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NOMENCLATURE

DDES
d2
d;

E,
Es

M
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p
Rp
Rs
rijP
I

rijs
I

s
PP
133

Dichlorodiethylsilane
Adsorbed film thickness nm
Imaginary part of d2
Amplitude of incident light beam in plane p
Amplitude of incident light beam in plane s
Molecular weight, daltons
Refractive index in phase I
Plane of incident light
Amplitude of reflected light beam in plane p
Amplitude of reflected light beam in plane s
Refraction coefficient at interface between phase
and j, in plane p
Refraction coefficient at interface between phase
and j, in plane s
Plane normal to the plane of incident light
Phase angle of the light beam in plane p
Phase angle of the light beam in plane s
Adsorbed mass, lAg/cm2

A
X
p

(1)1

ci>2

P
A
v

The change in phase of the light, degrees
Wavelength, nm
Ratio of parallel and normal reflection
coefficients
Angle of incident light
Angle of refraction
The arctangent of the factor by which the
amplitude ratio changes
Molar refractivity, cm3/gmole
Partial specific volume, cm3/gm

RESISTANCE OF ADSORBED NISIN TO EXCHANGE WITH BOVINE
SERUM ALBUMIN, a-LACTALBUMIN, 0-LACTOGLOBULIN AND 0-CASEIN
AT SILANIZED SILICA SURFACES

1. INTRODUCTION

Protein adsorption and interaction at solid surfaces is
involved in several situations of technical and scientific
interest. Whether a foreign material is blood-and/or tissuecompatible or not is to a large extent determined by the
behavior of protein molecules at the surface of the
material. Protein adsorption is also involved in the
unwanted phenomena associated with fouling

in the food and

pharmaceutical processing industries.

There are several diagnostic methods based on
interaction between protein molecules and surfaces, for
example, those involving antibody-antigen binding reactions.

Furthermore, an understanding of the behavior of protein
molecules at surfaces is of great importance for the
development of new types of biosensers. Methods such as
liquid chromatography are also based on protein interaction
at solid phases. Protein molecules are large and
complicated, which makes a detailed study of their
interaction with the solid surface rather difficult. On the
other hand they can serve as interesting probes of how
physical properties of a surface may change the conformation
and activity of large molecules.

Food spoilage and disease-causing microorganisms can
adhere to inert surfaces causing serious problems in the
food industry. Once attached these are less susceptible to
the killing effects of sanitizers. It has been observed (1)

that when medical devices such as cardiac pacemakers are
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colonized by bacteria, very high levels of antibiotics are
necessary to eliminate the bacteria. In industry, increasing
the concentration of chemical sanitizing agents may not be
acceptable because they pose health risks to employees,

result in chemical residuals in the product and increase
production costs.

A novel approach to optimize sanitization strategies is
to inhibit the initial adhesion of bacteria as opposed to
removing them once they have adhered. This is similar to a
concept that has been used in application of antifoulant
paints used to protect hulls of ships kept afloat for
extended periods from the onset of marine growth. Active
ingredients present in the paint that prevent fouling
organisms from adhering to the surface are released in a
controlled manner (2). Treatment of the surface with a
preadsorbed layer of nisin, a protein that when free in
solution exhibits antimicrobial activity could inhibit
bacterial adhesion and reduce the incidence of food product
contamination by pathogenic or spoilage causing bacteria if
its activity is maintained in the adsorbed state.

The basic issues addressed in this study are related to
short- and long-term stability of surface-bound nisin. In
particular the purpose was to begin to quantify some of the
factors that determine how well immobilized nisin can resist
removal by other surface-active components dissolved in
solution. The ability of noncovalently immobilized nisin to
withstand removal by dissolved protein is a function of
solid surface properties and the surface activity of
proteins competing for adsorption sites. In this work, in
situ ellipsometry was used to study adsorption and exchange
of proteins on silicon surfaces of varying hydrophobicity.
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2. LITERATURE REVIEW

2.1

Proteins and their Adsorption Characteristics
Proteins are biological macromolecules constructed for

specific and unique functions. They are high molecular
weight polyamides produced by the specific copolymerization
of 20 different amino acids. The amino acid sequence, or
primary structure is generally unique and specific to each
particular protein. The hydrogen bonding characteristics of
the polyamide bond in the backbone of the proteins result in
various secondary structures, such as the well known ahelix and 0-sheet. Intramolecular associations, including
ionic interactions, salt bridges, hydrophobic interactions,

hydrogen bonding, and covalent disulfide bonds, result in a
unique tertiary structure for each polypeptide chain.

Finally, two or more polypeptide chains, each with its

own

primary, secondary, and tertiary structure, can associate to
form a multi-chain quaternary structure.

The molecular properties of proteins

that are thought

to be responsible for their tendency to reside at surfaces
are size, charge, structure, and other chemical properties
such as amphipathicity, solubility, and "oiliness". The
differences in surface activity, i.e., their behavior at
interfaces, among proteins arise from variations in their
primary structure (3). Size is presumably an important
determinant of surface activity because proteins are thought
to have multiple contact points. Multiple bonding is also
indicated by the relatively large number of protein carbonyl
groups that contact silica surface after adsorption (4).

The charge and charge distribution of proteins are
likely to influence surface activity because it is known
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that most of the charged amino acids reside at the exterior
of the protein molecule. These charged residues must
therefore come into close proximity with the surface in the
process of adsorption. Experimentally, proteins have
frequently been found to exhibit greater adsorption at or
near the isoelectric pH, perhaps because charge-charge
repulsion among the adsorbed molecules is minimized under
these conditions. However, Norde has concluded that the
reduction in adsorption at pH values away from the
isoelectric point is in part due to structural

rearrangements in the adsorbing molecule, rather than charge
repulsion alone (6).

Structural factors important in the surface activity of
proteins are stability, unfolding rates, cross-linking, and
the presence of subunits. Disulfide cross linked proteins
would be less likely to unfold as rapidly and completely and
therefore be less surface active. For example disulfide bond
reduction by thioglycollic acid increased the number of
bonds formed by albumin adsorbed to silica by 50% (4). On
the other hand additional cross-linking of albumin with
diethyl malonimidate did not reduce the number of bonds
formed (4), perhaps because native albumin is already cross
linked by 16 disulfide linkages(8).
The amphipathic nature of proteins, due to the presence
of hydrophobic, hydrophilic and charged amino acid side
chains, provides an opportunity for binding to sites that
vary considerably in chemical nature (Figure 2.1).

More

generally, the idea that proteins have a hydrophobic or oily
core suggests that proteins that are more hydrophobic may be
preferred on many surfaces, especially in view of the
apparent importance of hydrophobic interactions in protein
interactions with some surfaces (8).

HYDROPHOBIC, :GREASY" DOMAINS

IONIC INTERACTIONS

"POLAR"
DONAR-ACCEPTOR
INTERACTION

PROTEIN IN SOLUTION

SOLID

Figure 2.1

A schematic view of a protein interacting with a well-characterized
surface. The protein has a number of surface domains with
hydrophobic, charged and polar character. The solid surface has
a similar domain like character. From (86).
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The idea that adsorbed protein can exist in more than
one state has been taken into account in more recent models
of protein adsorption (9-11). The ability to remove
fibrinogen or albumin from a variety of polymeric surfaces
with the detergent sodium dodecylsulfate (SDS) was found to
gradually decrease if the time of adsorption was lengthened
(12). Since the elution conditions were held constant, the

data suggested that the binding strength of the adsorbed
protein had changed over time, indicating that they could
exist in more than one form, or "state" on the surface.

Multiple binding modes may exist due to the mixed site
nature of a real interface. Some polymers (including
polyurethanes) actually phase segregate into markedly
different domains because of differences in their chemical
properties (13).

Evidence supporting multiple states of protein
adsorption include observations indicating the presence of
weakly and tightly bound proteins. The adsorption of
proteins to solid surfaces is typically irreversible in the
sense that continued, extensive soaking in the buffer used
for adsorption does not remove all the protein. However,

some of the protein present after a brief initial rinse is
partially or slowly removable in a second, longer buffer
rinse. A further fraction is removed when the adsorbed layer
is placed in a solution of

the protein, a process referred

to as exchange (14,15). For example, some of the fibrinogen
adsorbed from plasma is partially removed when the surface
is put in a hemoglobin solution (16). Adsorbed protein can
also be removed by some detergents (17,18).

The nature of competition in multi-protein systems is
of great importance because many areas of application
involve adsorption from blood, plasma, tear and other body
fluids, milk, and food products. Some of the more important
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protein properties influencing competitive adsorption are
electrical charge, hydrophobicity, hydrophilicity and
available chemical functional groups at the surface. Large
proteins are expected to adsorb in preference to small
proteins. It has been shown that albumin dimers and higher
oligomers adsorb in preference to monomeric albumin (25).

2.2

Nisin and its Characteristics

Nisin is an antibacterial peptide or bacteriocin
produced by the fermentation of a modified milk medium by
certain strains of the Lactic acid bacterium, Lactococcus
lactis. It shows antimicrobial activity against a range of
gram positive bacteria, particularly spore formers (26). The
structure of the nisin molecule (Fig. 2.2) was elucidated by
Gross and Morell (27). Since then a number of similar
bacteriocins have been characterized (28). Nisin consists of
34 amino acid residues. The molecule possesses amino and
carboxyl end groups, and five thioether bonds form internal
rings. The molecular weight of the structure as shown is
3510 Daltons. There is evidence that dimers and tetramers
occur having molecular weights of 7,000 and 14,000 Daltons
respectively (29,30). Nisin has been produced synthetically
(Fukase et al., 1988).

