactions of nonpolar amino acids (see

Figure 3.3) of the protein with materials surfaces. The concept of hydrophobic

interactions can be better understood in terms of dehydration energies. A surface that

is hydrophilic has a high affinity to water molecules and any adsorption of hydrophilic

amino acids is a competition reaction to water adsorption. Removing a water molecule

from a hydrophilic surface requires a considerable amount of work and thus the

dehydration energy is high. In contrast, a surface that is hydrophobic (e. g. PTFE) repels

water molecules. Water molecules try avoiding the interaction with the hydrophobic

surface. The dehydration energy of such a surface is very low, as it is easy to displace

water molecules from the surface. Nonpolar amino acids which are exposed to water

try escaping the aqueous environment and adsorb on the hydrophobic surface.

Hydrophobic interactions are of short range.

It should be noted that any materials surface is per definition less hydrophilic than

water itself.

(3) AGconf is an energy contribution resulting from the conformational changes

which a protein undergoes during the adsorption process. The degree of

conformational changes depends on the internal coherence of the protein and

entanglements (steric hindrance) during protein structure rearrangements. Proteins

with a weak internal coherence undergo more conformational changes than proteins

with strong internal coherence. In this context proteins with strong and weak internal

coherence are also called "hard" and "soft" proteins as introduced by Norde [6-8]. A

42



Chapter 3

"hard" protein has a lowzlCcon/and a "soft" protein a high AGconf. It should also be noted

that during conformational changes amino acids which were not exposed to water

before may become exposed and influence the ongoing protein adsorption and

restructuring process. In general it can be said that conformational changes are very

slow processes and can take days.

(4) AGvdw, the contribution from van der Waals interaction, is supposedly the

adsorption term with the least impact on protein adsorption due to the presumably

very low Hamaker constants of proteins. No references in literature report

experimental evidence of the influence of van der Waals interaction during protein

adsorption. However, it should be noted that van Oss postulates that hydrophobic and

van der Waals interactions are of same origin and can be treated mathematically in a

similiar way [9-11]. This statement is debatable but nevertheless an interesting view

point.

More thoughts along the same lines regarding the thermodynamic aspects of

protein adsorption can be found in references [9,12-16].

3.5 Protein Adsorption Kinetics

The protein adsorption kinetic theories are very complex and mathematically not

trivial to handle. Basically all adsorption models developed for polyelectrolyte

adsorption are applicable to protein adsorption. References [17-25] give a detailed

overview of today's models.

We will, however, look at some basic adsorption models in order to understand the

fundamental concepts.

3.5.1 Langmuir Adsorption Model

One of the simplest and frequently used adsorption models is the Langmuir

adsorption model [26, 27]. The key assumptions are:

(1) adsorption onto the surface cannot exceed a monolayer,

(2) the adsorbing surface is composed of discrete, identical, non-interacting sites

(3) the ability of a molecule to adsorb to a given site on the surface is

independent of the occupation of neighbouring sites.
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The resulting kinetic equation is

dp

~dt
k,. -c

P

rmonolayer

kdP (3.2)

where pmonolayer is the concentration of the adsorbate corresponding to complete

monolayer coverage (|jg/cm2), p is the amount of protein adsorbed onto the surface

(|jg/cm2), c is the bulk concentration of adsorbing species at the surface (|jg/ml) and, ka

and kd are the adsorption and desorption rate constants, respectively.

3.5.2 Simple Particle Model

Since the Langmuir approach accounts only trivially for surface blockage, a particle

level approach in which the protein molecules are modelled as geometric objects that

are subject to surface exclusion (no overlap) is favoured.

The simplest particle level model is Random Sequential Adsorption (RSA). In this

approach, particles adsorb to a surface sequentially, at randomly chosen positions,

subject to no overlap with previously placed particles. No desorption or surface

diffusion occurs. The kinetic equation becomes,

ot
(3.3)

where <D is the fractional surface blockage with the property that O(o) = 1 and <D (pj)

= o. An interesting aspect of this model is that a jammed state (saturation) is

approached asymptotically with time. At long times, the kinetics are described by an

algebraic power law,

®*rv *\px-p{t)Y (3.4)

where p^ is the saturation density and v is a positive real number whose value

depends on the particle geometry [28-33]. Desorption may also be incorporated into the

simple particle approach. In this case, the approach to saturation becomes exponential.
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3.5.3 Spreading Particle Model

An improvement to the Simple Model is the Spreading Particle Model in which

conformation/orientation changes of the surface adsorbed protein are incorporated

[34-37]-

As indicated in Figure 3.7, the Spreading Particle Model depicts protein molecules as

particles that adsorb sequentially and randomly onto the surface without overlap. Once

adsorbed, two competing events take place, the molecule may desorb or may spread

symmetrically and instantaneously to a particle of larger diameter. Both of these occur

at given rates. Spreading can occur if space allows and represents a post-adsorption

transition in conformation or orientation.

1. Transport from

bulk to surface

2. Adsorption onto

surface

4. Desorption

3. Surface induced

conformational or

orientation changes

Figure 3.7 Spreading Particle

Model: Events occurring during

protein adsorption. • Solution

state protein (a - state). ^

Surface alteredprotein (ß - state).

The key assumptions of this model are: (1) proteins interact laterally through a hard

core potential, and (2) only a single altered state is possible.

The kinetic equations forthis process are

dpa

dt

kac®a-kdpa-ksPay(
aß (3.5)

dPß
dt

ksPa%sr7a aß (3.6)

where pa is the density of protein in the unspread state, pp the density of protein in

the surface altered state, &a is the adsorption probability (fractional surface available

for adsorption), Waß is the spreading probability (the probability that an already
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adsorbed molecule has sufficient space to spread), ks is the spreading rate, ka and kd are

the adsorption and desorption rates, and c is the bulk concentration at the surface.

Assuming that the proteins (or more generally, "particles") on the surface are at all

times in an equilibrium distribution, and that their surface projections are disk shaped,

analytical expressions for the adsorption and spreading probabilities may be derived

via the Scaled Particle Theory [38-40].

3.5.4 Techniques for measuring protein adsorption kinetics

The most relevant techniques for the investigation of protein adsorption kinetics on

planar materials surfaces including short descriptions are listed in Table 3-1. More

detailed descriptions of these and other methods can be found in references [41-43].

Table 3-1 Techniques availablefor protein adsorption kinetic studies to surfaces

Technique Description

Quartz Crystal Microbalance

(QCM)

An alternating field is applied between two metal electrodes attached to the

surface of a piezoelectric crystal of a certain frequency. Adsorption of

molecules shift frequency. Viscosity and shear modulus of adsorbed protein

layer are often ill defined.

Quasi-elastic Light Scattering
Measures diffusivity of colloidal spheres. Requires mono dispersed spheres,

hydrodynamic interactions between adsorbed proteins not considered.

Ellipsometry
Reflection of polarized light reveals effective refractive index. Surface must

be highly reflective, contamination sensitive.

Optical Waveguide Lightmode

Spectroscopy (OWLS)

Total internally reflected light within a high refractive index transparent

layer. 10 - 100 times more sensitive than ellipsometry. Requires transparent
surfaces.

Surface Plasmon Resonance

(SPR)

Similar to OWLS but with thin layer of noble metal at the sample surface

used for the incoupling instead of the grating. Limited to noble metal

surfaces.

Radiolabeling (3H, 13C, 125I)
No limit to the substrate material or morphology. Radioactive, attached

radioactive groups may alter protein properties, off-line method.

Enzyme - linked Immunoassay

(ELISA)

Enzyme or protein with an enzyme attached before (covalently) or after (e.

g. via anti-body coordination) adsorption. Signal amplified by enzyme

activity. Change of conformation due to enzyme attachment.

Fluorescent Labeling

Common probes: flourescien, rhodamine and isothiocyanates, all can be

excited with light in the visible range. Protein's intrinsic fluorescence can

sometimes be used.

Total Internal Reflection

Fluorescence Microscopy

(TIRFM)

Adsorbed fluorescent molecules can be excited and monitored by a

microscope focused on the surface. Can measure online, suitable for the

study of competitive and exchange processes. Requires labeling.
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Chapter 4

*l Methodsand Principles

ABSTRACT: The tools used in this thesis are briefly described and the working principles

given.

4.1 Particle Density: Liquid Pycnometrie

The particle density is a vital parameter to suspension handling which can be

measured by gas or liquid pycnometrie. The working principles are for both methods

essentially the same, but gas pycnometrie requires a more complex apparatus. The

liquid pycnometrie method is handierto use and was applied forthisthesis.

A pycnometer flask with a known volume is filled with the particle suspension. The

flask is hereafter tempered in a water bath. The temperature of the water bath is the

temperature for which the volume of the pycnometer flask is calibrated. The

suspension volume is exactly adjusted to the flask volume. Subsequently, the

suspension with the precisely known volume is weighted.

We presume that we know the volume and the density of the solvent, e. g. water,

and the mass of the particles in suspension (can be obtained by dryingthe suspension).

We can formulate the following two equations

x+y = vSusp (4.i)

and

X PH20 + y Pparücle = mSuSp (4-2)

where x and y are the volume of water and particle, VSusp the measured volume of

the suspension, pH20 and pPartlde the densities of water and particles. The exact water

density as a function of temperature can be found in literature [i].

Solving these equations yields the particle density

49



Methodsand Principles

AParticle

mSusp mH20

(V "^-\
V Susv

'

(4.3)

Ph

4.2 Zeta Potential: The Colloidal Vibration Current Technique

The apparatus used to measure the zeta potential is a DT 1200 (Dispersion

Technology) that characterizes the zeta (Ç) potential by means of a specially designed

probe that uses ultrasound as a driving force for generating an electroacoustic effect [2,

3]. The probe is a stainless steel cylinder 3 cm in diameter and 10 cm long. A piezo -

electric crystal inside of the probe converts an electric pulse generated by electronics

into an acoustic pulse of 3 MHz frequency. The ultrasound pulse generates an electric

current between two electrodes built into the probe due to the motion of either ions or

particles, or both. The measured potential between the electrodes is called "Colloidal

Vibration Current" (CVI), see Figure 4.1.

ultra sound

frequency « 3 MHz

particle

deflection

CD
T3
o
i_
-§—<

o
a>

CD

CD
T3

O
i_
-1—<

Ü
0)

CD

Figure 4.1 The ultrasound introduced to the particle suspension deflects the particle. The double layer moves to

the opposite direction because ofthe counter impulse. This counter movements ofparticle and ions generate the

"Colloidal Vibration Current".

From the CVI the software calculates the dynamic electrophoretic mobility ye

according Equation (2.1):

CVP = C'-(p-/Ue
Pp Pm Zjg ' ZjS

K
*
-pm Zg + Zs

(4.4)

50



Chapter 4

with C calibration constant, cp volume fraction, jue dynamic electrophoretic mobility,

at* complex conductivity of dispersed system, pp density particle, pm density medium, Z

Zs acoustic impedances of the sound transducer and the dispersed system.

Subsequently, by applying Henry's equation [2, 4, 5], the zeta potential Ç can be

obtained:

jUe =
~-^-^ f{KO) (4.5)
3 r/

with r] viscosity of the medium, sr relative dielectric permittivity of the medium, sQ

permittivity of vacuum, k Debye- Hückel parameter, a particle radius, <fzeta-potential,

f(ica) Henry's constant (between 1 to 1.5).

This tool can measure the zeta potential with a reproducibility of ± 2 mV and a pH

value of the IEP within ± 0.2. With the built - in titration unit the zeta potential

measurements can be carried out over the desired pH range including the recording of

titration data for charge calculations. During the experiment temperature (for

temperature correction), pH and electrical conductivity are recorded.

More details about the colloidal vibration current technique and derivation of the

zeta potential from electroacoustic theory can be found in references [2-4, 6-15].

4.3 Particle Size Distribution: The X - Ray Disk Centrifuge Sedigraph

In order to compare different powders, the protein amount used for each

experiment needs to be normalized to the specific surface area of the powder. Thus,

measuring the specific surface area as exactly as possible is very important to all

experiments quoted in this research proposal.

For the particle size distribution and specific surface measurements, an X -

ray disk

centrifuge (XDC, Brookhaven Instruments) and BET (Nova 1000 series, Ouantachrome)

is used. The X -

ray centrifuge, which is basically a sedigraph, is a very precise

measurement technique which allows the measurement of the particle size

distribution with high accuracy (with optimization and experience usually within ± 1

nm). The particle sizes which can be measured are in the range of 5 nm to 5 urn.
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The X- ray disc centrifuge consists out of an X- ray transparent disc with an inlet in

the middle, where the suspension can be poured in. The disc itself is between an X- ray

source and the detector (see Figure 4.2). Once the disc is spinning, the transmission

intensity of the X- ray source is being measured as a function of time (see Figure 4.3).

Spinning
Disc

X-Ray
Source

Detector

diameter

Figure 4.3 The transmission signal intensity is being

Figure 4.2 Schematic illustration of the rotating disc recorded vs. time after the disc started spinning

with suspension which is between the X- ray source and (above). By applying Stoke
'

s equation, the particle
the detector size distribution can be calculated (below).

Thereafter, by using Stoke' s equation, the particle size distribution and the specific

surface area are calculated by the software using, Equation (4.6):

In

D2

rr\

\r,j
18/7

(4.6)

2 rl

t(Pp-PH,o)4x f

where D particle diameter, ra, r, outer / inner radius centrifuge, rj viscosity liquid, p

density,/frequency.
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4.4 Measuring Protein Adsorption Amount: UV / Vis Spectroscopy

UV / VIS spectroscopy is a standard and very sensitive method for measuring protein

concentrations in solutions [16, 17]. The absorption is correlated proportionally to the

molecule concentration by the Lambert- Beersche rule given by Equation (4.7), [18]:

A = scd (4.7)

where A absorption, s molar extinction coefficient, c concentration protein, d sample

cell thickness.

The absorption value is usually measured at wavelengths of 260 - 280 nm [18].

However, colloidal particle suspensions would be intransparent at these wavelengths.

Therefore, prior to UV / Vis measurements, the suspensions are centrifuged at 3800 g

in order to sedimentate all particles present in the suspension. The smallest particle

diameter is known from the particle size distribution measured by the X -

ray disc

centrifuge. To enhance and accelerate the measurement procedure we used a standard

protein dye reagent called Bradford reagent [19-21]. The absorption intensity peak of

this standard reagent shifts at the wave length of 595 nm as a function of protein

concentration. The protein concentration in solution can be obtained by comparing the

absorption value to a reference curve (see Appendix). The experimental steps for the

absorption measurements are illustrated by Figure 4.4.
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Figure 4.4 After a chosen

adsorption time the suspension is

centrifugea to get rid of particles.
The supernatant is transferred to a

after adsorption: 2 x centrifugation, fresh cuvette and a protein dye
3800 X g, 10 min reagent is added. The UV / Vis -

absorption measurement is carried

% out at a wave length of595 nm.

ÏL

Supernatant

Bradford

reagent

Vis absorption

r measurement

at À = 595 nm

The protein amount adsorbed on the particle surface was obtained by subtracting

the protein concentration in the supernatant from the starting protein concentration.

With this method one can detect protein concentrations down to 0.007 mg / ml

(depending on the protein). The draw back of the technique isthat we cannot measure

in situ protein adsorption of suspensions due to the time limiting preparation steps for

the UV/Vis measurements.

4.5 Surface Tension measured by the Drop Pendant Method

The SINTERFACE Profile Analysis Tensiometer (PATi) was used to measure the

surface tension of particle and protein dispersions atthe air / liquid interface.

The main principle of this method is to determine the surface tension of a liquid

from the shape of a pendent drop. This shape is given by the Gauss - Laplace equation,

which represents the relationship between the curvature of a liquid meniscus and the

surface tension y

f

7

1 1
— +—

Rx l\

\

AP0+Apgh (4.8)

J
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where R1 and R2 are the main radii of curvature, AP0 is the pressure difference in a

reference plane, Ap is the density difference, g is the acceleration due to gravity, and h

is the vertical height of the drop measured from the reference plane. The surface

tension y can be determined by fitting the Gauss - Laplace equation to the coordinates

of the drop.

A detailed mathematical description can be found in reference [22].
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O Bovine Serum Albumin Adsorption onto Colloidal Al203 Particles:

ANewModel Based on Zeta Potential and UV-Vis Measurements

K Rezwan, L P Meier, M Rezwan, J Voros, M Textor, L J Gauckler

Langmuir, 2004 20(23) P 10055-10061

ABSTRACT: We investigated the adsorption of Bovine Serum Albumin (BSA) on colloidal

Al203 particles in an aqueous environment. Changes in the zeta potential of the Al203

particles upon the adsorption of BSA were measured using an electro acoustic technique.

The mass of protein adsorbed was determined by using UV-Vis spectroscopy. The change

of the isoelectric point of the Al203 powder - protein suspension was found to be a

function of adsorbed protein mass. It was shown that approximately one monolayer of

BSA was needed to fully mask the suface and to compromise the charge ofAl203. From

titration experiments itfollows that about 30-36% of the negatively charged groups of

the protein form bonds with the protonated and charged Al203 suface. On the basis of

our observations we introduced a new adsorption modelfor BSA on Al203 particles.

5.1 Introduction

Protein adsorption on surfaces of biomaterials and medical implants is an essential

aspect of the cascade of biological reactions taking place at the interface between a

synthetic material and the biological environment. Type, amount and conformation of

adsorbed proteins mediate subsequent adhesion, proliferation and differentiation of

cells and are believed to steer foreign body response and inflammatory processes [1-3].

Interfaces of proteins and metal oxides are not only relevant to the field of

biomedical implants but are also crucial for the design of biosensors. Enzymes, for

example, are immobilized on hydrophilic materials, where they act as bioselective

catalysts for specific cracking of biomolecules [4-7]. A high enzyme activity is desired to

achieve a high turnover. We showed in an earlier feasibility study the possibility of

using metal oxide particles with a high specific surface area for biosensor applications

with a high turnover [8].
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A New Model Based on Zeta Potential and UV-Vis Measurements

Many different experimental techniques are available for the in situ monitoring of

protein adsorption and desorption onto planar metal oxide surfaces such as

ellipsometry, optical waveguide light mode spectroscopy (OWLS), and quartz crystal

microbalance (QCM) [1, 9-12]. The drawback of these methods is the lack of direct

information about surface charges, which are known to strongly affect protein

adhesion and conformation at interfaces [13-19]. Streaming potential measurements on

flat surfaces has been reported in the literature [20] but was rarely used to characterize

protein-interface interactions.

