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ABSTRACT

The literature on thes properties of stainless steel
surfaces, the physico=chemical properties of milk and the surfacs
chemistry of proteins was reviewed to gain an insight into the
formation of protein-mineral films ("milkstone") on the contact
surfaces of dairy ﬁilk lines, Protein adsorption processes uwere
considered fundamental to the formation of such deposits,
Standard methods of protein separation and purification were

employed to obtain purified « 8, and K=casein.

s1?

Radiochemical methods provided a convenient means of studying
protein adsorption on to low surface area systems, 0f the various
methods for labelling proteins, radiciodination by a slightly
modified version of Hunter and Greenwood Chlaoramine T method
sroved to be the most satisfactorye. By this method, stable
labelled milk proteins of high specific activity containing not
more than one iodine atom per protein molecule and having propertiss
thal could not ba distinguished from those of unlabelled proteins
were prepared,

In the course of the work several further aspects of the
iodinaticn reaction and the reactions of iodine species with milk
components were investigated. Iodination efficiencies were found
to be sensitive to the storage time of the radioactive iodine stock
solutions (supplied free of reducing agernt at pH 8~11). The drop
in iodination -fficiency was correlated wih an increase in the
concentration eof oxidised iodine species in tha radioactive stock

solutions, Studies of the iodination of whole milk showed that
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with the exception of K=casein, the tyrosyl residues of all proteins
in milk were iodinated with approximately the samz iodination
efficiency. The iodination efficiencies of K-casein tyrosyls were
significantly lower. A theoretical examination of the effect of

the hydrophobicity of the molecular environment on tyrosyl

iodiﬁation efficiency, indicated the likelihood that the effect
observed was due to the incorporation of the Ke—casein in inaccessible
reqgions of the micelle rather than a molecular environment effect,

Iodinated caseins, when added to whole skim milk becamse
bound to the micelle fraction. In the case of B and K-casein,
the binding was temperature dependent and at least partially
reversible, as1-casein binding to micelle was largely independent
of temperature and irreversible. The stabilising effect of calcium
ions on diluted micelle suspensions was demcnstrated, The
variation in the K-casein content of casein micelles with micelle
size was also demonstrated. When inorganic iodine was added to
milk, part of this became encapsulated by milk micelles, Houwever,
there was virtually no chemical binding of the iodine to the milk
proteins of cooled milk,

Techniques were developed to study the surface chemistry of
radioactively labelled milk proteins at stainless steel-water
interfaces. The amount adsorbed was calculated according to the
principle of isotope dilution. Autoradiography and high resclution
autoradiography, using nuclear trac.< emulsion and scanning electron
microscrnpy confirmed the uniform distribution of the adsorbed
rrotein, Studies of adsorption from whole skim milk, whey and milk

serum, indicated that of the various milk proteins serum caseins
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had the greatest affinity for stainless steel surfaces, Adsorption
data for purified caseins and miviures of casein indicated that
B-casein was the species preferentially adsorbed. Generally it

was observed that adseorption was largely irreversible and providing
édequate time was allowed, proceeded to form a relatively constant
close packed film of adsorbed protein molecules. The amount of
protein in the films ranged from 2.0 mg rn-'2 to 3.0 mg m-2 irrespactive
of protein concentration, except at high concentrations of PB-casein
and to some extent, aS1-casein, where a second adsorption process
seemed to be present. This effect also seemed to be present in
studies of adsorption from whole milk.

The kinetics of adsorption and desorption were monitored by
tracer techniques, The data for adsorption from unstirred solutions
indicated the process was diffusion controlled. A diffusion model
was developed which accounted fur the rate of adsorption and the
amount adsorbed in terms of the size, shape and hydration of the
protein molecule, the viscosity of the medium and the effective
surface area of the stainless steel surface. The model was used to
estimate hydration and axial ratio values for PB-casein. Values
of 1.9 grams of water per gram of protein for the hydration, and
11 for the axial ratio (%) were obtained.

Desorption of adsorbed protein is a complex process that does
not obey simple rate laws., Desorption was facilitated by hydroxyl
ions and anionic surfactants but no simple relationship betuween
rate of desorption and species concentration was obtained,

Simple adsorption process cannot account for the formation of

macroscopic milk protein films on milk contact surfaces, After



the surface has been covered by the initial adsorbed layer, no
further protein could be adsorbed until the surface of this lecyer

was modified in some way, for example, by the adsorption of
positively charged colloids of iron oxide, chromium oxide or calcium
phosphate. Deposition by evaporation of solution films, or
precipitation from solution are other mechanisms by which macrescopic
films may be formed. The film thicknesses of the drained milk

films formed after immersions of clean stainless steel surfaces

into dilute milk solutions remained independent of dilution at

3.8 X 0.6 x 10‘-4 CMme The properties of protein films formed at
surfaces can be alterad by thermal denaturation, chemical modificaticn
and also presumably by bacterial action.

Analytical and microscopic examination of actual milkstons
deposits generally supported a previous milkstone classification
based upon chemical analysis, i.e, fat deposits, high protei-. deposits,
calcium phosphate milkstone and iron milkstone. As a result of the
present investigation the further classification of high protocin
deposits into chlorine-induced (from sodium hypeochlorite) and
phosphate-induced (from phosphoric acid) was suggested. It dees
not seem likely that milkstone deposits are formed by a single
mechanism. This conclusion was supported by an analysis of data
for deposits formed in simulator trials where evaporation of milk
films (in one simulator) and precipitation induced by hypochlorite
(in tuo simulators) were major factors. The variety of possible
mechanisms for deposition is due to the range of conditions that
can occur in milk lines, The results of the present work will
assist in determining the mechanism operative in a particular cass
and will allow the development of better procedures for the removal

and prevention of such deposits.
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CHAPTER 1

INTRODUCTION

The Dairy Industry is of major importance to tha New Zealand
economy. Of the total 1U76=77 export earnings of $3228 million (1)
the Dairy Industry accounted for $540 million or 17% of the total.
Currently the most important dairy export is butter which accounts
for 46% of the dairy export earnings. Other dairy products listed
with their percentage of total dairy exports are: cheese (16.9%),
skim milk powder (15.5%), casein (11.6%), whole milk powder (7.1%)
and other by products such as lactose etc. (2.0%) (2). These
exports make New Zealand the world's largest exporter of dairy
products.

Over recent years access to international markets has,
through a variety of geopolitical events become increasingly
tenuous., In addition the industry's ability to sell its procucts
overseas relies on it being able to meet the stringent standards
imposed by the importing countries, Maintenance cf these
standards is made all the more difficult by the large distances
between producer and consumer. The continuing viability of the
industry in the face of intense competition and political
restrictions can be attributed to highly efficient farming
techniques combined with efficient and modernised processing
facilitiss, and the fact thet large areas of New Zealand have soil
and climatic conditions ideal for grassland farming requiring only

limited supplementary winter fodder.



One of the major problems involved in the maintenance of high
quality dairy preducs is the control of deterioration induced ky
the presence of bacteria. Supervision of dairy hygisne on farms
is the responsibility of 72 Farm Dairy Instructors and 15 Dairy
Rdvisory Officers (Farms). A further 32 Dairy Product Officers
and Dairy Advisory Officers (Manufacturing) monitor the hygiene in
dairy factories and milk tankers. In addition, dairy products for
export must satisfy the New Zealand Government, Dairy Division
Grade Laboratories' requiremsnts as regards chemical and
bacteriological analysis. Finally, in order to encourage farmers
to ccoperate in maintaining high standards of hygisne, dairy
factories offer a pay incentive based on the milk's bacterial
count., Over racent years this grading standard has been
progressively raised, In spite of these precautions, the douwn
grading and the non acceptance of export dairy produce is estimated
to cost New Zezland $40 millicn annually in lost export earnings
(3). This down grading can be due to any one of a number of
product defects originating from the following aspects: animal
health, farm practice, processing, packaging, transportation and
storage. Very often downgrading follows as a direct consaquerice
of bacterial contamination,

A major source of bacterial contamination of milk and milk
products is the bacterial colonies that are associated with
protein containing films that form on the contact surfaces of
farm milk linss, tankers and factory processing equipment. it is
the understanding of the nature of these films that provided the

motivation fer the investigation reported here.



This thesis is specifically concerned with the study of milk
prccein interactiocn stainless stesl surfaces and the factors
that result in the formation of bacteria supporting deposits.
Chapter 2 reviews the literature and background information relsvant
to the overall investigation., Much of the experimental work
relied on the use of radiochemical techniques and the procsdures
to prepare the labelled milk constituents are described in
Chapter 4, The separation of these constituents is described in
Chapter 3, A major constituent of milk is the casein micelle,

Some investigation of the labelling and exchange reactiens undergone
by this cclloidal species are described in Chapter 48, Studies of
adsorption and desorption of milk proteins are described in
Chaptars 7,8,9 and 10, Attempts to produce macroscopic protein
films of sufficient thickness to support bacterial colonisation

eze reported in Chapters 11 and 12, The results of a study of a
limited number of deposits are reported iii Chapter 13. Finally

tha results of all these investigations and their possible relevance

to the practical dairy problem are discussed in Chapter 14,



2.1

CHAPTER 2

LITERATURE SURVEY AND BACKGROUND TO PROJECT

Introduction

The interaction of proteins at interfaces is of uidesprcad
importance in biological and technolegical systems and hﬁs been
the objact of scientific study from as early as 1840 when
Aschersor: {4) observed that a skin of protein formed spontaneously
around cil droplets suspended in a solution of egg albumin,

Since these early studies the interactions of proteins at liquid-
liquid and liquid-air interfaces havas been extensively invzstigated,
The dsnaturation of the adsorbed protein was cobserved at an early
date, For example Devaux (5) in 1903 showsd that the collapse

of protein films at the air=-water interface led to the formation
of insoluble artificial fibres, Similarly Ramsden (6) noted that
egg albumin was precipitated from solution subssquent to baing
adsorbed at the air-water interface. Wu and Ling (7), in studies
of the phenomena of "surface denaturation', noted that shaking
solutions of proteins such as egg albumin oxyhaemoglobin and
methaemoglobin resulted in irreversible precipitation,

Unlike the protein adsorption effects at the air-water
interface, which can be readily studied by surface tension effects,
the monitoring of protein adsorption st the solid=-liquid iriterfaces
is technically difficult. Until recently investigation of such
syctems relied on detecting protein adsorption by analysing the

decrease in solution concentration.



The development of methods to monitor adsorbed protein
directly has led to renewed interest in the phenomena (see Section
2.6).

A major motivating factor for research into protein
interactions. at solid=liquid interfaces is the importance of such
interaction in science and technologye. Everyday examples of zhe
formation of such films include the protein film observed on csil
membranes, the thrombogenic protein films formed on foreign
surfaces cuch as artificial cardiovascular systems and kidney
machines, the protein incorporated into the pellicles, plaque and
calculus formed on teeth, the use of protein in adhesives, paints
and plastic coating and the formation of kidney stones. The
filwms that stabilise the dispersed fat in blood and milk are
examplec of protein adsorption at liquid-liquid interfaces.,
Examples of protein adsorption at liquid=-gas interfaces include
protein films formed on the alveolar of lungs (8), ths protein
filass that stabilise foams, e.ge. in food technoclogy as in the
preparation of ice cream and cooking mixtures. Of particular
importance in the Dairy Industry is the formation of protein films
on stainless stesl and the contact surfaces involved in milk
processinge It is the chemistry of such films that forms the
topic of this thesis. In the sections that follow (Section 2.2
to Section 2.11), the literature describing the properties cof
stainless steel surfaces, the composition and physico=chemical
properties of milk with special emphasis on the casein constituents
and the surface chemistry of proteins will be reviewed to give a

background to the project. Also included in this review will be
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a summary of the literature on macroscopic protein films and
accretions including "milkstone" «nd other milk deposits. Some
mention will also he made of the detergents and cleaning procedures
employed to combat the formation of such deposits. Although some
of the material contained in this review is not directly relevant
to the experimental sections that follcw, it was felt that since
the present project represented ths Initiation of a new research
interest at the University of Waikato, a general survey was

warranted,

Thae Properties of Stainless Steel

Since December 1977, New Zealand Government legislation has
required that all surfaces that come into contact with milk during
processing be of stainless steel or some other approved material.
The aim of this legislation was to achieve a better standard of
dairy hygiens by allowing the use of more efficient but nmore
corrosive detergent systeme, Stainless steel also prevents
electro-chemical corrosion that results when milk lines are
constructed of a number of different metals such as brass, tin and
nickel plated copper (9). Stainless steel is an ideal metal for
use in applications requiring a high standard of hygiene, e.g. food
processing, It has a hard readily polishable surface of high
resistance to corrosion and can be easily extruded, rolled, pressed
and welded to the requirements of a given processing design.
There are a variety of types of stainlcss stezl available and these
have different propertiss. The type fawoured by the food processing

industries and in particular the dairy industry, are the austenitic



group, given the American Iron and Steel Institute (AISI) type
numbers 302, 304 and 316, Type 316 is used in the dairy industry
only where a hard surface is required such as in an evaporator.

The compositions of types 302, 304 and 316 are given in Table 2.1.

Table 2.1
Composition of Stairless Steel used in the
Dairy Industry
Type 302 304 316

Percentage Composition

Chromium 17=19 18=20 16-18
Nickel 8-10 8=12 10=14
Carbon <0.15 <0.08 <0,.08
Manganese <2.,0 <2,0 <2,0
Phosphorus <0,045 <0,045 <C.045
Sulphur <0,03 <0,03 <0.03
5ilica <1.0 <1.0 <1.0
Molybdenum - - 2-3
Iron 68=72 65-71 6269

The usefulness of stainless steel is a result uf the
passivity of its surface., "Passivity" is defined as a condition in
which a metal is protected by an impervious layer. Numerous attempts
have been made to identify the oxide film on stainless stsel.

Initial evidence indicated that the film was predominantly chromium
oxide (11,12)e The chromiim appears to be at a much higher

concentration on the surface than in the bulk phase. Stainless



steel has a bulk phass chromium concentration of approximately 12%
whereas the surface constituents of stainless stesl have been
reported to be 40% chromium and 60% iron, No nickel was detected
at the surface (11). Although no information appears to be
available for the iscelectric point of stainless steel, that of
chromium oxide is known to be approximately 7.0 (13). Stainless
steel could be expeéted to have a similar value, The isoelectric
point of iron has been reported to vary between 5.2 and B.6.

Recant evidence using Auger electron spectroscopy has indicated
that largs amounts of iron and carbon are also present on the
surface o7 stainless steel (14). After heat treatment of stainless
steel to 300 OC, soft X=ray spectroscopy showed the presence of
carbon, oxygen, calcium, chromium, manganese, iron and nickel (15).
Such studies indicated that the surface composition of stainless
stezel depends upon surface treatment (16).

Stainless steel is highly resistant to corrosion by alkaline
and weak acid solutions, but is attacked by some strong acids such
as hydrochloric and sulphuric acids, Concentrated nitric acid
(above 20% by weight), because of its oxidising properties, is wsll
knowi: to render the stainless steel surface passive. Concentrated
chloride solutions however, attack stainless steel (17,18,19,20),
Various methods have been developed to test the corrosivenass of
dairy detergents (21,22).

The surface properties of stainless steel are modified by the
method of fabrication, ‘The 2B finish, usually used in the dairy
industry, results from temper rolling. In this process the cleanad

and annealed sheets of steel are lightly rolled with cold polished



rollers (23). Often the 2B finish is polishad to give a number 3,
4 or 7 surface. The numbers 3,4 and 7 represent degrees of
polishing with No,7 being a pit free surface with almost a mirror
polished surface. No significant differences have been found in
éhe relative cleanability of these different surfaces when msasured
by bacteriological tests (24,25)., Stainless steel with a 2B
finish exhibits a contact angle of 91° with water (494) and is thus
hydrophobice The absolute surface area as measured by the
adsorption of ethylene, has been reported to be up to three times
the geometric area (495S), It has a root mean square average

roughness height of betwsen 0.25 and 0.40 x 10™° mm (540).,

2.3 The Composition and Physico=Chemical Properties of Bovine Milk

Milk is a complex physico-chemical system consisting
principally of protein, fat, cacbohydrate, inorganic ions, minor
enzymes and vitamin constituents and water which provide an ideally
balanced initial food supply for mammalian off-spring (26). The
fat and the protein constituents exist in two unique biocolloids:
the fat globule and ths casein micelle.

The weight percentages of the various components can vary
widely among the different Sovine species in response to a long list
of physiological inherited and environmental factors. Daily
composition differences can be obsarved even from the different
quarters of the udder of a cow (depending on how the cow is milkec)
(26). Data for the composition of milk proc.iced by a typical
New Zealand dairy Jersey and a typical New Zealand dairy Friesian

cow are summarised in Table 2.2.
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Table 2,2
Milk Composition (27) (Weight Percentages)
Jersey Cow friesian Cou
Carbohydrate 5,08 5,08
Fat 5,20 4,86
Pcotein 3.85 3,65
Ash (Inorganic Ions) 0,70 0.71

The principal carbohydrate constituent of bovine milk is
the disaccharide lactose, C12H22011, which is made up from the two
monosaccharides D=glucoss and D-galactose, It is the bacterial
conversion of lactose to lactic acid that is principally
responsible for the lowering of the pH that occurs in the initial
stages of the souring of milke.