Nisin contains the a,0-unsaturated amino acids
dehydroalanine (residues 5 and 33

)

and dehydrobutyrine

(residue 2). One of the five internal ring structures of

sulfide bridges is ala-S-ala (residues 3 and 7) which is
lanthionine, and the other four are 13- methyllanthionine

linking residues 8 to 11,

13 to 19, 23 to 26, and 25 to 28.

Hence each molecule of nisin contains one residue of
lanthionine, and four residues of

0-methyllanthionine which
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accounts for the high sulfur content of nisin. The a-carbon
atom of the first amino acid in lanthionine and 0
methyllanthionine is always in the D configuration. However,
the configuration of the 0-carbon atoms of 0

methyllanthionine was found to be in the L configuration
(27). These double amino acids thus occur in meso

configuration, containing one alanine in

the D and the

other in the L configuration. Nisin contains no aromatic
amino acids so that it has no absorbance

at 260 or 280 nm

(32). The solubility of nisin depends on the pH of the
solution. According to Hansen et al., (33) the solubility

dropped sharply and continuously from 57 mg/m1 at pH 2, to
about 1.5 mg/ml at pH 6; it dropped again to 0.25 mg/ml at
pH 8.5, whereupon it leveled off. The pH at which saturation
occurred (about pH 8) coincides with the pH at which nisin
began to undergo pH-induced modifications. Nisin is a basic
polypeptide that migrates to the cathode on electrophoresis.
The solubility properties and the electrophoretic behavior
suggest that the isoelectric point of nisin is in the
alkaline range.

It has long been known that nisin is unstable and
becomes inactivated at high pH (34). The mechanism of
inactivation is unknown but could be a consequence of
denaturation, chemical modification, or a combination of
both. The dehydro residues are potentially susceptible to
modifications by nucleophiles that are present at high pH,

such as hydroxide ions, deprotonated amines, and
deprotonated hydroxyl groups. Reactions with these
nucleophiles could be intramolecular and intermolecular, the
latter causing cross-linking. Since there are three dehydro
residues per molecule, large multimolecular aggregates could
form by intermolecular reactions (27). Hansen et al.

H2N

ABA = Amino Butyric Acid
DHA = Dehydroalanine

DIM = Dehydrobutyrine (J3- Methyldehydroalanine)

ALA-S-ALA = Lanthionine

Fig. 2.2

ABA-S-ALA = P-Methyllanthionine

Structure of nisin.

Coon

From Gross and Morell (1971)
LO
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concluded that the inactivation of nisin at high pH is not a
consequence of simple denaturation, because there is not the
sharp pH transition that is typical of a denaturation
process (33). Nisin was found to adsorb more on hydrophilic
than on hydrophobic silica surfaces (35).

2.3

General Features of 0-lactoglobulin, a-lactalbumin,
Bovine Serum Albumin and 0-casein

The proteins a-lactalbumin (a-lac), 0-lactoglobulin
(0-1g), bovine serum albumin (BSA), are all major components

in milk whey. 0-casein is one of the many casein proteins in
bovine milk. Of these, 0-1g and a-lac are present in the
highest concentration, 54 and 21% of the total whey protein,

respectively (36) and are of primary importance in the
overall properties of whey (37). On the average, common
bovine milk contains 3 mg/ml 0-1g,
BSA and 10 mg/ml

1 mg/ml a-lac, 0.4 mg/ml

0-casein.

0-lactoglobulin (162 amino acid residues, MW 18,320 for
the monomer) exists as a dimer in solution at normal pH
because of electrostatic interactions between Asplm and
G1u134 of one monomer with a corresponding Lys residue of

another monomer (38). Each monomer contains two disulfide
bridges and one free thiol group (-SH). The thiol group is
important since it appears to facilitate SH/S-S interchange
reactions which allow the formation of new structures or
intermolecular disulfide bonded dimers and polymers upon
heating (39). The 0-lactoglobulin conformation is pH and
temperature sensitive: even at pH 6.5 it undergoes some
internal reorganization (36).
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a-lactalbumin (123 amino acid residues, MW 14,161) on
the other hand, is a very compact, nearly spherical single
chain globulin with four disulfide bonds but no thiol group.

At alkaline pH, although no observable association or
aggregation occurs, some changes in the conformation are
observed. Calcium binding, which may stabilize the molecule
against irreversible thermal denaturation, is another
characteristic of a-lac.

Bovine Serum Albumin (MW 66,267) is a large globular
protein in whey with a singular polypeptide chain containing
582 amino acid residues with 17 intra chain disulfide bonds
and one free thiol group. Synthesized in the liver tissue,

BSA gains entrance to milk through the secretory cells (40).
The BSA structure consists of three domains and nine
subdomains (41). The multidomain structure of BSA is
responsible for the anomalous behavior of the protein
observed under denaturation conditions (41).

P-casein is a single chained, fibrous protein of
molecular weight 24,000 Da that has no disulfide bonds (42).
The major portion of f3- casein is in an unordered structure,

with regions of stable structure and large regions of
marginal stability with a high degree of segmental motion

(42). Vcasein also aggregates above 4°C, with the degree of
aggregation increasing as the temperature is raised. Some of
the features of these proteins are tabulated in Table 2.3.

2.4

Single Protein Adsorption

The three-dimensional structure a protein molecule
adopts is the result of various interactions such as
hydrophobic interaction, hydrogen bonding, electrostatic

#aa

Protein

Residue

Mol. Wt

Shape and

Charge

Dimension(nm)

in neutral
solution

%a-helix:

Hydrophobicity

p-sheet:

(kcal/residue)

# S-S
pI

(per molec)

unorder

oblate

a-lac

123

14,161Iu

ellipsoid

-2.0111,131

45:45:10

1,019Iu

4.2-4.5

-15.0"I21

26:14:60

1,077Iu

5.13

2 + 1 SH

4.7-4.9

17 + 1

4

(2.3x3.7x3.2)
2- spheres
3 -lg

162

18,320IU

conjugatedI21

(3.58x6.93)

prolate
BSA

582

66,267

ellipsoid with

-18.0'4

3 domains

(-9,-8,-1)

995

55:16:29

SH

(4.2x14.1)

random/unord.
(3- casein

209

24,000

coil

-12

10:-13:70

1330

- 5.2

0

(unknown)

Table 2.3
Notes:

Some physical properties of the four proteins (55).

[1]. averaged between genetic variants A and B;[2].dimer;[3].based on Ref. (40); [4]. values in
parentheses represent charge of each domain. All properties of (3- casein based on Ref. (42).
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interactions,

and S-S bonds inside the protein molecule as

well as between the protein and its environment. Sorbent
properties such as electrical charge density and
hydrophobicity as well as environmental conditions such as
pH, temperature and ionic strength influence protein
adsorption and its conformation at the surface.

Conformational changes occur to minimize interfacial free
energy. The comparison between denaturation and adsorption
energetics suggest that adsorption-induced conformational
changes are highly possible (43).

Infrared difference spectroscopy has been used to study
protein conformational states (4). By quantifying the
fraction of carbonyl groups actually bound to the surface,

one can deduce the conformational state of the protein on
the surface. Morrissey and Stromberg (4)

found that on

silica particles with respect to fibrinogen, more
significant protein-surface hydrogen bonding was found at
low solution concentrations relative to high solution
concentrations.

Andrade et al.

(43) used intrinsic

ultraviolet total internal reflection fluorescence (UV TIRF)

spectroscopy to monitor the conformational changes
experienced by human plasma fibronectin on hydrophobic and
hydrophilic silica. The difference in the fluorescence
maxima obtained after adsorption and fresh protein solution
showed that human plasma fibronectin had undergone some
surface conformational change.
Jonsson et al.

(44) compared isotherms obtained from

single-step and successive addition of secretory fibronectin
(HFN) and immunoglobulin G (IgG) on hydrophobic and

hydrophilic surfaces and found

for HFN virtual

irreversibility of the adsorption process over time due to
surface-dependent conformational changes on hydrophobic
surfaces. For hydrophilic silica since the isotherms
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obtained for successive-addition and single-step addition
were the same, they concluded that HFN undergoes less
conformational change on hydrophilic than on hydrophobic
surfaces. Elwing et al (45) used ellipsometry to study

adsorption of protein and found higher adsorbed mass on
hydrophobic compared to hydrophilic surfaces. Proteins in
general change conformation to a greater extent on
hydrophobic surfaces due to hydrophobic interaction between
the surface and hydrophobic "pockets" in the protein
molecule which gives the molecule an extended structure
covering a larger area, and may decrease the repulsive
forces normally acting between two native molecules (45). On
hydrophilic surfaces forces acting between the surface and
the molecule are generally weaker, and since the resulting
conformational changes will be smaller, a larger repulsive
force is present between molecules. Therefore, the packing
of adsorbed molecules will not be as close as that on
hydrophobic surface, and, in general, a smaller number of
adsorbed molecules will be found on a hydrophilic surface,
with each molecule occupying a smaller area on the surface.
de Feijter et al.