By using colloidal oxide particles, we can quantify parameters such as the surface

charge, the zeta potential, and the size while at the same time taking advantage of the

high surface area for enzyme activity measurements.

Colloidal oxide particles are in most cases polycrystalline, and, thus, no crystal

orientation dependent investigations can be carried out. But as far as bioimplants are

concerned, the ceramic or metal interfaces always consist of polycrystalline materials

as well. Thus, powder particles appropriately represent implant materials with an

average over manycrystallographic surfaces.

The electrostatic interactions between ceramic particles and proteins are

fragmentarily investigated and poorly understood [21-33]. Furthermore, the role of

conformational changes induced by electrostatic interaction during the adsorption

process is not clear yet [34]. Preferred orientation modes after adsorption for bovine

serum albumin (BSA), such as side-on and end-on, have been proposed [15, 35, 36]. The

adsorption mechanism is believed to be a multistep process, where the proteins can be

found in many different conformational states. This change of conformation upon

adsorption is thoughtto be dependent on the initial protein concentration [37-41].

In this study we used colloidal AI2O3 particles which were characterized in terms of

the particle size distribution (X-ray disk centrifuge) and purity [differential thermal

analysis (DTA), thermo gravimetric analysis (TGA) and isoelectric point (IEP)]. The

protein that we used was BSA, which is the most abundant protein in bovine blood

with a typical concentration of about 50 mg/mL The molecular weight of BSA is 66462

g/mol according to literature [42, 43]. BSA is a single polypeptide chain consisting of 583

amino acid residues and three domains. High percentages of sequence identities have

been noted between BSA and human serum albumin (HSA; 76%) and have been found

to be homologous. BSA can also form dimers, especially at high concentrations or in

crystallized form [43]. The structure of HSA is illustrated in Figure 5.1. The structural
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data for HSA was taken from the online Research Collaboratory for Structural

Bioinformatics (RCSB) protein database [44]. Structural data for BSA is not available but

is assumed to be very similar because of the high percentage of sequence identities.

The IEP of BSA is around 4.7-5, depending on the literature source [31, 45]. BSA is

negatively charged at pH 7 and undergoes hardly any conformational changes in the

pH range from 4 to 8 [43].

Figure 5.1 Two space filling models from the

protein data bank [44] showing a side view

(left) and a bottom view of the dimer of the

protein. The two chains are distinguished by
their shading. The single-headed arrow

indicates the viewing direction of the bottom

view on the right-hand side. The size of the

protein monomer is about 9 x 5.5 x 5.5 nm.

In this study we investigated the change of zeta potential as a function of the

amount of protein adsorbed on the surface of colloidal alumina particles. We

determined the number of charges involved in the adsorption using titration

experiments and proposed a new adsorption model based on the results derived from

these experiments.

5.2 Experimental Section

5.2.1 Materials

Al203 was purchased from Taimei (TM - DAR, Lot. No. 3973, high purity a - alumina

>gg.99%, density 3.98 g/cm3) and calcined for 4 h at 400 °C to eliminate any organic

residues. Additional data from the supplier can be found in Table 5-1.
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Table 5-1 Impurities ofthe UsedAl203 Powder, Supplied by the Company (Taimei).

Impurity Si Fe Na K Ca Mg

[ppm] 3 6 111 1

BSA was obtained from Sigma Aldrich in powder form (A 7906, Lot No. 12K1608) and

was used as received.

Double deionized water with an electrical resistance of > 18 MQcm from a

NANOpure water system (Barnstead) was used for all experiments.

5.2.2 Methods

5.2.2.7 Powder Characterization

DTA and TGA measurements were conducted to determine the amount of organics

in the purchased powder (dust, organic residues) and the temperature at which to

calcine the powder to eliminate these impurities. The specific surface area was

measured by the BET method using a NOVA 1000 device by Ouantachrome. A more-or-

less spherical particle morphology was verified by scanning electron microscopy (SEM;

LEO 1530). The particle size distribution was measured with an X-ray disk centrifuge

(Brookhaven Instruments).

For conductivity measurements, two 40 mL samples of an aqueous 2 vol %

suspension of the calcined Al203 were prepared and stirred for 1 and 16 h, respectively.

After stirring, each was centrifuged and the conductivity of the supernatant was

measured to determine the ionic strength due to salt impurities.

5.2.2.2 Protein Characterization: Gel electrophoresis

To check the purity of the purchased protein lot, the molecular weight distribution

was determined by one-dimensional Sodium Dodecyl Sulfate Polyacrylamide Gel

Electrophoresis (SDS-PAGE) according to the method of Laemmli [46].

5.2.2.3 Preparation oftheAl203 Suspension and Protein Addition

A 170 mL suspension of 2 vol % Al203 including a specified concentration of protein

was prepared in a 250 mL Schott glass bottle for each set of four zeta potential

experiments, consisting of a basic and an acidic titration after 1 and 16 h of adsorption

at room temperature (25 °C ± 2 °C).

For the stock suspension, 13.53 g °f Al203 powder were added to 151.6 mL of water

and shaken vigorously by hand with a Teflon magnetic stirrer inside the bottle for
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approximately 1 min. Afterward, the suspension was de-agglomerated for 8 min with

an ultrasound horn (UP 200 s, Dr. Hielscher, GmbH) at a pulse rate of 0.8 s and with

100% amplitude, which is at the full power of 200 W. During ultrasonication the

suspension was being stirred at 300 rpm and ice-cooled to prevent the suspension

from heating.

The required amount of protein (see Table 2-1) was pre-dissolved in 15 mL of water in

a 20 mL pills glass using a test tube shaker. The protein was predissolved to favor

homogeneous mixing of the added protein with the stock suspension. In each case, the

addition of the 15 mL of water from the dissolved protein solution reduced the volume

fraction of the stock solution to exactly 2 vol. A protein-free reference sample was

prepared by simply adding 151T1L of water to a stock solution. For test samples

containing protein, the predissolved protein solution was added to the stock

suspension under stirring conditions. The amount of added protein, normalized by the

surface of the Al203, is also given in Table 2-1. The suspensions were left stirring for 1

and 16 h in the Schott bottles with fastened lids.

Table 5-2 Protein Amounts Added Including Corresponding Protein Concentrations and Surface Normalizations

Mass added Protein concentration Normalized

(relative to water volume) (over powder surface area)

[g] [mg mL"1] [ng cm"2]

0.0181 0.1086 ÏÔ

0.0905 0.5430 50

0.1809 1.0860 100

0.3618 2.1719 200

0.7237 4.3439 400

1.0855 6.5158 600

1.4474 8.6878 800

1.8092 10.8597 1000

5.2.2.4 Zeta potential

After 1 and 16 h of stirring the Al203-protein suspension, 30 mL of the samples were

withdrawn for measurements. The samples were titrated, and the corresponding zeta

potential and electrical conductivity were measured simultaneously as a function of

pH. After each addition of the titrant (base respectively acid) an equilibration time of at

least 30 s was allowed. The zeta potential of the suspension was measured using the
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electroacoustic Colloidal Vibration Current technique [47] in a DT 1200 from Dispersion

Technology. This method characterizes the zeta potential by means of a probe that

uses ultrasound as a driving force for generating an electroacoustic effect. The probe is

a stainless steel cylinder with a diameter of 3 cm and a length of 10 cm with a piezo¬

electric transducer inside. This transducer converts an electrical tone burst into an

acoustic pulse that is then emitted into the suspension. The default frequency is 3 MHz.

The ultrasonic pulse generates in the suspension a polarization of the colloid particles

and their cloud of counterions which can be detected by two electrodes immersed in

the suspension. This polarization signal can be used to compute the zeta potential of

the particles using electroacoustic theory [47].

To elucidate the kinetics, the zeta potential was also monitored as a function of time

in a different set of experiments. The pH and ionic strength were kept constant at pH

7.2 with a 10 mM HEPES buffer. The measurements were conducted in a thermostated

glass jacket at a temperature of 25 °C ± 0.1 °C under stirring conditions (500 rpm). For

these time measurements, protein concentrations of o, 50, and 500 ng/cm2 were

chosen and run for 3000 s (50 min).

5.2.2.5 Titration

A total of 70 mL of an Al203 suspension without and with 100 ng/cm2 BSA was

prepared in the same manner as the other suspensions mentioned above. In addition

to these titrations, nitrogen-purged H20 was titrated to measure the background

medium, including the intrinsic acidic and basic constants. Also a BSA solution without

particles was prepared atthe same 100 ng/cm2 concentration.

After 1 h and after 16 h equilibration time exactly 35 mL of each sample was titrated

with 0.1N KOH base respectively 0.1 N HN03 using the titration unit of the DT 1200. The

volume of added base was recorded as a function of pH.

5.2.2.6 UV-Vis Absorption

To determine how much protein was adsorbed on the powder surface, several 30 mL

suspensions of 2 vol % Al203 were prepared and the corresponding protein amounts

added as described above, including predissolving of the protein. Four samples of 1.5 mL

were withdrawn from each suspension after 1 and 16 h of stirring and filled into plastic

centrifuge cuvettes. Subsequently, the cuvettes were centrifuged for 10 min at 3800g

in an Eppendorf 5417R table centrifuge, thermostated at 25 °C. After the first run, the

supernatants were removed and transferred to fresh cuvettes. Then a second run was

62



Chapter 5

started with the same centrifugation settings. After the second run, the supernatant

was removed again and filled into fresh cuvettes. The protein concentrations of these

cuvettes with the supernatants were measured by using the Bradford method [48]. For

this purpose, priortothe protein concentration measurements, a calibration curve with

the used BSA was measured to determine the specific extinction coefficient of the

protein. An aqueous dilution series was prepared starting with the start concentration

and then diluted to one half of the original concentration and so forth. The chosen

protein detection range was from 0.007 to 0.9 mg/mL From the protein concentration

left in the supernatant and the total amount of protein added in the beginning, the

protein amount adsorbed was calculated. The VIS absorption values of protein

concentration samples were measured at 595 nm, using an UV-vis spectrometer

(Lambda 2, Perkin Elmer).

5.3 Results

5.3.1 Powder Characterization

The SEM micrograph in Figure 5.2 shows the particle morphology of the Al203

powder used for the experiments. The particles are more-or-less spherical. The X -

ray

disk centrifuge measurement verified the particle size distribution to be monomodal

and narrow, with a d50 value of 116 nm, dm = 82.6 nm, and d90 = 189 nm.

Figure 5.2 SEMMicrograph showing the Al203

powder which was used for the experiments.
The particle morphology is more or less

spherical.
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The specific surface area of AI2O3 was measured to be 13.37 m2/g by BET. The DTA /

TGA analysis revealed that all organic impurities were burned out below a temperature

of 400 °C. On the basis of this analysis a calcination temperature of 400 °C with a dwell

time of 4 h was chosen as a preparation step forthe Al203 powderfor all experiments.

The conductivity of the supernatant of the 2 vol % was 3 |jS/cm after 1 h and 10

|jS/cm after 16 h. These values correspond to KCl solutions below 0.5 mM [49].

5.3.2 Protein Characterization: Gel Electrophoresis

The Molecular Weight of the protein lot was found to be 66.2 kDa. Hardly any

impurities were detected.

5.3.3 Zeta potential

In Figure 5.3 and Figure 5.4 the zeta potential measurements after the addition of

different protein amounts are plotted as a function of pH. The IEP of the protein-free

Al203 was found to be at pH 9.3 after 1 h and at pH 9.0 after 16 h.The IEP decreases with

increasing protein amount and levels off at pH 4.9 for 1 h of adsorption time and at pH

5.2 for 16 h of adsorption time. The zeta potential at pH 7 decreases from 70 mV (Al203

reference, 1 h) to a minimum of about -15 mV after 1 h of protein adsorption time. The

same behavior was observed after 16 h, where the zeta potential decreases from 60 mV

to a minimum of about -15 mV.
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5.3.4 Protein amount adsorbed: UV-Vis

In Figure 5.5 the amount of BSA adsorbed is plotted as a function of the amount of

BSA added fori h and 16 h of adsorption time. The values are normalized by the surface

area. The dotted curves plotted on the secondary axes show the relative amounts of

protein adsorbed. Up to a concentration of 100 ng/cm2 all of the added BSA is adsorbed

after 1 h and 16 h. The dotted horizontal lines symbolize the concentration of protein

calculated to form a side-on and an end-on monolayer, assuming a tight packing.

Details of these calculations are discussed in Data Analysis and Discussion.
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Figure 5.5 BSA adsorption isotherms plotted as afunction ofBSA added, detected by UV-Vis spectroscopy after
1 h and 16 h of adsorption time at pH 7. The dotted curves show the relative amount of adsorbed protein. The

dotted horizontal lines indicate the calculated amount ofBSA neededfor end-on and side-on adsorption modes

to cover the surface area with one monolayer.

In Figure 5.6 the change of the IEP is plotted as a function of the adsorbed BSA. The

curves of this Figure were obtained by combining the data of Figure 5.3, Figure 5.4 and

Figure 5.5. Saturation of the IEP (at pH 4.9 and 5.2) was reached at a protein surface
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coverage of 200 ng/cm2. The vertical dotted lines again symbolize the calculated

protein concentration needed to form a monolayer.

-A-1h ^^16h

Side on Monolayer

End on Monolayer

50 100 150 200 250 300 350 400

BSA adsorbed [ng/cm2]

Figure 5.6 IEP of alumina with adsorbed BSA as a function of the effectively adsorbed amount of BSA. The

dotted lines indicate the amount which is theoretically needed to form a monolayer for different adsorption
modes.

5.3.5 Titration

In Figure 5.7 the titration curves after 1 h and 16 h for a simple BSA solution, a

protein-free Al203 suspension, and an Al203 suspension with added BSA protein at 100

ng/cm2 are plotted. This protein concentration of 100 ng/cm2 was chosen, after

consulting Figure 5.5, to ensure that 100% of the added BSA was adsorbed on the Al203

surface and that no protein was found anymore in solution at the start of titration. The

titrations were started at around pH 7.25.
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Figure 5.7 Titration curves after 1 and 16 h for BSA, pureAl203 and 100 ng/cm BSA adsorbed on Al203 (100%

adsorbed). The charge added by titration is dilution and background-corrected and normalized to 1 mL volume.

The vertical dotted lines indicate the pH values where the corresponding IEPsfor the Al203 suspension with an

addition of100 ng/cm2 BSA were measured. The other IEP's were not indicatedfor clarity.

The amount of titrated charge was calculated from the volume of 0.1 N acid or base

that was added and multiplied by Faraday's constant. The added charge was corrected

for dilution and background and normalized to a 1 mL suspension volume. The vertical

dotted lines in Figure 5.7 indicate the pH values, where the corresponding IEPs for a BSA

addition of 100 ng/cm2 were measured after 1 h and 16 h, derived from Figure 5.3 and

Figure 5.4. The other lEP's are not shown for clarity.

5.4 Data Analysis and Discussion

5.4.1 Zeta potential and protein surface coverage

The zeta potential measurements conducted at the ionic strength of 10 mM as a

function of time at pH 7 reached constant values within 100 s under stirred conditions.

Similar time constants were found by others using streaming potential measurements

[20].

The IEP shift for the Al203 particles as a function of the added protein reaches

saturation at pH 4.9 after 1 h and at pH 5.2 after 16 h of adsorption time (Figure 5.3 and
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Figure 5.4). All adsorption equilibration procedures were conducted at ionic strengths

of 1 mM at most as measured by electrical conductivity. The pH values for IEP saturation

agree with the IEPs of BSA found in the literature which are between pH 4.7 and 5 [31,

45]. The alumina particles get masked by the protein, and the surface chemistry

continuously changes with increasing protein surface coverage from that characteristic

of a pure Al203 surface to that of the protein. This behavior has also been observed for a

small molecule such as citric acid,, in which the IEP of Al203 shifted continuously from

pH 9 to the p/C value of citric acid at pH 3 upon specific adsorption of the citric acid [50].

The IEP of BSA can be calculated by considering the p/C va lues of the side chains of all

chargeable amino acids [51] and calculating their dissociation ratios as a function of pH

using the buffer equation. The net charge of each amino acid can be obtained by

multiplying the dissociation ratios by the number of the corresponding amino acids of

the protein (which were obtained from the BSA sequence [42, 43]). Summing up the net

charge for each amino acid delivers the overall charge of the complete protein as a

function of pH, as plotted in Figure 5.8.

A simplification was made in this straightforward calculation by presuming that all

amino acids are equally accessible by water, which is not true for the real case. A

theoretical pi at pH 5.56 was calculated, which agrees reasonably with the measured

IEP at pH 4.9 (1 h), and pH 5.2 (16 h) as well as data from literature ranging from 4.7 to 5

[31> 45]- For a better understanding, the spatial charge distribution of the protein is

visualized in Figure 5.9 for pH 7. The charged amino acids are uniformly distributed over

the whole molecule. The three-dimensional structure data file taken for the

calculations was the structure of HSA, which is almost identical with that of BSA [43].
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Figure 5.8 Net charge accounting for all charges from BSA. The theoretical IEP was calculated to be at pH
5.56. The IEP ofBSA according to datafrom literature is in the pH range of4.8-5 in the literature [31, 45J.

Figure 5.9 Visualization of the calculated

charge distribution for a HSA dimer at pH 7.

The white spheres are amino acids, which are

neutral atpH 7. The gray spheres are apolar or

hydrophobic amino groups, which are not

charged at any pH. The dotted line indicates

where the dimer is assembled.

By consulting Figure 5.5, we find that adding 100 ng/cm2 BSA results in a complete

adsorption fori h and 16 h of adsorption time. Starting with 200 ng/cm2, the amount of

adsorbed protein differs significantly for 1 h and 16 h of adsorption time. The dotted
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horizontal lines symbolize the calculated amount of protein needed for the two

adsorption modes. The BSA monomer structure is heart shaped (Figure 5.1); hence, two

different adsorption areas were calculated for the same protein.