Of the fat constituents of milk, 95-96% are triglycerides of
fatty acids, while the remaining 1-1.5% ars diglycerides, 0,80-1.0%
phospholipids, and also a range of minor lipids such as keta acid
glycoerides, sterols, carotenoids, vitamins and traces of frae
fatty acids (29). Apart from the free fatty acids, the fat
components are embodied in fat globules, These consist of an
inner layer of tightly bound triglycerides, fatty acid, sterols,
vitamins, etc., and an outer layer of lipids, proteins and enzymes
which stabilise the globule (30). A rancid flavour scmetimes
observed in milk and milk products is due to the accumulation of
free fatty acius that habe been cleaved from the fat globule by the.

lipases or enzymes, that are normally present in milk, Excessive
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agitation of milk alsc appears to accelerate lipolysis and this also
results in the appearance of a rancid flavoured milk (31).

When milk is homogenised, the fat globules are broken up into
smaller particles and these are stabilised by casein adsorption
(28). Sufficient casein is absorbed to increase the density of
the newly formed globules to approximately that of the milk plasma,
The increase in their density and their smaller size, tends to
stabilise the newly formed fat globules against aggregation by
clustering and creaming.

The proteins of wilk can be classified as caseins or whey
proteins., Typically caseins account for approximately 78 to 85%
of the total protein, (as-casein 45-55%, B —-casein 25-35%,
K-casein 8=15%, Y-casein 3-=7%}, The remainder of the protein,
generally called whey proteins accounts for betwsen approximately
15 to 22% of the total protein (B -lactoglobulin 7-12%,

« lactalalbumin 2-5%, serum albumin 0,7-1.3%). Also present are
immunoglobulins between 1.9=3.,3% and proteose-peptones 2-6% (32).
Most of these proteins,along with most other constituents of milk,
are synthesised from smaller molecules in the secretory c:lls of
the udder. The serum albumin and immunoglobulins, houever,
originate principally from the blood. Caseins have a sirong
tendency to aggregate through hydrophobic, hydregen bonding,
electrostatic and calcium-—phaosphate bridging interactions to form
particles called micelles, The properties of individual caseins
and casein micelles will be discussed further in Sectieon 2.4 and

Chapter 6 respectively.
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Minerals account for less than 1% of the total weight of
milk and include the anions: chloride, phosphate, citrate and the
cations: potassium, sodium, calcium and magnesium (34).

Although in low amounts, thay are very important in determining

the physico=chemical propsrties of milke. This is particularly

true of the calcium and prosphate, The product of the total
calcium and phosphate ion concentration is much in sxcess of the
solubility product of calcium phosphats. Hence much of the calcium
and phosphate in milk is likely to be in the form of colleidal
calcium phesphate and in some way is associated with the casein
micelles,

The binding of the ions to ion exchange sites on the protsins
may also be important, For example, it has been shown that
phosphate residues provide calcium binding sites on B and K-casein
(36). «_,~casein appears to have calcium binding sites in
addition to the phosphate residues (36,37). Ultra filtration and
centrifugation studies have indicated that more than 90% of tte
calcium is either colloidal phosphate or is bound to the casein
micelles, Assuming that most of the calcium and phosphate is in
the form of colloidal calcium phosphate and making allowances for
adsorbed calcium on the protein, calcium:phosptorus molar ratios
ranging from 1.63:1 to 1.71:1 have been estimated {53). The
exact assignment of calcium %o either the casein fraction or the
colloital calcium fraction can cause discrepancies in the calculated
ratio, It is interesting to compare this result to the molar

ratio of 1.5:1 of calcium phosphate Caz(Poa)2 and the molar ratio of



1.662:1 of calcium apatite Ca10(P04)6(DH)2. It has been reported
that in a study of calcium phosphate at pH 7.4 an amorphous calcium
phosphate with a molar ratio of 1.5:1 is formed prior to the
transition to the crystalline apatite (35). In the praesence of
casein the stability of the amorphous calcium phosphate is enhanced
and the transition to the crystalline phase is retarded (39).

Further evidence for the presence uf colloidal calcium
phosphate has been obtained by 4Spatt exchange expecriments (38).
Approximz-:ly 40% of the total calcium had not exchanged aftrr
48 hours. This "hard to exchange" calcium was attributed to
apatite.

The importance of calcium ions in stabilising micelles has
been demonstrated by experiments in which EDTA was added to
complex Ca++ ions and experiments in which Ca++ ions were added to
milk to increase the amount of total calcium. In the former
experiments an increase in the translucerce and the concentrations
of serum casein indicated the destruction of micelles, whereas in
the letter experiments a decrease in serum caseins indicated the
formation of micelles (40)., This serum—micelle casein equilibrium
will he discussed in more detail in Chapter 6.

In addition to those constituents that occur in relatively
large proportions, there are a number of important constituents
that are present in low concentration. These include essential
elements such as iron, copper, zinc, ;odine, aluminium, broumine,
silicon, (26), a number of enzymes such as lipase, estarasse,
alkaline phosphatase (destroyed by pasteurisation), xanthine

oxidase, lactoperoxidase, protease, ribonuclease, lysozyme and many

13
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others (26), and the phospholipids, such as lecithin, cephalin and
sphingomyelin (41).,

In order to study the interaction of milk constituents with
surfaces under the varied conditions of milk processing, it is
necessary to know something of the effect of these conditions on
the properties of milk, The effect cf aging, temperature change,
addition of rennet and the lowering of pH will thus be outlined
below.

Aging of milk results in a number of physical changes. The
most noticeable of these is that of the fat globules being lighter
than the plasma phase,which rise to form a cream layer within
20-30 minutes of milkinge Another well documented effect that
occurs when milk is aged, is the lowering of the pH. This is
invariably dus to bacterial action, It is virtually impossible to
store non-sterilised and unseali:d milk for periods greater than
two or three days at temperatures above its freezing point, without
experiencing problems assoriated with bacterial infection,

Even at 7 0C, psychotrophic bacteria can be troublesome (42,43) and
are first indicated by the formation of para-K-casein, a breakdown
product of K-casein (44). Alsu a decrease in B and «-casein
occurs (45). Whey proteins appear to be unaffected by psychrotrophic
bacteria,

Milk stored at room temperature is rspidly colonised by
bacteria that cause both protein breakdown and lactose fermentation.
Both of these effects contribute to thke eventual precipitation of
the casein constituents. The breakdown of K-casein leads to a

destabilisation of the casein micelle since K-casein is an essential
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component of the micelle, Lowering of pH due to the formation of
lactic acid also induces precipitation. A distinction can be made
between the precipitation that results from a lowering of the pH
alone and that which results as a consequence of K=casein breakdouwn
with or without an accompanying pH drop. Pracipitation by the
former effect is reversible whereas the precipitation of caseins
that has been accompanied by K—casein breakdown is irreversible.
For example acid precipitated caseins are soluble in alkaline
solutions whereas the curd formed on soured milk is insoluble in
alkali,

Rennin, an extract from calf-gastric enzyme called rennst,
also attacks K=~casein cleaving it to form the positively charged
para-K-casein and a macropeptide (46). The overall effect of this
reaction is the coagulation of the casein micelles, The coagulation
is not accompanied by an increase in protein bound calcium
indicating that calcium bridging is not ths mechanism of aggroegation.

Mastitis is a bacterial infection of the cow's udder which at
the ciinical level induces clotting of milk proteins and at a sub-
clinical level is manifested by a decrease in the percentrge of
casein in the form of micelles (47). It is of interast to spaculats
whether mastitis also affects the K-casein.

When the temperature of milk is lowered below its freezing
point of -=0,54 °c (48), ice is initially formed, leaving the lactose,
salts and pretein in a highly concentrated solution (49).

Eventually the water of solvation is removed from the micelle
which then becomes destabilised. Freezing alsc results in

the demulsification of fat in milk due to the
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expanding ice crystals (150)., Homogenisation pricr to freezing
however, almost entirely overcome3 the demulsification of the fat
of milk (161). Apparently the smaller fat globules produced by
homogenisation are less easily deformed by freezing. Often
frozen homogenised milk exhibits a watery layer after thawing and
it is reported that on remixing, it assumes its normal dispersion
with no subsequent separation (165)-

When milk is heated to temperatures of more than 100 oC for
15 to 20 minutes extensive denaturation and aggregation of the
whey proteins and the flocculztion of casein micelles by a complex
series of reactions results (28). These effects are caused by
disulphide interchange bstwsen B ~lactoglcbulin and K=-casein (51).
The smaller casein micelles in skim milk contain the highest
K=casein and also the highest concentration of the heat induced
complex (52). Aggregates of mure than 100,000 molecular weight
are formed (28). This problem is not apparent in pasteurized milk
which is subjected to only very snort periods :t high temperature.

The above review has covered the ovsrall composition of milk
and some of the important fa:tors that could affect the stability
of milk in adsorption studies. As the ocbject of the present
research is not only to study the adsorption of milk on to stainless
steel but also individual protein constituents of milk, ecpecially
the casein constituents, the next section will review in detail the

individual casein fractions and their pioperties.
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2,4 The Casein constituents of Milk
The caszin constituents can be ssparated into three major
fractions called: a:s -casein which accounts for about 50% of the
total casein and about 17.5 g 171 op milks B -casein which accounts
fer about 30% of total cassin and about 8.7 g 1°1 of milks and
K=casein which accounts for about 10% of total casein and about

3.5 g 1~

of milk (32,53). The actual percentage of the individial
fractions, varies depending upon the technique used to analyse the
individual fraction and the effect of natural biological
variations,.

a. -casein can be sub-rivided into a major component,
as1-casein, and minor components, X ? ¥ =9 Bz =9 G, =,

and a_. -casein (54,55), The primary structure of @ _, ~casein is

1
known and given in figure 2.1. It consists of a singla polypeptide
chain of 199 amino acid residues, with a highly uniform

distribution of prolyl residues (16.7%). This uniform distribution
limits the possibility of a « helix structure and results in a very
loose tertiary structure being formed. The primary structure oy
=y %gp 79 Bgz T Uy

have been investigated in detail. To further complicate matters,

o and ©¢__ ~gasei
5o nd g5 —caseins do not aprear to

the existence of a number of genetic polymorphisms exist zmong the
individual casein fractions. Inas1 =~ casein these are called

%44 — casein A, &  -casein B, «_,-casein C and @_,-casein D (S6,57).

s1

Friesian cows contain approximately 90% ag

1

1-casain B, 10%

@ ,~casein C, ind 0.05% a -—casein A, while Jersey cows contain 817,

1

@ 4~casein B8 and 19% @_,-casein C (53)e The difference between

0g1-casein B and G51-casein C is the presence of a glutamyl residue



Figure 2.1

Primary Structure of as1~casein B

Summary of Properties (53)

Molecular Weight = 23,640
Total amino acid residues = 199
Total 1yrosyl residue = 10

Isoionic point

= 500
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in as1-casein B, being replaced by a glycyl residue at the amino
acid sequence numbsr 192, It ia of interest to note that all the
genetic variants of as1-casein contain ten tyrosyl residues.

The second major casein constituent of milk is P-casein and
its primary structure is given in figure 2.2, This protein
consists of a single polypeptide chain of 209 amino acid residues
and contains 8,5% prolyl residues tc qive it a loose tertiary
structure. A number of minor B-caseins and qenetic variants of

B-cassin are known and thess are labelled p-casein A1, A2, AS, By

2 and A differ by

C, and D, (58,59,60), The P=-casein A1, A
containing respectively 6, 5, and 4 histidyl residues with
B-casein A2 containing one extra prolyl residus compared with
B-casein A1. B=-casein A3 contains one extra glutaminyl and one
extra prolyl residue compared with PB-casein A1. The genetic
variant P-casein B contains ¢ne less seryl residue and one more
arginyl residue compared with {-casein A1, while f-casein C

contains one less glutamyl residue and one more lysyl residue

compared with PB-casein al,

Friesian cows contain about 92% PB-casein A and 4% PBe-casein B

while Jersey cows contain about 62% PB-casein A and 38% p-casein B
(53)s In all the genetic variants of P=-casein the number of
tyrosyl residues psr molecule is four. Recent studies chow that
several minor caseins such as y~-casein which makes up about 3% of
the total casein in milk consists of amino acid residues 29 to 20v
of PB=-casein. Other minor constituents cal’ad R and TSaA2 casein
represent residues 108 to 209 and 106 to 209 respsctively of 8-

casein A2. S and TS- B casein represent residues 106 to 209 and
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Primary Structure of f ~cassin A2

Figure 2,2
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108 to 209 respectively of B =casein B (53).
The third major casein pretein present in milk is K-casein
-and its primary structure is given in figure 2,3, This protein
consists of a single polypeptide chéin of 170 amino acid residues
and like ®- and B=casein it contains a high percentage of
prolyl residues (9.9%) which are distributed throughout ths
primary structure causing a very loose tertiary structure.
Unlike the other caseins, K-casein has attached to it a carbohydrate
residue and a cystinyl residue found respectively at the No.11 and
No.B88 amino acid residues. Only two genetic variants:
K=-casein A and K=casein B are knouwn (€!,62,32). Both genstic
variants are readily cleaved by rennin to form para-=K-casein and a
macro peptide. In each case the para=K-casein (amino acid
residues from 1 to 105) is the same and only the macropeptide
(amino acid residues 106 to 173) changes. The macropeptide A
contains one more aspartyl and threonyl residue, and one less
alanyl and isoleucyl residue, compared with macropeptide B,
Of the total K-casein in Friesian milk, approximately 77% is
K-casein A and 23% K~-caseir B. In Jersey milk 38% is K~casein A
and 62% is K=casein B, No tyrcsyl residues are found in the
macropeptide fraction of K=~casein but the para-K-casein contains
a total of nine tyrosyl residues (53).
The milk used in the present study was from a herd of Jersey
cous and therefore could be expected to contain predominantly
Dl181--casein By p —casein A and K-casein B,  Although slight

differences in properties of the genetic variants of some of the
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Figure 2.3 Primary Structure of Kecasein B
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individual fractions have been reported (e.q. u%1

reported to aggregate to a greatzr extent than 0g1-casein B and

this is related to a slightly lower nst change of the Ué1-casein

(65,66)); no effort was made to separate the genetic variants

~gasein C is

.for individual adsorption studies. In most cases the structural
differences between the individual caseins are usually small and
therefore sionificant differences in the properties of the
genetic variants of a particular casein would not be expected.

Having discussed the primary stiucture of the main milk
caseins, the next section reports on the monomer-polymer

* equilibria of individual caseins.

2.5 Polymerisation of Casein Constituents

An important property of caseins (and many other proteins)
is their tendency to polymerisc and aggregate. The precipitation
of caseins by lowering of the pH is one manifestatien of this
tendency. Polymerisation and xzggregations effects do not howaver
always lead to precipitation, Stable polymeric species with
molecular weights varying with conditions and protein monomer
involved can be formed, Forces Znvolved in the intermolecular
bonding can include all the forces involved in intramolecular

bonding (see section 2.7).
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i. @ _,=-casein

s1

The extent of association of isolated o, -casein depends

1
upon the concentration of the protein, the pH, the ionic strength,
and tha type of ions present, Unlike that of pB-~casein,
polymerisation of as1-casein is not particularly temparature
dependent between 8 °C and 30 °C (64) which suggests it to be
entropy driven. Studies of the sedimentation coefficient of
as1-caacih as a function of pH at a concentration of

7T x 10-3 o] ml-1 and at an ionic strength of 0.2 show that only
above a rH of 10,6 is the protein completely disscciated (67).
This dissociation is thought to be due to the result of strong
electrostatic repulsion. The value obtained for the molecular
weight of as1~casain at such pH's correspond to the molecular
weight of the unassociated species present at neutral pH's and

low protein concentrations (68,69). Apparent molecular wsights
fi.om light scattering data show that at concantrations above

1 x 10"3 g ml-1 of protein at pH 8.0, a change in the ionic
strength from 0,01 to 0.05 caused the apparent molecular weight

to triple (70), a result that Schmidt has attributed to hydrophobic

bond formation.
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ii. B-casein

Tha association of f-casein differs from that of as1-casein
in several respects, It appears that the association of B-casein
is reversible (71) and is dependent on temperature (72,73) and to a
lesser extent pH, ionic strength and concentration. A further
characteristic of this association is that apparantly only the
monomers of molecular weight of approximately 24 000 and polymers
of molecular weight of approximately 600 000 coexist (72,74) and
that the rate of association is low in contrast to that of
as1-casein (73,74)., Bovine PB-casein has a critical micalle
concentration of approximately 0.6 x 10—3 g ml"1 at 21 OC, Above
this concentration polymerisation occurs (74),
Payens et al, (73) and van Hippel st al, (76) have attributed the
polymerisation to hydrophobic interaction and have shown it to be
endothermic and therefore entropy driven. On increasing the
temperature a critical point is reached where rapid aggregation
occurs (approx 28°c). Light scattering measurements at elevat-d
pressures have shown that both 081- and B-casein polymers
dissociate under pressure (74,77), a result most resadily explained
by the occurrence of hydrophobic bonds, Removal of the first
twenty amirio acid peptides from the C-terminus of f-casein
completely destroyed its ability to form polymers (78), indicating
that the C-terminals are responsible for the association behaviour,
possibly by the direct participation of their side chains in
hydrophobic bond formation. The ability of PB-casein to

associate in the presence of sodium dodecyl sulphate and urea has



provided evidence that hydrogen bonding is probably not important

-(79).

iii. K-casein

K-casain is the only casein that contains the readily
oxidicable cysteine residue (80) which has a strong tendency to
polymerize, The intermolecular diculphide bridges formed give
rise to a series of covalent polymers ranging in molecular weight
from approximately 60,000 (trimer) to above 150,000, Cleavage
of tﬁese disulphide linkages can be achieved by raising the pH
(81,82) or by the addition of merceptoethanol, or sodium
sulphite (83).

In addition to the disulphide bonds, the possibility of
hydrophobic interactions has also been postulated as a cause of

aggregation of K-casein (84).