(46) studied adsorption of various

proteins at air-water interfaces and proposed that
conformational changes are related to the availability of
adsorption sites on the contact surface. They found that for
K-casein, for an incubation time of greater than 4 hours,

the film thickness decreased but the adsorbed mass
increased. This indicated the spreading of K-casein on the
surface. This effect was observed at low concentrations only
which suggested that since less molecules will be adsorbed
at low concentrations conformational rearrangement of the
adsorbed molecule could be considerable. Soderquist and
Walton (47) used circular dichroism to study conformational
changes in plasma proteins desorbed from polymer surfaces

iJr

and concluded that there is a change from the native
structure and that each molecule on the surface undergoes a
structural transition as a function of time that occurs in
the direction of optimizing protein-surface interaction.

Many researchers have reported a multilayer formation
during protein adsorption (49-51). Using ellipsometry and
potential measurements Arnebrant et al.

(49) studied

adsorption of P-lactoglobulin and ovalbumin on hydrophobic
and hydrophilic chromium surfaces and found that for
hydrophilic surfaces a thick, highly hydrated layer was
obtained, which was partially removed by aqueous buffer
rinsing. Changes in electrode potential were also observed
for this surface suggesting a bilayer formation on the
surface, with the bottom layer unfolded and attached by
strong polar bonds to the surface, and not removed by
rinsing. Walton and Waenpa (50) used fluorescence
spectroscopy to study the behavior of bovine serum albumin
on particles of copolypeptide and found that the
concentration of loosely attached molecules is at least as
high as strongly attached molecules. Arnebrant and Nylander
(51) investigated the adsorption of insulin on chromium and

titanium surfaces in the presence of divalent metal ions
(calcium and zinc) using ellipsometry. They found that the

adsorbed mass of hexamer insulin was similar to that
obtained for a hexagonal close-packed monolayer of hexamers,

while the adsorbed mass was greater when the protein was
mainly in the form of dihexamers. Thus there is evidence
that polymerization of protein can cause the formation of a
second layer which in this case was easily removed by
rinsing.

Many researchers have studied the effect of pH on
adsorption and in general have shown that maximum adsorption
occurs at the isoelectric point (52-54). The charge of a
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protein depends on the solution pH and the isoelectric point
(IEP)of the protein. If the pH of the solution is higher
than the IEP of the protein

than the protein is negatively

charged and visa-versa. Lee and Ruckenstein (52) suggested
that the likelihood of adsorption is

greater for a molecule

with a more globular configuration since a globular molecule
would require fewer sites for adsorption than an extended
molecule. At the isoelectric point intermolecular repulsive
forces that exist between molecules are minimized to
facilitate adsorption. The degree to which pH affects
adsorption is dependent on the conformational stability of
the particular protein molecule (53). Bagchi and Birnbaum
(54) found while working with adsorption and desorption

studies of goat and rabbit immunoglobulin G that changing
the pH from 4.0 or 10.0 to 7.8 does not cause the adsorbed
mass to reach the same amount obtained

at pH 7.8. They

suggested that both adsorption and desorption, upon

pH

cycling is irreversible because protein adsorption takes
place

due to multicontact points and complete desorption is

energetically less favorable than adsorption.

Many investigators have found

an increase in the

amount of protein adsorbed as ionic strength increases
(54,44,47,52), although

decreases in the amount of adsorbed

mass have also been reported (44,47). The inconsistency in
the observed results may be due to ionic strength-dependent
conformational changes of adsorbed protein (44). At low
ionic strength the contribution of the electrostatic
interactions is higher resulting in lower adsorbed mass. But
at higher ionic strengths the surface charge of the protein
is shielded resulting in lower charge effects and a more
globular structure (54,52).

2.5 Sequential and Competitive Adsorption
In most biological fluids, such as blood and milk,

different kinds of proteins exist. These proteins interact
with any surface they encounter, generally leading to their
adsorption. The mechanism of the adsorption process is very
complex (50). It involves attachment of different amino acid
residues (segments) of the protein molecule to the sorbent
surface so that the reduction in molar Gibbs free energy
attains large values. As a consequence, adsorbed proteins
are relatively difficult to remove by diluting the solution.

In fact, protein adsorption is most appropriately considered
as an irreversible process(6,80). On the other hand, if the
solution contains a displacer or other protein with high
affinity for the adsorbent, any desorbing segment can be
replaced by another. Desorption of the molecule is now
virtually an exchange process and, as A
exchange G << Adesorption

G,

exchange is much more likely. Various authors (14,15,57)

have shown examples of exchange between adsorbed and
dissolved protein molecules in systems where desorption upon
dilution did not take place.

The boundary between a solution containing different
kinds of proteins and other (solid) phase is a dynamic scene
of protein adsorption, desorption, and displacement. After a
protein solution contacts a sorbent, the interface will
initially accommodate the protein molecules that have the
highest rate of arrival, and are most abundant in the
solution. However, the adsorbed molecules may be gradually
displaced by others that have a higher affinity. The final
composition of the adsorbed layer at the interface is thus
determined by the concentrations of the various kinds of
proteins in the solution, their intrinsic adsorption
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affinities, and the possibilities the proteins have to
desorb.

Most of the literature data on sequential and
competitive adsorption between proteins refer to blood
proteins. Preferential adsorption of higher molar mass
proteins is usually observed (25,58-60). This phenomenon can
be explained by the existence of a greater number of
anchoring segments for the larger molecule. Okano et al.(61)
reported that from a mixture of serum albumin and y-

globulin, albumin is preferentially adsorbed on the
hydrophilic domain of a certain copolymer whereas y-albumin
dominates the adsorption on the hydrophobic domain.

Sequential adsorption can be considered as a two-step
process. First, one type of protein is adsorbed onto a
surface. Adsorption of a second protein may involve partial
or complete displacement of the preadsorbed protein.

Sequential adsorption has to be considered in the
development of diagnostic test systems in which
immunologically active antibodies (IgGs) are preadsorbed on
a carrier. To suppress non-specific interactions of the
complementary antigen, non-occupied parts of the adsorbent
surface have to be covered by a second protein (62). Besides
this additional adsorption, partial displacement of
preadsorbed protein could be desirable to obtain a
(homogeneous) population of immunoglobulins that are
strongly attached to the surface.

To distinguish between the adsorption of different
proteins from a mixture they are often tagged with a label
(radioactive, fluorescent, etc.

(60,

63)). It should be

noted that the label and/or the labeling procedure may
directly or indirectly (through the conformational stability
of the protein molecule) affect the adsorption behavior
(64). For this reason it is preferred to study (competitive)
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protein adsorption avoiding the use of extrinsic labels.
This can, for instance, be accomplished by methods such as
HPLC (25), infrared spectroscopy (65), ellipsometry (71),
and reflectometry (66).

Arnebrant and Nylander (63) studied the sequential and
competitive adsorption of K-casein and P-lactoglobulin on
metal surfaces using ellipsometry and radiolabeling and
found that K-casein sequentially adsorbed after the plateau
value of adsorption of P-lactoglobulin had been reached
whereas the reverse did not occur. Unlike the globular 0
lactoglobulin, K-casein has a much more flexible structure.

When the two proteins were added simultaneously the surface
energy of the substrate influenced both the total adsorbed
amount and the composition of the adsorbed layer.

Shirahama et al.,(67) investigated the sequential and
competitive adsorption of lysozyme, ribonuclease, and a
lactalbumin by combining reflectometry with streaming
potential measurements and concluded that on hydrophilic
silica the preference between the proteins in sequential and
competitive adsorption is ruled by electrostatics and
sequential adsorption occurs by the displacement of the
preadsorbed protein. On hydrophobic surfaces however the
influence of electrostatics is to a lesser extent and
sequential adsorption involves only partial desorption of
the preadsorbed protein. Arai and Norde (68) who
investigated adsorption of the same proteins with an
additional protein (myoglobin) stated that with a
lactalbumin an extra factor, related to the low structural
stability of this protein, contributes to preferential
adsorption.

Ruzgas et al., (69) studied the sequential adsorption of

y-interferon and bovine serum albumin on hydrophobic silicon
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surfaces and found that the displacement of 7-interferon

from the hydrophobic silicon surface by bovine serum albumin
increased with decreased electrostatic interactions between
the proteins. They also concluded that the displacement of
7-interferon by BSA is followed by formation of loose

protein layers indicated by low refractive indices. Elgersma
et al.(70) investigated the sequential adsorption of BSA and
monoclonal immuno-gammaglobulins (IgGs) on charged
polystyrene (PS) surfaces. They found preadsorbed IgG is
more readily displaced by BSA than the converse. When the
proteins are electrostatically attracted to the adsorbent
the influence of electrostatics on preferential adsorption
is hardly discernible. The results indicated that
conformational rearrangements in BSA are faster than in the
IgGs.

Nylander and Wahlgren (71) studied sequential and
competitive adsorption of 0-casein and P-lactoglobulin on
hydrophobic surface. Their results showed that a preadsorbed
layer of 0-casein prevents a sequential adsorption of p

lactoglobulin. The large C-terminal hydrophobic domain is
essential for the orientation at the interface of the Nterminal hydrophilic moiety of 0-casein. The N-terminal part
of an adsorbed P-casein molecule is then likely to protrude
into the solution and thus hinder the sequential adsorption
of 0-lactoglobulin.