One protein area was calculated for the "side-on" mode (9 x 5.5 nm2) and one area

was calculated for the "end-on" mode (5.5 x 5.5 nm2). Both areas were calculated from

the three-dimensional structure file of HSA obtained from X-ray diffraction in the

protein database [44]. Two different adsorption modes were also suggested by others

[35, 52]. On the basis of this assumption and taking into account the molecular weight

of 66430.3 g/mol [43], the amount of BSA needed to cover 1 cm2 in the side-on mode

was calculated to be 223 ng and 365 ng for the end-on adsorption mode. These two

calculated maximum surface coverages are indicated by the straight, dotted lines in

Figure 5.5 and Figure 5.6. From Figure 5.5 it can be seen that for protein additions of up

to 400 ng/cm2 the amount of proteins adsorbed on the surface stays below the

calculated monolayer concentration that theoretically would be required to form a

monolayer in side-on mode. This was found to be true after 1 h and 16 h of adsorption

time. The protein amount adsorbed after 1 h of adsorption time stays below the side-on

monolayer line up to a protein addition of 800 ng/cm2. For a protein addition of 1000

ng/cm2 we find the protein amount adsorbed to be beyond the monolayer limit for

side-on adsorption. For the 16 h adsorption curve, the exceeding amount is already

found to be at 600 ng/cm2.

From Figure 5.6 it can be seen that at pH 5 the IEP was saturated and no further shift

of the IEP was obtained by more protein adsorption. The adsorbed amount of protein

where IEP saturation is found is for both 1 h and 16 h of adsorption time between 175

and 200 ng/cm2. This protein amount lies reasonably close to the calculated amount

for a side-on monolayer (223 ng/cm2). From this observation it can be concluded that

roughly one side-on monolayer of BSA is necessary to completely change the surface

charge of Al203tothe surface charge of BSA.

Two questions arise from these observations: (1) which adsorption mode is

dominating? and(2) why does BSA still adsorb to the Al203 particles after masking

surface charge completely?

Consulting Figure 5.9 no obvious reasons can be given to answer the question why

BSA should adsorb in a preferred mode at pH 7 because the spatial charges seem to be

uniformly distributed. But summing up the net charges for each of the three domains

reveals an asymmetric charge distribution forthe BSA monomer as illustrated by Figure
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5.10 (note: The protein structure data file of HSA was used for the illustration but the

domain charge amounts were calculated by using the BSA sequence from Carter and

Ho [43]). It can be seen that domains I and II result together in a net charge of -16.8

whereas domain III holds a net charge of only -1.3 at pH 7. A similar asymmetric charge

distribution was also reported by others for HSA [53]. This imbalanced charge

distribution strongly suggests a side-on adsorption on the positively charged Al203

surface as indicated by the broad single-headed arrow in Figure 5.10 and not an end-on

adsorption in the direction of the thin single-headed arrow.

Figure 5.10 The three domains of BSA

including the calculated net charges present at

pH 7. The double-headed arrow indicates where

a second BSA molecule docks for dimer

formation. The broad single-headed arrow

symbolizes the hypothesized side-on adsorption
mode with an adsorption area of 9 x 5.5 nm2.

The thin single - headed arrow indicates the

end-on adsorption mode with an adsorption
area of5.5 x 5.5 nm2.

After formation of the side-on monolayer at a surface coverage of around 200

ng/cm2, the side-on adsorption would theoretically need to switch to the end-on

adsorption mode (Figure 5.5) because of lack of space. But end-on mode adsorption is

not favored because of the asymmetric charge distribution of the protein (Figure 5.6).

Therefore, we can conclude that, with increasing protein concentration, BSA starts

forming dimers at the surface as it "naturally" would do at high concentrations or

during crystallization. This conclusion is supported by the fact that after side-on

adsorption of BSA into the direction of the broad single headed arrow (Figure 5.10) the

dimer docking sites for a second BSA would still be accessible to form a dimer. We think

that at a protein concentration adsorbed on the surface larger than 200 ng/cm2 (as
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shown in Figure 5.6, where the IEP of Al203 is masked by the IEP of BSA) further protein

adsorption occurs only through protein/protein interactions and no BSA/Al203 surface

interactions occur anymore. Protein/protein interactions are manifold and can consist

of hydrogen bridges, disulfide bonds, and hydrophobic effects [54].

The suggested two-step adsorption model at pH 7 is illustrated by Figure 5.11.

*Wi

IEP > pH 5

Figure 5.11 Proposed adsorption model for
BSA on Al203 particles at pH 7. The protein -

particle size ratios are to scale. In the first

adsorption phase (left) the side-on monolayer is

formed. The more protein molecules adsorb, the

closer the IEP of alumina (initially at pH 9)
moves towardpH 5 (IEP ofBSA). After the first

adsorption layer, the surface charge of the

Al203 particle is masked; that is, the IEP cannot

be shifted any further with further addition of
BSA (see also Figure 5.6). In the second

adsorption phase (right) the additional BSA

molecules form dimers with proteins that are

already adsorbed.

IEP = pH I

During the first adsorption phase (left) the side-on monolayer is being formed. At the

ionic strengths below 1 mM at which the adsorption equilibration was carried out, the

Debye length is about 10 nm. Thus, the initial BSA molecules can orientate during the

adsorption process. The more protein molecules adsorb, the more the IEP moves from

the IEP of the powder (pH 9) toward the IEP of the protein (pH 5). After the first layer of

BSA adsorption, the surface charge of the alumina is completely masked and the IEP

cannot be shifted any further than the IEP of the protein (see Figure 5.6). In the second

adsorption phase (right) the subsequently adsorbing BSA molecules form dimers with

protein molecules that are already adsorbed. This dimer formation is based on

protein/protein interaction and cannot be due to electrostatic interaction with the

Al203 particle surface. According to this model, a complete dimer layer would be

reached if about 450 ng/cm2 (corresponding to two side-on layers) adsorbed on the

particle surface.
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Because during the adsorption process also relaxation of the BSA molecules occurs

besides their orientation, the protein layers can also exhibit stacking faults. This

becomes more and more important at higher protein concentrations.

5.4.2 Titration

The titration curves after 1 h and 16 h for dissolved BSA in Figure 5.7 show no

significant differences. This indicates a high reproducibility of the conducted titration

experiments. Calculation of the charge needed to reach pH 4.8, which is known to be

the IEP of the protein [31], yields -16.50 e after 1 h and -16.53 e after 16 h of dissolving

time. These results agree very well with the calculated number of charged units

presented at pH 7 which was found to be -18.01 e (see Figure 5.8). It is known from

literature [43], that BSA does not undergo any significant conformational changes in

the pH range from 4 to 8. Thus, it can be assumed that the number of titratable groups

did not change during titration.

From the titration data in Figure 5.7 for Al203 with and without a protein addition of

100 ng/cm2 BSA, the charges needed to reach the corresponding IEPs (at pH 8.1

respectively 8.3) were also derived. Table 5-3 shows the results found after 1 h and 16 h.

Table 5-3 Charge Measured Per mL Samplefrom Titration Data.

Charge after 1 h

[C/mL]

3er mL Charge after 16 h per mL

[C/mL]

BSA only (CB) -0.0260 -0.0260

0 ng/cm2 (Co) 0.0267 0.0328

100 ng/cm2 (Cioo) 0.0172 0.0248

Cioo " C0 -0.0094 -0.0079

For the following discussion we assumed that the titrated charges are additive

because we take only a small titration range around pH 7 into account, which is linear

for the calculations, and that charge regulation is negligible. We also assumed that very

low a mounts of BSA desorb from the alumina surface during the relatively fast titration

for these pH ranges and small protein concentrations as found by others for BSA and

alumina [15].

From Table 5-3 it can be seen that BSA is approximately as highly charged (CB) as

Al203 but with an opposite sign. However, looking at the charge obtained for Al203 with
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a protein addition of 100 ng/cm2 BSA (C100), we find only a small amount of charge

being compromised (C100 - C0). This fact suggests that not all positively charged groups

of the Al203 particle are neutralized after adsorption. We can conclude that not all

negatively charged groups of BSA form bonds with positively charged Al203 groups and,

thus, many Al203 groups can be titrated. This explanation is reasonable, considering the

fact that the protein has a three dimensional extension and that it cannot be treated as

a point of charge. Hence, some of the groups are pointing away from the particle

surface and some are hampered by steric hindrance from approaching the particle

surface.

Knowing how much charge was compromised because of adsorption (C100 - C0) and

knowing how much charge one BSA molecule carries as calculated earlier, we can

derive the percentage of negatively charged groups of the protein forming bonds with

the Al203 particle. After 1 h, we find 36% of the negatively charged groups of one BSA

molecule being neutralized as a result of adsorption and 30% after 16 h.

5.5 Conclusions

In this study we investigated the adsorption of BSA onto colloidal Al203 particles.

BSA adsorption on alumina surfaces is a fast process (<ioo s) under well-stirred

conditions. As a result of the proteins adsorbed on alumina, a shift of the IEP of the

Al203/protein suspension was found. This shift is a function of the adsorbed protein

mass and reached saturation at pH 5 corresponding to the pi of the protein. IEP

saturation was obtained after a monolayer of BSA adsorbed on Al203. Additional

proteins form dimers with those from the first monolayer. A two-step adsorption

model is proposed for this further protein adsorption based on the observation that,

even after the positive surface charge of the Al203 particles was fully compromised by

the BSA molecules, further protein adsorption can occur.

In titration experiments we found that only 30-36% of the total negative charge of

the protein formed bonds with the positively charged Al-hydroxyl surface groups,

which was attributed to the three-dimensional form of the protein.
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ABSTRACT: The adsorption of Lysozyme and Bovine Serum Albumin on silica and AlOOH

coated silica particles - representing negatively and positively charged oxide surfaces -

was investigated. The protein treated uncoated and completely AlOOH-coated silica

particles were characterized by zeta potential analysis and UV / VIS spectroscopy. It was

found that at pH 7 a protein oppositely charged to the oxide suface adsorbs in

significantly higher amounts. In contrast, proteins did not or only in very low amounts

adsorb on an oxide suface ofthe same charge. As both oxide surfaces were measured to

be very hydrophilic it can be concluded that electrostatic interactions dominate the

adsorption process at the investigated experimental conditions. The pH regions where the

proteins interact via attractive and repulsive coulomb interaction with the particular

oxide sufaces were calculated and outlined.

6.1 Introduction

Protein adsorption on surfaces of biomaterials and medical implants is an essential

aspect of the cascade of biological reactions taking place at the interface between a

synthetic material and the biological environment. Type, amount and conformation of

adsorbed proteins mediate subsequent adhesion, proliferation and differentiation of

cells and are believed to steer foreign body response and inflammatory processes [1-3].

Concerning the protein adsorption process, the fundamental electrostatic

interactions between ceramic particles and proteins are only fragmentarily

investigated and not well understood [4-10]. Especially the influence of particle shape,

size and size distribution may vary when studying the adsorption of proteins on

different colloids. This can be eliminated by using a sol gel technique to modify the

surface chemistry of narrowly distributed particles. This is possible by coating well
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defined silica particle surfaces using a relatively simple and cost effective method. It is a

convenient way to tailor the surface chemistry of a substrate without changing the

substrate itself which can particularly be useful for e. g. biosensor applications.

The sol gel process was used to alter the surface properties of the silica particles in

order to investigate the influence of the surface charge on the adsorbed amount of

Lysozyme (LSZ) and Bovine Serum Albumin (BSA). The coating process was optimized

and the coating quality controlled by measuring the zeta potential and by scanning

electron microscopy. The precursor used forthe coating process was Al -sec- butoxide.

The silica particles (negatively charged at pH 7) were coated with an AlOOH layer which

is positively charged at pH 7. We investigated the amounts and the resulting zeta

potentials of Bovine Serum Albumin (BSA, negatively charged at pH 7) and Lysozyme

(LSZ, positively charged at pH 7) adsorbed onto the negatively and positively charged

oxide particles to monitor the effect of electrostatic attraction and repulsion on the

amount of adsorbed proteins.

6.2 Experimental

6.2.1 Materials and reagents

6.2.7.7 Silica and AI - sec - butoxide

Silica Snowtex ZL (Lot. No. 140828) was obtained from Nissan Chemicals Industries

Ltd as a 30 vol% suspension. To lower the salt content, the suspension was dialyzed for

a few days using a dialysis tube (ZelluTrans ROTH) till the electrical conductivity fell

below 1 |jS/cm. The specific surface area was characterized by X-ray disc centrifuge

sedigraph and was found to be 34im7g with a d50 particle diameter of 0.097 |jm.

AI - sec - butoxide was obtained from Fluka (Lot. & Filling: 431389/143502) and was

used without further modifications.

Double deionized water with an electrical resistance of 18 MQcm from a NANOpure

water system (Barnstead) was used for all experiments.

6.2.7.2 Proteins and protein reagent

Chicken Hen Egg White Lysozyme (LSZ, L6876, Lot. No. 051K7028) and Bovine Serum

Albumin (BSA, A7906, Lot. No. 12K1608) were purchased from Sigma Aldrich and used

without any modifications. Table 6-1 shows a comparison of the protein data of

Lysozyme (LSZ) and Bovine Serum Albumin (BSA) taken from references [11,12].
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Table 6-1 Protein data ofLysozyme (LSZ) and Bovine Serum Albumin (BSA)

Protein Molecular Weight Dimensions Isoelectric Point

[kDa] [nm3] atpH
LSZ [11] 14.3 3x3x4.5 11

BSA [12] 66.462 5x5x5 4.7-4.9

Bradford reagent [13] was used as protein dye and was purchased from Sigma

Aldrich (B6916, Lot. No. 52K9311) without further modifications.

6.2.2 AlOOH coating of the silica particles

After dialysis, the amount of silica in the suspension was 17 vol% determined by

drying the suspension and by pycnometrie. From this suspension a silica suspension of

6 vol% (equal to 8 g silica in 64.4 ml H20) was prepared. Hereafter, the pH was adjusted

to 9 by adding drops of a 24% NH3aq solution. The suspension was ultrasonicated with

an ultrasound horn for 5 min (UP200S, Dr. Hielscher GmbH, 200 W) at highest

performance. The de-agglomerated suspension was poured into a 250 ml two-necked

round-bottomed flask and heated up to 85 °C in an oil bath while being stirred. On the

flask a reflux water cooler was mounted in order to condensate the evaporating water

and to minimize water losses during the coating process. After reaching a constant

temperature of 85 °C, the required amount of Al -sec- butoxide was mixed with 70 ml

water and poured into the flask. The different amounts used for the coatings are

shown in Table 6-2.

Table 6-2 Different amounts ofAl - sec - butoxide added to the silica suspension during the coating process

Added mass Al-- sec - butoxid/ Al-sec-butoxid/

Al-sec-butoxide silica silica surface area

[g] [wt/wt%] [10-2g/m2]
9.16 115 3.3

5.725 72 2.06

4.3 54 1.55

2.86 36 1.03

The AI - sec - butoxide reaction with the suspension was kept at 85 °C for 2h under

stirring conditions. Afterwards the suspension was cooled down to below 40 °C. The pH

was adjusted to 3 with 2 N HCl in order to dissolve residues of amorphous AlOOH. The

acidic suspension was stirred for another 10 min and subsequently ultrasonicated for 5

min. The suspension was centrifuged at 2200 g for 30 min in a thermostatized Hermle

Z 513 K. The supernatant was removed and the sediment dispersed in double deionized

water followed by an ultrasound treatment of 5 min. The wt% content was determined
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by drying one ml of the suspension. The particle density was measured by pycnometrie.

Based on the vol% of silica found, water was added to dilute the obtained suspension

to a 2 vol% suspension for all adsorption and zeta potential measurements. The particle

size distribution was measured with an X-ray disc sedigraph (XDC, Brookhaven

Instruments) and the surface tension at the air interface by the drop pendant method

(PAT1,SINTERFACE)[14].

All side products during the coating process were removed by the centrifugation

step and the protein adsorption was carried out at low ionic strengths (< 1 mM KCl as

determined byconductometry) and without any organic residues.

6.2.3 Protein addition to the suspension

We added 4.96 1012 mol proteins per cm2 silica surface area to the uncoated and

coated silica suspension in order to have the same ratio of protein number to surface

area. According to the molecular weights from Table 6-1 this equals 330 ng/cm2 BSA

respectively 71 ng/cm2 LSZ. The proteins were first dissolved in water and then added.

The suspensions were stirred for 16h in glass bottles with fastened lids at a room

temperature of 25 °C.

6.3 Measurement methods

6.3.1 Zeta potential

After 16h of stirring the suspensions, 30 ml samples were withdrawn for

measurements. The samples were titrated with 1 N HN03 respectively 1 N KOH and the

corresponding zeta potential measured as a function of pH. After each addition of the

titrant (base, respectively acid) an equilibration time of at least 30 s was allowed. The

zeta potential of the suspension was measured using the electroacoustic Colloidal

Vibration Current (CVI) technique (DT 1200, Dispersion Technology) [15]. This method

characterizes the zeta potential by means of a probe that uses ultrasound as a driving

force for generating an electroacoustic effect. The probe is a stainless steel cylinder

with a diameter of 3 cm and a length of 10 cm with a piezo-electric transducer inside.

This transducer converts an electrical tone-burst into an acoustic pulse that is then

emitted into the suspension. The default frequency is 3 MHz. The ultrasonic pulse

generates in the suspension a polarization of the colloid particles and their cloud of

counterions which can be detected by two electrodes immersed in the suspension. This
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polarization signal can be used to compute the zeta potential of the particles using

electroacoustic theory [15].

The zeta potential measurements were used to control the AlOOH coating quality on

silica and to monitorthe protein adsorption on the particles.

6.3.2 Determination of the adsorbed protein amount by UV/VIS spectroscopy

To study the protein adsorption amount, proteins were dissolved in water and then

added to the powder suspensions. The suspensions were equilibrated for 16 h at room

temperature under stirring conditions. The pH was adjusted to 7.

To determine the amount of surface adsorbed protein four samples of 1.5 ml were

withdrawn from each suspension at pH 7 after 16h and filled into plastic centrifuge

cuvettes. Subsequently, the cuvettes were centrifuged for 10 min at 3800 g in an

Eppendorf 5417R table centrifuge which was thermostatized at 25 °C. The supernatants

were transferred to fresh cuvettes and centrifuged again. The protein concentrations of

these supernatants were measured by using the Bradford method [13]. According to the

Bradford method the VIS absorption values of the protein concentration samples were

measured at the wave length of 595 nm, using an UV / VIS spectrometer (Lambda 2,

Perkin Elmer). The results were compared to reference curves for the specific protein

with a detection limit of 0.007 mg/ml. From the protein concentration left in the

supernatant and the total amount of protein added in the beginning, the protein

amount adsorbed was calculated.