Techniques for Studying Protein Adsorption and Deposition at
Solid=Liquid Interfaces

The surface chemistry of proteins at solid=liquid interfaces
has been far less extsnsive'y studied than their chemistry at
liquid=-air interfaces. A major reason for this has been the
lack of convenient methods of adequats sensitivity to monitor
protein adsorption at solid=liquid interfaces, particula:ily in
low surface area systems,

Early work invariably used large surface area systems and
monitored protein adsorption by analyciny thu decrease in solution
protein concentration resulting from adsorption, or analysing the

amount of protein adsorbed. These studies employed Kjslldahl



analysis as a method of determination of solution protsin
concantration or the amount of protein adsorbed (85). In other
studies, protein solution concentration was more conveniently
monitored by Ultra Violet Spesctrophotometry usually at 280 nm

wave length (86,88,89,90,91,92,93,94). A more recent technique,

but one that again can only b2 used with large surface area systems,

is the technique of micro-calorimetry (87,92). In this method

the adsorbate is injected into a carrisr solution that flows at

a constant rate over a bed of the adsorbant. The method relies on
a finite heat of adsorption and can be made quantitative providing
that the keat of adsorption is known, This apparatus is
expensive, difficult to use and is limited to suitable adsorption
beds.

Various Infra Red reflectance methods have been developed to
me=2sure the thickness of surface films. Suci: techniques have
bean applied te protein adsorption studies (95,96,97,98,99).

In these methods the difference between the ratios of the amide

(C = 3 stretching) band of the protein at 1640 cm~1 to a standard
band for each polymer adsorption surface, before and after
adscrption gave a net adsorpticn valus. This net adsorption value
was then related by a calibration curve to the actual surfacs
concentration,

Another method involving expensive instrumentation, is that
of ellipsometry, which has been used to st:dy protein adsorption
(100,101.10?).  This method is based on the reflectance of
polarized light from a film covering an adsorbent surface. The

method is limited to mirror surfaces that reflect light and
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metallic adsorbents. The assumption of this methnd for
calculating the film thickness is that the film is homogensous,
has a discrete boundary and that it has a constant concentration
throughout the thickness of the film. Because these conditions
;re often not met e.g. the film is often not homogenecsus and the
refractive index is not constant over the film thickness, this
method gives only the "effective" film thicknass,. No instrument
was availabls in New Zealand to allow this methcd to be used for
the present studies.

The quartz electrostriction methcd,now under investigation
at the University of Waikato, provides a novel means of studying
protein adsorption on to low surfaces area systems, In this
method the change in frequency of an oscillatory quartz crystal
is directly related to a mass change due to adsorption. The
adsorption occurs on to the gold surface of the crystal or else
on to a precoated surface on top of the gold, This method is
very sensitive and has dstected protein adsorption as low as
1078 g em 2 (104), but is limited to measuring %otal mass., It
cannct be used for continuois monitoring of adsorption.

Transmission elsctron microscopy of carbon replicas has
been used to study the kinctics and conformational changes for
the adsorption of fibrinogen on to mica (105,106), This direct
method is technically difficult and is limited to large protein
molecules, It could not be used to study the adsorption of

caseins at monolayer amounts.
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A number of electrochemical methods such as capillary
electrometry (107,108), cyclic voltammetry (103,109,110) and
polarographic techniques (111) have been used to study the
adsorption and reversibility of adsorption of proteins at mercury
and other metal electrode interfaces,

In the food industrv, a wide range of methods have been
used to study and detect surface adsorption, deposition and
desorption, These methods have recently been reviewed by
Kulkarni et al, (113). None of these methods are suitable,
however, for low surface area adsorption of proteins. Even the
radiochemical methods reported in this review (113) are unsatisfacto:y
as they do not specifically label the protein. Radiochemical
methods do offer the advantages of extreme sensitivity, wconomy and
convenience, and can be used both qualitatively and quantitatively.
Some precautions must, however, be exercised when using radioisotopes
as tracers. It is absolutely essential that the radioactive
tracer species bshaves identically to the unlabclled species, chat
it is stable and has the same chemical and physical form so that it
obeys the principle of isotope dilution, A high epecific activity
of the labelled protein is also usually necessary.,

Gensrally B and Y emitters can be conveniently monitored, but
isotopes with a half life shorter than a week are of limited use.

In sorption studies involving simple inorganic species, the
requiraments mentioned above are usually easily mat providing a
suitable isotope exists for at least one of the atoms, Tha labslled
species can be prepared by general inorganic preparative methods

which are adapted for low concentrations of reagents. In the
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case of complicated organic molecuies, suitable labslling

techniques achieving high specific activity can ba more troublesoms.
Biosynthesis generally offers the best method, In order to

prepare labelled proteins, several radioactive isotopes could
conceivably be used, All proteins contain carbon and hydrogen

and thess have the convenient isotopesy C=14 and H=3, Many
proteins alsoc contain phosphorus and sulphur for which the isotopes
P=32 and 5=35 would provide suitable labels. Proteins incorporating
these icutopes could be prepared by thes standard methods of
biosynthasis or in some cases, such as S-35 heparin, are available
commercizlly (114,115).

The substitution and acylation reactions of proteins offer
anvther means of incorporating radioactive labels. For examplse,
the use of I-125 and I-131 by substitution into the protein
aromatic residues, or C-14 or H=-3 labelling by acylation reaction
with the protein carboxcylic acid groups could be used to label
proteinse Iodinated protein labelled with iodine=125 has been
usec to study the protein associated with fat globules of milk
(116) and the interactions of P lactoglobulin with milk micelles on
heating milk (117). Protein labelled with tritium by acylation
has been used for adsorption studies (118). The adsorpticn of
radioactive atoms such as Au-=198 by protain molecules offers a
further method ofilabelling protein, providing that the adsorption
process is irreversible (112).

From a consideration of the techniques available for
monitoring protein adsorption and deposition, it appears that if a

suitably labelled radiocactive protein of high specific activity
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can be prepared, then this method offers a general and convenient
means of performing the protein adsarption studies envisaged in the
present projects The technique of radiociodination offers the
possibility of preparing such a stable high specific active protein.
The tws iodine isotopss I=i25 and I-131 are cheap and readily
available and can be conveniently monitored by Y and /cr B cuunting
techniques.

Becausa of its widsspread use in radioimmunological studiss,
the teciwiique of radiciodination, including the necessary separation
procedures for removing the unbound radioactive iodineg; has been
thoroughly investigated. Radioimmunological studies are likely to
be a2t lzmast as sensitive, if not more sensitive, to slight
mocdifications of protein properties induced by iodination,
Generally, providing certain precautions are observed, iodinated
proteins can be considered to be sufficiently similar to non-
iodinated protein to behave identically in such studies,

A review of protein iodination, the effect of the iodine on
the protein and the results of iodination of whole milk and

individual milk constituents will be included in Chapters 4 and 5,

The Surface Chemistry of Proteins

Proteins play a very important role in the structure and
function of all living matter (120). Becausa many proteins are of
very complex structure, shape, soluhility and chemical composition

have been ':sed as a means to classify them.
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Fibrous proteins are elongated, insoluble animal proteins,
that arse highly resistant to digestion by proteolytic enzymes, and
are often composed of several coiled peptide chains that are tightly
linked, These proteins have been further divided into collagens,
elastins and keratinse. Collagens are the proteins of connective
tiscsue and are altered tc solubles gelatin on boiling in water,
dilute acid or alkali. They contain hydroxyproline and
hydroxylysine, but lack cysteine, cystine and tryptophan.

Elastin are present in tendon, arteries, and other slastic tissue
and are not converted to gelatin, Keratins are the proteins of
wool, hair, nails, hooves and contain large amounts of cystine,

Globular proteins are those that have spheroidal or
ellipsoidal shapes and are generally soluble in water or aqueous
media containing salt, acid or base, They include such proteins
as enzymes, hormones and oxygen carrying proteins. The whey
proteins found in milk are compact, globular proteins,

Conjugated proteins are those that combine with non—amirs acid
substances. Mucoproteins, for example, are thoss that contain
usually more than 4% carbohydrate (measured as hexosamine) while
glycoproteins are restricted to less than 4% carbohydrate such as
K-casein. Phosphoproteins are proteins that contain phnsphate
residues and are usually precipitated by low concentrations of
calcium. Examples of this type of protsin found in milk are
as1-cesein and B =-casein, K~casein contains only cne phosphate
residue and is soluble at most concentrations of calcium, and is
sometimes called a glycophospho protein. Lipoproteins are water

soluble proteins containing a lipid such as cholesterol,



The basic structure of a protein molecule consists of a long
chein (never branched but often cross linked) of amino acids linked
together by the @ carboxyl group of one amino acid residue and the

« —amino group of another residue as follows:

|
i .
- HN - CH C NH=—— CH=C=

|'.’;n ':l}}

R

R
"peptide bond"

Tuenty-one different amino acids are known and these can be linksd
in variouz orders to give proteins ranging in molecular weight from
5 000 to many million., The exact sequence is unique for a given
protein and is known as its primary structure, A three dimensional
arrangement of the polypeptide is known as the secondary structure
o” the protein, This can be eithervan o ~helix in which the
polypeptide exists ac a spiral arcund an axis, or a B structure
whkere the polypeptides are aligned side by side. Non regular
threa dimensional arrangement of the chain is referred to as
tertiary structure and results from the interaction of amino acid
residues relatively far apart in the sequence (121,122,123).

Amino acid side chain groups play a very important part in
the structure of the protein. Non-polar side chains impart
hydrophobicity whereas polar side chains impart hydrophilicity.

The hydrophobic side chains are sol ible to varying degrees in non-
polar solvents. but are only sparingly soluble in water and hence
tend to aggregate in water, not because they are attracted to each

other but because the water to water interaction is stronger



thermodynamically than the water to hydrocarbon interaction.

This is sometimes termed apolar Jonding which refers to the
preferential association of macromolecular non polar groups in any
polar solvants This type of interaction can lead to globular
éhaped proteins.

Tha polar side chains, which are readily soluble in water,
tan result in hydrophilic or polar bonding due to ionic or
hydrogen bondinge. Ionic bonding is due to electrostatic
attraction via positive and negative amino acid side chain-,

Tha charge of these side chains dependz on the pH of the solution,
The pH at which all the positive charges are equal to all ths
negative charges is known as the isoelectric point (pI).

Proteins differ both in the total number of positive and negative
hydrophilic groups and in the total number of hydrophobic groups.

Hydrogen bonding may alsc be important. This refers to ths
interaction of a hydregen atom attached to an electronegative atom
with another electronsgative species such as nitrogen or oxygen.
Also occurring in some proteins are aminoc acids which contain

sulphide residues, Thaese ran form intermolecular disulphide bonds.

Bovine serum albumin for example, contains seventeen disulphide

bonds,.

The four types of bonding that determine protein structure

are summarised in figqure 2,4,

Just as any or all these forces can occur intramolecularly,
or possibly intermolecularly with anothe: prrciein molecule, they
tould also be the forces responsible for protein adsarption at

interfaces, For example, possible adsorption mechanism at solid-



Figure 2.4
Types of btanding between amino acid residues of
proteins
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aqueous solution interfaces are illustrated in figure 2.5 .

Hydrophilic or polar bondiny could bs expected to involve
hydrogen bonding (Type a) or ionic bonding (Type b).  Although
;solated hydrogen bonding is weak, a largs number of such bonds
could occur between surface and protein leading to a largs energy
of interaction. Ionic bonding at pH 7, may occur bestween a
negatively charged surface and the snd chain amine group, or the
positively charged histidyl, lysyl and arginyl residues,
Alternatively if the surface is positive, the intsraction could be
between the surface and the nsgatively charged groups such as ths
end chain carboxyl group or the asparagyl or glutamyl residues,

At pH's other than 7, the charges on the amino acids will vary
according to their pK, values.

Hydrophobic interaction (Type c) could be expected to occur
betwesn hydrophobic surfaces ard the sids chains of the amino acid
residues that contain non-polar residues. The driving force for
hydrophobic bonding is not the van der Waals attraction of the
non-polar side chains for the surface, but results as a consequence
of the hydrogen bonding betiiesn the water molecules driving non-
polar residues out of solution. Experimentally it has been found
that the enthalphy of protein adsorption is usually small and can
be positive or negative (166,167,168). In the case of positive
enthalphy, the fres energy necessary for adsorptiocn to be feasiblse,
must arise from a positive entropy. This positive entropy can be
visualised as resulting from a decreass i.n wuter structure that

occurs when the hydrophobic hydrocarbon residues are removed from

solution.



Figure 2,5
Proposed types of bonding of amino residues of
proteins at solid-aqueous solution interfaces
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One further possible interaction between protein and interface
could be chemical reactién tetween a suiphide or any other reactive
group of the protein molecule and a reactive surface atom, group or
"site" forming a covalent bond.

Considerable evidence indicates that proteins can adsorb at
many intsrfaces by a combination of forces (124). For example the
adsorption of protein on to nitrocellulose membranes (125) has been
attributed to the following forces.

(a) hydrogen bonding (Type a)

(b) multielectrostatic attraction betwsen the numercus dipoles of
the membrane and the dissociated polar and polarizable groups
of the protein molecule (Type b)

(c) and a general trend of the organised water molecules to force
hydrophobic groups to the interface (Type c). N

The forces involved in the adsorption between  protein and

a glass surface (which is hydrophilic) heve been interpreted as ionic

(amine-silanol (Si-Ug» bonding and hydrogen bonding (Types a and b)
(90,126). Likevisa the adsorption of ribonuclease (94), serum
albumin, egg albumin (93) adsorption on to glass has been considered
to be largely electrostatic (Type b). Numerous other examples of
ionic=ionic interaction of protein and surface have been reported
(98). An increase in negative potential has been observed to

enhance this type of adsorption (98).
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The adsorption of albuming vy globulin and fibrinogen on to
polymer membrane has been reported to occur by two mechanisms, one
being hydrophilic exothermic and easily reversible, and the other
being hydrophobic, endothermic and largely irreversible (148).

- Human plasma albumin and ribonuclease are reported tu adsorb
on to a negative polystyrene surface =2t pH values greater than the
isoelectric point of both the latex and the protein, This
adsorption was interpreted as being a hydrophobic interaction (127).
On increasing the negative'charga by the incorporation of more

ionic groups, greater protein adsorpticn occurred. This was
explained by an slectrostatic end-on adsorption of the protein
molecule arising from local excess of charge at one end of the
protein and the hydrophobicity of the polystyrene surface having
been decreased by incrsased surface charge (127).

Frequently it has been acsumed that adsorbed protein molecules
have structures identical to those of molecules in solution.

Early polarographic work assumea that protein structure was
essentially unchanged after adsorption (131,132,133). Alternatively
structural changes of adsor':ed globular proteins resulting in
irreversible unfolding have besn reported (128). The proteins

that are largely non—polar such as insulin, bovine serum albumin and
egg albumin are completely unfolded at the air-water interface, and
cccupy an  area of 0,17 nm2 per amino acid residuas, Proteins

such as lysozyme and cytochrome C, with .high polar character are only
partially unfolded at the air-water intesxfac- and occupy an area of
about 0,04 nm2 per amino acid residue (129,130). The area occupied

by a number of proteins on ths dropping mercury electrode was found
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to be about 0,19 nm2 per amino acid residue., This coincides with
unfolded protein at the water-air interface (111).

In the case of protein adsorption on to non=polar surfaces,
hydrophobic forces should dominate and result in the protein
unfolding (127). With adsorption on to polar surfaces the forces
of attraction are electrostatic (dipole and ionic) and the protein
usually does not unfold (124,89,134).

The existence of adsorption sites could be expected on solid
interfaces, Different proteins may adhere with different affinity
to such sites, Tha existence of sites and an irreqular surface
structure may also explain some of the kinetic effects associated
with protein adsorption. Protein molecules may penstrate slouwly
into the less accessible regions so that adsorption and subseqguant
rearrangement could be very slow, The presence of sites on solid
surfaces has alco been used in a statistical theory which has
predicted less chain unfolding at solid=liquid interfaces than at
liquid-air interfaces (135,136).

The unfolding of proteins does not necessarily result in the
total destruction of the secondary structure (137,138). It has
been reported that human plasma albumin unfolds when adsorbed by
polystyrene lattex (139) though it still retains its immunocherical
activity (140). This indicates that either the conformation of
human plasma albumin was not very crucial with respect to its
immunoshemical activity, or the active sites were not impaired
appreciably, « Amylase is 2lso found to remain active after
adsorption and desorption from quartz, yet it is easily denatured

by shaking (141). Ribonuclease, on the other hand, appears to have



a much more rigid structure such that its conformation was not
drastically changed on adsorption (94,127), but its enzymatic
activity was reduced virtually to zero (140), and it exhibited a
more acidic isoelectric point (as determined by microelectrophoresis)
(142), This latter result could have been due to distortion of
the protein molecules resulting in the ionization of groups of the
protein by the charge on the underlying surface, by the close
packing of the protein molecule at the surface causing a loweriig
of the By value, or by structural deformation which results in
different ionizable groups being exposed to the surrounding medium
(142).