Albumin and fibrinogen were singly, sequentially, and
competitively adsorbed on polyvinyl chloride (PVC),
polyethylene (PE), and crosslinked silicone rubber (SR)

tubing to study the effect of preadsorbed blood plasma
proteins upon platelet deposition (72). Results indicated
that platelet deposition and thrombus formation were
strongly influenced by the sequence of protein adsorption.

The platelet response appears to be determined by the first
protein adsorbed to the surface. It was also observed that
in the sequential adsorption of albumin followed by
fibrinogen, there was a linear correlation between the
surface concentrations of fibrinogen and albumin on PVC. On
PE and SR, a linear correlation between the fibrinigen and
albumin concentration exists only below a monolayer coverage
of albumin

.

When fibrinogen adsorption is followed by

albumin adsorption, no linear correlation in protein
adsorption is observed.

Bale et al.(73) investigated the extent and nature of
protein adsorption on surfactant-free polystyrene (PS)

copolymeric latexes acrylic acid (AA), methacrylic acid
(MAA), 2-hydroxyethyl acrylate (HEA), and acrylamide (A) and

found that there was a substantial influence of the
copolymer surface on protein adsorption. The incorporation
of hydrophilic comonomers, such as HEA and A, or comonomers

capable of hydrogen bonding with proteins such AA or MAA,
appears to influence the adsorption process and subsequent
interaction of the protein with the surface to decrease the
extent of structural rearrangement experienced by the
protein. For the comonomers investigated, the ability to
minimize adverse structural rearrangements

studied followed
the order A > HEA > AA > MAA. The magnitude of this

protective property could very likely vary with the protein
under consideration.

Moyer and Gorin (74) studied the competitive adsorption
behavior of albumin and 7-globulin on the surfaces of quartz

and collodion particles. Their results indicated the
proteins hardly adsorbed on each other after a surface had
been coated with one protein and then exposed to another,

although one protein may replace another at the surface. The
nature of the surface was seen to influence adsorption;
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hydrophilic proteins adsorbed more readily to hydrophilic
surfaces and vice versa. Their experimental system was
static and measurements were not made in situ. Similar
experimental conditions were used by Lee and co-workers (75)
who showed that albumin, y-globulin

,

and fibrinogen would

adsorb competitively onto hydrophobic polymers. They noted
that adsorption of each protein from mixed protein solutions
decreased compared to what is observed with single protein
solutions.

Brash et al.

(76) studied the relation of adsorbed

plasma proteins (albumin, y-globulin, fibrinogen) and the

extent of surface induced thrombosis. Their in vivo results
showed that surfaces with low thrombogenicity adsorbed
predominantly serum albumin, whereas surfaces with high
thrombogenicity adsorbed large amounts of 7-globulin.
Kochwa et al.

(77) used both sequential and

simultaneous protein (albumin, y-globulin, fibrinogen)

exposures for determining preferential binding on artificial
surfaces. They observed for polyurethane surfaces exposed
first to unlabeled protein and then to 1125 labeled protein,

the prior exposure was always found to decrease the uptake
of the labeled protein over that observed for a labeled
protein on a virgin surface. y-globulin blocked the

sequential application of labeled albumin by 27% and albumin
blocked labeled G by 46%. Results were not obtained
continuously or in situ. However by using their spinning
disc system they were able to provide a

well controlled,

well-understood uniform fluid environment over all parts of
the test surface.
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3. THEORY

3.1

Ellipsometry
The ellipsometer is used to determine the thickness and

refractive index of thin films by measuring changes in the
state of polarized (laser) light reflected from the sample
surface. The technique may be applied to any substratum-film
combination that provides reasonably specular reflection of
the incident light beam. The measurement of the effect of
reflection on the state of polarization of light
(ellipsometry) is also referred to as reflection polarimetry

or polarimetric spectroscopy. These measurements may be used
to yield the optical constants of the substratum or the
thickness and refractive index of the film covering the
substratum, and the technique can be applied to surface
films with thickness ranging from those corresponding to
partial monoatomic coverage up to several microns. In situ
ellipsometry (dynamic ellipsometry, automatic ellipsometry,

auto gain ellipsometry) is used to continuously monitor the
thickness and refractive index of a film as it grows.

Ellipsometric measurements involve illuminating the
surface of a sample with monochromatic light having a known,

controllable state of polarization and then analyzing the
polarization state of the reflected light. The monochromatic
light source is a low-power, helium-neon laser normally
having a beam wavelength of 6328 A°. The beam is passed

through a polarizer where its state of polarization is
converted from circular to linear before striking the sample
surface. This constant intensity, linearly polarized beam is
then converted to one of circular polarization is a quarterwave compensator is inserted in the optical path. The light
reflected from the sample surface, with its polarization
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altered by the optical properties of the sample, passes
through a rotary analyzer prism, and is sensed by a
photodetector. The photodetector converts the light energy
into an electric current proportional to the intensity of
the reflected light passing through the analyzer. The
measured optical properties of each adsorbed film are used
to determine its refractive index and thickness; these film
properties are then used to estimate adsorbed mass on the
surface.

3.2

Calculation of Thickness and Refractive Index
The following is a summary based on Ref.(84). The state

of polarization is defined by particular phase and amplitude
relationships between the two component plane waves into
which the electrical field oscillation is resolved. One
wave, designated p, is in the plane of incidence and the
other, designated s, is normal to the plane of incidence. If

the p and s components are in phase, the wave is said to be
plane (linearly) polarized. A difference in phase (other
than 1800) corresponds to elliptical polarization. In

general, reflection causes a change in the relative phases
of the p and s waves and a change in the ratio of their
amplitudes. Reflected light is characterized by the angle A,
defined as the change in phase, and the angle tr, the

arctangent of the factor by which the amplitude ratio
changes. If the amplitudes of the incident and the reflected
beams are designated E and R, respectively, and the phase
angles are designated 13,

then the angles A and wcan be

expressed as follows
A =
and

(i3

(3.)

reflected

(I3

Ps) incident

(3.2.1)

= arctan[ (Rp/Rs)

Figure 3.1

(Es/Ep) ]

(3.2.2)

depicts a typical system for ellipsometric

study consisting of a film of refractive index n2 and
thickness d on a reflective substrate of index n2 and n3 may

be complex numbers (if they absorb light to any degree), but
n1 will be treated as a real number in the following
development (McCrackin, 1963).

substrate n3

Figure 3.1

Reflection from a film covered surface.

Considering light incident (at angle (11)

at the boundary

between the immersion medium and the film, the cosine of the
angle of refraction can be written as
cos 4)2 = {1 -[ (n1 /n2) sin (t)1]211/2

(3.2.3)

To make sense of ellipsometric data, the relationship

between A and W and the properties of the reflecting system
must be known. The relationship is developed with the
fresnel reflection coefficient, which represent the ratio of
the electric field vector, R, of the reflected wave to that,
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E, of the incident wave. For the isotropic system of Figure
3.1, The parallel (p) and normal (s) reflection coefficients

for light incident at the immersion medium-film interface
are

r12P =

(n2cos (1)1

nicos 4)2) / (

n2cos (1)1 + nacos 42)

(3.2.4)

r125 =

(nicos (1)1

n2cos 4)2) / (

nicos (1)1 + n2cos 4)2)

(3.2.5)

and

Similarly, the reflection coefficients r23P and r235 can be
developed. The total reflection coefficients,

RP

and R5 which

include the contributions of reflections from lower
boundaries are given by
RP =

(r12P +

r23P exp D) / (1 + r12Pr23P exp D)

and

Rs = (r125 + r235 exp D) / (1 + r12sr23s exp D)

where cos (kvalues (required for the calculation of these
coefficients) are given by an expression similar to equation
(3.2.3), and
(3.2.8)

D = -4 nj n2 (cos (I)2) d2/X

where X is the wavelength of light used,

j = (-1)1", and d2

is the film thickness. The ration of the parallel and normal
reflection coefficients is defined as p, where
(3.2.9)

p = RP/Rs

This ratio may be expressed in terms of Aand was
p = tan (w)

exp (j A)

(3.2.10)

Finally, the complex refractive index of the reflecting
substratum can be calculated from
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n3= ni(tanC [1

4 p(sin2 (1)1)/ (

1)211/2

(3.2.11)

Equation (3.2.11) must be solved for the substrate prior to
studying adsorption onto the substratum. Fortunately, it can

be solved directly with acquisition of Aand y for the
clean, bare substratum surface,(i.e., d2 = 0).

Several methods are available for determining the
thickness and refractive index of the adsorbed film;

however, it is most efficient to solve the preceding
equations directly. substituting (3.2.6),

(3.2.7) and

(3.2.9) into(3.2.10) and rearranging gives a quadratic

expression of the form
Ci(exp D)2 + C2(exp D)
where CI,

+

C3 =

0

(3.2.12)

C2, C3 are complex functions of the refractive

indices, angle of incidence, A and y and are given by
Ci

= p rioP r23P r235

C2

= p (r235 + r12P r23P r125

C3

= Prig s

r123 r233 r23P
)

(r23P + r12P r125 r233 )

r12P

If the refractive index of the film is known, two solutions
of exp D (hence d2

)

may be calculated. Since the

coefficients are complex, calculated values of the film
thickness should be expected to be complex as well. However,

the correct film thickness must be a real number as it
represents a real quantity; therefore, the solution of
equation (3.2.12) that yields a real film thickness is the
correct solution. In practice, experimental errors result in
both solutions yielding complex values of d2. In such cases,

the solution with the smallest imaginary component is chosen
as the correct solution, and the imaginary component itself
provides a relative measure of error. The real portion of d2
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is then used to computeSand v by equations (3.2.6) through
(3.2.10). Of course, since the imaginary component of d2
(dj) was dropped, these values will differ from the
experimental angles by amounts SO and 8w ,and
are all

SD and 5w

measures of experimental error. For the results to

be valid, however &N and Symust be within the limits of the

experimental error incurred in actually determining sand y;
this is a more direct determination of the validity of an
experiment than is the magnitude of di.