6.4 Results

6.4.1 AlOOH coating of silica particles

In Figure 6.1 the zeta potential of uncoated silica (o wt/wt%) and coated silica with

different amounts of Al -sec- butoxide additions relative to the silica weight (36, 54,72

and 115 wt/wt%) are plotted versus pH.
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Figure 6.1 Zetapotential of silica particles with different wt/wt% additions of Al-sec-Butoxid relative to the

silica weightpresent in suspension.

The surface charge of the uncoated silica particles is negative for the entire pH range

measured with an IEP found at pH i.i.The IEPs of the coated samples differ significantly

from that of the uncoated silica particles. The IEP shifts from pH 1.1 to a maximum pH

of 8.7 after an addition of 115 wt/wt% Al - sec- butoxide (Figure 6.2). These data verify

that at this added amount the surface chemistry of the silica particles is determined by

that of AlOOH only.
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Figure 6.2 Shift ofIEP as a function ofAl - sec - butoxide addition in wt/wt% derivedfrom Figure 6.1. The

dotted horizontal line indicates the IEP ofAlOOH knownfrom literature [16].

The mean diameter obtained by the X- ray sedigraph of the uncoated silica particles

was found to be at 97 nm, respectively at 102 nm for the coated particles (Figure 6.3).

The resulting coatingthickness was 2.5 nm.

The surface tensions measured at pH 7 for 2 vol% suspensions and water as a

reference are listed in Table 6-3. No significant change in surface tension could be

observed.
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Figure 6.3 Particle size distribution of uncoated and coated (115 wt/wt%) silica. The main diameter for the

uncoated silica particles wasfound at 0.097 jum, respectively at 0.102 jumfor the coated particles. The resulting

coating thickness is 2.5 nm.

Table 6-3 Surface tensions of2 vol% suspensions measured by the drop pendant method atpH 7.

water silica AlOOH coated silica

2 vol% 2 vol%

surface tension

[mN/m] 72.8±0.2 72.5±0.4 71.5±0.2

Dried samples of uncoated silica particles and with 115 wt/wt% AI - sec - butoxide

were investigated by SEM as shown in Figure 6.4 and Figure 6.5. In both cases the

particles are not attached to each other. At a higher magnification the coated silica

particles revealed a slightly rougher surface than the uncoated particles. In contrast,

Figure 6.6 shows the rather rough surfaces of coated silica particles after a not yet

optimized coating procedure with an excess of AI - sec - butoxide (575 wt%/wt%)

during the reaction. The silica particles are bound to each other and undesired

agglomerates were obtained. Such lots with agglomerates were not used for zeta

potential and protein adsorption measurements due to the expected irreproducibility

of the results.
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Figure 6.4 SEMmicrographs ofthe

uncoated spherical silica particles.

Figure 6.5 SEM micrographs of
AlOOH coated silica particles (115

wt/wt%) obtained by the optimized
sol - gel process. The close up

picture reveals the surface being
coated and less smooth than in

Figure 6.4.

Figure 6.6 This SEM micrograph
shows a preliminary result with no

process optimization for a 575

wt/wt% Al - sec - butoxide / silica

ratio. The excess of Al - sec -

butoxide during the coating process

precipitated between the silica

particles and agglomerates were

obtained.

6.4.2 Protein adsorption

For all protein adsorption measurements the coating process with the IEP closest to

pH 9 was used, that is an addition of Al -sec- butoxide of 115 wt%/wt% relative to the

silica weight present in the suspension according to Figure 6.2. At this amount the

oxide surface chemistry is clearly determined by AlOOH.

Figure 6.7 shows the zeta potential curves for uncoated silica with additions of LSZ

and BSA as a function of pH. After protein adsorption the IEP of the silica particles shifts

from the native pH 1.1 to pH 4.6 in the case of BSA, and to pH 10.3 for LSZ.

In Figure 6.8, the zeta potential curves of the coated silica particles with additions of

LSZ and BSA are plotted as a function of pH. The adsorption of BSA shifts the IEP of the

suspension from pH 8.7 down to pH 7. In contrast to this, the adsorption of LSZ shifts

the lEPcloserto pH 9 as expected from the LSZ IEP which is at pH 11 [11].
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The percentage of initial amount of BSA, respectively LSZ (4.96 1012 mol/cm2),

adsorbed on the different oxide surfaces are plotted in Figure 6.9. The UV / VIS

spectroscopy measurements were carried out at pH 7 after 16h of equilibration time.

The adsorption amount of LSZ onto silica is almost 100 % while only 10 % adsorbed

onto AlOOH coated silica particles. On the other hand, about 100 % of the initial BSA

amount adsorbed onto AlOOH coated silica while almost no BSA adsorbed on

untreated silica.

D BSA (-)

LSZ (+)

Silica coated with AlOOH (+)

Figure 6.9 Percentage ofinitial protein amount adsorbed at pH 7 after 16 h detected by UV/VIS spectroscopy.
The signs in the brackets indicate ifthe particle surfaces respectively the proteins carry positive or negative net

charges atpH 7.
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6.5 Discussion

6.5.1 AlOOH coating quality of silica particles

According to Figure 6.1 and Figure 6.2 the addition of Al - sec - butoxide of 115

wt/wt% (3.3 102 g/m2) produced coatings which resulted in an IEP of pH 8.7. This value

is in good agreement with the IEP for AlOOH found in literature [16]. The SEM analysis

of the uncoated (Figure 6.4) and coated (Figure 6.5) silica particles clearly show a

change of surface smoothness and verify that the silica particles have a coating of

AlOOH. Using higher amounts of Al - sec- butoxide did not result in a further shift of

the IEP. On contrary, higher amounts of Al -sec- butoxide resulted in undesired AlOOH

precipitates which led to agglomeration of the particles as shown by the SEM

micrograph (Figure 6.6). Agglomerate free coatings could be obtained for Al - sec -

butoxide additions of 115 wt%/wt% or less, as confirmed by the particle size distribution

analysis shown in Figure 6.3.

The surface tension of the silica particles does not change after coating as shown in

Table 6-3. The surface tension is very close to water for uncoated and coated silica. The

surface remains hydrophilic.

6.5.2 Correlation of protein adsorption and zeta potential

LSZ adsorption onto coated and uncoated silica shifts the IEP of the suspension

closer to pH 11, corresponding to the IEP of the protein [11]. On the other hand, BSA

adsorption shifts the IEP towards the IEP of BSA [12] which is at a pH of around 5 (Figure

6.7 and Figure 6.8).

From the protein adsorption amount shown in Figure 6.9 it can be concluded that

the amount of adsorbed protein strongly corresponds to the sign of the net charge of

the protein and of the particle surface. BSA, which is negatively charged at a pH of 7,

adsorbs nearly 100 % on the positively charged surface of AlOOH. The opposite

observation was made for LSZ which is positively charged at the pH of 7. LSZ adsorbs

almost completely on the negatively charged silica surface but hardly adsorbs onto the

positively charged AlOOH. From these observations it can be concluded that

electrostatic interaction governs the adsorption process at pH 7 for the two

investigated proteins and oxide surfaces. The hydrophobic effect does not play an

important role as the silica and the AlOOH coated surfaces are both very hydrophilic

(see Table 6-3).
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Interestingly, the very low amount of adsorbed BSA on silica (adsorption maximum

of 8 % as indicated by the error bar) shifts the IEP of silica from pH 1.1 to a pH of about

4.5 as shown in Figure 6.7. The reason forthis substantial shift of IEP is not clear.

In order to find out which amino acids govern protein adsorption at which pH, a

protein specific amino acid charge distribution can be calculated. Taking into account

the pK values of the 7 amino acids which are able to carry charges the dissociation ratio

for each amino acid can be calculated and multiplied by the number of the specific

amino acid present in the particular protein. More details about the calculation method

and the pK values of the amino acids can be found elsewhere [17,18].

The amino acid charge distributions versus pH for BSA and LSZ are plotted in Figure

6.10, respectively Figure 6.11. At pH 7, only Arginin, Lysin are positively and

Asparaginacid, Glutaminacid negatively charged. The other amino acids do not carry

any charges at pH 7. The greyly shaded regions in the plots indicate qualitatively the net

surface charges of the oxide surfaces based on the zeta potential measurements from

Figure 6.7 and Figure 6.8. The functional groups from which the different amino acid

charge states originate are mainly due to carboxyl (-COOH) and amino groups (-NHJ.
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Figure 6.10 Amino acid charge distribution calculated as a function ofpHfor BSA including qualitatively the

regions of net surface charges for silica (light grey) and AlOOH (dark grey) derived from the zeta potential
measurements ofFigure 6.7 and Figure 6.8.

Figure 6.11 Amino acid charge distribution calculated as a function ofpHfor LSZ including qualitatively the

regions of net surface charges for silica (light grey) and AlOOH (dark grey) derived from the zeta potential
measurements ofFigure 6.7 and Figure 6.8.
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In the basic pH region where a -COOH group is de-protonated and oppositely

charged to the oxide surface, a formation of a chemical bond is possible by a ligand -

exchange reaction. This model was found to govern bonds of small aromatic and

aliphatic molecules with carboxyl - and hydroxyl - groups on oxide surfaces in aqueous

environment at different pHs in earlier studies [19, 20].

In the acidic region the -NH2 group is protonated (-NH3+) and carries a positive

charge. It can interact with the negatively charged hydroxyl surface of the oxide

particles. These two models are illustrated by Figure 6.12.

la

o
II

-C-O"

pH7

+

H

H

\
d-
O-Ali
/

lb

o

-C-O-Al^

H20

IIa

-NH3+ +

pH7

o-

Ilb

-NH^ O

Figure 6.12 la and lb illustrate the state before and after the ligand - exchange reaction of a carboxyl group
with an alumina hydroxyl group at pH 7. During the reaction one H20 molecule condensates and a bond is

formed. Ha and IIb illustrate the interaction ofan amino group with the silica hydroxyl group atpH 7.
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6.6 Conclusions

Silica particles were coated by a sol - gel technique and the coating quality

optimized.

From the amount of LSZ and BSA adsorbed to silica and AlOOH coated silica particles

it was found that positively charged LSZ adsorbs in significantly higher amounts on

negatively charged silica particles (-SiO) at pH 7 than on positively charged AlOOH2+

particles. On the other hand it was found that negatively charged BSA adsorbs in

significantly higher amounts to positively charged AlOOH2+ coated particles compared

to positively charged LSZ. The prime importance of electrostatic interaction for the

proteins LSZ and BSA with -SiO and AlOOH2+ particle surfaces at pH 7 was

demonstrated. Other effects seem to play a minor role under the applied experimental

conditions and for hydrophilic oxide surfaces used. The amino acid charge distributions

were calculated and superposed with the measured net surface charges of the oxide

particles as a function of pH. The pH regions were outlined where proteins with their

charged amino groups may experience repulsive and attractive coulomb interactions.
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I A Prediction Method forthe Isoelectric Point of Binary Protein Mixtures of Bovine

Serum Albumin and Lysozyme adsorbed on colloidal Titania and Alumina Particles

Kurosch Rezwan, Lorenz P Meier and Ludwig J Gauckler

to be published partly in Langmuir, 2005, accepted

ABSTRACT: Bovine Serum Albumin and Lysozyme mixtures of different molfractions were

adsorbed to colloidal alumina (116 nm) and titania particle (271 nm) suspensions of2 vol%

solid contentfor 16 hrs at pH 7.5. The total protein amount was normalized to the powder

suface area being 1000 ng/cm2. The zeta potential of the protein treated suspensions

was measured as a function of pH and the isoelectric point (IEP) obtained. A simple

prediction model in two refinement steps was derived and evaluated for the obtained

IEPs. The best modelfit which takes into account protein mol and surfacefractionsyielded

an average prediction error of 7.5 % and a maximum error of 16.7 %. By this method

protein layer compositions can be estimated by just measuring the IEP of the protein

treated oxide particle suspension.

7.1 Introduction

Type, amount and conformation of adsorbed proteins mediate subsequent

adhesion, proliferation and differentiation of cells and steer foreign body response and

inflammatory processes [1-3]. The first step that takes place when a synthetic

biomaterial is brought into contact with e. g. blood is protein adsorption. Most

biological fluids contain a vast variety of different proteins that adsorb competitively to

the implanted materials surface.

Competitive protein adsorption and aspects governing the adsorption process were

studied by different techniques and modeled in several studies over the past few years

[4-12]. Techniques used to characterize the competitive protein adsorption process in

terms of adsorption rates and amounts are liquid chromatography / cations exchanger

methods [9, 11], reflectometry, ellipsometry and streaming potential, electrophoresis

measurements [5, 6, 10] and radio labeling [8]. It was found that on hydrophilic

materials such as silica protein adsorption is largely determined by electrostatic
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interaction [6, 10, 13, 14]. Molecular theoretical approaches suggest furthermore the

importance of charge distribution, size and structure stability of proteins for the

adsorption process [4, 12]. During competitive protein adsorption some proteins can

dominate. A prominent example for such a protein is Fibrinogen [5] that can replace

other proteins, known as "Vroman effect" [15].

The aim of this study was to find a model from which the IEP of protein mixtures

adsorbed on oxide particles can be calculated and thus the composition of the

adsorbed protein layer be estimated. For this purpose different mol fractions of Bovine

Serum Albumin (BSA) and Lysozyme (LSZ) were adsorbed on alumina and titania

particle suspensions of 2 vol% solid content. The isoelectric points (IEP) of the particles

suspensions were obtained from zeta potential measurements. An IEP prediction

method in two refinement steps was suggested and evaluated.

7.2 Experimental Section

7.2.1 Materials.

a-Al203 was purchased from Taimei (TM- DAR, Lot. No. 3973, high purity a-alumina

>gg.99%, density 3.98 g/cm3) and calcined for 4h at 400 °C in order to eliminate any

organic residues. Chemical analysis data supplied by the company is listed in Table 5-1.

Table 7-1 Chemical analysis ofthe a-Al203powder used.

Impurity Fe Si Na K Ca Mg

[ppm] 6 3 111 1

Ti02 was obtained from Kronos (Kronos 1171, Lot. No. 60082-60083, high purity

anatase >99.8, density 3.8 g/cm3) and washed by a procedure described elsewhere [16].

By this procedure, acidic groups - originating from the powder production process -

were removed from the titania surface. The success of the washing process was

controlled by zeta potential measurements and resulted in a shift of the isoelectric

point from pH 2 to pH 5 as found in literature [17], indicating the removal of the acidic

groups from the powder surface. Afterwards the powder was calcined at 400 °C for 4h.

Chemical analysis data supplied by the provider are listed in Table 7-2.
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Table 7-2 Chemical analysis ofthe anatase Ti02 powder used.

Impurity Fe Ba U Zn Pb Cu

[mg/kg] <20 6 <5 4 4 3

The surface area was measured by BET (Nova 1000, Ouantachrome) and the particle

size distribution by an X-ray disc centrifuge sedigraph (XDC, Brookhaven Instruments).

The obtained values for both powders are summarized in Table 7-3.

Table 7-3 Measured BET specific surface areas and diameters ofthe usedpowders obtained byXDC.

BET specific surface area dio dso d90

[m2/g] [nm] [nm] [nm]

a-alumina 13.37 83 116 189

anatase titania 6.37 179 271 493

Bovine Serum Albumin (A 7906, Lot No. 12K1608, Mw: 66462 g/mol) and Chicken

Hen Egg White Lysozyme (L6876, Lot. No. 051K7028, Mw: 14296 g/mol) were obtained

from Sigma Aldrich in powder form and used as received.

Double deionized water with an electrical resistance of 18 MQcm from a NANOpure

water system (Barnstead) was used for all experiments.

7.2.2 Methods

7.2.2.7 Preparation ofSuspensions and Protein Addition

For each zeta potential measurement of different protein mol fractions a 50 ml

suspension containing 2 vol% oxide powder was prepared. The total amount of protein

added to the suspension was for both oxide powder 1000 ng/cm2.

Oxide powder and water were mixed and de-agglomerated for 8 min with an

ultrasound horn (UP 200 s, Dr. Hielscher, GmbH) at a pulse rate of 0.8 s and with 100%

amplitude that is at the full power of 200 W. During ultrasonication the suspension

was stirred at 300 rpm and ice-cooled to prevent the suspension from heating up.

Both proteins were pre-dissolved in 5 ml water each before adding them separately

to the suspension. BSA and LSZ were always added at the same time to the suspension

under stirring conditions. The 10 ml water for the pre-dissolving of the proteins were

taken into accountforthe total suspension volume.

The total amount of protein added to the suspensions was normalized to the

powder surface area. A protein amount of 1000 ng/cm2 was used for all experiments:
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0.5321 g for alumina and 0.2421 g for titania. The protein amounts for the different mol

fractions calculated for alumina and titania are summarized in Table 7-4. After the

protein additions the pH was checked and found to be always around pH 7.5 ± 0.2.

Table 7-4 Molfractions usedfor the zeta potential experiments including the absolute protein amountsfor
alumina and Mania. The total protein amount was normalized to the surface area being 1000 ng/cm2.

mol fraction

BSA 1 8/9 4/5 2/3 1/2 1/3 1/5 1/9 0

alumina

BSA [g] 0.5321 0.5182 0.5050 0.4805 0.4379 0.3721 0.2860 0.1956 0

LSZ [g] 0 0.0139 0.0272 0.0517 0.0942 0.1601 0.2461 0.3365 0.5321

titania

BSA [g] 0.2421 0.2357 0.2297 0.2186 0.1992 0.1692 0.1301 0.0890 0

LSZ [g] 0 0.0063 0.0124 0.0235 0.0429 0.0728 0.1119 0.1531 0.2421

7.2.2.2 Zeta potential measurements

The zeta potential of the suspensions was measured using the electroacoustic

Colloidal Vibration Current (CVI) technique (DT 1200, Dispersion Technology) equipped

with a built-in titration unit. This method characterizes the zeta potential by means of

a probe that uses ultrasound as a driving force for generating an electroacoustic effect.

This electroacoustic effect is used to compute the zeta potential of the particles

applying electroacoustic theory [18]. Proteins in solution are invisible to this method

due to the very small difference of protein to water density. Only proteins adsorbed on

solid particles can be detected by this measurement technique.

After 16h of stirring the protein suspensions, 40 ml samples were withdrawn for

measurements. The samples were titrated and the corresponding zeta potential and

electrical conductivity measured simultaneously as a function of pH. After each

addition of the titrant (1 N KOH respectively 1 N HN03) the suspension was equilibrated

for at least 30 s. The suspension was stirred with 150 rpm during the zeta potential

measurement.