It has been suggested that when proteins ars adsorbed on to
hydrophobic surfaces, hydrophilic residues are exposed to the
aqueous phase, whereas when proteins are adsorbed on to hydrophilic
surfaces the non-polar residues will be exposad (143), Protein
adsorption decreases the wettability of hvdrophilic glass surfaces,
but increases the wettability of hydrophobic lucite surfaces (144),

The effect of adsorption on protein structure has been
investigated by examining desorbed protein. Using iodinated
fibrinogen, albumen, and IgC, adsorbed on to teflon and silicon
rubber and then desorbed with sodium dodecyl sulphate and
dithiothreitel, electrophoretic analysis revealed complex patterns
of up to eight iodinated species as well as the apparently
unchanged original protein (145). An inherent problem associated
with the investigation of the effect of adsorption on protein
structure through examination of desorption products is that the

conditions of desorption or the desorption process itself may be



responsible for any changes observaeds. Usually surfactants such as
Triton X=-100 (octylphenoxypolyethoxyethanol) and sodium dodecyl
sulphate are used to facilitate desorption (146). These
surfactants are known to bind strongly with proteins and could bs
instrumental in causing denaturation. Results have shown that
adsorption of thrombin can lsad to denaturation and that the
denatured molecule is readily desorbed ( 93 ).

Evidence for changes in protein properties has been obtained
from electrophoretic studies of adsorbed protein (134). For
example bovine serum 2lbumin adsorbed on glass particles gave rise
to two maximum points in the electrophcretic mobility as a function
of concentration, This suggests that the first molecules adsorbed
unfold but that increasing surfaca coverage reverses this unfoldinge.

It has been shown that the adsorption of albumen on to a
hydrophilic silica surfacs is completely reversible at pH 7.5
whereas at its isoelectric point (pH 4.9) and also when adsorbed on
to a hydrophobic surface,reversisility was not observed (88),
Likewise the adsorption of protein on to a hydrophilic cuprophane
surface has been shown to be reversible (137,146), Generally mors
albumin can be adsorbsd on toc a hydrophobic surface than on to a
hydrophilic surface (148), Similarly the adsorption of protein on

to hydrophobic polymers such as polypropylene and poly(dimethyl

siloxane) is greater than adsorption on to a hydroxyethyl methacrylate

surface (149),
The adsorption of proteins on to plasti~ surfaces appears to
be related to the abundance of non-polar side chains which suggest

the importance of hydrophobic interaction (154). The adsorption of
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blood proteins on to the hydrophobic plastic components of
artificial cardiovascular systems, including kidney machines,
heart lung machines and heart valves, has been implicated in the
formation of blood clots. Much effurt has besn expended to

" minimise or prevent such adsorption. The use of anticoagulants

sich as heparinswhich has the structure |
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Structure of Heparin.

and molecular weight of 17 000 to 20,000’hav9 been used with

some success (151). Though thz mode of action of heparin is

not fully understood, it is unlikely that it is solely
electrostatic repulsion of the protein molecule by negative
heparinised surface (152). It hzs been shown that heparinised
surfaces can be both positive and negative yet still retain

their low affinity for protein adsorption (115). It is most
likely that the heparin adsorbs by strong hydrophobic bonding
yielding a hydrophilic surface which can ue sither positively or
negatively charged dspending on the pH of solution, Hydrophilic

bonding, if it occurs, is very weak and readily reversible.
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In other experirents the low adsorption affinity of
albumin for glass has been reduced by dissolving the protein
in glycine and alanine containing buffer solutions (153).
Again the mechanism of the effect is not fully understood.

It is possible that the relatively hydrophilic amino acids are
bound to ths hydrophilic surface (possibly by electrostatic
interaction) which thus prevents adsorption of the protein.

Polyaminc acids such as polylysine, polyglutamic acid
and poly-hydroxethyl aspartamide have been investigated but
have been found to have limited effectiveness in preventing
protein adsorption, for example in the adsorption of iodine-=125
labelled insulin on to polystyrene (154).

In some applications the loss of protein at low
concentrations can be prevented or minimised by the addition
of albumin or polygeline (a polymer of degraded gelatin)
(155).

Surfactants such as polyoxethylens sorbitan =zsters
(Tweens) have been used to impregnate nitrocellulose membranes
in attempts to minimise protein adsorption. This proced:re
was effective for the system mentioned above and is likely to
be useful where the surfactants are bound to the surface wore
strongly than the proteins (156,157,158).

Numerous isotherms have been used to fit the adsorption
data for proteins studied over a wide range of concentrations

and on to various surfacses.



Many workers have claimed that the adsorption process follows a
Langmuir-like isotherm (91,96,97,126,148,154,159,160,162),
Langmuir (163) initially derived an adsorptiocn equation by
equating the rate of evaporation of a gas from a solid surface

to the rate of condensation and obtained the following equation:

e . _be
\’ \ + be
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G_ =

vherse (& = degree of coating

‘—: = amount adsorbed at concentration c.

i

saturated amount.

‘:q‘\
b

= constant

This equation has since been applied to the adsorption from
solution on tc solid substrates, To evaluate the experimental

data, two types of plots can be chosen:=

| . 1
-FT plotted against S
C

r

Gensrally in most adsorption studies, an initial plot is made

or plotted against c

of adsorption against solution concentration, If the
adsorption increases and eventually reaches a plateau as the
concentration is increasedy; then the adsorption is spoken of as
a La'gmuir type. One basic assumption with the Langmuir theory
is that the adsorption is assumed to be reversible. This is
often not the case in protein adsorption. For example the

adsorption of gelatin and egg albumen on to powdered quartz
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was reported to follow a Langmuir adsorption isotherm, but
the adscrption process was irreversible (164). Because of
this irreversibility, application of the Langmuir equation
can have little theoretical significance (87). It is of
course possible that the interaction may be reversible but
that the desorption processes are extremely slow. In
adsorption only small segments of the molecule are required

to enter the interface, Desorption, however, reguires a
large iumber of segments to leave the interface simultaneously
(88).

The adsorption of albumen (127), egg albumen, and
gastric murcin on to tooth enamel (85) follow S-shape
adsorption isotherms. These could be compared with Brunauer,
Emmett and Teller (BET) adsorption isotherm initially derived
to explain the adsorption of water vapour or: to a porous solid
whera the Langmuir type process was followed by a type of
condensation (164). The BET theory applies to examples where
morz than one layer of molecules are adsorbed. In
ellipsometric studies of y globulin adsorption on to a
metallised glass slide, direct evidence for multilayer
adsorption was obtained, particularly over the pH rangs 7.0 to
7.5 and under the influsnce of an applied electric potential
(186).

In studying any adsorption p.ocess involving aqueous
solutions. a number of wvariables including temperature, ionic
strength, and effect of pH may provide useful information about

the adsorption mechanism,

46



47

Temperature had no significant effect on the adsorption
of ribionuclease to polystyrene lattice over the temperature
range from 5 °C to 22 °C (166). On the cther hand the
adsorption of egg albumin at 25 °C on to collodian membranes
was reported to be approximately twice that at 1 °c (167).
Others showed that the adsorption of trypsin on to glass
depended on the method by which the glass beads were cleaned
(168)s Both an increase and decrease in the amount adsorbed
have been observed on increasing the {emperature. The
adsorption of human plasma albumin on to polystyrene lattice
vas sensitive to the temperature of adsorption except when
adsorption was monitored at the isoelectric point of the
protein, At this pH no change in the amount adsorbed between
5 °C and 22 °C could be detected (166).

The literature contains ~onflicting reports about the
effect of ionic strength on protein adsorption. For adsorption
of human plasma albumen on to pciystyrene lattices, an increass
in adsorption occurred on increasing the ionic strength of the
solution. At relatively high pH solutions and at the
isoelectric point, the ionic strsngth appeared to have little
effect (166). In contrast to these results, a decrease in the
amount ofiadsorption of ribonuclease on glass powder occurred on
increasing the ionic strength from I = 0.01 to I = 0,15 (94).
This effect was also observed for the adsorption of trypsin on
to a dialysis membrane (168).

PH is an important variable in protein adsorption studies.

Maximum adsorption on both hydrophilic and hydrophobic interfaces



48

appeared to occur at the isoelectric point of most proteins
(e8,89,%4,95,159,168,169,170,171). A typical example is the
adsorption of human plasma albumen on to polystyrene lattice.
Maximum adsorption occurred at the isoelectric point of the
protein (pH 4.7) with the curve being approximately symmetrical
about this pH (166). However in the case of ribonuclease,
which has an isoelectric point of 9.3, adsorption appeared to
be independent of pH (127). The adsorption of deoxyribonucleic
acid (ONA) on to aluminium powder alsc appsared anomalous in
that maximum adsorption occurred at a pH of 2.5, which is far
below th2 isoelectric point, The effect of denaturation on
DNA adsorption was studied by taking the pH first to pH 2,5 or
12,5, leaving it for 24 hours, and then readjusting it to pH 6.5
for adsorption studies, Heat denatured DNA was also studied.
The results showed that DNA adsorption increased by five to
ten=fold after these treatments (91). Anomalously high
alsorption at low pH's could thus be due to denaturation.
Before any valid conclusions can be drawn about the
thermodynamics of protein adsorption, it is necessary to
demanstrate that the adsorption process has gone to completion.
Strict thermodynamic treatment is probably precluded in many
protein-éurface systems because of the apparent irreversibility
of the adsorption process. Even for irreversible adsorption,
it is desirable that adequate time be allowed for the surface
to reach 'saturation' i.e., to adsorb all the protein that is is

capable of adsorbing under a given set of conditions.
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Unfortunately a lot of the work reported in the literature has
not included adequate kinetic data, Typicallygkiretic
investigations have been limited to one or two concentrations;
a standard adsorption time has been determined and all other
adsorption experiments have been performed using this standard time
(92,95,126,148,174). A more detailed example is provided by
the study of the adsorption of ovelibumin at the air-water
interface (171)e The kinetics of adsorption were determined
mainly at 2 x 10-6 g ml-1 protein concentration using surface
tension and surface potentizl to measure adsorption as a
function of time. The rate of adsorption was measured at
various pH's and was found to be greatest at the I,E.P., of the
protein. It decreased when the molecule became charged.
In view of the relatively little attention that has been devoted
to kinetic studies, it is not surprising that the mechanism of
protein adsorption is poorly understood,

For any process involving adsorption and/or reaction of
a substrate at an interface, it is possible to recognise the
following as potential ratc limiting steps:
i) diffusion of substrate tc the interfacej
ii) adsorption at the interface;
iii) reaction of adsorbed species at the interfacs;
iv) desorption of the products;

v) diffusion of the products away from the interface.



The adsorption of proteins at most interfaces is probably
less complicated than the above scheme in that although
structural rearrangement and denaturation may occur, chemical
reaction and the desorption and diffusion of reaction products
probably need not be considered, In most instances the kinetic
problem will be one of determining whether the rate of
adsorption is controlled by the rate of diffusion to the surface
or by the rate of adsorption at the surfacs. A further
possibility of diffusion into the sorbasnt must be ccnsidered in
the case of porous media, In certain instances, where the
rates of diffusion and adsorption are similar, it is possible
that initial diffusion control at low surface coverage will
become ‘adsorption rate controlled as saturation is approached.
Diffusion control is also likely to ba more important at low
protein concentration. There is indeed & developing
consensus of opinion that diffusion processes are probably
important in determining the rave of protein adsorption,

There is much direct and indirect evidence in other polymer-
surface systems that indicates diffusion to the surface as being
the rate controlling step. Thus it has been found that the
rate of adsorption of polystyrena-pcly(methyl methacrylate) on
to silica is very sensitive to the stirring rate (175).

Similar results were obtained for the adsorption of polyvinyl
acetate at low concentrations (176). The effect of stirring

is to reduce the effective diffusion pat~ length betueen

the species in soluticn and the adsorbing surface. Surface
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structure can also modify this parameter, Thus it can be
expected that diffusion“path lengths to rough surfaces will be
greater than the path length to smooth surfaces. Kinetic data
for the adsorption ef polyvinyl acetate indicated that
adsorption on to irreqularly shaped aluminium powder surfaces
was slower than adsorption on to smooth and non porouc surfaces
of iron or tin (177). The increase in adscrption rate with
the concentration of polymer (e.g. tritium labelled polystyrene
on to cliromium (178)) is consistent with diffusion control
though such an effect could also be expected if adsorption was
rate liriting,

fore conclusive evidence for diffusion control is provided
by the variation of adsorption kinetics with polymer molecular
weights An increase in molecular weight from 38 000 to 76 000
considerably reduced the rate of adsorption (179). It could
be expected that the larger molecules wculd have smaller
diffusion coefficients and hence slower rates of diffusion to
the adsorbing surface,

To prove conclusively that a process is diffusion controlled,
it is necessary to fit the kinetic data to a diffusion equation
derived from Ficks Laws of diffusion using appropriate boundary
conditions and a realistic value for the diffusion coefficient.
In many instances it is sufficient to show that the amount
adsorbed varies with the square root of time during the initial
stages of adsorption (180).

The rate of adsorption of a number of fatty acids, amines

and alcohols on to steel plates or iron-coated geiger counter



tubes have been studied (181,182,183,184) and the results
obtained were very much slower than predicted from an
appropriate diffusion equation. These studies, however, were
performed by using white o0il as the solvent and at solute
concentrations sufficiently high (1 to 5 x 10"3 g m1-1) that
the formation of micelles was a real possibility, Micelle
formation could be expected to markedly raduce the effective
diffusion coefficient, Another complicating feature of these
studies was the very high viscosity of the white oil employed.
To date there has been little in the way of difinitive
kinetic investigations reported in the literature on protein
adsorption kinetics, Adsorption of DNA at the air-water
interface appeared to be diffusion controlled in the presence
of 1 mol 1—1 salt solution, giving a straight line plot of
amount adsorbed versus square root of time {(185). The
adsorption of a number of globular proteins on to a dropping
mercury electrode gave linear plots when plotted against the
square root of time (111). Similar plots were obtained from
ellipsometric studies of y globulin adsorption on to
metallized glass slides (186). The dependence on the square
root of time has also been observed for the adsorption of
ovalbumin at the air-water interface (171). The kinetics of
adsorption of this protein were very sensitive to pH, ionic
strength and the presence of moderate concentrations of sucrose.
If the diffusion coefficient of ovalburin r=mains relatively
constant for these varicus conditions then it would appear

that agreement of the data with square root of time plot was
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largely fortuitous and that factors other than diffusion were rate
limiting. For example, the unfolding of the protein molecule in
solution which could lead to the exposure of the hydrophobic side
chains (187), It is possible also that configurational changes
resulting from the different conditiocns, profoundly affect the
hydrodynamic properties ¢f the protein molecule and hence, their
diffusion coefficients,

From the above general review of protein adsorption it is
clear that considerable uncertainty exists in the literature
about the mechanism of adsorption, This is partly dus to the
large number of proteins with different physical properties,
that have been studied in a variety of buffer solutions, at
different pH's, different ionic strengths, different temperatures
and differing purities, More information for pure protein
systems under carefully controlled conditions is required hefore
the mechanism of adsorption can be fully understood. Little
information is available for the effect of variables in contrelling
the kinetics of adsorption and desorption at very low protein

concentration,

The Surface Chemistry of Milk Proteins
Surface Activity of Milk Proteins

The surface tension of milk is approximately 50 dynes cm-1
compared with that of water of 72 dynes cm“1 at the same
tempefature. This drop in surface tension could be caused by
milk proteins, milk fat, phospholipids or free fatty acids or

a combination of these constituents which are present in milk,
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It has been reported that the surface tension of skim milk
(200) is only slightly higher than that of whole milk, This
suggests that the remcval of fat constituents has very little
effect on the surface tension which must therefore be largely
determined by the milk proteins.

Milk proteins, like other proteins, contain amino acius
with hydrophobic hydrocarbon side chains and amino acids with
hydrophilic ionic and polar groups. As previously discussed
in Secvion 2,7 the surface activity of a molecule in aqueous
solution depends upon the incorporation within the structure of
that molecule of hydrophilic and hydrophobic groups.
Generally it can be expected that the greater the hydrophobicity
of a molecule the greater will be the tendency of that molecule
to escape from the aqueous phase and hence to concentrate at
interfaces,particularly those betwegn the agqueous phase and a
hydrophotic phase, The milk proteins are exceptional proteins
.in that they contain a high proportion of hydrephobic residues
such as tryptophan, isoleucine, phenylalanine, proline, leucine,
valine, methionine, tyrosine, lysina and threonine. Attempts
have been made to quantify the hydrophobicity of proteins,
although such attempts are complicated by the lack of agrzement
about the character of certain residues, fFor example, Fisher
(201) regarded tyrosyl as a polar residue because of its
hydroxyl gr;up whereas Waugh (202);egarded it as being non=-polar
or hydrophobic because-of its aromatic ring. One of the
simplest methods of expressing hydrophobicity is by means of the

non-polar side chains (N,P,S.) method (202)., According to this



method the hydrephobicity is determined by counting the number
of certain hydrophobic groups (tryptophan, isoleucine, tyrosine,
phenylalanine, proline, leucine, and valine) and dividing by the
total number of amino acid residues in the protein,

Alternatively the method of Fisher (201) takes into
account the volume of the various residues. The totzl volure
of the polar residues is divided by the total volume of the non
polar residues, which in addition to ths residues classified as
being hydrophobic by the N.P.S. method, also includes methionine,
alanine, glycine and cystine/2, but not tyrosine. This ratio
of volumas is called "p",

A more vigorous and thermodynamic approach to the problem
has been developed by Bigelow (203) based upon the concept of
hydrophobicity, Hl, proposed by Tanford (204) which depicts
hydrophobicity as the free energy fpr the transfer of amino
acids from an organic environment to an aqueous environment.
Bigelow defined the average hydrophobicity,H@Aue,as being the
totnl hydrophobicity obtained by summing the H@ for each amino
acid residue and dividing the result by the number of residues.
By using the amino acid side chain hydrophobicities and
residue volumes (Table 2,3) thevalues for H@Ave, N.P.S. and p

have been calculated for the known structures of ® —-casein B,

1
B-casein A2 and K-casein B (see Table 2.4 and Appendix 1).

Also included in Table 2.4 are the results for albumin,
a~-lactoalbumin, B-lactoglobulin A, fibrinogen and ribonuclease.