3.3

Calculation of the Adsorbed Mass from the Refractive
Index and Thickness
Once the refractive index (n2) and thickness (d2) of

the protein film are determined, the mass of the adsorbed
protein can be calculated with knowledge of molar
refractivity (A), molecular weight (M), and partial specific
volume (v) of the protein. Adsorbed mass of dried film can

be calculated using the Lorentz-Lorenz relationship:

2

F = 0.102)0 / A)

n2

(3.2.13)

n, + 2

Cuypers (85) modified the Lorentz-Lorenz relationship to
obtain an expression for determining the adsorbed mass of
film immersed in a buffer solution with a known refractive
index of nl.

F=

-n,)

0.3d (n
2

(n2 + n,)

2

B

(n2i

2)(n22

(3.2.14)

2)

'2Q

where the constant B,

is related to M/A, v, and n1 by the

equality

B=

(M/A)

v

nf+2

(3.2.15)

The (M/A), and v values for all the proteins are given in
Table 5.3.
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4.

4.1

MATERIALS AND METHODS

Protein Solution Preparation

A high potency grade of nisin was obtained from Aplin
and Barrett, Ltd.

(Dorset, United Kingdom). Activity was

indicated as 45.5 x 106 U/g (Lot No NP72). Sodium phosphate

buffer solutions were prepared using chemicals of analytical
grade and water that was both distilled and deionized. Nisin
was added to 0.01 M sodium phosphate monobasic monohydrate
(pH 5.7)

(MallincKrodt, Paris, Kentucky) to assure complete

solubilization. Dibasic sodium phosphate heptahydrate (pH
8.7, 0.01 M, MallincKrodt, Paris, Kentucky) was added to
solubilized nisin until a resultant solution of pH 7.2 was
obtained. The protein solution was then directly used in the
experiments.

All the other proteins were purchased from Sigma
Chemical Co.

(St. Louis, MO). a-Lactalbumin (type III, L

6010, Lot 128F8140), P-lactoglobulin (L-0130, Lot 91H7005),
bovine serum albumin (A-7906, Lot 15F0112),and (3- casein (C

6905, Lot 12H9550) were of the highest native pure grade
prepared from bovine milk. Proteins were independently
weighed and dissolved in a sodium phosphate buffer solution.
The buffer solution was prepared by mixing the monobasic and
the dibasic solution so as to give a solution of pH 7.0.

Sodium azide (EM science, Cherry Hill, N.J.), used as an
antibacterial agent, was added to the solution at a
concentration of 0.01% (mass per volume) prior to mixing.

The buffer was filtered before use in order to remove
undissolved material and other impurities. All protein
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solutions were

prepared with the concentration of the molar

equivalent of 1.0 mg/ml 0-lactoglobulin (27.22 11M).

4.2

Surface preparation

A single type of silicon(Si) wafer (hyperpure, type N,
resistivity 0.05-0.5 ohm/cm) purchased from Wafernet (San
Jose, CA)

was used to prepare all the surfaces. The silicon

wafers were initially cut into small plates of approximately
lx2 cm using a tungsten pen. These were then treated to
exhibit hydrophobic or hydrophilic properties.

The following treatment is slightly modified from the
method described by Jonsson et al.(44). Each small Si plate
was placed in a test tube and 5 ml of the mixture
NH4OH:H202:H20 (1:1:5) was added to the tube. This tube was

then heated in a water bath of 80°C for 15 min.

The Si

plates were then rinsed with 20 ml of distilled-deionised
water (Corning Megapure SystemTM, Corning, NY) followed by
immersion in 5 ml of the mixture HCL:H202:H20 (1:1:5) for 15

min at 80°C. In order to maintain some stability in the
hydrophilicity of the surface, each plate was then rinsed
with 30 ml of distilled-deionized water, and stored in 20 ml
of 50% ethanol/water solution for 24 hours. These
hydrophilic

Si plates were then rinsed with 40 ml of

distilled-deionized water, dried with N2, then stored in a
dessicator until silanization.

4.3

Silanization of silicon surfaces

Dried, hydrophilic Si surfaces were placed in a stirred
solution of dichlorodiethylsilane (DDES, Aldrich Chemical
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Co., Inc., Milwaukee, WI) in xylene and were allowed to
react for 1 hour. The degree of silanization was controlled
by concentration of DDES. The concentrations used in this
study were 0.010% v/v (hydrophilic surfaces) and 0.10% v/v
(hydrophobic surfaces) in xylene. Finally the silanized
silica surfaces were sequentially rinsed in 100 ml xylene,
acetone and ethanol. The plates were dried with N2, then

stored in a dessicator. Their relative hydrophobicity was
then verified by using the contact angle measurements.

4.4 Adsorption Kinetics

The kinetic data were monitored in situ, with
ellipsometry (Model L116 C SA, Gaertner Scientific Corp.,

Chicago, IL). Silanized, bare surfaces were placed into a
fused quartz trapezoid cuvette(Hellma Cells, Germany). The
cuvette has a volume of 8 ml; its fused quartz windows were
placed perpendicular to the incident and reflected beams
(angle of incidence = 70°). The ellipsometer sample stage

was adjusted to obtain a maximum in reflected light
intensity. Seven milliliters of filtered buffer solution was
then injected into the cuvette. The surface was left to
equilibrate with the buffer for 30 min. Fine adjustments of
the stage were conducted in parallel with ellipsometric
measurement of bare surface optical constants Os and

until steady values were obtained. Final measurements of
bare surface properties were then recorded.
The procedure for sequential adsorption was as follows:

1. The buffer solution was carefully removed from the
cuvette and replaced with 7 ml of nisin solution. The values
of A and

were ellipsometrically measured and recorded
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every 6 sec for tnisin= 1 hr and every 30 sec tnisin= 8 hr
(tnisin= time allowed for adsorption of nisin onto the
surface)

under static conditions,i.e.,no stirring and no

flow.

2. The nisin solution was then replaced with pure buffer.
Rinsing was achieved by a series of dilutions performed by
removing the solution from the cuvette and adding pure
buffer. Care was taken not to expose the adsorbed protein
layer to air. Then the surface was incubated in buffer for

trinse= lh

(tfinse= incubation time in protein-free buffer)

The values of A and W

recorded every 6 sec

.

were ellipsometrically measured and
under static conditions.

3. After incubation in buffer, the buffer was replaced with
a second protein which was allowed to adsorb for
4h

t protein2=

( tprotein2= adsorption time allowed for the second

protein). The values of

A and

1' were ellipsometrically

measured and recorded every 15 sec

under static conditions,

i.e.,no stirring and no flow.
The values of A and tif were stored on a floppy disk. A

computer program based on McCrackin's calculation
procedure(84) was used to import the data from the disk and
determine the refractive index and thickness corresponding
to each value of

A and

T,

which were then used to

calculate the adsorbed mass of protein by using the LorentzLorenz relationship given by eq.

(3.2.14). The required

molecular weight:molar refractivity ratios (M/A) were
calculated to be 3.777 gm/cm3 for nisin, 3.816 gm/cm3 for a
lactalbumin, 3.8140 gm/cm3 for 0-casein, 3.837 gm/cm3 for

bovine serum albumin, and 3.796 gm/cm3 for 0-lactoglobulin
(78,79). The partial specific volumes (v)

for each protein

are 0.818 cm3/gm for nisin, 0.733 cm3/gm for a-lactalbumin,
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0.748 cm3/gm for 0-casein, 0.729 cm3/gm for bovine serum

albumin, and 0.751 cm3/gm for 0-lactoglobulin (78). The

values of M/A and v were calculated from the amino acid
sequence of the proteins. The values for the protein most
likely to be dominant were used in the mass calculation. All
the sequential adsorption tests were performed at least
twice with each protein at each surface.

In sequential and competitive tests, if ellipsometry
was combined with a labeling technique, it would be possible
to determine the protein composition of the adsorbed layer.

In sequential tests, the preadsorbed protein is usually
labeled since direct quantification of the exchange and/or
displaced protein is possible. In such tests it is essential
that the labeling process does not affect the interfacial
behavior of the protein. However, in vitro labeling of nisin
was not possible due to reasons stated in Appendix A. On the
other hand, in vivo labeling using radioactive amino acids
was economically not feasible. Since certain amino acids
such as lanthionine are only present in nisin, amino acid
analysis can reveal the protein composition of the adsorbed
layer. But this method was futile for reasons given in
Appendix A.
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5. RESULTS AND DISCUSSION

5.1

Nisin Adsorption
The experimentally determined mean values of adsorbed

mass and their maximal deviations following adsorption of
nisin for 1 and 8h and incubation in buffer for lh are given
in Table 5.1.
Table 5.1. Mass of nisin adsorbed in 1 and 8h on hydrophobic
and hydrophilic silica surfaces followed by
rinsing in buffer for lh.