The ionic strength of the protein treated suspensions was determined by measuring

the conductivity of the supernatants obtained after centrifugation. The conductivities

were all below 147 |jS/cm which corresponds to an ionic strength of below 1 mM KCl

[19]-
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7.3 Results

In Figure 7.1 the zeta potentials are plotted for different BSA to LSZ mol fractions

adsorbed on alumina versus pH. All measurements started around pH 7.5. The curve for

alumina after 16 hrs stirring serves as reference.

The IEP of alumina without protein additions was found to be at pH 9.1. After

addition of only BSA (mol fraction 1:0) an IEP at pH 5.2 was measured. On the other

hand the addition of only LSZ (mol fraction on) yielded an IEP at pH 9.9. The IEPs forthe

protein mixes were found to be between the IEPs of the additions of only BSA or LSZ.

The initial IEP of alumina at pH 9.1 shifted down to pH 5.2 as the BSA mol fraction was

increased. The increase of mol fraction LSZ shifted the IEP closer to pH 9.9 and

exceeded the initial IEP of alumina.
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Figure 7.1 Zetapotential measurements of 2 vol % alumina suspensions with and without adsorbed protein
mixtures of different BSA to LSZ mol fractions after 16h. The total added protein amount was 0.5321 g which

equals 1000 ng/cm2 normalized to the alumina surface area.
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For titania the similar effects of protein addition on the IEP were observed as shown

in Figure 7.2. The IEP of titania after 16h of stirring was observed to be at pH 5.1. After

additions of BSA (mol fraction 1:0) the IEP shifted marginally downwards to pH 4.9. The

addition of LSZ (mol fraction on) yielded an IEP at pH 10.2. As in the alumina case, all

IEPs of the protein mixtures were found to be between the IEPs of additions of only BSA

or LSZ.
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Figure 7.2 Zetapotential measurements of 2 vol % titania suspensions with and without adsorbed protein
mixtures of different BSA to LSZ mol fractions after 16h. The total added protein amount was 0.2421 g which

equals 1000 ng/cm2 normalized to the titania surface area.

7.4 Data Analysis and Discussion

For both oxide suspensions the additions of only one protein shifts the IEP to the IEP

of the particular protein. The IEP of BSA is reported in literature to be around pH 4.7 to 5

[20, 21] and for LSZ at pH 11 [22]. Thus, the chosen protein amount of 1000 ng/cm2 is

completely masking the IEP of the oxide surfaces. Therefore, for the chosen protein
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concentration, the calculation of the IEP of the protein mixture does not have to

consider any affects from the free oxide surface.

We now want to evaluate the IEP of particles coated with different mol fractions of

the two proteins. The simplest approach would be the linear approach as written in

Equation (7.1).

^"linear ~ XBSA ' ^"ßSA + yLSZ
' ^"hSZ (7- 1)

where xBSA + yLSZ = 1 and xBSA, yLSZ are the mol fractions of each protein present in the

mixture. IEPBSA and IEPLSZ are the protein IEPs from literature [20-22]. However, this

approach will not yield a satisfying result for the dissociation ratios of the different

amino acids as a function of pH are neglected. The protein charge is assumed to be

constantoverthe whole pH range.

A better approach would be to calculate first the protein charge distribution for each

protein as a function of pH. The protein charge distribution as a function of pH can be

calculated by summing up all the charges present for the specific protein as written in

Equation (7.2). We assume that the amino acid sequence of the protein is known and

that all chargeable amino acids are accessible by water:

where n} is the quantity of amino acid j present in the protein i and a} is the

dissociation ratio (-1 <a<i) of amino acid j at a certain pH. By using the buffer Equation

(7.3) the dissociation ratio oij for each amino acid j can be derived:

pH = pKj+\og-^- (7.3)

[HA\+[A-\=\ (7.4)

1 nPH-pKj

^l =

l + lQPH-pKj=as(PH)
^

where pKj is the pK value of the side chain of amino acid j. The pKj values were taken

from literature [23], the amino acid sequence for BSA from Hirayama et al. [24] and for

with

we obtain

103



A Prediction Method for the Isoelectric Point of Binary Protein Mixtures of Bovine Serum Albumin and Lysozyme
adsorbed on colloidal Titania and Alumina Particles

LSZ from the RCSB protein data bank [25]. Cystein which forms disulfide bridges was

also considered in the calculations. The parameters used for the calculations are

summarized in Table 7-5.

Table 7-5 Amino acid composition andpK values used in the calculationsfor BSA and LSZ.

Arg + 12.5 23

His + 6.0 17

Lys + 10.8 59

Asp, Glu - 4.1 100

Tyr - 10.9 19

Cys - 8.3 35

pi 5.51

amino acid charge pK [23] BSA [24] LSZ [25]

ÏI

1

10

9

3

9.54

Multiplication of the amino dissociation ratio oij with the quantity n} amino acid

present in the protein yields the charge distribution z} for amino acid j as shown in

Equation (7.6):

zj{pH) = nj-aj{pH) (7.6)

The Zj values calculated for BSA and LSZ are plotted in Figure 7.3, respectively Figure

7.4. The summation of the charges according to Equation (7.2) results in the plots in

Figure 7.5 for BSA and LSZ. From this Figure it can also be seen that BSA carries a

significantly higher number of chargeable amino acids than LSZ. The theoretical IEP of

BSA is calculated to be at pH 5.51 whereas for LSZ the IEP is at pH 9.54. A linear

interpolation was used to derive the pH where the IEPs are. The obtained theoretical

IEPs are - considering this simple approach - in reasonable agreement with literature

[20-22] with a relative error of 10 % for BSA and of 13 % for LSZ.

104



Chapter 7

g
'o
<

o
c

£
<

o
ra
a)

o

0)
O)

0 E>

-20

-40

-60

-80

^à-Arginin (+)
-+- Histidin (+)
-•- Lysin (+)
-o Asparaginacid (-
-o- Cystein (-)
-a- Glutaminacid (-)
-^Tyrosin (-)

-D D D D D D D D

-A A A A A A A A

PH

Figure 7.3 Charges ofamino acids versuspH calculatedfor Bovine Serum Albumin.

15

^ 10

o

§ 5

o
c

E
<

.c
u
ra
0)

u-

O

0)

ff
ra
.c

O

ik A A A A A A A A A *

0 12 3

-10

-15

^a-Arginin (+)
-+- Histidin (+)
-•- Lysin (+)
-d- Asparaginacid (-)
-o- Cystein (-)
-a- Glutaminacid (-)
--o- Tyrosin (-)

« % S 3 to—tJN^2—|p—u

O D D D D D D D

PH

Figure 7.4 Charges ofamino acids versuspH calculatedfor Lysozyme.

105



A Prediction Method for the Isoelectric Point of Binary Protein Mixtures of Bovine Serum Albumin and Lysozyme
adsorbed on colloidal Titania and Alumina Particles

BSA -o- LSZ

-120

PH

Figure 7.5 Total protein charge distribution for BSA (summation from Figure 7.3) and LSZ (summation from

Figure 7.4). The theoretical IEP ofBovine Serum Albumin is atpH 5.51, respectively atpH9.54for LSZ.

Adding the charge distributions of both proteins weighted by the mol fraction

according to Equation (7.7) derives the charge distribution for a mixture of the two

proteins:

Ztot (PH) = XBSA ZBSA (PH) + yLSZ ' ZLSZ (PH) (7.7)

where xBSA, yLSZ are the mol fractions and ZBSA, ZLSZ the charge distributions of the

proteins calculated with Equation (7.2). The IEP of the mixture of the two proteins is

located at the pH where Ztot = o. The curves obtained by applying Equation (7.7) are

plotted for an excess of BSA in Figure 7.6. The analogous curves for an excess of LSZ are

plotted in Figure 7.7. Comparing these two Figures it can be seen that the influence of

BSA on the IEP of the protein mixture is considerably larger than that of LSZ. This was

expected for BSA has - according to Figure 7.5 where the protein charge distribution is

plotted - a significantly highertotal numberof chargeable amino groups than LSZ.
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An even more refined approach considers the surface fractions of the proteins as

well. The surface fraction can be interpreted as a structure factor that takes the

accessible surface area into account as described by Equation (7.8):

Z«,„(PH) = SBSA XBSA ZBSA (PH) + SLSZ ' yLSZ
' Z

LSZ (PH) (7-8)

where sBSA and sLSZ are the surface fractions defined as the surface area of the

particular protein over the total surface area of both proteins (sBSA + sLSZ = i). The radii

used for BSA and LSZ were 3.4 nm and 2.1 nm calculated from the volumes 163 nm3 and

37 nm3 [26] assuming the proteins are of spherical shape. The surface fraction obtained

forsßM is 0.72, respectively sLSZ = 0.28.

In Figure 7.8 the IEPs interpolated from the zeta potential measurements for

alumina and titania protein mixtures (Figure 7.1 and Figure 7.2) are plotted as a function

of mol fraction BSA. In addition, the calculated IEP curves according to Equation (7.1)

"IEP linear", Equation (7.7) "IEP standard" and Equation (7.8) "IEP surface fraction" are

plotted as well.
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Figure 7.8 Isoelectric points obtained by zeta potential measurements for different BSA:LSZ mol fractions
adsorbed on alumina, respectively titania. The curves indicate the results for the different prediction
calculations. The "IEP surface fraction

"

method which takes into account protein charge distributions and

surface fractions yields the best matches with the measured IEPs showing an average error of 7.5 %> and a

maximal error of16.7%>. In parentheses the equation numbersfor the different models are given.
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Figure 7.9 Isoelectric points obtained by zeta potential measurements for different BSA:LSZ mol fractions
adsorbed on alumina, respectively titania without taking cystein into account. The best fit ("IEP surface

fraction*") is less accurate compared to Figure 7.8 where cystein was considered in the calculations. The

relative average error is 9.6 % but the maximum error 30.6 %.The equation numbers for the different models

are given in parentheses.
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The relevant statistical values for the three model fits are represented in Table 7-6

foralumina and titania.

Table 7-6 Relative errors and Pearson correlation coefficientsfor the three modelfitsfor alumina and titania

IEP linear linear standard standard surface fraction surface fraction

Approach alumina titania alumina titania alumina titania

% % % % % %

average error 32.96 22.62 6.11 15.68 6.58 7.75

max. error 63.65 46.30 9.97 23.14 16.65 13.11

min. error 2.73 3.28 1.35 6.33 0.64 0.42

Pearson Correlation

Coefficient
0.898 0.807 0.992 0.954 0.940 0.998

The Pearson correlation coefficient gives similar values for alumina and titania in the

standard and surface fraction approach. However, the average and the maximum

errors of titania and alumina together are lower for the surface fraction model. From

these data it can be concluded that the surface fraction model from Equation (7.8)

seems to be a better approach compared to the standard calculation according to

Equation (7.7).

Interestingly, not taking into account cystein for the calculations resulted in a fit

which was less accurate than the fit with cystein as shown in Figure 7.9 with an

average error of 9.6 % and a maximum error of 30.6% for the "IEP surface fraction"

model. From these observation we conclude that cystein has a significant influence on

the IEP of the mixed protein mixtures.

As the IEP of materials only change with alterations of the surface chemistry and

proteins in solution are invisible to the applied zeta potential measurement, it can be

reasoned that the measured IEPs originate from the adsorbed protein layer on the

oxide particles. Hence the obtained IEP is also an indication for the protein layer

composition. From the calculations above it can be concluded that the composition of

the protein layer is proportional to the protein mol and surface fractions. When the

protein complexes form - in solution or after adsorption - cannot be stated from the

experiments conducted in this study. However, others found that BSA and LSZ form

first protein complexes before adsorbing to calcium hydroxyapatite [11].
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7.5 Conclusions

A prediction method with two refinement steps was applied to the measured IEPs of

BSA:LSZ mixtures adsorbed on alumina and titania and evaluated. Based on the

variables protein charge distribution, mol and surface fractions an average prediction

error of about 7.5 % and a maximum error of 16.7 % was obtained. The composition of

the adsorbed protein layer was found to be proportional to the protein mol and surface

fractions.

This straight forward calculation of the IEP of a binary protein mixture adsorbed on

oxide particles can particularly be useful to applications in biological implants and in

biosensor technology to estimate the sign of surface charge on materials after

exposure to biological liquids. Furthermore, the composition of the protein layer can be

derived by only measuringthe IEP of an adsorbed protein layer.
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Ö Change ofthe Zeta Potential ofBiocompatible Colloidal Oxide Particles upon

Adsorption of Bovine Serum Albumin and Lysozyme

K Rezwan, A R Studart, J Voros, L J Gauckler

partly submitted to the Journal of Physical Chemistry B, 2005, in review

ABSTRACT: The adsorption of negatively charged bovine serum albumin and positively

charged lysozyme on alumina, silica, titania and zirconia particles in aqueous suspension

was measured. The particle diameters rangedfrom 73 to 271 nm. The adsorbed proteins

influence the zeta potentials and the isoelectric points (IEP) of these oxides. The

electrostatic interaction energies for both proteins at the particle/water interface were

calculated from the measured zeta potentials and plotted vs. adsorbed protein ratio. It

was found that the amount of adsorbed protein on hydrophilic particle surfaces

(alumina, silica and titania) is mainly determined by electrostatic interaction whereas on

the more hydrophobic oxide surface (zirconia) the hydrophobic interaction plays an

important role and can even overcome a repulsive electrostatic interaction energy.

8.1 Introduction

Protein adsorption and desorption at materials surfaces has been investigated over

the past few years in detail on planar surfaces by in situ techniques such as

ellipsometry, optical waveguide light mode spectroscopy (OWLS) and quartz crystal

microbalance (QCM) [1]. Despite their usefulness in providing quantitative date on

protein adsorption, the optical and the QCM methods the lack direct information about

surface potential and charge, which are known to strongly affect protein adhesion and

conformation at interfaces [2-8]. Streaming potential measurements can be used as a

tool to characterize the surface potential of proteins interacting with planar surfaces

[9] but have been rarely used to characterize protein - interfaces. Adsorption of proteins

in aqueous particle systems have been investigated extensively in earlier studies [10-13].

In this paper, we present a systematic investigation on the adsorption of different

proteins on the zeta potential of various ceramic particles with special focus on the

influence of the charge and the adsorbed amount of the proteins.
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Positively charged lysozyme (LSZ) and negatively charged bovine serum albumin

(BSA) were adsorbed to alumina, silica, titania and zirconia colloidal particles with

diameters ranging from 73 to 271 nm. The influence on the zeta potential and the

isoelectric point (IEP) was monitored and correlated with the protein amounts

adsorbed. These oxides were chosen as they are the main ceramic surfaces which are

present in today's biomaterials [14] and of interest to most life science applications.

8.2 Experimental

8.2.1 Materials

8.2.7.7 Oxide particles

Amorphous Si02 (Snowtex ZL, Lot 140828) was obtained from Nissan Chemicals

Industries Ltd as a 30 vol% suspension. To lower the salt content, the suspension was

dialyzed for a few days using a dialysis tube (ZelluTrans ROTH) until the electrical

conductivity fell below 1 |jS/cm. Ti02 anatase was obtained from Kronos (Kronos 1171,

Lot 60082-60083) ar,d washed by a procedure described elsewhere [15] to remove the

surface acidic groups originating from the powder production process. The washing

process was controlled by zeta potential measurements and resulted in a shift of the

isoelectric point from pH 2 to pH 5 [16], indicating the removal of the acidic groups from

the powder surface. a-Al203 was purchased from Taimei (TM - DAR, Lot 3973) and

monoclinic Zr02from Tosoh (TZ-o, Lot Z006288P).

All powders were of high purity grade ^99.99 wt%) and were calcined at 400 °C for

4 hrs to eliminate any organic residues. The specific surface areas of all powders were

characterized by BET (Nova 1000 Series, Ouantachrome). The surface tensions of 2 vol%

oxide suspensions were measured by the drop pendant method (PAT 1, SINTERFACE)

[17]. Particle size distributions were analyzed with an X-ray centrifuge sedigraph (XDC,

Brookhaven Instruments) confirming that all powders were of narrow and mono modal

distribution. The powder properties including their measured IEPs, surface tensions and

Hamaker constants [18,19] are summarized in Table 8-1. Scanning electron micrographs

of the particles documented their size and globular morphology.

Double deionized water with an electrical resistance of 18 MQcm from a NANOpure

water system (Barnstead) was used for all experiments.
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Table 8-1 Physical properties ofoxide particles used. The surface tension ofdouble deionized water is 72.8±0.2

rtiN/m.

Si02 A1203 Ti02 Zr02

crystal structure amorphous alpha anatase monoclinic

density [g/cm3] 1.95 3.98 3.80 5.82

diameter (d50) [nm] 92 116 271 73

specific surface area (BET)

[m2/g] 32.56 13.37 8.82 14.08

surface tension of 2 vol%

suspension [mN/m] 72.5±0.4 71.5±0.2 71.1±0.1 65.3±0.1

IEPatpH 1.2 9.1 5.1 5.8

Hamaker constant [10"20J] 1.6 6.7 26 (rutile) 13

8.2.1.2 Proteins and protein reagent

Chicken hen egg white lysozyme (L6876, Lot 051K7028) and bovine serum albumin

(A7906, Lot 12K1608) were purchased from Sigma Aldrich and used without any

modifications. A SDS-PAGE analysis according Laemmli [20] confirmed both protein lots

being of high purity (> -98 wt%). The surface tensions of LSZ and BSA solutions of 2.5

mg/ml concentration were measured by the drop pendant method as well. Table 6-1

shows a comparison of the protein data of Lysozyme (LSZ) and Bovine Serum Albumin

(BSA) taken from references [21, 22].

Bradford reagent [23] was used as protein dye and was purchased from Sigma

Aldrich (B6916, Lot. No. 52K9311).

Table 8-2 Protein data ofLysozyme (LSZ) and Bovine Serum Albumin (BSA)

Protein Molecular Weight Dimensions

[kDa] [nm3]

Isoelectric Point

atpH

Surface Tension

[mN/m]

LSZ [21]

BSA [22]

14.3

66.462

3x3x4.5

5x5x9

11

4.7-4.9

60.8±0.2

56.0±0.1
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8.2.2 Measurement methods

8.2.2.1 Preparation ofthe oxide suspensions and protein addition

For each zeta potential measurement 50 ml of an oxide suspension with 2 vol%

powder content were prepared. The protein concentration was normalized to the

specific surface area of the powders (see Table 8-1). Protein amounts corresponding to

theoretical surface concentrations of o, 25, 50, 100, 200, 400 and 800 ng/cm2 were

dissolved in 5 ml double deionized water and added to the oxide suspensions. This

water amount was taken into account forthe 2 vol% suspension preparation.