Note that Hque and N,P.S, are a measure of the non-polarity

while p is a measure of polarity.



Table 2,3
Amino acid side chain hydrophobicities

and residue volumes (203)

HQ/ 4 Volt:méas/

Amino acid k3 res A
Trp 12,55 135.4
Ile 12,34 102,.0
Tyr 11,92 116.2
Phe 11.08 113.9
Pro 10,87 7346
Leu 10,04 102,0
! Val 7e11 85.1
Lys 6027 105.1
Met 5.44 97.7
Cys/2 4.18. 6843
Ala 3.14 52,6
Arg 3614 109,.1
Thr 1.88 7162
Gly 3643
Ser 54,9
His 91.9
Asp 6844
Glu 84,7

l\mide 400



Table 2.4

Parameters calculated for milk proteins

from their amino acid composition

Protein

Serum albumin

a-:actalbumin

a ,=casein B
s1

K—casein B

B=lactnglobulin

B~casein a2

fibrincgen

ribonuclsease

H§Ave »
RJ residue

4.68
4.81

4.89
5.12
5.14

5.58"

4,28

3.64

N.P.Se

0,32
0.34
0,33
0.34
0.37

0l.46

0,30

0,23

1.22
1.11
125
1.21
0,96

0.83

1635

1.73
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From the results it can be seen that the milk proteins,
ecnecially B—casein,haQe exceptionally high non-polarities,
Most proteins have an H@Ave of between 4.20 and 4,60%J/residue
(203). .

The distribution of the hydrophobicity is of major
importance in determining the physicochemical properties of
these proteins, 5iagrammatic illustration of the distribution
of charged and hydrophobic residues for 0;-1, B and K-cassein
are given in Figure 2.6. It is of interest to note that
as1-casein B shows three predominantly hydrophobic regions
occurring bestween residues 1 to 40, 81 to 115 and 140 to 170,
In contrastythe average hydrophobicity of PB-casein is greater
than that of as1-casein B and is located predominantly over
two-thirds of the length of the molecule leaving one end very
low in hydrophobic character. K=~casein also has high
hydrophobicity between residues 20 to 60,

The distribution of charge resulting from the amino acid
residues and the phosphate groups are also shown in Figure 2.6,
In 081-casein the amino acids with negative charges are
concentrated between residues 41 to 80, In B-casein A2 a high
density of negative charge occurs in the amino acids from
residue 1 to 43 which also contain the phosphate groups. In
K-casein B the macropeptide fraction from amino acid residue 105
to 169 contains a large percentage of the net charge of the
moleculz, The phosphafe residuesof the K--casein are also

located in this region.
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Figure 2.6 Diagrammatic illustration of the distribution

of charged and hyarcphobic residues in

a By, and K-casein (53)

s1?

. The phosphopeptides of «_, and pB-casein and the macropeptide

1

of K=casein are boxed in,

&g, Casein 8
Ho/ k)

o \.

B-Casein A

K- Casein
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At pH 6,6 the net charges of as ~casein B, f-casein A2 anc

1
K=casein B are approximately -23; =13, and <3 respectively
(53).

The preceding paragraphs indicate that the caseins, in
common with other proteins, contain regions of both hydrophobi~
and hydrophilic character. The hydrophilic character in the
main, results from tha presence cf negatively charged carboxyl
and phosphate groups and positively charged amine groupse. By
virtue of their hydrophilic and hydrophobic properties, these
proteins are all highly surface activa. Thus, it can be
expected, for example, thet they will be adsorbed at the water-
air interface with a concomitant decreass in surface tension.
Ip addition, because they are charged molecules, thay can be
expected to be adsorbed at the charged sites of ion exchangers.
As in the case of most proteins, hydrogen bonding and sulph.ds

bonding are less likely to play an important role in adsorption

phenomena.
Review of Milk Protein Adsorption

There has been littls detailed study of the adsorption
or desorption of milk and milk proteins, although there have
been numerous qualitative studies of tha effectiveness of
various detergents in the removal of milk films. Mills and
Creamer (205,206,207) using high surface area systems and

standard analytical techniques have studied milk protein



on to clay minerals, Nisbet and Langdon (188,189) developed a
radiochemical technique~%or use in a miniaturised simulator and
demonstrated how radiochemical methods could be used in low area
systems, This present thesis follows on from this work,

Mills et al. showed that casein bound strongly to clay minerals
(halloysite and kaolinite) with bond strengths that varied in the
order: Y-casein‘>[3-casein > as,l-casein > K-casein,

With tha excention of K~casein this is the order of the net
negative charge of the individual caseins and although the
attractive forces were not knouwn, electrostatic explanations were
suggested, It was suggested that the positively charged sites
on the casein were attracted to the negatively charged sites on
the clay and likewise the negatively charged sites on the casein,
such as the phosphopeptides, were attracted to the positively
charged alumina sites on the clay., . It was also observed that
the total amount of casein adsorbed decrevased on increasing the
pH from 6.0 to 9,5 (205). Later studies involved varying the
net charge on P =-casein by acetylation to form either acetyl or
succinyl B-caseine This resulted in the normally positive
lysine residue being replaced by the nzutral acetyl lysyl residue
or by the negative succinyl lysyl residue. Such replacement

of the net protein charge at any given pH resulted in a decrease

in the amount of casein adsorbed (206).

Studies of the adsorption of the individual proteir fractions

of milk shswed that the order of the amoun!; adsorbed was:
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TS=-casein >K plus y=-casein >as1-casein B >as1~casein
A - >B~-casein. These adsorptions were performed at an ionic
strength of 0.1 which may explain the low affinity of pB-casein.
At this ionic strength the charge may be relatively unimportant
(207)., Calculations showed that the B-casein molecule could
adsorb on to the clay with its long axis nearly perpendicular
to the surface, with the acid end of the peptide extending into
the water phase.

Initial investigations at Uniicver involved the construction
of pressure—area isctherms and pressure concentration isotherms

at the air-water interface for a, -casein, B-casein, K-casein,

1
B lactcglobulin and & lactalbumin (208). These results

suggested that disordered proteins ( as -casein and P-casein)

1
are more surface active than globular proteins (whey proteins).
At high surface concentratiors @4 and B casein showed no
detectable viscosity, K~casein and « lactalbumin gave viscous
films, while bovine serum albuwin and B lactoglobulin were
visco elastic (209).

Recent studies (213) have involved the use of C14 acyl
labelled B and K-casein (which was considered to behave the
same as B and K-casein) at the air-water interface. At

-1

solution concentrations of 1.0 x 10-'6 g ml 6 -1

and 1.5 x 100~ g ml
of B and K-casein respectively, the amount adsorbed at the air-
water interface was proportional to the square of the time for
which adsorption took place, indicatinn diffusion control.

The diffusion coefficients obtained were, however, higher than

the published values. This was possibly due to convection
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currents, B-~casein adsorption reached a plateau at a

solution concentration of 10°° g ml™" to give 2.6 % 0.1 mg m2
surface adsorption., The adsorption was observed to be
irreversible as on removing excess solution protein, desorption
did not occur, On further concentration of the solution

above 10"'4 g mlw1 an increase in surface concentration occurred.
The shape of the isotherm was interpreted as follows:

At low concentration the protein was considered to lie on the
plane of the interface, At the concentration where a plateau
occurred, loop-~tail formation occurred, and at high protein
solution concentration the protein was adsorbed as aggregates

at the interface. Overall the isotherm was described as fitting
a Langmuir adsorption isotherm (210,211) reasonably well. It
was observed that the presence of insoluble lecithin monolayers
inhibited the adsorption or purhaps led to a layer of relatively
restricted lecithin molecules around the periphery of tha protein
molecule (212).

The adsorption of K-casein at the air-wster interface has
been studied and compared to PB-casein (213). It appeared that
with K-casein the surface conceniration increased with protein
concentration giving no apparent plateau.

The adsorption of milk proteins at liquid-liquid interfaces,
in particular, butter-oil and water and butter-oil and protein=-
free milk plasma has also been studied, A considerable
reduction of the interface surface tension resulted in protein
adsorption, In the butter oil-water interface p-casein appeared

to be most effactive in reducing the interfacial tension, whils in
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the plasma phase little difference was detected betuween the
three caseins. It was also noted that albumin was active in
the oil-water interface but not in ths oil=-protein free milk

plasma interface. This result is possibly due to ths presence

- of trace surface active agents in the milk plasma (214),

2.9

The uptake of 0.2% casein solution on to powdered bovine
enamel was studied by Kjeldahl analysis (85)., It was observed
thzt at this concentration of casein about fifteen minutes were
required for equilibration. It was also observed that on
increasing the pH of the casein solution from 6.0 to 8,0 a slight
decrease in casein adsorption occurred.

The collection of milk proteins on an ion-exchange membrane
during electro-dialysis has also been studied (215). It was
observed that protein zollection eccurred only at high current
densities (30 mA cm-z) and that collection could be avoided by

periodic reversal of the polarity.

Macroscopic Protein Films and Accretions

Bacterial contamination associated with milk protein films
can result only when macroscopic deposits are formed, since
bacteria cannot multiply on a monolayer of adsorbed protein.
The mechanisms by which macroscopic protein films are formed are
of interest not only with respect to the present project but
also because of the occurrence of fat, protein and protein-
mineral deposits in a range of technological and biological
systems, In this section the composition of a number of
macroscopic protein deposits and the involvement of fat, protein

and mineral in their formation will be reviewed.



1. Arteriosclerosis, Thrombosis and the Clotting of Blood
Arterioscleresis, the thickening and loss of elasticity of
artery walls which impedes the flow of blood, is usually caused
by lesions and fatty deposits (atherosclerotic) on the inside
of the arterias, Abnormal calcification both grossly and
microscopically has been detecl.ed in the athsrosclerotic plaque
of aging human aortic intima (190). The calcium deposits
associated with atherosclerotic plaque have been identified as
crystals of carbonate-apatite Ca10(P04)6C03 and hydroxyapatite
Ca10(PD4)6(OH)2 by X-ray diffraction analysis (191,192). The
elasin component of the heavily calcified aortic plaquss also
showed an increase in the polar amino acids when compared with
young aortae and old aortae free of plaque formation (192).
Various theories have been suggested for the mechanism involved
in atherosclerotic lesions, One of. the first signs of this
disease is Fhe accumulation of cholesterol ester on the
connective tissue (193)., This has been suggested to be duc to
the results of increased free cholesterol influx, synthesised
locally or by increased activity of the esterifying enzymes,
either lecithin - cholesterol transacylase or the fatty acid
transferase (194,195), The increased production of fstty acids
and a decrease in ability to hydrolyse the esterified cholesterol
results in its accumulation on the arterial walls, Cther
hypo.heses have considered that the hydrodynamic forces can
produce localised deposits of erythrocytes and thrombocytes
(platelets) in regions of poor flow and this can result in initial

formation of atherosclerosis (196). Alternatively the disease may



be prevented by the existence of a natural plasticizer
substance and that deficiency results in atherosclerotic
disease (197). Recent investigations have reported that those
with heart dissase have a reduced level of high density
lipoprotein in their blood, These lipoproteins consist of fat,
cholesterol and protein tightly bound together into & chemical
complex. The lightest of these globules carry fat to various
parts of the body, while the hsavier globules move the
cholesverol from cell to cell. Any excess cholesterol is
removed from ths system by the liver. These lipoproteins may
also help to flush away fatty deposits from nlaque on the
arterial walls and therefore low levels of the high density lipo-
protein are likely to result in atherosclerosis (198), Both
drugs and diet appear to be able to raise the level of the high
density lipoproteins in blood (198).

E.D.T.A. has been used intravenously in the endeavour to
c-emove the calcium in the atherosclerotic plague in the coronary
arteries (199).

The major chemical defence against blood loss is the
formation of the blood clot., Thrombogenesis resulting from the
introduction of a foreign surface, is presumably caused by a
similar mechanism., Whereas blood clotting is essential to
prevent bleeding, thrombogenesis is a considerable problem, for
example, in artificial cardio-vascular technology. Various
theories have been suggested for the coagulation of blood,

The protein mainly responsible for the coagulum is fibrin, which

is formed from its precursor fibrinogen., This transformation
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is catalysed by the enzyme thrombin, Thrombiny
hcwever, is not presenﬁvin normal blood and its biochemistry
is not yet fully understood,

To date, although various materials have shown promise,
no tecnnclogy has yet been found for the implantation of
cardiovascular and vascular repair devices that are cumpletely
free from thrombogénesis problems, It is possible that the
problem is caused by the blood coming into contact with damaged
tissue 1ear the implant which triggers the clotting mechanism
in a similar way to that of blood coming into contact with the
damaged tissue of a bleeding wound. This contact could set in
motion the complex biochemistry of the blood clotting mechanism.

It has been demonstrated that the formation of a protein
film precedes platelet adhesion during thrombogenesis on foreign
surfaces (216). An alternative mechanism of blood clotting is
based upon the surface characteristics produced by such a protein
surface layer (217,218). Others have suggested that adsorption
causes a change in the free energy of the surface and this is
responsible for thrombogenicity (219,220). Another possible
expianation is that the effect is an electrostatic one.

Surfaces containing a positive charge attract the negatively
charged blood platelets and proteins (221,222), In vivo
studies have indicated that this charge plays an importarit role
in the formation of thrombosis. Cn metzls, fibrinogen is
reported to be adsorbed over a wide range of applied potentials
(1034107). At positive potentials, fibrinogen undergoes

"electropolymerization" to a fibrin-like material (223),



Alternatively adsorbed fibrinogen could induce platelet adhesion
via the transferase enzymes. Fibrin formation and clotting
results when the platelet is released (224). It seems that the
adsorption of fibrinocgen is a critical step in leading to
clotting and this can be prevented by pretreatment of the surface
with albumine This appeared to give a surface of non-

thrombogenicity (224).

2, The Formation of Kidney Stone

Urinary stones sometimes found in the kidneys consist of
95 to 98 percent crystalline material and the remainder is
composed of an organic matrix (225). This organic matiix
consists of 64% mucoprotein, 9.6% neutral hexoses and 5%
hexosamine (226,227) with an abundance of acidic aminc acid
residues, When the total amino acid residues consist of about
65% aspartic and glutamic acid then the stone contained uric
acid (225), If 50% of the amino acid residues are of aspartic
and glutamic acid then the stone appeared to contain calcium
oxalate, but if 30% of the amino acid residues are of aspartic
and glutamic acid, and if glycine is 20% then a mineral stone
of apatite-struvite composition resulted. The differences in the
crystalline composition could indicate that different organic
matrices influence the stone's structure and composition by
providing specific templates, This effect has also been
postulated as influencing mineral deposition in other matrices
such as bone and collaéél (228,229). How the stone is formed

appears to be unknoun, The organic matrix may either be an
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"innocent co-precipitant! which may retard the dissclution of the
calculi, or it may serve as a specific and sssential nucleating
substance (225). In bone and dentin the organic matrix may well
induce and govern the mineralization af the tissue. The organic
-matrix does not however, appear to originate from collagen, the
supportive and connective tissue aof skin and the organic part of
bone; as neither hydroxyproline nor hydroxylysine, present in
collagen, have been found in kidney stones (227). Serine phesphate
found in bone (230), enamel (231) and dantin (232) could play a
role in mineralizing tissues that contain hydroxyapatite (229,231).
Serine phosphate has been found in calcium oxalate and apatite-

struvite kidney stones (225).

3+ The Formation of Pellicle, Plaque and Calculus on Teeth

The pellicle which is formed rapidly on the surface of tooth
enamel is composed of salivary olycoproteins (233,234), and is the
first step leading to plaque and finally to the development of
calculus, Plaque contains cartnhydrate and bacteria in addition to
salivary glycoproteins, Later in an alkaline environment,
calcification occurs and the hard mineral deposit formed, high in
calcium and phosphorus, is called calculus (235). No evidence exists
from X-ray diffraction studies that this depcsit opiginated as
crystalline material in saliva (236). It is generally belisved
that there is a rapid and effective mechanism for concentrating and
"fixing" the calcium phosphate (237,238), X=ray diffraction has
shown that 40% of the plague examined contained crystalline
material of bushite and apatite (239) as early as twelve hours

after the initial formation of the plaque, and by three days up



70

to 75% of the deposit was apatite. Magnesium, sodium, potassium
anc chloride have also been found in the deposit and these
generally reflect the situatién as in saliva at normal flouw rates.
Up to about 50% of the deposit of the calculus was protein and
about (0% was carbohydrate (235,240,241) coming either from the
salivary glycoprotein or bacterial cell wall glycoprotzins,

It is possible that after the interbacterial matrix of the plaque
has formed and has been calcified, further salivary glycoproteins
could be precipitated (242)., It has been shown that the
filamenton micro—-organisms obtained from dental plaque can, in
the presence of calcium salts, lead to the formaticn of insoluole
calcium hydroxyapatite (243,244).

In an attempt to further understand this formation,
adsorption of human salivary proteins (245) and streptococcal
e<tracellular polysaccharides (246)_on to synthetic hydroxyapatite
has been studied, At high polysaccharide concentration the
anwunt of saccharide adsorbed was seen to decrease, This effect
has also been obsarved with the adsorption of dextran on to
hydroxyapatite (247). The result could be due to the
assoriation of the molecules in solution (248), possibly forming
micelles. The effect has also been explained by gel=like clots
enmeshing the hydroxyapatite and by the bridging of the
hydroxyapatite crystals by the initially adsorbed moleculsas.