Experiment

Surface

Adsorbed Mass

Adsorbed Mass
( AFTER RINSE)

r (nic2)

F (gg/cm2)

HYDROPHOBIC

0.163 ± .0025

0.138 ± 0.010

HYDROPHILIC

0.184 ± .0063

0.135 ± 0.010

HYDROPHOBIC

0.223 ± 0.024

0.198 ± 0.017

HYDROPHILIC

0.261 ± 0.013

0.245 ± 0.016

lh

8h

Representative plots of the amount of nisin adsorbed versus
time, and its desorption upon rinsing with buffer is shown
in Figs.5.1 (lh adsorption) and 5.2 (8h adsorption). Figure
5.1 shows that nisin adsorbed

more on hydrophilic as

opposed to hydrophobic surfaces. Mean values from Table 5.1
indicate a 13% higher adsorbed mass on the hydrophilic
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surface compared to the hydrophobic surface after lh.

However, adsorption to the hydrophobic surface exhibited a
steeper initial slope than that exhibited at the
hydrophilic surface. Adsorption at

hydrophilic surfaces

increased steadily and did not attain a plateau in the time
limit of these experiments. On the other hand the adsorbed
mass recorded at hydrophobic surfaces did not reach a
plateau although the increase in adsorbed mass was generally
slower at higher contact times. Higher adsorption on
hydrophilic compared to hydrophobic surfaces is evident at
higher adsorption times as well.

The desorption results indicate that upon incubation in
buffer for lh more nisin was desorbed from the hydrophilic
than from the hydrophobic surface. As indicated by Table
5.1, adsorbed mass decreased by 15% and 26% on hydrophobic
and hydrophilic surfaces, respectively. It is perhaps
important to note that the adsorbed mass reaches a plateau
value during desorption at a faster rate on the hydrophobic
than on the hydrophilic surface, indicating the presence of
more loosely bound protein on the latter.

Figure 5.2 depicts the kinetic plots for long term
adsorption of nisin on hydrophobic and hydrophilic surfaces.

The adsorbed mass was higher by 17% on the hydrophilic
surface after 8h, and adsorption did not reach a plateau on
either surface. Incubation in buffer for lh did not reduce
adsorbed mass on either surface to the extent seen in Figure
5.1. Adsorbed mass decreased by 11% on the hydrophobic
surface, while on the hydrophilic surface adsorbed mass
dropped by only 6 %. The adsorbed mass reached a plateau
during desorption on both surfaces within lh.

NMR spectroscopy has been used to show that nisin
adapts a kinked, but rod-like conformation in aqueous
solution(87). Modeled as a cylinder, the dimensions of the
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molecule are approximately 50 X 20 A (87). According to Van
de Ven et a/.(88) nisin consists of two domains. The first
one ranges from residue 3 to 19 and comprises the first
three lanthionine rings, and the second one consists of the
coupled ring system formed by residues 23 to 28. The two
domains are connected by a flexible "hinge" region around
methionine 21. Nisin has an amphiphilic character as far as
the amino acid sequence is concerned, with a cluster of
bulky hydrophobic residues at the N-terminal and hydrophilic
ones at the C-terminal end (88).Based on the dimensions of
nisin, a monolayer of molecules adsorbed "side-on" and "end
on" would result in an adsorbed mass of 0.058 and 0.145
1.tg/cm2, respectively. These values were calculated based on

considering nisin adsorption sites as rectangles with
dimensions of 20 X 20 A and 50 X 20 A for end-on and sideon, respectively. The presence of a

hinge between the

amphiphilic N-terminal and the charged C-terminal regions
may allow one of these domains to dominate the favorable
surface interaction, with the other domain not in direct
surface contact. A monolayer in this state would thus give
an adsorbed mass between

0.058 and 0.145 ptg/cm2.

Figure 5.3(a) is a hypothetical depiction of nisin
organization on a hydrophilic silica surface based on this
thinking. Hydrophilic silica exhibits some negative charge,

and nisin is positively charged at pH 7.2 which would allow
a favorable electrostatic attraction. As the nisin molecule
approaches the surface, it may orient its charged
hydrophilic domain towards the surface. The hydrophobic
domain might experience less contact with the surface. Since
most of the hydrophobic domain is exposed to the incoming
protein, additional adsorption may occur via hydrophobic
association.
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Figure 5.1 Adsorption of nisin on hydrophobic(M) and
hydrophilic(A) surfaces followed by rinsing in
protein-free buffer (pH 7.2, 0.01 M
with adsorption
time tfli,in= 60 min and rinse time trinse = 60 min.
)
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Figure 5.2 Adsorption of nisin on hydrophobic(M) and
hydrophilic(i) surfaces followed by rinsing in
protein-free buffer (pH 7.2, 0.01 M ) with tnisin = 480
min and trinse = 60 min.

40

(a)

(b)

Figure 5.3

Schematic of proposed nisin organization at
(a) hydrophilic and (b) hydrophobic surfaces.
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The adsorbed mass of nisin on the hydrophilic surface
increased from 0.184 lig/cm2 in lh to 0.261 1.1g/cm2 in 8h.

Desorption results indicate that more nisin was desorbed in
lh relative to the 8h test. The difference in residence
times of the molecules could have affect the strength of the
binding to the surface and of self association, and
therefore the reversibility upon dilution (81). In the lh
tests nisin organization may be similar to that depicted in
Figure 5.3(a), with the first layer tightly bound to the
surface. Upon rinsing much of the loosely bound outer layer
desorbs. At higher contact times the hydrophobic
interactions between nisin molecules could be stronger which
may prevent desorption of nisin from the top layers.
Figure 5.3(b) would be consistent with nisin adsorption
on a hydrophobic surface. The hydrophobic silica surface
includes more ethyl groups covalently bonded to silicon
atoms, allowing greater hydrophobic interaction with
adsorbing protein molecules. As the nisin molecule
approaches the surface, the hydrophobic domain may be
oriented towards the surface, with the hydrophilic domain
having less contact. Each molecule could occupy a larger
area on the hydrophobic relative to a hydrophilic surface.

Table 5.1 is consistent with less adsorbed in the first
layer on hydrophobic surfaces, with the outer layer held by
noncovalent bonds, the strength of which increases faster on
a hydrophilic surfaces. Additional adsorption could be
facilitated by both hydrophobic and non hydrophobic
associations with the first layer. Results from Table 5.1
indicate a multilayer formation with adsorbed mass
increasing from 0.163 mg/cm2 in lh to 0.223 lig/cm2 in 8h.

Desorption results indicate lower desorption at higher
contact times which could be due to the stronger noncovalent
interactions that serve to hold the molecules in place. As
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indicated in Figure 5.3(b) the outer layer on the
hydrophobic surface may be more diffuse in nature compared
to that on the hydrophilic surface (figure 5.3(a)) which may
be more structured.

5.2 Sequential Adsorption

The sequential adsorption kinetic data for short-term
and long-term adsorption of nisin on hydrophobic and
hydrophilic surfaces is shown figs. 5.4 through 5.19. The
adsorbed mass of nisin exchanged by the second protein can
be estimated by using a mechanistic approach. The assumption
is that adsorbed mass, in absence of exchange, would
increase by an amount equivalent to an experimentally
observed "monolayer" coverage of the second protein. If the
increase is less than that, the difference is interpreted as
an equivalent amount of nisin having been removed. Based on
the experimental data obtained for a monolayer coverage of
the milk proteins as shown in Table 5.2, and assuming it to
be accurate for our case, one can quantitatively determine
the amount of second protein present in the total adsorbed
mass. Since according to eq.
proportional to

(1 /B)

,

(3.2.14) adsorbed mass (F)

is

the mass of nisin exchanged can be

calculated in terms of equivalent mass of the second protein
by using the quantity B as a conversion factor given by eq.
(3.2.15)

B=

1

(M / A)

v

1
1

ni + 2
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Table 5.2 Adsorbed mass (pug/cm2) of each protein on
hydrophobic and hydrophilic silica surfaces
following contact for 4h (83).

PROTEIN

HYDROPHOBIC

BSA

HYDROPHILIC

0.151

0.135

0.15

0.14

a-lac

0.137

0.13

3- casein

0.255

0.255

0-1g

Table 5.3 Values of the Ratio of the molar refractivity and
molecular weight M/A, partial specific volume v,
and B, of each protein used for the calculation of
adsorbed amount (79).

Protein

M/A (g/ml)

v (ml/g)

B
(ml/g)

Nisin

3.777

0.818

0.097

BSA

3.837

0.729

0.111

0-1g

3.796

0.751

0.109

a-lac

3.816

0.733

0.111

(3- casein

3.8140

0.748

0.108

where nl is the refractive index of the protein-free buffer
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solution,

(M/A) is ratio of the molar refractivity and

molecular weight of the protein and v is the

partial

specific volume of the protein. These values for each
protein have been tabulated in Table 5.3. The calculated
values of the mass of nisin exchanged in each case are given
in Table 5.4. A sample calculation is included in Appendix
B.