The protein treated suspensions were equilibrated in bottles with fastened lids

under stirring conditions at 25 °Cfori6 hrs. The pH was in all cases around 7.5+0.5.

8.2.2.2 Zeta Potential

The zeta potentials of the oxide suspensions were measured using the

electroacoustic Colloidal Vibration Current (CVI) technique (DT 1200, Dispersion

Technology) equipped with a built-in titration unit. This method characterizes the zeta

potential by means of a probe that uses ultrasound as a driving force for generating an

electroacoustic effect. The electroacoustic effect is used to compute the zeta potential

of the particles applying electroacoustic theory [24]. Proteins in solution are invisible to

this method due to the very small difference in density between the protein and water.

Only proteins adsorbed to solid particles with densities > 1 g/cm3 can be detected by

this technique. The zeta potentials were measured for all oxide suspensions after 16 hrs

equilibration time. More details regarding the measurement procedure can be found

elsewhere [25].

The supernatants of all oxide powders treated with proteins were obtained by

centrifugation. The electrical conductivities of the supernatants were correlated with

values found for KCl in literature [26]. All measured conductivities corresponded to

ionic strengths of 0.5 mM KCl and below.

8.2.2.s Determination ofthe adsorbed protein amount by UV/vis spectroscopy

To determine the amount of surface adsorbed protein, four samples of 1.5 ml were

withdrawn from each suspension at pH 7-5±o.5 after 16 hrs and filled into plastic

centrifuge cuvettes. Subsequently, the cuvettes were centrifuged for 10 min at 3800 g

in an Eppendorf 5417R table centrifuge thermostatized at 25 °C. The supernatants were

transferred to fresh cuvettes and centrifuged again. The protein concentrations of

these supernatants were measured by using the Bradford method [23]. Following the
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method, the vis absorption values of the protein samples were measured atthe wave

length of 595 nm, using an UV / vis spectrometer (Lambda 2, Perkin Elmer). The results

were compared to reference curves for the specific protein with a lowest detection limit

of 0.007 mg/ml. Typical protein concentrations added to the oxide suspensions were

0.2 mg/ml and higher. The adsorbed amount of proteins was calculated from the

protein concentration left in the supernatant and the total amount of proteins added

in the beginning.

8.3 Results

8.3.1 Zeta potential and IEP

In Figure 8.1 and Figure 8.2 the zeta potential values measured vs. pH are plotted for

the oxide suspensions treated with different concentrations of LSZ and BSA after 16 hrs

equilibration time.
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Figure 8.1 Zetapotential curves measuredfor LSZ treated aqueous oxide suspensions after 16 hrs ofadsorption
time atpH 7 5±0 5 Protein concentrations are normalized to the oxide surface area
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Figure 8.2 Zetapotential curves measuredfor BSA treated aqueous oxide suspensions after 16 hrs ofadsorption
time atpH 7 5±0 5 Protein concentrations are normalized to the oxide surface area

Titrations were always started at pH 7.510.5. A general trend can be observed for all

protein treated oxide suspensions: The IEP shifts towards the corresponding IEP of the

added protein. For LSZ, the IEPs shift towards pH 11 and for BSA towards pH 5. The pH

values obtained for the maximal IEP shift are summarized in Table 8-3. For titania the

zeta potential curves hardly change after BSA treatment. The same applies for the zeta

potential curves for zirconia treated with BSA and alumina treated with LSZ.

Table 8-3 pH valuesfor maximum IEP shift

Si02 A1203 Ti02 Zr02

LSZ

BSA

10 3

49

10 2

52

10 4

49

10 5

5
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8.3.2 Adsorbed protein amount

Isothermal adsorption curves for 16 hrs of equilibration time at 25 °C are given in

Figure 8.3 and Figure 8.4, normalized to the powder surface area. Zirconia shows the

highest total adsorbed protein amount for both proteins. Silica and titania adsorb

about the same amount of BSA and LSZ. Alumina adsorbs much less LSZ than silica and

titania (see Figure 8.3). In contrast, alumina adsorbs significantly more BSA than silica

and titania (see Figure 8.4).
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Figure 8.3 Isothermal adsorption curves after 16 hrs adsorption time atpH 7.5±0.5 for LSZ on different oxides.

Zr02 adsorbs the highest and Al203 the smallest total amount. The dotted horizontal line indicates the LSZ

amount neededfor a monolayerformation. The curve fits arefor guiding the eyes only.
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Figure 8.4 Isothermal adsorption curves after 16 hrs adsorption time atpH 7.5±0.5for BSA on different oxides.

Zr02 adsorbs the highest and Si02 the smallest total amount. The dotted horizontal line indicates the BSA

amount neededfor a monolayerformation. The curve fits arefor guiding the eyes only.

For LSZ, the needed protein amount for a theoretical monolayer formation was

exceeded in the cases of zirconia, titania and silica. Only alumina did not reach the

monolayer limit (Figure 8.3). For BSA, none of the oxides reached a monolayer for the

investigated protein concentrations except for zirconia (Figure 8.4).

The required protein amount for forming a monolayer was calculated using the

molecular weights and smallest dimensions given in Table 6-1 assuming tight packing.

For BSA we obtain 441 ng/cm2 and for LSZ 263 ng/cm2.

8.3.3 Zeta potential vs. adsorbed protein

Figure 8.5 and Figure 8.6 show the zeta potential vs. adsorbed protein amount (9ads)

obtained at pH 7.510.5. These graphs result from the combination of the zeta potential

curves and the protein adsorption curves (Figure 8.1 to Figure 8.4). For LSZ (Figure 8.5),

alumina needs the smallest adsorbed protein amount of 32 ng/cm2 to reach a stable

zeta potential value within ± 5 mV. The other oxides need an adsorbed protein amount

of about 100 ng/cm2 to reach a level off value.



Chapter 8

60 •

40

20

»-.

••,

.f'u**

E

re

5 -20 AJ-A^'
o
0.

ra -40
a>

N

-60

-80

-100

X *

r+ ^ .I-

LSZ •Alumina

a- Titania
- - Silica
- -x- Zirconia

100 200 300 400 500 600

Adsorbed Protein 0ads [ng/cm ]

Figure 8.5 Zeta potential plotted vs. adsorbed LSZ amount after 16 hrs of adsorption time at pH 7.5±0.5. The

error bars are not includedfor clarity reasons (see Figure 8.3).
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error bars are not includedfor clarity reasons (see Figure 8.4).
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In the case of BSA (Figure 8.6), silica and titania reach first a stable zeta potential

value at around 20 - 30 ng/cm2. For alumina, the level off value is not reached until 190

ng/cm2.

8.4 Discussion

8.4.1 Zeta potential and protein amount adsorbed

All the IEPs of the protein treated oxide suspensions were shifted to the IEPs of the

adsorbed proteins. LSZ did not change the zeta potential and IEP of alumina

significantly, only at high concentrations (400 and 800 ng/cm2) an effect could be

observed (Figure 8.1 a). A similar effect was observed for titania and zirconia. The IEP

and the zeta potential hardly changed over the titrated pH range for all BSA

concentrations (Figure 8.2 c, d). Silica, which is also negatively charged at pH 7.5, shows

a significant change of the zeta potential curves after BSA treatment (Figure 8.2 b). The

reason for the indifference of the titania and zirconia zeta potential curves to BSA

adsorption seems to lie in the IEPs of titania and zirconia (at pH 5.1 and 5.8), which are

very close to that of BSA (at pH 4.7 - 4.9). The same reasoning applies to LSZ treated

alumina suspensions.

Comparing the adsorbed protein amounts at different concentrations at pH 7.510.5,

a correlation for the sign of oxide surface charge and protein amount adsorbed can be

found. Higher amounts of protein adsorption are found for oppositely charged particle

/ protein combinations compared to alike charged surfaces. This holds for alumina,

silica and titania. Alumina (+) adsorbs considerably less LSZ (+) than silica (-) and titania

(-) (Figure 8.3). On the other hand alumina (+) adsorbs much more BSA (-) than silica (-)

and titania (-) (Figure 8.4). This behavior can be expected when electrostatics govern

the amount of proteins adsorbed.

Zirconia does not follow this scheme. Even though the zirconia surface is negatively

charged, like BSA at pH 7.5, it adsorbs the highest amount of BSA (Figure 8.4). Another

driving force seems to play a more important role than electrostatic attraction. Van der

Waals attraction is unlikely to be the reason as titania has a two times higher Hamaker

constant than zirconia (Table 8-1). Despite the higher Hamaker constant, titania does

not adsorb as much BSA while having a negative surface charge at pH 7.510.5 similarto

zirconia.
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However, the comparison of the surface tensions obtained for 2 vol% aqueous oxide

suspensions in Table 8-1 yields that the zirconia suspension has a significantly lower

surface tension at the air interface (65 mNm1) than the other investigated oxides and

water (~ 71 - 73 mNm1). As air is considered to be hydrophobic, a lower surface tension

means a higher overall hydrophobicity for the zirconia suspension. Zirconia was also

found by others to be more hydrophobic than e. g. silica from contact angle

measurements [27]. Because proteins are also composed of amino acids which are

hydrophobic, hydrophobic interaction seems to be the reason for the considerable

amount of BSA adsorbed on zirconia. BSA is in overall more hydrophobic than LSZ as it

can be derived from surface tension measurements of protein solutions (Table 6-1) and

literature [21]. Apparently, in the case of zirconia, the hydrophobic interaction can even

overcome electrostatic repulsion. Hence, the following considerations of electrostatic

interactions only apply forthe hydrophilic oxide suspensions alumina, silica and titania.

8.4.2 Change of zeta potential and electrostatic interaction energy

Comparing the change of zeta potential vs. adsorbed protein for silica, alumina and

titania (Figure 8.5 and Figure 8.6) it can be seen that BSA and LSZ adsorb on oxide

surfaces which are of the same charge, e.g. BSA/Silica. Also for BSA/alumina adsorption

the zeta potential eventually changes its sign and protein adsorption can still be

measured.

We want to estimate the electrostatic interaction energy of one protein molecule on

the protein covered particle surface As the zeta potential is generally assumed to be

measured at the shear plane between particle/protein and bulk solution, the zeta

potential is a value which describes the net surface potential (and the net surface

charge) acting on an approaching protein from the bulk solution. The zeta potential is

in our case a function of protein number adsorbed {\\fz(ßadJ) at the distance xz(ßadJ and

was experimentally obtained in this work. The surface potential (\|/0) will be defined as

the potential measured atthe particle/water interface as illustrated by Figure 8.7. For

an oxide suspension with no protein addition and at low ionic strengths would follow

Wo ~ wMdJ-

123



Change of the Zeta Potential of Biocompatible Colloidal Oxide Particles upon Adsorption of Bovine Serum Albumin

and Lysozyme

Wo Vz(6ads)

'Xz (@ads)'-
'< '

Figure 8.7 Planes of surface potential y/0 and zeta potential xjjfOa^ as defined in this study showing BSA

adsorption on alumina as an example. The y/z(0ad$) plane starts atxfßajj.

The electrostatic interaction energy Uel acting on a protein molecule at the distance

xz(ßadJ can be calculated for different zeta potentials \\fz(ßads) by

Uel=y/z{6adS)-qprotel„ (8.1)

where qprotein is the charge of the protein. The charge of the protein is known to be

spatially distributed and localized [28]. For our estimative calculations we will assume

the protein being a point charge and conformational changes including charge

regulations will be neglected [29].

We can calculate a net charge for each protein by summing up all amino acids that

carry charges taking into account their dissociation ratios for different pHs according to

references [25, 30]. The spatial protein charge distributions for BSA and LSZ are

illustrated by Figure 8.8 a) and b) at pH 7. The X-ray structure files were taken from the

online protein data bank [31]. For BSA the HSA file was used as in [25]. Figure 8.8 c)

shows the sum curve for both proteins as a function of pH. One BSA molecule carries

many more charges than a LSZ molecule. For the charge calculation the actual BSA

primary sequence was taken from reference [32]. The net charge at pH 7.5 for BSA is

found to be - 23.8 e and 6.5 e for LSZ.

124



Chapter 8

Figure 8.8 Calculated spatial protein charge distributions ofHSA (a) and LSZ (b) at pH 7. Structure files were
taken from the protein data bank [31J. White spheres are amino acids which are not charged at pH 7. On the

right hand (c) the summarized charge curves are plottedfor both proteins. The calculated IEP ofBSA is at pH
5.5 (using the actual amino acid sequence), respectively atpH 9.5for LSZ.

Using Equation (8.1) we obtain the electrostatic interaction energy for different

protein concentrations at the particle/protein and bulk solution interface xz(ßadJ. In

Figure 8.9 and Figure 8.10 the slopes Ô9ads/ô9add from Figure 8.3 and Figure 8.4 are

plotted vs. the electrostatic interaction energy. A negative electrostatic interaction

energy means attraction between protein and particle surface. The Figures are

subdivided into four quadrants I. - IV. In quadrant I. we have attractive electrostatic

interaction and high adsorption amounts (Ô9ads/ô9add > 0.5). Quadrant IV. stands for

repulsive electrostatic interaction and low adsorption amounts (Ô9ads/ô9add < 0.5). This

electrostatic interaction energy map allows to conclude how important the role of

electrostatic interaction is for the investigated protein /oxide systems.
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For BSA adsorption (Figure 8.9) it can be seen that besides the data points of zirconia

all other points are either in quadrant I. or III. The highest electrostatic interaction

energies are around - 50 kT (alumina) and 80 kT (silica). We can conclude that for BSA

adsorption on alumina, silica and titania the electrostatic interaction plays a very

important role. BSA adsorption on zirconia does not seem to be governed by

electrostatic interaction only and is attributed to hydrophobic interaction. The

hydrophobic interaction can overcome a repulsive interaction energy of about 20 kT.

The data points for LSZ are narrowly distributed around the x - axes. The

electrostatic interaction energy for LSZ is below 10 kT and is considerably lower than

the electrostatic energies for BSA due to the smaller number of charged amino acids.

Most of the data points are situated in quadrants I. and III. as in the BSA case.

For our calculations we treated proteins as charge points and obtained electrostatic

interaction energy maps. But ideally, the protein charge should be treated as a spatial

and discrete charge distribution according to Figure 8.8 or as described in [28]. In

addition, conformational changes are possible during the protein adsorption process,

depending on the rigidity of the protein molecule.

In summary, electrostatic interaction governs protein adsorption whenever the

protein and the materials surface are very hydrophilic (alumina, silica and titania). For

sufficiently hydrophobic materials surfaces, hydrophobic interaction plays an

important role in the adsorption process as well and can even overcome electrostatic

repulsion as found for zirconia.

8.5 Conclusions

The change of zeta potential and IEP were measured for alumina, silica, titania and

zirconia and correlated with the protein amount adsorbed at pH 7.5. It was found that

zirconia adsorbs the highest protein amount even under repulsive electrostatic

conditions. This is attributed to the significantly higher hydrophobicity of the zirconia

particle surface.

For the other oxides, which are hydrophilic, it was found that electrostatic

interaction determines the protein amount adsorbed. From the measured zeta

potential curves the electrostatic interaction energy for one protein was calculated and

plotted in electrostatic interaction energy maps. These maps verified the important role
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of electrostatic interaction for the hydrophilic oxides and showed that the overall

electrostatic energy for BSA is higherthan for LSZ.

The zeta potential curves in this study serve to estimate the sign of the surface

charge and the zeta potentials of protein treated oxide surfaces for different pHs. This

is important to support other techniques evaluating protein adsorption such as OWLS

and QCM where electro potential values cannot be measured. It is also important for

bioimplants and biosensor development. The presented data is comprehensive and can

be very valuable to refine and test different protein adsorption models.
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ABSTRACT: The activity of the enzyme jack bean urease in colloidal Si02, Ti02, Al203 and

Zr02 suspensions were determined after 1 h and s hrs by measuring in situ the increase of

suspension conductivity during enzymatic catalyzed urea decomposition. No remarkable

change of activities were found between 1 h and 3 hrs of equilibration time, but

significant differences of urease activities for the investigated oxide particle suspensions

were observed. In the Zr02 suspension the enzyme activity decreased down to 48 %

whereas for Si02 the enzyme activity was only decreased by 8 %. The activities

corresponded to the urease amount adsorbed, the zeta potential and hydrophobicity of

the particle surfaces. It was found that a slightly more hydrophobic oxide surface (ZrOj

hampers the activity more than a hydrophilic oxide suface of a surface charged

oppositely to urease (AlfiJ.

9.1 Introduction

One of the promising biosensor design strategies today is to use immobilized

enzymes to specifically crack and detect biomolecules [1-4]. However, the enzyme

activity may be suppressed during immobilization due to conformational changes of

the enzyme [4]. To prevent activity loss as much as possible, various immobilization

techniques have been developed. One of the most convenient and prominent

techniques is the silanization of inorganic carriers priorto enzyme adsorption [5-7].

However, the activity of enzymes adsorbed directly to oxide surfaces without spacer

molecules and the oxide particle surface conditions causing enzyme activity loss have

not been systematically investigated yet.

Jack bean urease (JBU) was the first enzyme isolated as a crystalline protein by

Sumner in 1926 [8]. JBU was also the first example of a nickel métallo - enzyme

discovered. It contains two nickel ions per subunit [9, 10] and is hexameric with a

molecular mass of 545 kDa. JBU contains six identical subunits, each with a molecular

mass of 91 kDa [11]. Urease catalyses the hydrolysis of urea in water according to the
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reaction illustrated by Figure 9.1. During this reaction NH4+ and HC03 ions are produced

which cause a shift of pH to the basic region. The catalysis kinetics follows a first order

reaction (Michaelis - Menten reaction [12]) with involvement of the Ni2+ ions at the

active sites [9].
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Figure 9.1 The urease catalyzed hydrolysis reaction ofurea (a). The products NH3 and C02 become ionized in

water (b) which cause the electrical conductivity increase ofthe suspension.

The activity of urease can be determined spectro - photometrically by detecting the

catalysis product NH4+ via the indo phenol method [13]. However, the spectroscopic

method is not suited for in situ measurements in particle suspensions due to light

absorption and scattering by particles. A centrifugation step would be required to

remove the particles first.