In effect this would prevent the acness of further molecules (249),
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2,10 Milkstons and Other Milk Deposits

Macroscopic deposits formed ffom milk on metal, rubber and
glass surfaces are well known in the dairy industry. This
section reviews the types of milk deposits that can occur with:
raw milk, as in milking machines and milking machine simulators;
processed milk, as in the process of pasteurisation;and coagulated
milk as in cheese mzking and casein productione.

Deposits formed from Raw milk
Deposits found in milking mac:sines are usually referred to
as "milkstone", Milkstone is a loose term which covers a wide
range of deposits resulting from the interaction between the
surface, the milk, the chemical constituents of the water supply
and the chemicals used in cleaning and sanitising,

Some attempts have been made to classify milkstone deposits
according to their physicél properties such as h;rdness and
aspects of their visual appearance such as colour and texturs.
For example Roderig et al. (250) described four classifications,

whereas Twomey (251) described three classifications (see

Table 2.5).

Table 2.5 Milkstone Classification
Roderig et al. (250) Twomey (251)
1. Yellow, thin, compact hard 1o Dull yellow, sheet-like hard
2, Broun, thick, soft 2, Yellow, brown, scft
3 Crey, porous, soft 3+ Granular, very hard

4, Brown, compact.
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0f the milkstones described by these workers, only the
first two types in each classification appear to roughly
correspond, Thus according to such a classification system at
least {'ive milkstone classifications are different.

It is however, likely that aspects of milkstone
appearance are affected by environmental factors and the his*ary
of the deposit, ‘'In addition, deposits of similar hardness and
appearance can vary widely in composition, mode of formation
and eaze of removal, For example soft yellow deposits can be
either predominantly protein (253) or predominantly fat (252)
and require quite different methods of prevention and removale.

An alternative method of classification might be cased
upon the chemical composition of the deposits. Although the
compocitions of milkstones vary widely (Table 2.6) certain
trends in these compositions can be identifjed. Thus, Nisbet
and Langdon (253) proposed a classification based on chemical
¢nalysis:

Iron milkstone

Calcium—phosphate milkstone

High Protein milkstone

Fat deposits,

1. Iron milkstone, These deposits contain iron up to 20%

or more, probably as hydrous iron III oxide colloid together
with phosphate and calcium. Iron is known to bind to tyrosyl
groups (254) and histyl groups.(255) of the protein. The
deposits were produced when water with a high iron concéntration

wvas used during cleaninge.



Table 2.6
Gross Chemical Composition of Milkstone
Constituent Percentage of Deposit
(250) (172)
. Protein 39,8 = 67.3 4.1 - 43.8
Fat 0 -« 10,7 366 = 17,7
Ash 19.0 = 57.7 4,2 = 67.3
Ca 7.0 = 28,7 15.0 =~ 24,7
p 3e2 = 8.6 3.6 - 5,8
%. Calcium=Phosphate milkstonee. Peposits of this type were

hard and contained large amounts of phosphate and calcium, small
amounts of protein and very little iron. It is probable that
these deposits are formed when the cleaning water has a high
calcium content,

Drying is probably a majzsr factor in the formation of
these deposits, This would account for their physical hardness
and would be consistent with tha deposition of calcium salts by
evaporation of cleaning solutions. The calcium in these
deposits is believed to occcur as calcium phosphate cor calcium
carbonate, although it is possibtle that at least some of it is

bound as calcium ions to the proteine.

3 High protein milkstone, This classification has been
proposed to include deposits containing more than 50% protein.
Generally the deposits were soft and were often formed in
simulator studies (256) where protein corcents as high as 80%

have been ohservad.
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4o Fat Deposits, Excessive turbulence in milklines can
result in the separation of fres fat as butter-like glebules,
These have been observed to accumulate in receiving tanks and
lead to smeared greasy deposits which melt during the hot
cleaning cycles. High turbulence during cleaning could
possibly prevent this type of deposition,

The classification based upon chemical composition
described above offers the advantage that it gives some insight
as to the possible mechanisms by whicn the desposits were formed
and further indicates how the deposits might be removed and how
reoccurrence may be prevented. For oxample the formation of an
iron milkstone is indicative of higqly iron concentration in the
water ‘supply and probably the only feasible means of avoiding
the problem is to improve the water quality. Calcium phosphate
milkstone is induced by hard vater containing dissolved minerals
and can be removed by acid cleaning and prevented by water
softening and more frequent usx of acid cleaning.

Some insights into the important variables involved in
milkstone formation have bzen obtained as a by-product of the
simulator testing of dairy destergents (see Chapter 14).

The deposits formed in simulaters, when inadequate detergents

or procedures were used, were often quite like the "milkstone"
found in milk lines, With few exceptions (189,256) however, no
detailed studies of simulator deposits have been reported.

From simulator studies and field trials it appears that the
formation of milkstone deposits can be affected by the

following conditionss



Topography of surface
Cleaning programmé -~ including detergent, wash cycle,
contact time, temperatures, volumes,

delay times, flow rates, sanitisation,

Water quality

Plant design

Climatic conditions

Milk conditions

Although relatively little is known about the mechanism of
milkstone formation, some preliminary observation as to thrse
possible mechanisms have been made (253). These include an
adsorption~-coagulation mechanism, a colloid=complex mechanism
and precipitaticn-evaporation mechanism,

Te Adsorption~coagulation mechanism.

According to this mechanism a monolayesr of protein is
adsorbed on to the stainless steel, intsracting with the surface
vhrough electrostatic (257), van der Waals, hydrophobic bonding,
covsalent bonding, or a combination of such forces. The mineral
component of milkstone is then adsorbed in the form of ions such
as Ca++, PD;E, Fe(T11) and AT(III) hydroxy cations, Cu+*, etc.
The adsorption of these ions from either the milk itself or ths
rinse solutions modify the adsorbed protein in such a way as to
facilitate coagulation (or adsorption) of further protein at the
surface. In this way an accumul:tion of deposit can be formed.
2, "Collbid—Complex" Mechanism

It is possible that the mineral component of milkstone is

dBPOSifed in a colloidal rather than an ionic form. Thus after
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the first layer of protein is adsorbed, a layer of cclloidal
calcium phosphate (from the mill, or precipitate from the
phosphate in the detergent) is adsorbed on to the protein layer.
It is believed that calcium phosphate plays a major role in the
stability of casein micelles. Therefore it can be expected
that after the adsorption of the calcium phosphate, more protein
will be adsorbed upon subsequent exposure to milk, Other
colloids found in the wash solutions could complement or even
replace the calcium phosphate in its "“complexing" role,
e.g. hydrous Fe (111) or Al (117) oxicdes, silica or clay mineral
particles, or the colloidal species, sometimes observed in
detergent solutions.
3. Precipitation Mechanism

Where a solution of milk or rinse water is allowed to
evaporatz in the milk line, precipitation of milk and mineral
constituent can occur. This can be accelerated by the warmth
of the milk, the vacuum, and thz heating of the cleaning
solutions, In addition certain detergents such as acid
solutions at pH 4.6 coulu precipitate milk proteins, Mineral
precipitation could occur subsequently by evaporation of rinse
solutions, er possibly by the action of the detergent with the
farm water supply (e.g. high silica containing soft water used
with an alkaline detergent is thought to help form milkstone
(2s8),

Successive layers could be formed by successive cycles.
Rlternatively the protein and mineral compounds could be
precipitated in a single layer and successive layers again

formed by successive cycles.,
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In all cases the deposit formed could be modified by the
application of heat, or drying making it more difficult to

remove.

Deposits formed during the Heating of Milk

At temperatures involved in pasteurisation (72 °c for
15 seconds), in ultra~high temperature milk pasteurisation (UHT),
(138 °c for 2 seconds) and such milk processing operations as
spray drying, the deposition of solid material from the milk
on to the plant surfaces is a proble@,particularly when thermal
gradients are present. For example the deposit formed (259)
during the operation of a heat exchanger at 140 °C for three
hours under conditions of high milk flow, resulted in a 30%
decrease of the heat transfer coefficient and necessitated the
use of increased pressure to maintain constant flow (260).

Also deposits that become detached by milk flow can cause
unsightly sadiments in the finished milk product and can be a
source of contaminating bacteria,

The nature of heat induced milk deposits (261) varied
according to the temperature of the surface and were  observed
to changz down the length of a heat exchanger. At the lower
temperatures the depositwas a soft voluminous curd-like material,
possibly overlaying a harder base formed initially by over
heating at the surface. This soft deposit was made up of 50 to
60% protein and 30 to 35% mineral with a low fat content of about
4 to 8%, In the higher temperature part of the heat exchanger,
a second type of deposit occurred which was thin, brittle, gritty

and grey in coloure. Such deposits were often extremely raesistant
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to chemical cleaning (263). This deposit contained about 70%
incombustible solids mainly calcium and phosphate and only 15
to 20% protein,. It was also found to contain very small crystals

of B-Cas(PO with a distorted lattice (2€1). ﬁ-CaS(PD

4)2 4)2
has a Ca/P atom ratio of 1.5:1 wheraas analysis of the deposit
gave an atom ratio of 1,3:1, This difference was attributed to
the binding of cations other than calcium at the surface of the
crystallites (262). It is likely that the protein components
of this deposit were denatured (265,266). It is thought that
the soft voluminous curd-like material controlled the interval
before cleaning became necsessary. The higher temperature
deposits, may pose greater removal problems because of their
dense nature and greater adhesion (264).

The factors that influence heat induced deposition include
preliminary heat treatment, age of milk, pH, flow rate, ent:-appsed
air, smootiness of heated surface, seasonal variation of milk
and the effect of added species.

It has been suggested that pre-=warming milk before treatnent
causes a reduction in the amount of deposit, In ultra=high
temperature milk pasteurisation the preliminary heating of milk
to 95 °c for 15 seconds (260) resulted in the amount of deposit
being reduced by half, over a given time, Pre-warming for
5 minutes at 85 °C (267) reduced the deposit by about 70%. It
could be that the soluble proteins in milk are an important
factor in deposit formation and that preliminary heat treatment

was sufficient to denature most of the soluble proteins (26G),
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and so decrease tha amount of deposit. Alternatively, preheated
milk, comparedwith raw ﬁilk,can form less active calcium
phosphate centres and this results in less calcium phosphate
being deposited on the heated surfaces (268).

The age of milk has been shown to be important, The
amount of deposit formed after twenty-four hours aging was
reduced considerabiy (269,270) and the results for periods of
storage indicated an effect that varied approximately exponentially
with age (261).

Deposit formation varied non=linearly with pH, increasing as
pH was iowered below 6.8, and only slightly decreasing as pH was
raised above 6.8 (261).

An increase in the milk flow rate reduced the amount of
deposit (264,271). By increasing the Reynolds number from 4 000
to 10 000 the rate of deposition was reduced by approximately 20%.
It bas been suggested that a Reynolds number greater than 37 000
would give no deposition (259).

The air content of heated milk is an important factor in
milk deposition and its reduction can reduce deposition from 50
to 75% (271). Air bubbles on heated surfaces provide a greater
area for the denaturation of the protein and induce the formation
of a porous deposit (273).

The smoothness of surfaces used in milk processing is very
importént. Generally less deposition uzcurs on smooth surfaces
(2744275).

Minimum deposition appears to occur during approximately

the tenth week of lactation, and a maximum appears to occur
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towards the end of lactation (276)., This seasonal variation
cosld be related to the phospholipid content (261); however no
preferential inclusion of this lipid could be observed in depcsits
(266).

The amount of deposit was found sensitive to certain added
chemicals, For example, the addition of B lactoglolwlin
decreased the amount of deposit (277,278). It has also been
observed that when the fat content, calcium phosphate content und
whey prctein content of milk was increased the tendency to form
depcsits was alsno increased (283). The addition of sodium
metaphosphate or casein however, had no effect, although the
additicn of P =-casein by itself increased deposit formation (279).

This did not occur when an equal amount of « or Kecasein was

s1
also added,

The addition of small amounts of sodium pyrophosphate (280)
reduced the amount of deposit formed frem heating milk during the
coeration of a U,H.T. heat exchanger. A number of other phosphates
were studied but the pyrophosphate was the most efficient in
reducing the deposit. It was attributed to a reduction in the
destabilisation of casein micelles on heating, by providing an
additional source of phosphate ions,. The amount of collcidal
inorganic phosphate increased on heating, while the soluble and
micellar phosphate decreased (281).

The deposit does not vary linearly with fat content (282)
of milk, and it was still formed even when skim milk was used

(261). A suggested mechanism for heat induced milk deposition

involves tuwo stagese The first stage was considered to be the
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adsorption of the aggregates formed in heated milk on to the
surface of the heat exchanger. This was then followed by further
adsorption of the aggregates on to the already adsorbed aggregates
(261).  The exact composition of thess aggregates is not knouwn,
‘but it is likely that the reduction in solubility of milk salts,
az high temperatures forms an initial first stage and this is
followed by the slow formation of crystal nuclei. The growth of
the nuclei into crystals then constitute the deposit.

The non-casein proteins of millk are relatively heat-labile,
and undergo complete denaturation in 10 minutes at 90 0C, while
the caseins are remarkably stable and withstand heating at 140 °c
for more than 60 minutes at pH 6,7 before coagulation occurs
(285).. Interaction betwesn deraturated p-lactoglobulin and
precipitated calcium phosphate occurred when a soluticn of milk
salts and B=lactoglobulin was heated to 100 °c (286). This may
explain the composition of the aggregates on the surface of the
heat exchanger. The result dcizs not however, explain why the
addition of B-lactoglobulin decreases deposit formation (287).
If the initial adsorption of the aggregates could be prevented,
then presumably multilayer depceit formation could also be
prevented from forminge. Polytetra fluorcethylene (PTFE) which
has poor adhesion characteristics, however, was found to build
substantial deposits (261,284). When the milk soil dried it

could be easily removed from the Teflon surface (284).
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Deposits formed from Coagulated Milk

The adhesion of flocculated casein to contact surfaces can
be troublesome in continuous cheese making. This is especially
so when stale milk, which produces a sticky curd, is used.
'Investigations under the conditions of constant flow (288) and
uiider static conditions (289) have shown that adhesion of clotted
milk was a serious problem when clotting occurred during
circulation.

The coagulation of the milk is based on the reaction of the
rennet with K-casein which leads to ths formation of para-K-casein
and causes the irreversibles coagulaticn of the other caseins.

It has not been established whether the formation of deposits
results from the adsorption of the curd or by a process in which
para-K-casein serves as a bridging spacies for binding further
proteins on to a surface previcusly saturated with protein.

Prior treatment of surfaces with lecithin (290) considerably
reduced the amount of adhesion uf clotted milk, as did pretreatment
by species such as starch, regenerated cellulose, and polyacrylanide
gel, all of which generated hydrophilic surfaces (288), Surfaces
coated with cholestercl, prsducina hydrophobic surfacens gavs
curd adhesion characteristics similar to untreated stainless steel

(288).

2.11 The Role of Detergents and Sanitisers
Dairy detergents are used as aids in the cleaning of milk
lines, and sanitisers are used to control the bacterial level that

may escape cleaning procedures. It is an unfortunate fact that
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many detergent formulations and sanitisers are quite unsuitable for
use under certain conditions and often accelerate deposition
problems.

A detergent's primary function is to remove any residue that
could serve as nutrient for bacteria. A number of authors have
reviewed the physical chewistry of cleaning (291,292,293,296), and
in particular the cleaning of hard surfaces relevant to the dairy
industry (294,295,328,330). The typical formulation of a dairy
detergent includes surface active agent, buffer, builder,?illing
agent, and sometimes anti-redeposition agent, These compounds and

their characteristic properties will be discussed briefly,

a, Surface active agents

Like proteins, these molecules have both a hydrephobic and a
hydrophilic group and their surface activity depends on the balance
between these two structures (297,298)., As in the case of
proteins the association between the water molecules force the
hydrophobic groups of the surfactant from solution (299) and
therefore guod surfactants are concentrated at interfaces. There
are five classes of surfactants:
1. Anionic surfactants dissociate in solution to give a negatively
charged surface active ion and a small inactive cation. Examples
include soap, sodium alkyl aryl sulphonate and sodium fatty alcchol
sulphate.
2., Cationic surfactants dissociate in solution to give a positively
charged surface active ion and a small inactive anion. The
positive charge is localised on a nitrogen atom, sometimes part of

a heterocyclic ring as in the case of alkyl pyridinium salt,



84

Other common cationic surfactants are cetyl trimethyl ammonium
chloride, and cetyl dimethyl benzvl ammonium chloride. Cationic
surfactants play an important role as sanitisers and antiseptic
agents because of their antibacterial properties.

3. Nonionic surfactants do not ionize in solution and the whole
moiecule acts as the surface active agent. The most commonly
used nonionics are the ethylene oxide condensates of alkyl phenols
and f'atty alcohkols,.

4, Ampholytic surfactants have both pasitive and negative centres
on the active molecule and can be either positive or negative in
solution depending on the pH of the solution, due to both the

acidic and basic functions being weake. For example:

+

Coflonq = NH, = (CHy), COO ;
) Neutral solution
- - >
CoH, 1 NH (CHZ)m COOH )
CnH2n+1 - Nﬁé - (CHZ)m COOH + X acid solution
~n = + .
CHyngq = NH = (CHy) COO  +M alkaline solution

5. Zwitteronic surfactants also have positive and negative centres,
but these are internally balanced, and like a nonionic surfactant
the whole molecule acts as the active cleaning agent. This

occurs when both the acidic and basic functions are strong and can

exist over a wide pH range spanning the neutral point.

CH
|
+ -
CaMonst T - (CHZ)m S0
CH,
'CH,COOH
C_H -nt -
nHone CH,,COH
CH,C00 ~

2
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Ampholytic and zwitteronic surfactants are rarely used in
the dairy industry. L

During the early 1960's much attention was focussed on the
biodegradability of detergents. The branched alkyl benzene
sulphonates were not degraded easily and became a biological
problem {300), Standard methods of testing detergents for
biodeoradability are‘ known (301,302).