5.2.1

Sequential Adsorption of Nisin and BSA
Figures 5.4 and 5.5 show the sequential adsorption of

nisin and BSA on hydrophobic and hydrophilic surfaces,
respectively, for tnisin = 60 min. On the hydrophobic

surface, upon addition of BSA the adsorbed mass increased
from 0.140 4g/cm2 to 0.20 lAg/cm2 almost immediately. With

increases in contact time, there was a slight decrease in
mass, which after 4 hours fell to a value of 0.185 4g/cm2.

On the hydrophilic surface, adsorbed mass increased from
0.130 p,g/cm2 to a plateau value of about 0.21 1.1g/cm2.

A decrease in adsorbed mass after an initial increase
was also observed by Ruzgas et al

(69) when they studied

sequential adsorption of BSA following that of

y-interferon

under similar conditions on hydrophobic surfaces. Table 5.4
indicates the adsorbed mass of nisin decreased by 0.083
iag/cm2 3 min after addition of BSA. Based on the mass of

nisin that may be present in the loosely bound outer layer
and the mass of nisin eluted by BSA, it would be possible
that the exchange of nisin molecules with BSA is mainly
confined to this outer layer (Figure 5.3(b)). The adsorbed
mass of nisin then decreased slowly to a total amount of
eluted nisin equal to 0.101 lig/cm2 after 4h. With reference

HYDROPHOBIC

HYDROPHILIC

SECOND
PROTEIN
1 HR

BSA

0.083 @ t = 3 min

8

0.050

@

HR

t =

1

3 min
0.040

0.101

13-1g

0.061 @ t = 2 min
0.067

a-laC

p-casein

@ t = 240 min

@ t = 240 min

0.061

@

t

HR

@

0.047 @ t = 3 min
@

0.036

@

t

= 3 min

0.060

@

t

= 240 min

0.026

@

t

= 3 min

0.037

@

t

= 240 min

t = 240 min

0.052 @

t

= 240 min

0.020 @ t = 240 min

0.022

@

t

= 240 min

0.037 @ t = 240 min

0.130 @ t = 240 min

0.166

@

t

= 240 min

0.094

@

HR

t = 240 min

= 240 min

0.040

8

t = 240 min

0.018 @ t = 240 min

0.167

@ t

= 240 min

Table 5.4 Adsorbed mass of nisin exchanged by the second protein
All mass values have
units of R g/cm2. All time values correspond to addition of the second protein
occuring at t = 0.
.
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to the eluted mass of nisin the exchange may be with
molecules closer to the surface and would be slower as they
are more tightly bound. BSA has a high adiabatic
compressibility (82), consistent with high flexibility (89)

and it is known to undergo structural rearrangements at
interfaces. These properties may facilitate its mediation of
nisin removal from the surface

leading to a decrease in the

adsorbed mass.

On the hydrophilic surface, a plateau value was
obtained almost immediately. According to Table 5.4 the mass
of nisin decreased by only 0.040 Ilg/cm2. As shown in Figure

5.3(a) the charged domain of nisin may be oriented towards
the incoming protein which would be consistent with tighter
binding of the nisin outer layer, relative to that at the
hydrophobic surface where the outer layer is less
structured. In any event, molecules eluted by BSA were
possibly all restricted to the outer layer.
Sequential adsorption with BSA for tr,,s = 480 min on

hydrophobic and hydrophilic surfaces is depicted in Figs.

5.6 and 5.7, respectively. The initial increase in mass upon
addition of BSA was similar on each surface, although the
rate of decrease in mass was relatively higher on the
hydrophilic surface. Table 5.4 indicates the

mass of nisin

decreased by about 0.06 lig/cm2 on both surfaces after 4h,

although on a hydrophilic surface, much of the removal
occurred during the 4h period. Based on the mass of nisin
eluted, it is likely that in both cases only molecules in
the less tightly bound outer layer are exchanged by BSA.
Table 5.4 indicates that at higher contact times of nisin,

the fraction of nisin exchanged by BSA is lower. This could
be attributed to the increase in the strength of both
hydrophobic and non hydrophobic associations over time,
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occurring in the outer layer as well as that bound directly
to the surface.

5.2.2

Sequential Adsorption of Nisin and 0-1g

The adsorption of 0-1g following adsorption of nisin
(tnisin = 60 min) on hydrophobic and hydrophilic surfaces is

shown in Figs. 5.8 and 5.9, respectively. On hydrophobic
surfaces the increase in mass upon addition of 0-1g is

almost immediate, followed by a decrease in mass with a rate
slower than that obtained by BSA. The mass of nisin
exchanged with 0-1g was estimated to be 0.061 pg/cm2 after 2

min and slowly increased with time. On hydrophilic surfaces
the increase in mass was gradual, which after 4h reached a
plateau

of 0.215 lig/cm2. The eventual decrease in mass of

nisin was estimated to be about 0.04 lig/cm2 after 4h. Thus

greater mass of nisin was eluted from the hydrophobic
compared to the hydrophilic surface. Based on the mass of
nisin eluted, it is possible that only nisin molecules less
tightly bound in the outer layer were exchanged by 0-1g on
both surfaces.

The sequential adsorption data

(tnisin = 480 min.) with

0-1g and nisin is quite similar to that obtained by BSA
under similar conditions. The surface-specific results are
similar since the same forces would presumably be
responsible for adsorption. As shown in Figs. 5.10 and 5.11
the increase in adsorbed mass upon addition of 0-1g

is

similar on both surfaces although more nisin was exchanged
from the hydrophobic surface than the hydrophilic surface.

Based on the exchanged amount it is possible that the
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loosely bound top layers of nisin were replaced by P-1g on
both surfaces. P-lg is the most stable and least flexible of
the globular proteins studied. Thus it is possible that
these properties may have played a role in its relative
ineffectiveness to exchange with nisin compared to BSA. On
the hydrophobic surface, since the outer layer has a more
unordered structure, the mass of nisin exchanged by BSA and
by 0-1g was higher relative to the hydrophilic surface. On
the hydrophilic surface, following addition of the second
protein, higher fraction of the removed amount comes during
the 4h period because the outer layer, where the molecules
are held by hydrophobic associations has a more ordered
structure relative to a hydrophobic surface.

5.2.3

Sequential Adsorption of Nisin and a-lac
The kinetic data for sequential adsorption of nisin and

a-lac (tnIsin = 60 min) on hydrophobic and hydrophilic

surfaces is depicted in figs. 5.12 and 5.13, respectively.

On the hydrophobic surface adsorbed mass increases steadily
from about 0.125 ,t,g/cm2to a plateau value of 0.25 lAg/cm2.

The increase in mass

was similar to that expected of a-lac

adsorbing to monolayer coverage, indicating adsorption of
a-lac onto the nisin layers with little exchange occurring,
as shown in Table 5.4. The a-lac molecule is small,

flexible, of low stability and extremely hydrophobic in our
tests which would facilitate its adsorption and exchange
with nisin. But this is not apparently seen in the tests
since the "exchanged" nisin could associate with the a-lac
molecules and remain at the interface. On the hydrophilic
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surface the increase in adsorbed mass was gradual and did
not reach a plateau within 4 hours. Results in Table 5.4
indicate a higher mass of nisin was exchanged by a-lac on
the hydrophilic relative to the

hydrophobic surface.

The long term experiments (tnisin = 480 min) shown in
Figures. 5.14 and 5.15 give results similar to those

obtained by short term experiments. The mass of nisin
exchanged was similar on both the surfaces revealing no
surface effects on the exchange process. In fact the mass
exchanged by a-lac was quite similar to that in the lh
tests, although the percentage exchange was lower. Based on
the mass of nisin eluted, exchange in all cases studied was
likely limited to the outer layers of nisin.

5.2.4

Sequential Adsorption of Nisin and 0-casein

Adsorption kinetics recorded when 0-casein was added to
adsorbed nisin are shown in figs. 5.16 through 5.17. On the
hydrophobic surface (tnisin = 60 min) , upon addition of 0

casein, adsorbed mass increased rapidly. In fact, the
adsorbed amount is similar to that obtained for 0-casein
adsorption at a bare hydrophobic surface. This could
indicate rapid and complete replacement of nisin, as shown
in Table 5.4. On the hydrophilic surface, the initial slope
is less steep and mass increases continuously to a higher
value (0.31 pg/cm2

)

within 4h. Results in Table 5.4

indicate that the mass of nisin exchanged by J3- casein was

0.094 pg/cm2. Based on this value, it is possible that the

"7,0

exchange between nisin and 0-casein molecules was limited to
the loosely bound outer layer.