We followed the reaction kinetics and thereby the activity of urease by measuring

the increase of electric conductivity after the addition of urea to urease treated dilute

oxide suspensions (~ 2 vol%) after one hour and three hours equilibration time. Due to

the increasing amounts of ions during the catalytic reaction (see Figure 9.1), the

conductivity of the suspension increased as well. The measurements were conducted in

a 10 mM HEPES buffered system at pH 7.2±o.i to buffer the liberated ions. Urease in

solution with no oxide particles served as a reference for the conductivity curve (100 %

activity) and the relative activities were derived for Si02, Ti02, Al203 and Zr02

suspensions.
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9.2 Experimental

9.2.1 Materials

9.2.7.7 Oxide particles

Amorphous Si02 (Snowtex ZL, Lot 140828) was obtained from Nissan Chemicals

Industries Ltd as a 30 vol% suspension. To lower the salt content, the suspension was

dialyzed for a few days using a dialysis tube (ZelluTrans ROTH) until the electrical

conductivity fell below 1 |jS/cm. Ti02 anatase was obtained from Kronos (Kronos 1171,

Lot 60082-60083) ar,d washed by a procedure described elsewhere [14]. By this

procedure, acidic groups - originating from the powder production process - were

removed from the titania surface. The success of the washing process was controlled

by zeta potential measurements and resulted in a shift of the isoelectric point from pH

2 to pH 5, as already documented in literature earlier [15], indicating the removal of the

acidic groups from the powder surface, a - Al203 was purchased from Taimei (TM - DAR,

Lot 3973) and monoclinicZr02from Tosoh (TZ-o, LotZoo6288P).

All powders were of high purity grade ^99.99 wt%) and calcined at 400 °C for 4 hrs

to eliminate any organic residues. The specific surface areas of all powders were

characterized by BET (Nova 1000 Series, Ouantachrome). The surface tensions of 2 vol%

oxide suspensions were measured by the drop pendant method (PAT 1, SINTERFACE)

[16]. Particle size analysis distributions were measured with an X-ray centrifuge

sedigraph (XDC, Brookhaven Instruments) confirming that all powders were of narrow

and mono modal distribution. The powder properties are summarized in Table 8-1.

Table 9-1 Physical properties ofthe oxide particles. Surface tension ofdouble deionized water was measured to

be 72.8±0.2 mN/m.

Si02 A1203 Ti02 Zr02

crystal
structure amorphous alpha anatase monoclinic

density
[g/cm3] 1.95 3.98 3.8 5.82

diameter (d50)

[nm] 92 116 271 73

specific surface

area (BET)

[m2/g] 32.56 13.37 8.82 14.08

surface tension of

2 vol% suspensions

[mN/m] 72.5±0.4 71.5±0.2 71.1±0.1 65.3±0.1
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Scanning electron micrographs of the particles document their size and globular

morphology (see Figure 6.1).

Figure 9.2 Scanning
electronic micrographs of the

four oxide powders used. All

powders are of spherical

shape with diameters in the

range of 80 - 200 nm

diameter.

Double deionized water with an electrical resistance of 18 MQcm from a NANOpure

water system (Barnstead) was used for all experiments.

9.2.7.2 Proteins and protein reagent

Jack bean urease (21300 U/g, U1500, Lot 70K7053) was purchased from Sigma Aldrich

and used without any modifications. HEPES (H-6147, Lot 101K5469) was purchased in

the dry state.

Bradford reagent [17] was used as protein dye for UV - Vis spectroscopy

concentration measurements and was purchased from Sigma Aldrich (B6916, Lot

52K9311) without further modifications.
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9.2.2 Measurement methods

9.2.2.7 Conductivity measurement

For each conductivity measurement a 200 ml oxide suspension was prepared. The

amounts of urease and urea were always kept constant for all suspensions, being

0.0426 g and 0.5 g. Urease and urea were always separately pre
- dissolved in each 5 ml

of 10 mM HEPES buffer solution prior to adding to the suspensions. This amount of

buffer was taken into account for suspension preparation. The oxide powder amount

was adjusted so that the protein amount to surface ratio would be 10 ng/cm2 for all

suspensions. Table 9-2 gives a summary of all suspension compositions.

Table 9-2 Suspension compositionsfor a total volume of200 ml and an addition ofiO. 0426 g urease

corresponding to a particle surface concentration of10 ng/cm2

Si02 Ti02 A1203 Zr02

amount [g] 13.0824 48.3273 31.8624 30.2505

vol% powder 3.3596 6.3589 4.0028 2.5988

initial enzyme concentration

[mg/ml] 0.2204 0.2275 0.2219 0.2187

Aio mM HEPES buffer was prepared and adjusted to pH 7.3 with 1 M NaOH to which

then the oxide powder was added. The suspension was shaken by hand and then de-

agglomerated for 8 min with an ultrasound horn (UP 200 s, Dr. Hielscher, GmbH) at a

pulse rate of 0.8 s and with 100% amplitude, that is at the full power of 200 W. During

ultrasonication, the suspension was stirred at 300 rpm and ice-cooled to prevent the

suspension from heating. The pre-dissolved urease was added and the suspension was

equilibrated for 1 h, respectively 3 hrs, under stirring conditions at 25±o.2 °C in a

thermostatized glass jack.

Hereafter a pH (Portamess 913 pH, Knick) and a conductivity meter (Portamess 913

Cond, Knick) were inserted into the glass jack containing the suspension. The pH and

conductivity start values were noted after 5 min under stirring conditions (500 rpm). 5

ml of pre-dissolved urea (0.1 g/ml) were added and after 10 seconds the pH and the

conductivity measurement started. The measurements were carried out for 1000 s and

the values recorded automatically by the pH and conductivity meter. For each

suspension and adsorption time at least two measurements were conducted.

Measurements with urease only and with thermally denatured (at 85 °C) urease

were carried out and served as references.
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9.2.2.2 Determination ofthe adsorbed protein amount by UV/ Vis spectroscopy

To study the protein adsorption amount, oxide suspensions with urease were

prepared as described above using a total volume of 30 ml instead of 200 ml and a

urease amount proportionally smaller (0.00639 g)- The amount of powder was again

adjusted so that a protein surface concentration of 10 ng/cm2 was obtained. The

suspensions were then equilibrated for 1 h and 3 hrs at 25±o.2 °C under stirring

conditions.

To determine the amount of adsorbed protein, four samples of 1.5 ml were

withdrawn from each suspension after 1 h and filled into plastic centrifuge cuvettes.

Subsequently, the cuvettes were centrifuged for 10 min at 3800 g in an Eppendorf

5417R table centrifuge which was thermostatized at 25 °C. The supernatants were

transferred to fresh cuvettes and centrifuged again. The protein concentrations of

these supernatants were measured using the Bradford method [17]. Following the

Bradford method, the Vis absorption values of the protein concentration samples were

measured at the wave length of 595 nm, using an UV / Vis spectrometer (Lambda 2,

Perkin Elmer). The results were compared to a reference curve for urease with a

detection limit of 0.00625 mg/ml. From the protein concentration left in the

supernatant and the total amount of protein added in the beginning, the adsorbed

protein amount was calculated.

g.2.2.3 Zeta Potential

The zeta potential of the oxide suspensions was measured using the electroacoustic

Colloidal Vibration Current (CVI) technique (DT 1200, Dispersion Technology) equipped

with a built-in titration unit. This method characterizes the zeta potential by means of

a probe that uses ultrasound as a driving force for generating an electroacoustic effect.

The electroacoustic effect is used to compute the zeta potential of the particles

applying electroacoustic theory [18]. Proteins in solution are invisible to this method

due to the very small difference of protein to water density. Only proteins adsorbed on

solid particles can be detected by this technique.

9.3 Results

The surface tension measurements of 2 vol% suspensions shown in Table 8-1

delivered results very close to water (72.8±o.2 mN/m) for Si02, Ti02 and Al203. Only Zr02

led to a significantly lower surface tension of 653±o.i mN/m indicating the more
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hydrophobic nature of this oxide. The SEM micrographs in Figure 6.1 illustrate the

particle morphologies of all used oxide powders being spherical and of narrow particle

size distribution.
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Figure 9.3 Zeta potentials (no buffer) ofthe used oxides with a starting ionic strength of0.5 mM.

The zeta potential curves for the oxide particles at a starting ionic strength of 0.5

mM are plotted in

Figure 9.3 showing an increase of IEP in the following order: Si02, Ti02, Zr02 and Al203.

The zeta potential values obtained for the oxide suspensions buffered in 10 mM HEPES

at pH 7.2±o.i are given by Table 9-3. The only positively charged powder at pH 7.2 is

Al203.

Table 9-3 Zeta potentials measuredfor all oxides suspensions in 10 mMHEPES buffer, pH 7.2 + 0.1

SÏC^ TÏCh A1203 Zr02

zeta potential [mV] -50.2 -15.0 38.5 -14.6

In Figure 9.4 the obtained results for relative urease adsorption amounts are plotted

only fori h equilibration time, since the amounts for 3 hrs were nearly identical.
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Figure 9.4 Relative amounts of urease adsorbed onto the different oxide particles after 1 h adsorption time at

pH 7.2±0.1 in 10 mMHEPES buffer. The total added amount ofurease was 10 ng/cm2.

On Al203 and Zr02 100 % was adsorbed whereas on Ti02 only around 30 % of the

added initial urease amount adsorbed. For Si02 no urease adsorption was observed at

all.

During the enzymatic catalyzed hydrolysis of urea the pH changes versus time as

shown in Figure 9.5.
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Figure 9.5 Change ofpH versus time measured during the conductivity measurements. Error bars were not

plottedfor clarity.

The pH values start all between 7.1 and 7.3. After 300 s the pH values for the oxide

powders are between 7.6 and 8.0. As the activity of the enzyme is pH dependent, we

have to take into account the slight difference in pH. The electrical conductivity is a

function of number, mobility and valences of the ions in solution and can be described

by Kohlrausch's lawfor monovalent ions of concentrations up to 0.1 mol/l by

L = LC0-kJc (9.1)

where /.„is the molar conductivity at an infinite dilution, cthe ion concentration and

k a constant which depends on the valences of the ion. For conductivity measurements

in the region where dL/dt = const, we can assume that also dc/dt = is const and thus L oc

c.

With this in mind, we can correct all conductivity measurements in the linear region

by the following Equation:
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Lcorr(PH)=Lmeas(pH)-
a,. ,(PH)

(9.2)

where Lmeas(pH) is the measured conductivity, and aurease(pH) (in between of o and 1) is

the pH dependent relative activity of urease at 25 °C taken from reference [19].

In Figure 9.6 and Figure 9.7 the results of the corrected conductivity measurements

are plotted fori h and 3 hrs urease equilibration times.
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Figure 9.6 Conductivity ofurease treated oxide suspensions (equilibration time 1 h) after the addition ofurea a

in 10 mMHEPES buffer. The conductivity is pH corrected. As a comparison the reference curves for urease in

aqueous solution and thermally denatured urease are plotted as well. The vertical dotted line indicates the end

ofthe linear region.

The base conductivity which was measured before the urea addition was subtracted

for all curves individually so that all conductivity curves start at o |jS/cm. The base

conductivities differed all within only 5 %. Up to 300 s (indicated by the dotted vertical

line) the slopes of all conductivity curves remain constant. Beyond 300 s the curves do

not show linearity anymore and level off eventually.
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Figure 9.7 Conductivity as afunction oftime as in Figure 9.6 butfor an equilibration time of3 hrs.

The averaged slope values up to 300 s were taken and plotted in Figure 9.8. The

slopes were normalized to the urease reference measurement being 100 %. The

activities of urease after equilibration times of 1 h and 3 hrs for different oxide

suspensions decrease in the order: Si02, Ti02, Al203 and Zr02.
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Figure 9.8 Relative activities of urease derivedfrom the linear regions in Figure 9 6 and Figure 9 7 after 1 h

and 3 hrs adsorption time

9.4 Discussion

From the activity measurements in Figure 9.8 no change of activity can be observed

for urease in water after 1 h and 3 hrs equilibration time. This indicates thatthe natural

aging of urease in water can be neglected for measurements with a duration of up to 3

hrs.

The different oxide suspensions influence the activities of urease very differently.

Combining the results of Figure 9.4 and Figure 9.8 we obtain Figure 9.9 where the

activity of urease is plotted as a function of adsorbed urease amount.

For Si02 and Ti02 suspensions where urease did not completely adsorb we obtain a

higher activity (92 % and 80 %) than for Al203 (66 %) and Zr02 (52 %). For Si02 and Ti02,

the activity of urease is almost solely due to the enzymes in solution as no, or only little

amounts, are adsorbed. Both oxides decrease the activity of urease, which is especially

surprising for Si02, where no urease adsorbed at all. The 8 % loss of activity might, in

this case, be attributed to some hindrance of urea / urease diffusion by the suspended

Si02 particles.
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Figure 9.9 Urease activity plotted vs. amount adsorbed for different oxide suspensions after 1 h and 3 hrs

equilibration time. The 1 h and 3 hrs overlap and are indicated by the error bars.

For the following discussion we will focus on Al203 and Zr02 as in both cases

complete enzyme adsorption was measured. Al203 and Zr02 suppress much more the

activity of Urease and we obtain different urease activities for these oxide suspensions

even though complete adsorption was observed for both cases. In case of alumina, the

adsorption process, due to attractive electrostatic interaction, hampers somewhat the

urease activity. However, due to the hydrophilic surface nature of alumina, the

suppression is moderate, and we assume only some conformational change of the

urease to be responsible for the activity loss. On the other hand, in case of Zr02, the

activity is suppressed considerably.

One possible explanation could be that urease adsorbs in a preferred orientation on

these oxide surfaces and the active sites become inaccessible for the catalysis of the

substrate urea. To elucidate if any asymmetric charge or hydrophobic distribution is

present on the urease surface the protein structure of klebsiella aerogenes urease was

taken from the online X-ray diffraction protein data base [20]. As the X-ray structure file

of jack bean urease does not exist yet, the structure of klebsiella aerogenes urease was

used to calculate the spatial charge distribution. The amino acid sequence of klebsiella
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aerogenes and jack bean urease are at least 70 % identical [21]. The spatial charge

distribution was calculated as shown in Figure 9.10 (a) by summing up all the side

chains of amino acids that can carry charges. The calculation method is described in

detail elsewhere [22]. The pK values for the amino acid side chains were taken from

Stryer [12]. The sum of jack bean urease charges is plotted versus pH in Figure 9.10 (b).

The obtained IEP is at pH 4.56 which is reasonably close to the measured IEP in

literature, found around pH 5 - 5.9 [21]. For the summation curve the actual amino acid

sequence ofjack bean urease was taken from reference [11].

Figure 9.10 Structure ofurease (klebsiella aerogenes)from X-ray diffraction protein data base [20]. The spatial

protein charge distribution is calculatedfor pH 7 (a). Amino acids which are neutral atpH 7 are symbolized by
white spheres. On the right hand (b) the protein charge curve for Jack Bean Urease is plotted as a function of

pH. The calculatedIEP ofurease is obtained to be atpH 4.56. The enzyme dimensions are about 9 x 6.5 x 5 nm3.

Figure 9.10 (a) illustrates the charged amino acids being homogeneously distributed

on the enzyme surface. It can also be seen that a considerable number of hydrophobic

and not chargeable amino acids can be found on the surface. From the evenly

distributed charged and hydrophobic amino acids no dipole moment and no preferred

adsorption orientation can be deducted.

As it was demonstrated that no preferred orientation during adsorption should

occur and potentially lead to inaccessible active sites, the loss of urease activity is
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attributed to conformational changes of the enzyme upon adsorption on the Al203 and

Zr02 particles.

At pH 7 Al203 is positively (see Table 9-3) and urease negatively charged (IEP at pH 5 -

5.9). A100 % adsorption is therefore expected of urease on Al203 due to their oppositely

charged surfaces and the resulting attractive electrostatic interaction. This was also

observed for another negatively charged protein on AI2O3, bovine serum albumin in

[22]. In contrast, for Zr02 with an IEP at pH 5.8 (Figure 9.3, Table 9-3) no adsorption is

expected due to the absence of attractive electrostatic interaction. On the other hand,

Zr02 is considerably more hydrophobic than the other oxides investigated in this study.

This results from the surface tensions shown in Table 8-1, where Zr02 shows a much

lower surface tension (65.310.1 mN/m) atthe liquid / air interface than the other oxides

and water (72.810.2 mN/m). This is also in accordance with previous results, where Zr02

was found to be more hydrophobic than for instance Si02 [23]. During urease

adsorption on Zr02, the hydrophobic effect plays apparently a much more dominant

role than electrostatic interaction (repulsion for this case). The hydrophobic interaction

of urease with Zr02 apparently overrules the repulsion and changes even the

conformation of adsorbed urease, resulting in a suppressed activity compared to the

Al203case.

9.5 Conclusions

The activity of jack bean urease in different colloidal oxide particle suspensions was

measured in situ and compared. The activity of the enzyme in the oxide suspensions

decreases in the following order: Si02 (92 %), Ti02 (80 %), Al203 (66 - 68 %) and Zr02 (48

-52%).

The activity of urease corresponds to the adsorbed enzyme amount for the

hydrophilic oxides Si02, Ti02, and Al203. The less enzyme is adsorbed, the less activity is

lost.

Attractive electrostatic interaction between unlike charged surfaces of the metal

oxide and the enzyme leads to a high adsorption amount of the enzyme on the metal

oxide surface (Al203). In case of less hydrophilic metal oxide surfaces, hydrophobic

interaction is responsible for adsorption and can even overrule electrostatic repulsion

leading to high adsorption amounts (case of Zr02).
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Depending on the hydrophilic/hydrophobic nature of the metal oxide, completely

adsorbed urease on Al203 and Zr02 may show different enzymatic activities. Whereby

attractive electrostatic interaction suppresses somewhat the activity of the enzyme on

the hydrophilic Al203, the more hydrophobic surface of the Zr02 suppresses the enzyme

activity considerably. This difference in activity is attributed to conformational changes

of urease upon adsorption on the more hydrophobic Zr02. An enzyme adsorbed due to

electrostatic interaction on a metal oxide surface which is hydrophilic is apparently less

changed in its conformation than when adsorbed due to hydrophobic interaction on

metal oxide.

These findings may be important for future designs of biosensors and the

developments of biocompatible materials and surfaces.
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Conclusions

The adsorption of lysozyme (LSZ) and bovine serum albumin (BSA) on silica, titania,

alumina and zirconia were systematically investigated. From zeta potential and

isoelectric point measurements, adsorbed protein amounts, suspension surface tension

measurements, enzyme activity investigations and protein charge distribution

calculations conclusions were drawn regarding protein - materials interaction forces.