The interaction of surfactants with proteins will be discussed
in Chapter 11. Some surfactants bind very strongly with proteins
and could be implicated in the formation of deposits by multilayering

effects,

b. Acids, alkaline and bufferirng agents

Both acid and alkaline detergent formulations are used in the
dairy industry. The acid formulations containing: phosphoric,
nitric and sulphamic acid are regarded as best for removing
mirzral depositse The alkaline formulations containing sodium
hydroxide, sodium metasilicate, and sodium carbeonate are considered
best for removing protein deposits. They are also found good for
remeving fatty acid deposits but not lipoidal material. The exact
mechanism of removing the lipoidal material is not known but recent

studies indicate that saponification is only a minor factor (303).

Ce Builders

Builders are used in detergent formulations to enharce the
cleaning efectiveness of the surfactant whan used in water
containing dissolved minerals (304). Their principal role is to

remove from solution the metal ions that interfera with the action
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of the surfactant. Calcium and magnesium ions commonly found in
farm water supplies are effectively removed as soluble complexes

or less effectively as precipitates. The builders also often

serve as buffering and anti~redeposition agents. Examples of

éommon buildars are sodium tripolyphosphate, sodium hexametaphosphate
anc disodium ethylenediamine tetraacetic acid, In some countries
recently, phosphate builders have been held responsible for
contributing to the eutrophication of lakes and considerable

research has been undertaken to find & suitable replacement for

phosphates in detergent formulations (305).

d. Filling Agents
These are inert agents such as water, sodium chloride, and
sodium sulphate that are used to increase the bulk of the

formulation for ease of handling.

- Anti-redeposition agents

Often the redeposition of = soil which has been removed in a
cleaning process can be a problem, Sodium metasilicate is often
used in dairy detergent formulations partly for its anti-
redeposition properties. The siiicates are also well known for
their anti-redeposition properties in textile detergency (306).
Another common anti-redeposition agent, first used about 1940, is
carboxymethyl cellulose which acts as a hydrophilic colloid and

has the following structure:
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CH, 0 -CH, COO Ny
|
0
/ OH \
___J\\L_____//L__.o.___

I
OH

- -

Chemical structure of Carboxymethyl Cellulose (307}

It is of interest to note the similarity cf this structure to
that of heparin (see section 2.7). It seems likely that both
species act in a similar way,.

The effectiveness of antiredeposition agents in textile
cleaning is generally regarded as being due to their adsorption
both by the soil and the fabric interface (308). Carboxymethyl
cellulose is effective as an anti-redeposition agent for only
the fibres with which it can form hydrogen bonds, i.e. fibres
that contain cellulose, e.ge. cotton, nylon and rayon, but not wool,
orlon and acetate (309). Although used extensively ir fabric
cleaning, this compound is not used in the dairy cleaning, possibly

because it interacts with casein causing precipitation (33).
C P

Important Physical Variables

A number of physical-chemical variables are important in
determining the effectiveness of a detergent in a cleaning cycle.
These include the number of contacts, contact time, concentration,
pH, temperature, flow rate past the surface, surface tension

effects and water quality.
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From a study of the removal of synthetic soil from textiles,
it was found that plots of the lcgarithm of the soil remaining
versus the dctergent concentration resulted in curves having
segments that were linear, For the straight line portions, Bacon
énd Smith (310) derived an empirical equation relating the effect
of time (T), detergent concentration (C) and mechanical force (F) to

soil removal (S) as follouws:
s = K(cFT)"

where n and K are constants characteristic of a given system,
The above equation tends to fail after iong contact time, after
most of the soil has been removed anc when soil redeposition
effects become significant (293). It also holds over a relatively
narrow range of concentration and tends to fail completely at high
concentrations, For example i:, the removal of beef tallow from
cotton with sodium dodecylsulphate, maximum soil removal was
achieved at 12 mmol 1—1. Above this concentration decrease in
soil removal occurred (311). In sther studies; soil removal
reached a maximum and then tzcame independent of further increase
in concentration (312,313,314). “he failure of the equation to
take pH into account is an nbviecus shortcominge. For example, in
the removal of milk films from stainless steel by sodium hydroxide
(315), it was found that detergent action was first order with
respect to the concentration of the hydroxide ion.

There is considerable difference of opinion as to the effect
of temperature., Deviations from the behaviour predicted by

Bacon and Smith (310) are frequent (316,317,318,319), This is



partly due to the widc range of conditions studied., For example
temperature has little effect on oily soil removal at
temperatures betwesn 45 °c and just below 100 °c (313). It
could be expected that an oily material would be difficult to
remove at temperatures below its melting point. The effect of
temperature on the desorbing solution is also important. In e
simple system such as sodium hydroxide, the active agent is the
hydroxide ion and this is relatively independent of the
temperature. Certain surface active detergent formulations
however, are very heat=labile and heat causes a decrease in the
surfactant concentration (293).

Bacon and Smith's equation (310) also has limitations in
respect to the effect of applied mechanical force, It has been
reported that the flow rate past the surface is such that until a
Reynolds number of 25 000 is achieved, the rate of removal is
independent of flow rate (320). Beyond this point increased
flow rate and the associated turbulence results in incroased
cleaning efficiencye.

Enhanced dstergency through mechanical action broucht about
by surfacz tension effects, is known as the Dupre effect, This
can result from repeated dipping of the surface into the
detergent solution (321,322).

There have beer numerous attempts to analyse the plots of
soil removal versus time (391,362). Some workers claim that the
exponential terms obtained trom such plots indicate the presence
on the surface of several distinct soils (363,364). No direct

evidence for the existence of such species has been obtained

(293).
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Another important factor that affects detergency is the
qualiity of water used fof'cleaning. A number of New Zealand
dairy farms use water which has a total hardness of between 100 to
200 ppm of soluble calcium and magnesium expressed as calcium
carbonate. Unless correctly formulated, detergents can often
react with this calcium and magnesium to form insoluble compounds.
The most common speéies likely to react with the soluble calcium,
is the carbonate ion either formed from the decomposition of
bicarbonate during water heating or introduced as a component of
the detergent. The calcium carbonate precipitates form very
adherent crystalline scale, Calcium and magnesium silicates
precipitated by the silicates in detergents are moderatsly adherent
while the calcium and magnesium phosphates are very much less
adherent, Calcium hydroxide is reasonably soluble and seldom
cndses a scale, but magnesium hydroxide is sometimes deposited
when caustic scda is added to water (323). Builders such as
E.l'.T.A, are added to detergent formulations in an attempt to form
soluble complexes with the calcium and magnesium ions and so
prevent precipitates from forming. Although reasonably successful
in dealing with water hardness problems in textile and industrial
cleaning, the use of builders in dairy detergents has not been
entirely successful, possibtly because economic constraints prevent
the use of adequate concentrations, In parts of New Zealand, the
water used on dairy farms also contzins amounts of iron considerably
in excess of 1.7 ppm. Initially in the form of ferrous ions, this
iron is eventually oxidised to the ferric oxidation state and forms

brown insoluble ferric oxide. If water high in ferrous ion



91

concentration is used with alkaline detergent, precipitation of a
ferrous hydroxide with subsequent oxidation to the very insoluble
ferric hydroxide can be expected, The effectiveness of adding
builders to dairy detergents to ocvercome the problem of high iron
concentvation has not been fully researched, To date the most
commonly used means of combating the problem is the oxidation uf
the iron by aeration' and removal of the ferric hydroxide formed by

sand filtration,

Clearing systems used in the Dairy Industry

Milkstone, as previously discussed, contains predominantly
protein and minerals and is best removed by solubilising the protein
fraction in alkaline solution and the mineral fraction in acid
solution (325). Most of the effective cleaning systems used in
the dairy industry have incorporated the use of both alkaline and
acid cleaning solutions (325)., 1In practice this was satisfied by
routine alkaline cleaning followed by a periodic acid clean, The
original Ruakura system developed by Whittlestone incorporated the
use of an alkaline detergent for six days followed by an acid
detergent on the seventh day (326). Although this and other
systems proved highly effective in controlling milkstone formation,
the development of a procedure to completely eliminate all deposits
and their associated bacteria has so far nost been achieved. This,
in conjuncticn with the continual demand for a higher standard of
milk quality, has necessitated the irtroduction of sanitisers in
cleaning systemu, Sanifisers are agents tinat can eliminate or at
least control the bacterial contamination of dairy milk lines,

Common sanitisers used in the dairy industry are the cationic
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quaternary surfactants (329) and the iodine based iodophors (327),
both of which are used in the ac’d phase. Hypochlorites have also
been used but have often resulted in considerable build-up of
deposits in the milk lines,
. Every year, many new formulations are developed in an attempt
to reduce the cleaning cost, increase the effectiveness and
convenience of use of the product and also lower energy requirements
(331,332). Before new formulations can be accepted for use in the
dairy industry, they must satisfy stanuards of non=toxicity, non-
corrosiveness, solubility, stability, ron-tainting and absence of
objectionable odours, minimal foaming and finally they must be
effective detergents, A number of procedures have been developed
to evaluate the cleaning effectiveness of a detergent and these
include bench tests, simulator trials and eventually farm trials.
Bench tests are usually l:imited to the testing of a detergent
on a single soil load and do not involve the use of a repeated
cycle system. They ars not usu=ally used for testing a two-stage
cleaning system. Optical methods (334,335,336,337,339), chemical
analysis (333,338,340,341,346,350) radiochemical methads (315,321,
322,342,343,344,345,347,348,349,351) and microbiological methods
(352,353,354) are the most common methods used to monitor the film
remaining after a standard cleaning treatment. Because the bench
tests are of limited usefulness, simulators to test detergents,
under conditions more closely resembling those of a milk line, hae
been developed, These incorporate a rereated soiling=-cleaning
cycle and the residu;l soil is monitored after successive cycles or

at the end of many cycles, The system is usually automatic with
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up to 24 or more complete cycles a day. This considerably
accelerates the soiling process when compared with the twice

daily cycle of a dairy milk line. Simulators operate either by
dipping slides into the various test solutions (355,356) or by
flushing them with various solutions (357,358,359,360). Recently
a miniaturised simulator (189) incorporating the use of radio
iodinated milk was developed, One advantage of this miniaturised
simulator was that it required oniy low volumes of milk in
comparison with other simulators and could be used to monitor each
step of the cleaning cycle.

Al) simulators suffer the disadvantage that the artificial
deposit formed is not necessarily truly representative of deposits
found on the milk lines, and further the bacterial regime wili
probably not have had sufficient time to fully develop. In
addition, all simulator trials are necessarily expensive and time
consuming. Because of the large number of new formulations being
currently submitted for screening, the National Dairy Laborat:ry,
after having used the simulator method for many years, has recently
found it necessary to resort to bench tests as their principal
means of evaluating detergent efficiency (365).

The best test for a detergent or cleaning system is by farm
trials. However such tests are even more expensive and time
consuming than simulator trials and the results are never completely
genertl, It is difficult to do field trials to cover all
conditions of farm cleaning, Normally a field trial would not be
envisaged until the‘detergent had been thoroughly tested and the

cleaning procedure optimised by use of simulators,



94

The wultimate test of a product or cleaning system can only
be obtained by universal use and monitoring over a long period of
time.

One of the important bonuses that has resulted from the
testing of detergent formulations has been the better understanding
of the mode of detergent action on milk films and the nature c:
these films. Much 'is still to be learnad of these aspects and in
part, the present project was undertaken with the aim of gaining

more infuvrmation about the processes involved.

2.12 Score of Prasent Investigation

Tha preceding sections have described the problems caused in
the dairy industry by the formation of protein containing films on
milk contact surfaces. Though considerable effort has gone into
the formulation of efficient detergents and sanitisers to minimise
deposit formation and bacterial colonisation, little is knoun of
the fundamental processes involved in deposit furmation, Though
the solid-liquid surface chemistry of many proteins, particularly
the blood proteins, has been widely researched, there have been
few investigations of the solid-liquid surface chemistry of milk
proteins and even fewer fundamental studies of the interactions of
milk proteins at stainless steel-water interfaces. Even for those
protein systems that have been extensively studied, many difficulties
remain unresolved, These difficulties have resulted in part from
the non-standardisation of experimental conditions employed.
Until the advent of radiochemical techniques, investigations of
protein adsorption was limited to large area systems (powdered

samples) and relatively high protein concentrations., A major aim
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of the present work was thus to develep radicchemical techniques
that would allow the study of protein adsorption on to low surface
area systems at a wider range of concentraticns and under
reproducible conditions.

Milk is a complex physico-chemical system and in order to
understand the adsorption of protein from milk there is a need for
further information about the interactions between various milk
constituents, In particular it was of intorest to study the
micelle~serum interaction in order to determins whether it would be
possible to prepare labelled micelles for adsorpticn studies.

In any adsorption study, the effect of experimental variables
such as pHy; temperature, ionic strength, adsorption time,
concentration, are of interest and may give useful information
about the mechanism of adsorption. From the point o7 view of
cleaning stainless steel surfaces, the reversibility of the
adsorption orocess is of prime importance. Studies of the
kinetics of desorption into various solutions could be of val.e
in understanding the mechanism of desorption and could lead to “he
more rational development of detergent formulations for use in the
dairy industry.

Problems caused by milk protein films only result when
macroscopic deposits are formed, since bacteria cannot multiply on
a monolayer of adsorbed protein., Three possible mechanisms for
the furmaticn of macroscopic protein-mineral films on milk contact
surfaces includs:

(i) repeated adsorption of monomers, polymers, micelles or

aggregatess
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(ii) multilayer adsorption via a bridging species and/or

chemical modification;

(iii) deposited films caused by evaporation, precipitation and/or
thermal modification.

O0f the thres possibilities, two despend upen adsorption processes
either after a single exposure or after repeated exposurs of the
surface to the milk solution. Even if adsorption is not the
principal mechanism of deposit formation, the binding between
protein and the surface will be of major importance in determining
the durability of any film formed.

The scope of the present investigation, thus includes the
radiochemical labelling of milk constituents by iodination, the
development of techniques for low area adsorption and desorption
studies, the investigation of milk protein interacticns at
stainless steel interfaces under a wide range of conditions, studies
of adsorption after repeated exposure of surfaces to adsorbent
solutions and studies of precipitation and evaporation,

Finally, an examination will be made of actual deposits formed in
milk lines for properties that could be used to classify them, or

help to indicate their mode of formation.
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CHAPTER 3

THE PREPARATION OF o B, AND K=CASEIN FOR ADSORPTION

1,
STUDIES
Introduction

Although it is possible to prepara labelled individual
casein fractions by chromatographic separation of iodinated milk,
(see Chaster 5) such procedures result in low specific activity
due to the fact that the iodine is distributed over all the prcteins
present, In addition, the protein fractions are relatively dilute
after gel filtration or ion-exchange and therefore require to be
concentrated by dialysis or ultrafiltration. Such procedures are
made more difficult if the solutions are radicactive and further,
they are lengthy procedures which cause undesirable delays between
the iodination reaction and the use of the labelled fractions.
Ii. is also more convenient to work with one casein fraction at a
time in the adsorption~desorption studies.

For the reasons outlined above, it was decided to prepare
ancd store individual casein fractions for use when required,
Early procedures for the separation of the individual casein
constituents of milk were based upon the differences in their
physico-chemical properties such as the effect of temperature, pH
and ionic strength (particularly of calcium chloride) and their
solubilities (366,367,368,369,370,371)., Such procedures were
tedious and usually involved many steps. Further, they often

gave low yields of impure product. For these reasons, chemical
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methods of separation have now almost entirely been superseded
by chromatographic methods,.

Since the mid-sixties, ion exchange chromatography and gel
filtration have made possible the isolation and purification of
6any previously unrecognised milk proteins, These methods
appeared idsal for the preparation of high purity fractions
suitable for use in adsorption and tracer studies, Possible
limitations of such procedures in preparative work are those of
column size, fraction volqme and amounts of reagents required to
obtain large samples, Thus it was fcund convenient to combine
chemical and chromatographic procedures in the preparation of
B-casein.

In any protein separation procedure, the methods used to
identify and characterise the various constituents are of high

importance. For milk proteins, disc electrophoresis and

absorbance measurements sufficed,

Preparation of Whole Casein

The casein used in 2.1 the separation procedures, was
obtained from fresh Jersey milk, This was centrifuged for
20 minutes at 3500 rpm in 2 Sorvall GSA rotor centrifuge to
remove the fat, and acidified to pH 4.6 by the addition of HCl at
35 °C.  The casein precipitated was separated from the whey
proteins dissolved in the supernatant liquid by filtering it
through muslin, The precipitate wac then ashed thoroughly with

distilled water and stored frczen at -20 oC.
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3,3 Preparation of @ ~casein

1

as1mcasein accounts for approximately 50% of the total casein
of milk and is readily separated from B, K, and Y —caseins and the
other « fractions on a preparative scale by ion exchange
chromatography (372).

The procedure employed was essentially that of C:eamer 7373)
using a Whatman DE52 DEAE=cellulose with a 2.5 x 40 cm columr.
The casein was dissolved in 0,01 mol 1-1 imidazolg~HCl buffer =zt
pH 7.0 cuintaining 4.5 mol l-1 urea., The sample was eluted from the
column using the same urea-imidazole-HCl buffer and a salt gradient
from 0 te 0,30 mcl l-1 NaCle Fractions were collected with a
LKB 7009 Ultrarac Fraction Collector. The absorbance uas
continually monitored with either a LKB Uvicord II or a Cecil 272
Ultravivlet spectrophotometer at 280 nm, Initially six or more
ovams of the casein were dissolved and placed on the column in an
attempt to prepare large amounts of P and K~casein as well as
0%1-casein. It was found that with this quantity of casein, very
poor flow rates were obtained., The problem was partly eliminated
by using a Peristaltic Pump P3 (Pharmacia Fine Chemicals) and by
pumping the solutions through the column at a very slow flow rate.
Houever, it was still found that the casein settled at the top of
the column and difficulty was experienced in getting it into the
column.