The amount of 0-casein sequentially adsorbed decreases
with increasing contact time of nisin (tnis = 480 min) .
From Figs. 5.18 and 5.19 it is seen that total adsorbed mass
attains an immediate plateau with an equal increase in
adsorbed mass on both surface revealing no surface effects
on the exchange process. Values from Table 5.4 indicate that
the mass of nisin eluted was similar from both surfaces,

although the fraction removal was higher on the hydrophobic
relative to the hydrophilic surface. About 80% of the mass
of nisin adsorbed on the hydrophobic surface was eluted.
Thus, at this surface exchange may have taken place with the
molecules in the upper layer and partially with the
molecules closer to the surface. Based on the percentage of
nisin eluted from the hydrophilic surface, it is possible
that the exchange was confined to the loosely bound outer
layers. When tnisin = 480 min, sufficient time had apparently

elapsed for the molecules bound to the surface to become
non-displaceable. Thus it is fair to assume that 0-casein
molecules adsorb on top of the tightly bound layer of nisin
due to their flexibility and hydrophobicity. Caseins have
been shown to have excellent properties as emulsifiers and
foaming agents (71). These properties make them highly
surface active. Thus it is not surprising that 0-casein is

the most efficient eluting agent of adsorbed nisin among the
proteins studied.
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Figure 5.4 Sequential adsorption of nisin and BSA on hydrophobic
silica with t nis. = 60 min, t-rinse = 60 min, and
tmA= 240 min.
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Figure 5.5 Sequential adsorption of nisin and BSA on hydrophilic
silica with tnisin = 60 min, I--rinse = 60 min, and
t BSA =

240 min.
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Figure 5 . 6 Sequential adsorption of nisin and BSA on hydrophobic
silica with tnisin = 480 min, trise = 60 min, and
tBSA = 240 min.
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Figure 5 . 7 Sequential adsorption of nisin and BSA on hydrophilic

silica with t-nisin = 480 min, trinse = 60 min, and
tBsp, = 240 min.
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Figure 5 . 8 Sequential adsorption of nisin and f3-1g on
hydrophobic silica with tnisin = 60 min, trinse = 60 min,
and tp_ig = 240 min.

56

RINSE

V

0

0

50

100

150

203

250

300

350

400

Time (min)

Figure 5.9 Sequential adsorption of nisin and 13-1g on
hydrophilic silica with tnisin = 60 min, trinse = 60 min,
and tp_ig --= 240 min.
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Figure 5.10 Sequential adsorption of nisin and p-lg on

hydrophobic silica with tnisin = 480 min, trinse = 60

min, and tp_ig = 240 min.
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Figure 5.11 Sequential adsorption of nisin and 13-1g on
hydrophilic silica with tnisin = 480 min, t-rinse = 60
min, and tp_ig = 240 min.
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Figure 5.12 Sequential adsorption of nisin and a-lac on
hydrophobic silica with t-nisin = 60 min, t-rinse = 60
min, and to -lac = 240 min.
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Figure 5.13 Sequential adsorption of nisin and a-lac on
hydrophilic silica with tnisin = 60 min, trinse = 60
min,

and t,_1-- 240 min.
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Figure 5.14 Sequential adsorption of nisin and a-lac on
hydrophobic silica with tnisin = 480 min, t-rinse = 60
min, and t-a-lac = 240 min.
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Figure 5.15 Sequential adsorption of nisin and a-lac on
hydrophilic silica with tnisin = 480 min, t rinse = 60
min, and t
= 240 min.
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Figure 5.16 Sequential adsorption of nisin and (3- casein on

hydrophobic silica with tnisin = 60 min, trinse = 60
min, and t-p-casein = 240 min.
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Figure 5.17 Sequential adsorption of nisin and (3- casein on
hydrophilic silica with t-nisin = 60 min, t-rinse = 60
min, and tp_casein = 240 min.
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Figure 5.18 Sequential adsorption of nisin and (3- casein on
hydrophobic silica with tnisin = 480 min, t-rinse = 60
min, and t-13-casein = 240 min.
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Figure 5.19 Sequential adsorption of nisin and 13-casein on
hydrophilic silica with tnisin = 480 min, trinse = 60
min, and tp_casein = 240 min.
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6.

1.

CONCLUSIONS

Higher adsorbed mass of nisin was consistently recorded

on the hydrophilic relative to the hydrophobic surface
irrespective of the contact time. While desorption was
greater from a hydrophilic surface in the lh test, it was
quite similar on both surfaces in the 8h tests.

2.

Higher mass of nisin was generally exchanged from the

hydrophobic surface compared to the hydrophilic surface by
all the milk proteins studied except a-lac.

3.

The sequential adsorption data (tnisin= 480 min.) were

quite similar for both BSA and. Both BSA and 0-1g were

moderately effective in exchanging with nisin, with BSA
being the better of the two due to its flexibility. On the
hydrophilic surface, following addition of the second
protein (BSA or 0-1g), higher fraction of the removed amount
comes during the 4h period.

4.

The kinetic data for sequential adsorption of nisin and

a-lac on hydrophobic and hydrophilic surfaces was quite
similar in the lh and 8h tests. The mass of nisin exchanged
was similar on both surfaces revealing no surface effects on
the exchange process. Based on the mass of nisin exchanged,

a-lac is the least efficient eluting agent among the
proteins studied.

5.

0-casein is the most efficient eluting agent among the

proteins studied with nearly 70% or higher adsorbed mass of
nisin exchanged in all cases. On the hydrophobic surface in
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the lh test, the adsorbed amount is similar to that obtained
for 0-casein adsorption at a bare hydrophobic surface,
indicating rapid and complete replacement of nisin.
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7.

1.

RECOMMENDATIONS

Highly specific enzymes that preferentially cleave the

nisin molecule can be used in order to gain knowledge about
the organization of adsorbed nisin layer. Analytical methods
such as Circular Dichroism can be used to study the
structural changes that occur in a nisin molecule upon
adsorption to a surface.

2.

Since in many applications, protein adsorption occurs

from complex mixtures, containing proteins of a wide-range
of concentrations, sizes, shapes etc., sequential adsorption
with binary and tertiary protein mixtures, coupled with the
effect of the polymer surface, elution conditions and the
preadsorbed protein concentration could be studied in order
to better understand these complex processes.

3.

Mass of adsorbed nisin equivalent to that obtained in

the experiments can be covalently bonded to solid silica
surfaces which can be used as solid substrates to study the
adsorption kinetics of milk proteins in order to verify the
assumption used in this study.
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APPENDIX A
Protein Labeling by Reductive Methylation

Reductive methylation using formaldehyde and
sodiumcyonoborohydride, is a convenient method for
converting amino groups in proteins to their dimethyl
derivatives through the reduction of Schiff bases that form
between the amino groups and added aldehyde as shown in
reaction (A.1).

6 HCHO + 3 Prot-NH2 + 2 NaCNBH3
> 3 Prot-N(CH2)3 + 2 HCN + 2 NaH2BO3

(A.1)

The reaction is extremely site specific and only the NH2

terminus and lysyl residues are labeled. Unless the protein
contains an essential lysyl residue, the changes in its
physical and chemical properties are minimal because of the
small size of added methyl groups and because the charge of
the amino group is retained with only a small alteration of
the pK, value.

Nisin was reductively methylated using the method
described by Dattavio-Martin et a/.(90). Amino acid analysis
revealed that 1/3 of the amino groups were labeled. The main
disadvantage of this method was that nisin lost its activity
completely. The activity loss of nisin may be attributed to
the reduction of the double bond (by NaCNBH3)

in

dehydroalanine and dehydrobutyrine which are responsible for
its activity. Since activity is an important issue, this
method was abandoned.
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Lysyl derivatives can be converted to the homoarginine
derivative by treatment of proteins with 0-methylisourea at
alkaline pH. Although this method does not change the charge
of the protein, it was not used since radiolabeled
0-methylisourea is not available commercially. Fluorimetric
methods

were not used to tag nisin since adding a "huge"

molecule would change the molecular weight considerably.
This in turn would affect its interfacial behavior.

Amino acid analysis of the adsorbed protein layer can
reveal the amount of lanthionine present and since it is
only present in nisin, it is possible to quantify the
fraction of nisin in the adsorbed layer. The chromatogram
obtained by amino acid analysis did not show a separate peak
for lanthionine. In fact HPLC tests conducted with
lanthionine alone gave a peak that coincides with glutamic
acid and glutamine peaks. Since glutamic acid and glutamine
are present in the milk proteins, this method was abandoned.
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APPENDIX B
CALCULATION OF

ADSORBED MASS OF NISIN EXCHANGED BY
SECOND PROTEIN

The adsorbed mass of nisin after the rinse phase was
converted to an equivalent mass of the second protein. The
total adsorbed mass following contact of the second protein
was read from the graph. The increase in the adsorbed mass
in terms of equivalent mass of the second protein was
calculated. By calculating the difference between this
increase and the value of the monolayer coverage of the
second protein, the apparent mass of nisin exchanged,

expressed as equivalent mass of the second protein was
determined. This value was converted to an equivalent mass
of nisin which would be the mass exchanged by the second
protein.

A sample calculation for the determination of the mass
of nisin exchanged by the second protein is as follows, with
reference to Figure 5.5. From Fig. 5.5, Table 5.2, and Table
5.3 we have

1'nisin (after rinse) = 0.130 4g/cm2

Ftotal

adsorbed (after BSA addition) = 0.210 pg/cm2

FSSA (monolayer

)

(from Table 2) = 0.135 ilg/cm2

Therefore, rnisin (BSA equiv.)

= rnisin (after rinse)

(

Bnisin

= 0.130 (0.097/0.111)
= 0.110 pg/cm2

BBSA )
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Increase in adsorbed mass upon addition of BSA
Fincrease

Ftotal adsorbed
= 0.210

Fnisin exchaged (BSA equiv.) = FBSA
= 0.135

0.110

Fnisin (BSA equiv.)
= 0.100 lig/cm2

increase

0.100

= 0.035 iig/cm2

Thus, mass of nisin exchanged by BSA is calculated as
Fnisin exchaged (BSA equiv.)

= 0.035 (0.111/0.097)
Fnisin exchaged

= 0.040 pvg/cm2

(

BBSA

Bnisin