For BSA adsorption on alumina a new adsorption model was introduced, that

suggests an orientated adsorption mode based on the asymmetric charge distribution

of the protein.

By coating silica with AlOOH, LSZ adsorption could by decreased and BSA adsorption

increased, demonstrating the influence of electrostatic interaction on hydrophilic

surfaces.

For the first time, the isoelectric points of lysozyme and bovine serum albumin

mixtures adsorbed on oxide surfaces were predicted and verified experimentally by

superposing the charge distributions and the mole and surface fractions of the

corresponding proteins.

It was demonstrated that for less hydrophilic oxides (= lower dehydration energies,

water is not an adsorption competitor) such as zirconia, hydrophobic interactions can

play a more important role than electrostatics in the protein adsorption process.

Moreover, the hydrophobic interaction decreases the enzymatic activity of urease

considerably more than attractive electrostatic forces which is suggested to be a

consequence of more pronounced conformational changes.

It was shown that for hydrophilic surfaces (= high dehydration energies, water is a

strong adsorption competitor) such as silica, titania and alumina the investigated

protein adsorption processes were governed by electrostatic interactions and not by

hydrophobic interactions.

Two steps have to be distinguished in all protein adsorption processes: (1) adsorption

and (2) subsequent conformational changes. Adsorption is an absolutely necessary step

for conformational changes. No adsorption implicates no or very low changes of the

protein conformation. The conformational changes depend on the strength and nature

10
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of the interacting forces and on the protein internal coherence, that is the protein

rigidity. A summary of the protein/materials combinations and the implications for

protein adsorption and conformational changes are given in Table 10-1.

Table 10-1 Different surface categories/characteristics and the consequencesfor protein adsorption and

conformational changes.

Category Characteristics Consequences Examples

no charge no adsorption, no conformational changes -

high adsorption,

hydrophilic attractive charge significant conformational changes

(depending on protein molecule rigidity)

Urease/Al203

repulsive charge low adsorption, low conformational changes Urease/Si02

high adsorption, LSZ/Zr02

attractive charge very strong conformational changes (adsorption

less hydrophilic
(depending on protein molecule rigidity) measured)

high adsorption,

repulsive charge strong conformational changes

(depending on protein molecule rigidity)

Urease/Zr02

high adsorption,

hydrophobic water repellent very strong conformational changes

(depending on protein molecule rigidity)

PTFE, PE
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11 Outlook

ABSTRACT: Each ofthefollowing paragraphs describes a potentialfollow up projects.

The protein - oxide investigations should be extended to other oxides, such as

zirconia alloyed with different yttria contents. The zirconia used in this study was

monoclinic and is not the yttria stabilized zirconia which is commonly used in

bioimplants. The methods described in this study can be applied right away.

In the conclusions chapter it was stated that the two most important interaction

forces between the investigated protein and materials surfaces are of hydrophobic and

electrostatic origin. Therefore it is desirable to quantify the effect of hydrophobic

contributions. One option would be to gradually modify a charged oxide surface from

hydrophilic to hydrophobic with small surfactants and, subsequently, to measure

protein adsorption. At a certain hydrophilic / - phobic surface modification ratio the

electrostatic contribution should counterbalance the hydrophobic contributions.

In general, the quantification of the protein adsorption energy as a function of the

surface charge and hydrophobicity is of great interest and would lead to a better

understanding of the complex adsorption process. Preliminary experiments were

conducted, using micro calorimetry (see Appendix). The measured adsorption heat

could also deliver some insights about conformational changes upon protein

adsorption.

The isoelectric point prediction method for LSZ and BSA binary mixtures should be

extended and tested with other proteins in ternary and quaternary mixtures. If this

method turns out to be of general validity, the scientific impact would be very

significant. Another interesting point is if the hypothesis holds that the predicted IEP

corresponds to the protein layer composition.
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IZ Appendix

ABSTRACT: This section includes supportive data regarding powder/protein

characterization and experiments. Projects which were not discussed in the previous

chapters but could lead tofollow up projects are described as well.

12.1 Oxide Powder Characterization

Powder characterization is crucial for all protein adsorption measurements. Powder

properties as the particle size distribution, specific surface area, zeta potential,

isoelectric point and surface chemistry need to be characterized for reproducible

adsorption experiments.

12.1.1 Particle Size Distributions

To characterize the particle morphologies, scanning electron micrographs were

taken with a LE01530 (see Figure 2.2).

Figure u.i Scanning electronic micrographs of the

four oxide powders used. All powders are of spherical
shape and around 73 - 277 nm diameter.
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Particle size distributions were measured to find out if the powders are of narrow

and mono modal distribution. The measurements were carried out using an X-ray disk

centrifuge sedigraph (XDC, Brookhaven Instruments). The results are shown in Figure

12.2 a)-d).The diameter (dso) and specific surface area (ssa) are given as well.
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Figure 12.2 a) - d), Particle size distributions ofall oxide (ssa = specific surface area).

Note that for adsorption measurements the specific surface areas obtained by BET

(Nova 1000 Series, Ouantachrome) were used as given in Table 12-1.

Table 12-1 Specific surface areas measured by BET usedfor protein adsorption measurements.

Oxide Ti02 Al203 Zr02 Si02

ssa [m7g] 8.82 13.37 14.08 32.56
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12.1.2 Zeta Potential and Isoelectric Points

The zeta potential curves for all oxides used in this study are plotted in Figure 12.3.
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Figure 12.3 Zeta potential curves ofall oxide particles used in this thesis.

IEPs obtained from Figure 12.3 by linear interpolation are given in Table 12-2 for al

oxides.

Table 12-2 IEPs ofall oxides used.

Oxide Si02 Ti02 Zr02 Al203

lEPatpH 12 51 58 91

12.1.3 DTA/TGA Analysis

DTA and TGA (Differential Thermo - and Thermo gravimetric Analysis)

measurements were conducted to determine the amount of organics in the purchased
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powder (dust, organic residues) and the temperature at the powder has to be calcined

to eliminate these impurities.

A few hundred milligrams of each powder was filled into the sample holder of the

DTA / TGA device (NETZSCH STA449 Jupiter). Calcination was performed at a heating

rate of 10 °C/min in 02 / Argon atmosphere at ambient pressure up to 700 °C. The flow

rates of 02 and the protective gas Argon were 50 ml/min and 20 ml/min respectively.

The powder sample was heated up to 700 °C with an empty sample holder as a

reference. The DTA and TGA data were recorded as a function of time. Subsequently,

the same temperature program was run again and the DTA and TGA recorded in order

to get a reference measurement for the calcined sample. After both runs the DTA and

TGA curves of the second run were subtracted from the curves of the first run and the

corrected curve obtained as shown in Figure 12.4 a)-d).

I
-2 25

Al203
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Temperature [°C]

I
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ZrO

d)

Temperature [°C]

Figure 12.4 a) - d) Reference - corrected thermo gravimetric and differential thermal analysis of all powders.
The vertical dotted line indicates the temperature at which all powders were calcined (400 °C).
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All powders were calcined at 400 °C for 4 hrs prior to any protein adsorption

experiments. No powder showed a exothermic reaction beyond 400 °C. Only silica

showed some considerable weight loss beyond 400 °C. This weight loss is due to water

(strongly bound to silica) evaporating as the DTA curve becomes endothermic at

starting at 400 °C.

12.2 Protein Concentration Reference Curves for UV /Vis Spectroscopy

Reference absorption curves were obtained by diluting a known protein

concentration by a factor of two for at least four times. Hereafter, the Vis absorption

values for these known concentrations were measured by the Bradford method atthe

wavelength of 595 nm [1] with a Lambda 2 spectrometer by Perkin Elmer. It is important

to point out, that reference curves should be redone for EACH new protein lot and

Bradford reagent. The following curves correspond to a Bradford reagent purchased

from Sigma Aldrich (B 6916, Lot 073K9292). The reference curves for jack bean urease

(JBU), bovine serum albumin (BSA, two detection ranges) and lysozyme (LSZ) are given

in Figure 12.5 to Figure 12.8.

Standard assay curve for Urease with Bradford Reagent

(400ul BSA + 1 ml BR, 0.00625 - 0.2 mg/ml)
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Figure 12.5 Reference curve obtained for jack bean urease (Sigma Aldrich U 1500, Lot 70K7053). Lowest

detection limit: 0.00625 mg/ml.
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Standard assay curve for BSA with Bradford Reagent

(50ul BSA + 1.5 ml BR, 0.1 - 0.9 mg/ml)
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Figure 12.6 Reference curve obtained for bovine serum albumin (Sigma Aldrich A 7906, 12K1608). Lowest

detection limit: 0.1 mg/ml.

Standard assay curve for BSA with Bradford Reagent
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Figure 12.7 Reference curve obtained for bovine serum albumin (Sigma Aldrich A 7906, 12K1608). Lowest

detection limit: 0.007 mg/ml.
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Figure 12.8 Reference curve obtainedfor lysozyme (Sigma Aldrich L 6876, 051K7028). Lowest detection limit:

0.00245 mg/ml.

12.3 Surface Tension of Oxide Particle Suspensions and Protein

Solutions

The surface tensions of 2 vol% oxide suspensions and of protein solutions (cone: 2. 5

mg/ml) were measured by the drop pendant method (PAT 1, SINTERFACE) at a pH of

around 7 [2]. The surface tension at the air / suspension interface measured relative to

double deionized water gives a value which can be used to order materials or proteins

from hydrophilic to hydrophobic.

Surface tensions measured vs. time (after drop formation) for the oxide suspensions

are given in Figure 12.9. Surface tensions for protein solutions are given in Figure 12.10.
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The decay of some surface tension curves is a result of diffusion. Molecules /

particles diffuse to the air / water interface and alter the surface tension of the drop.

For proteins, conformational changes at the air / water interface are also possible. This

assumption is supported by the protein curves (Figure 12.10) which show two regions of

decay whereas zirconia only shows one decay region (Figure 12.9).

The level off values of all surface tension curves are summarized by Table 12-3 in the

order of increasing surface hydrophobicity.

Table 12-3 Surface tensions obtainedfor all oxide suspensions andprotein solutions used

Surface Water SiCT Al203 TicT ZrCT [SZ BSÄ JBÜ

Tension

[mNm1] 728102 725104 715102 711101 653101 608102 560101 527102

The order of surface tension and hydrophobicity of the measured oxides and

proteins are in good agreement with literature [3, 4]. Further investigations give

references [5, 6].

12.4 One - Dimensional SDS - PAGE Analysis of Proteins

In order to check for the purity of the purchased protein lots, the molecule weight

distribution was determined by one - dimensional Sodium Dodecyl Sulfate

Polyacrylamide Gel Electrophoresis (SDS - PAGE). Different protein sample

concentrations were prepared in deionized water. 15 ul of each solution was mixed with

15 ul sample buffer (0.06M Tris-HCl, pH 6.8, 25% glycerol, 2% SDS, 0.01% bromphenol

blue, 5% ß-mercaptoethanol). The proteins were boiled at 95°C for 5 minutes.

Subsequently, the electrophoresis of the samples were conducted on a vertical

apparatus (BioRad) according to the method of Laemmli [7]. A bis:acrylamid stacking

gel (% depending on the protein) was run over a 7 % bis:acrylamid separation gel using

a 0.025 M Tris - Glycin buffer (pH 8.3) containing 0.1 % SDS at 200V for 1 h. SDS-PAGE

standards were used to determine molecular weight. The protein samples were stained

with Coomassie blue for 2h. The obtained gels are shown in Figure 12.11 a)-c).

161



Appendix

ro

bi
D
.w.

3-

3

IQ

3

o

3

ro
-4 Ol

^ ^ ro *r

o Ol Ol D
o o o 0)

a) Bovine Serum Albumin (BSA, Sigma Aldrich A 7906, 12K1608), 4 % stacking gel

os
o
al

01

(Ü

O

|

o

Ol,

(D

3

TT

to

A) Jack Bean Urease (JBU, Sigma Aldrich U1500, Lot 70K7053), 8 % stacking gel

162



Chapters

(Q

3

Ol

'S.
i"

3

Ol

(D

W Ji Ol M "

w o en ro S

Q)

c) Lysozyme (LSZ, Sigma Aldrich L 6876, 051K7028), 15 % stacking gel

Figure 12.11 a) - c) One - dimensional SDS - Page analysis ofJack Bean Urease, Bovine Serum Albumin and

Lysozyme

It can be seen that all protein lots used were of high purity.

The SDS - PAGE analysis was carried out by my sister Mandana Rezwan -thankyou

very much foryour excellent and careful work!

12.5 Other Experiments and Follow Up Projects

This section deals with experiments and results which were not included in the

thesis but are promising as follow up projects.

12.5.1 Rheology of Oxide Particle / Protein Suspensions

Rheology and stability studies of protein - particle systems can be found in literature

[8-14]. The aim in this study was to derive the protein layer thickness of BSA molecules

adsorbed on the particle surface from viscosity measurements.
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The viscosity of BSA treated alumina, titania and silica suspensions were measured

with a rheometer (Bohlin CS-50) in the semester project "Rheologie von Partikel -

Proteinsystemen" [15]. Volume content and pH of the suspensions were varied and

viscosity and zeta potential measured. At pH 7 the viscosity increased upon BSA

addition for silica and alumina, whereas in the case of titania the viscosity dropped by

factors of 10 to 100 at the same shear rates. The results were fitted with different

rheology models: Einstein, Krieger-Dougherty [16] and Bingham extrapolation. Only

Bingham extrapolation gave reasonable values for the protein layer thickness being

around 5 nm.The results of the titania suspension could not befitted with any model.

The rheology measurements gave trends but some of them were not reproducible

due to the complex behavior of the protein treated oxide suspensions under shear.

More details can be found in [15].

12.5.2 Imaging and Force Distance Curves of BSA / LSZ treated Oxide Surfaces by AFM

Atomic Force Microscopy (AFM) was overthe past years used to elucidate biophysical

aspects of macromolecules and biomolecules. The AFM technique can be used for

imaging but also to for measuring local interaction forces of macromolecules with

materials surfaces [17-41].

In the semester project "Determination of the Protein Adhesion Force on Metal

Oxides" [42] the protein adhesion forces of LSZ and BSA on alumina (sapphire) and

silica (quartz) surfaces were measured by an AFM colloidal tip. The aim of the study was

to correlate the adhesion force with the protein's and the substrate's surface charges.

SEM pictures of a regular Si3N4 and an alumina colloidal tip are shown in Figure 12.12.
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a) b)

Figure 12.12 a), b) Scanning electron micrographs ofAFMcolloidal tips used in [42]. a) Si3N4, b) Al203.

The oxide surfaces were imaged by a Si3N4 tip before and after protein addition.

Figure 12.13 shows the sapphire before (a) and after (b) BSA addition. BSA agglomerates

could be imaged and protein adsorption verified. Afterwards the Si3N4 was exchanged

and a colloidal tip used forforce distance measurements.

a) b)

Figure 12.13 a), b) AFM images ofa sapphire surface without (a) and with BSA (b) adsorbed in HEPES buffer

atpH 7.3. The width ofone image equals 10 jum.
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Force distance curves for six different experimental setups were measured as shown

in Figure 12.14.
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la+b

Sapphire +

lla+b

Figure 12.14 Six different

experimental setups that were

measured in force distance mode by
AFM. I + II are reference
measurements.

In I a+b LSZ and BSA were

measuredfor the silica interface. II

a+b the same measurements were

carried out for the alumina

interface. All measurements were

conducted in 10 mMHEPES buffer

atpH 7.3.
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The force distance results were ambiguous and are not shown here. As the AFM is

very sensitive to smallest variations of parameters, more careful investigations should

be carried out in a follow up project. Details of this project and all force distance

measurements can be found in [42].

This project was co - advised with Markus Müller from the LSST, ETH Zürich. Thank

you very much foryour kind help and advice Markus!

12.5.3 Measuring Protein Adsorption Enthalpy by Microcalorimetry

Micro calorimeters are highly sensitive devices which are used to measure binding or

adsorption energies of molecules to liquid or solid surfaces [43-48]. The idea was to use

the microcalorimetry technique to measure protein adsorption enthalpies to particle

surfaces normalized to the protein amount adsorbed. The micro calorimeter TAM 2527

was used at the Institute of Physical Chemistry of the University Irchel under kind

guidance of Dr. Zhiliang Cheng. Figure 12.15 shows the schematic design of the micro

calorimeter.
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A higher adsorption enthalpy was excepted for BSA (negatively charged) adsorption

to alumina (positively charged) than to silica particles (negatively charged).

3 ml suspensions (2 vol%) of alumina and silica were prepared in HEPES buffer (pH

7.3, 10 mM) and inserted into the micro calorimeter. The samples were equilibrated

under stirring conditions (80 rpm) over night to a temperature of 25 ± 0.001 °C. On the

next day a 40 mg/ml BSA solution was prepared and filled into a syringe. The syringe

was attached to a long (1 m) hollow tip which was inserted into the ampoule lifter of

the calorimeter. The tip was put into contact with the suspension. The measurement

was started automatically as soon as the heat fluctuation leveled off (~1 h).The protein

solution was added in doses of 1.5 ul and the adsorption heat P measured continuously

in units of uW.

Two reference measurements are shown in Figure 12.16 for BSA addition to HEPES

buffer with no particles.
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time [s]

Figure 12.16 Two independent adsorption heat vs. time curves for BSA additions to HEPES buffer (pH 7.3, 10

mM). Each injection of1.5 jul produced one peak (7 injections).

The protein dilution heats in the reference curves were not reproducible and the

reason for the slope of both curves is not clear. Results for BSA additions to alumina

and silica suspensions atthe same conditions are given in Figure 12.17 a) ar|d b).

a) b)

Figure 12.17 a), b) BSA adsorption curves for alumina (a) and silica (b) in HEPES buffer (pH 7.3, 10 mM).
Each injection of1.5 jul produced one peak (7 injections).
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The results for the alumina measurements were not reproducible. After taking out

the sample cylinders sedimentation of the alumina particles were observed despite

stirring. For silica a negative adsorption heat peak was found.

Most probably the detection sensitivity of the TAM 2527 is too low. One could try

lower salt and higher BSA concentrations. Dr. Cheng recommended to try a device by

the company MicroCal (www.microcalorimetry.com) which is known to have the

highest sensitivity of all micro calorimeter products.
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