Improved results were obtained when the amount of casein was
kept to less than two grams and a peristaltic pump was used to
maintain a constant flow rate through the column. The result of

a typical run is given in figure 3.1. Samples were collected



100

Figure 3.1
Chromatographic separation of milk casein

S Casein
1.5+

B-Casein
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density
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K- Casein
- ¥- Casein
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Columns 2.5 x 40 cm Whatman DES52 DEAE = cellulose
Eluent: pH 7.0, 0.01 mol 1-1 imidazole~H(1 buffer, 4.5 mol l‘_1
urea.

Salt gradient 0 to 0,30 mol 1”@ NaCl

o
Temperature 4 C,



every five ml and a total volume of approximately €0C ml was
passed through the column at a flow rats of about 30 ml per hour.
Samples from the various five ml lots which were expected to
contain the 051-casein fraction were run on the disc
.electrophoresis (see Appendix 2) and compared with a casein

sample to determine their puritye. Those containing only the pure
as1-casein were combined together, concentrated by dialysis in a
bed of polyethylene glycol flakes. After concentration, the
as1-casein was dialysed with five litres of distilled water which
was changed at least three times over & period of about 18 hourse.
A sample was again checked for protein purity by disc electro-
phoresis (see Figure 3.5) and a rangs of solutions of knouwn
dilutions were prepared and studied on the Unican SP 1800
Spectrophotometer at 2806 nm, Using the literature extinction
coefficients for o, ~casein B {cee Table 3.1) and the optical

1

density reading for the various solutions of the o ~casein (see

1
Figure 32) the concentration of these solutions was determined
and hence the concentration in the original dialysate estimated.
A good correlation was obtained for the estimates made from the
various diluted solutions indicating that Beers law was being
followed, Generally the protein concentration in ths original

dialysate ranged up to about 0.03 g ml-1. A spectrum scan from

200 nm to 700 nm was also determined at 14.5 x 10-49 mi~! and is
given in figure 3.3. Finally, in order to provide an independent
check on the optical method, 0,054 grams rf the concentrated

as1-casein was placed in a weighing bottle made of borosilicate

glass and heated for twelve hours at 105 OC. It was then allowed

101



Table 3.1

@ _=-casein
s1

o _-casein
s1

o __-cassin
81
B-casein
B=cassin
B-casein

K=casein

K~casein

Extinction Coefficients of some Milk Proteins

at 278 nm

A

B

B lactoglobulin

« lactalbumin

E = Extincticn Coefficient

Ei/cm2 9-1

0.46

0.47

0.45

1.05

1.05

0.95

2.02

Reference

366

366

366

374

374

374

375

375

376

377
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Figure 3.2
Concentration Dependence of Optical Density of

casein fractions
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Figura 3.3

U.V.=Visible Spectra of milk caseins
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to cool for two hours before rewsighing. From this weight, the
dialysate concentration was obtained and this agresd within
experimental error, with the optical method. This result confirms
the value used for the extinction coefficient and shows that the
dialysaie was free of dissolvad material.

After dialysis the 40 ml of prepared asrcasein Jas divided

into twenty 2 ml sambles. These were deep frozen and stored at

-20 °c,

Preparaticn of Be-casein
Approximately 30 to 35% of whole casein is B-casein, Bacause

of the limited capacity of the columns for casein, it was decided

"that a prior chemical separaticn, by removing most of the

as-casein, would facilitate the preparation of the desired amounts
o chromatographically purified p-caseine. Crude PB=-casein was
prepared by the method of Ashaffenburg (358) (see Appendix 3).

A yield of about three grams of crude PB-casein was obtained., Disc
electrophoresis showed that a significant amount of Kecasein and a
trace of as-casein was present. These components were removed by
passing the sample dissolved in urea solution down a DE52 cellulose
column. The optical density trace of the eluent from the column is
shown in figure 3.4. The fractions were identified using disc
electrophoresis, the pure B -~casein fractions were combined,

concentrated and dialysed as in the method used for o ~casein,

1
The optical dersity of a range of diluted soalutions were determined
figure 3,2) and using the literature extinction coefficient for

P~casein, the concentration of these solutions and that of the
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Figure 3.4
Preparative Chromatography of f-casein

from crude f-casein.
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concentrated dialysate were determined, A spectrum scan from
200 nm to 700 nm at a B~-casein concentration of 14,5 x 10-49 m1-1
is given in figure 3.3. Finally to provide an indepandent check
on the optical methecd, 0.060 grams of the concentrated B-casein was
dried for twelve hours at 105 °C and then weighed, following the
sameg procedure used with as1-casein. From this weight, the
dialysate concentration was obtained which agreed
within experimental error, with the optical method.

In order to check the sensitivity of disc electrophoresis in
menitoring product purity, a range of @-casein standards from

1 to 5 x 10-69ni-1 was prepared and run, The

8 x 10-59 ml~
results indicated that the msthod was sensitive to at least

1 x 10-59 ml~! of B-casein. (See figure 3.5),

Preparation of K-casein

K=casein is present in even lesser amounts than B-casein.
Only 10-15% of the total casein is K=casein and bacause of this low
concentration it was again considered desirable to prepare crude
K=casein by chemical means and to purify it if necessary, by column
chromatography. Although the chemical method of McKenzie and “ake
(371) was attempted a number of times, the yield obtained was
inadequate,

A limited amount of K-casein was therefore prepared by repeated
chromat.ographic separation of whole casein as described previously.
The K=-casein was identified by disc electrophoresis and the
concentrations were obtained from optical density measurements and
confirmed gravimetrically, A spectrum scan of K=casein from 20C nm

to 700 nm is given in figure 3.3,



108

Figure 3.5

Purity of x 4= B and K-casein determined by

disc electirophoresis
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3.6 Conclusion
From the methods described, casein fractions of @oqr B
and K-casein were prepared and were shown to be of adequatse purity
for studies of the adsorption properties of the individual casein

constituents of milk.
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CHAPTER 4

PREPARATION OF RADIOCACTIVE PROTEIN TRACERS BY RADIGIODINATICN

‘Introduction

The reaction of iodine with milk proteins is of interest
for two reasons, Firstly the technique of radiciodination offers
the possibility of preparing labellzad milk proteins cf high
specific activity suitable for use as tracers in adsorption
studies, Secondly with the increasing use of iodophors as
sanitisers in the Dairy Industry, iodine contamination of milk is
an ever present possibility., Thus, studies of the interaction of
I2 andll- with milk constituents are of practical importance.
Radioactive iodine providss a powerful tool for investigating
the fate of iodine added to milk and studies of this aspect will
be discussed in Chapter Five. This chapter wili be concerned
with the radioiodination reactirn as applied to the preparation of
radioactive tracers from isoclated and purified milk constituents.
Theoretical aspects of the iodination reaction and the stability

of the iodinated product wiil alse be discussed.

The Technique of Radioiodination

1. The Iodination Reaction

The technique of radioiodination gained prominence during i.he
early 1960's as a method of preparing the radioactively labelled
proteins and hormones required for use in the procedure knoun as

radioimmunoassay, originally introduced to study plasma insulin
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(379), and which is now used routinely to detect minute amounte of
hormones and other biologically active substances,

Generally the predominant iocdination reaction under the
conditions of near nsutral pH, room temperature and a mild
oxidising agent,involves tyrosyl residues. fiono and diiodo

derivatives can be formed as folious:

1 o1

() ~

O~L S-S 11O~ S~ -@ Dy
I

The reaction can also involve cysteinyl and histidyl

residues especially at high pH (380)

®j‘:§H> iz = ®—‘I:N S+l —> ®_HMN\,-I

P —5sH + 1, — (P — 3l LT @-— 5~ OH
@-SH \ (o]
®-5-5-@ ®- 503

Geﬁerally this reaction occurs after all the tyrosyl residues have
been fully iodinated.

Under harsh conditions in the presence of repeated
additions of iodine tryptophanyl and methionyl residues ay also
be affected (381),

For the purpose of the discussion that follows it can be
assumed that conditions employed were those for which the tyrosyl
residues are considerably mors reactive than the other groups that

may undergo the iodination reaction.
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In the present discussion it will be convenient to classify
the iodination reactions as being high level or low level depending
upon the number of iodine atoms incorporated per molecule of
protein. Low level iodination will be used in cases where zero
or only one iodine atom is incoerporated. High level iodination
will be used when more than one iodine atom is incorporated.
Species with up to 7% by weight of iodine per protein have been
prepared by addition of finely ground iodine to an alkaline
solution of skim milk (382). A more recent method involved
adding large amounts of potassium iodide and an oxidising agent to
a protein solution (383)., In both preparations the iodinated
protein was sgparated by precipitation at its isoelectric point.

Products of such reactions are likely to have quite
different biological, chemical and physical properties because of
the large amouni of iodine bound to the protein. In additien to
the formaticn of diiodo derivatives, oxidative coupling of'tyrosyl
residues leading to the formation of small amounts of thyroxir.e
has been observed (384)., Iodinated derivatives prepared by
methods such as those mentioned above have application in the
treatment of myxoedema and in studies of substituent effects on
phenolic pKa of the tyrosyl residue,

The actual number of possible iodinated derivatives increases
rapidly as the number of tyrosyl residues is increasede With
a sing. e tyrosyl derivative there are two possible iadination
products corresponding to mong-iodination and di-~iodination,.

For two tyrosyl residues the number of possible derivatives is 8

(see Table 4.1), and generally the number of possible derivatives
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is equal to n3 where n is the number of tyrosyl residues,

N

Table 4.1
Iodinated Derivatives of a Protein Containing
Two Tyrosyl Residues
Iodine Atoms on Iodine Atoms on Total
Tyr (I) Tyr (I1) Todir:e
Atoms
"Low Level" ( 0 1 1
(
Iodinztion ( 1 0 1
( 1 1 2
(
"High Level" ( 0 2 2
(
Todination ( 2 0 2
(
( 1 2 3
(
( 2 1 3
(
( 2 2 4

2, Mechanism of Iodination

Though extensively sfudied, the mechanism for iodination of
phenolic substituents and the nature of {he iodinating speciss is
still open to conjecture. Attack of the ionised and unionised
phenol by hypoicdous acid (385), the phenoxide ion by acyl
hypoiodite (386), the phenoxide ion by iodinium ions (I+) and the
phenoxide ion by molecular iodine (387) have all been suggested.
It seems unlikely that the reaction involves the iodate anion (388).
Recent studies appear to favour attack by molecular iodine (389,390,

391), although supporting kinetic evidence is sparce.

3o Distribution of Iodine in Iodinated Protein

It is clear that not all tyrosyl residues are iodinated with



equal facility, Thus in the iodination of human growth hormons
which has eight tyrosyl residues, only two of these react freely
with iodine. Iodination at a level of 3~4 iodine molecules per
protein molecule has shown that almost 80% of the radimactivity
is in the form of the diiodinated tyrosine (392) despite the fact
that only 20-25% of the tyrosyl sites have been saturated,

In the incorporation of iodine into ribonucleass (393) at
pH 8,5, it was observed that up to the addition of one mole of
iodine per mole of ribonuclease, only monoiodo tyrosine was formed.
At higher levels of iodination, diiodotyrosine started tv be formed
and at the level of four moles of iodine per mole of
ribonuclease, the amount of diiodytyrosine increased rapidly with
a concomitant decrease in the amount of monoiodo tyrosine.

Also appearing at this stage was monoiodohystidine, At the level
of eight iodine moles per mole »f protein the tyrosyl residues were
predominantly diiodotyrosine with a small amount of diiodo and
monoidohistidine,

The distribution of iodine af'ter iodination of human K
Bence-Jones protein has alsc been investigated with special
emphasis given to the tyrosyl residue 173 and 186 (380). In
tyrosyl residue 173, monoiodiotyrosine was produced rapidly,
reaching a maximum at approximately two moles of iodine per mole
of protein, At higher levels of iodinaticn (5-6 mcles iodine
atoms per mole of protein} the tyrosyl residue 173 uwas
predominantly diiodotyrosine. The tyrosyl ie2sidue 186 was very

much less active and up to about 5 moles iodines per protein
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molecule only monoicdotyrosinz was formed. Above this concentraticn,
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diiodotyrosine commenced to be formed slowly at first and then
rapidly with further increases in iodine concentraticn,

In the iodination of couws' milk, Potter and McIntyre (394)
reported that they found only monoiodotyrosine whereas Murphy and
bampbell (395) found 65-68% of the iudine as mono-iodo tyrosine,
6~7% as diiodotyrosine and 2.9-3.5% as thyroxine. These
apparent differences probably arose from variations in the natural
concentration of iodine in the milk used.

It appears,; then, that under miid conditions and with
iodine concentrations such that there is less than one mole of
iodine available for each mole of protein, the iocdinaticn reaction
will in general yield labelled proteins containing one mona-iodo-
tyrosyl residue as the predominant derivative. The milk
proteins of interest ali have several tyrosyl residues so it can
be expected that under the apprcpriate conditions the desired
monoicdo derivatives can be formed.

A discussion of the effec! of environmental factors on the
reactivity of the various tyrosyl residues towsrds iodination is

included in Chapter 5.

4, The Effect of Iodination on Protein Properties

In using iodinated protein for adsorption studies, one of
the essential criteria to be met is that the iodinated and non-
iodinated proteins are identical in chemical and physical propertiese
This is also a basic assumption in radioimmunoassay studies.

The two prcblems associated with iodiration are the effect

of adding iodine to the protein molecule and the effect on the



protein of the different chemicals used during the iodination
reaction. -
(a) Effect of adding iodine to the protein molecule

Substitution of an atom of icdine for a hydrogen atom results
in a m2gligible change in the molecular weight of a protein
molecule, Hence mono-iodination would not be expected to re-uit
in appreciable change in the physical properties determined by size
and weight. The major chemicai effect of iodine substitution is
the lowering of the pK, of the phenolic hydroxyl of the tyrosine.
Mono=iodination decreases the pKa value from 10,1 to 8.2 and di-
iodinaticn decreases it further to 6.4 (396). Although the PKa'S
of tyrosyl groups are affected by environments, this samz trend is
exhibited by moniodinated and di-iodinated tyrosyl residues of
proteins. For example, the values for thyroglobulin are 11,35,
9.3, and 7.3 respectively for the pKa values of tyrosyl, mon-
iodotyrosyl and diiodotyrosyl (397).. Although the pKa values are
lcwered by iodinatien it is generally agreed that providino no more
than one iodines atom per protein molecule becomes labelled, there
is no change in the biological activity of the molecule (438).
(b) Effect of different chemicals used during the iodination

reaction

The presence of oxidising agents is usually required during
the iodination reaction and these could lead to the breakdown of
the protein. Generally, esvidence for the absence of oxicative
breakdown by a particular technique.can be obtained by shouwing that
liormones, very susceptible tc denaturation, show no loss of immune-

activity after low level iodination,

1

6
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Relatively vigorous conditions ars required for the oxidation
of iryptophyl, methionyl and histidyl residues (381), These
groups are generally more easily oxidised as free amino acids than
as components of a protein,

Numerous oxidising agents have been used and largely as a
result of the many variables involved, there remain maryy confliicting
opinions as to which is preferable (399,400,401).

Chloramine T method (see next section) does appear to cause
aggregaticn of certain proteins such as fibrinogen (402,403) and
albumin (404), These aggregates can be prevented by using low
concentrations of Chloramine T or can be removed by adsorption on
to a Sephadex column,

Under the same conditions and concentrations, the distribution
and labelling percentages of the various tyrosyl residues with
irdine-125 and iodine-131 are the same (405), showing that both the

radioactive iodine isotopes behave similarly.

5. Review of Radio-Iodination Procedurss

Procedures for the radioiodination of proteins by substitution
of radioactive iodine into the tyrosyl residues invariably invclve
the oxidation of added radioactive iodide as an essential step in
the reaction, A variety of methods have been used to effect this
oxidation and the various ivdination procedures are often known by
the nature ot the oxidation step. In addition to the nature of the
oxidising agent, the iodination reaction is critically dependent
upon such conditions as ;H and the concentraticn of iodide and

protein, as well as that of the oxidising agent.
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An early method of radio-iodination was based on the use
of iodate (406), This ﬁethod, however, gave a low efficiency of
iodinatior and when whole casein, f-casein and B-lactoalbumin
were iodinated, iodination efficiency of approximately 10% was
obtained (407),

In crder to avoid the addition of an oxidising agant to ths
protein solution, iodine and chlorine vapour have beer used in
some icdination procedures. Human grouth hermone {408) and bovine
thyrotropin (409) were labelled by distilling radioactive iodine
into the protein solution which in some cases contained sodium
iodide (4%0), Unbound iodine was then removed by dialysis,
lodination efficiencies of up to 66% have been reported, A safer
variation of this method employed the use of chlerine vapour to
liberate iodine from iodide solution.

Todination by iodine vapour is of interest in connection with
a postulated mechanism for iodination based upon mclecular jodine
as the reactive species,

Iodine menochloride was introduced as an oxidising agent for
the iodination of proteins with radioactive iodide in 1956 (411).
A disadvantage of the iodine mcnochloride method is that it
introduces carrier iodide which not only reduces the iodination
efficiency, but also the specific activity of the product (412).
In a study with albumen at pH 8.0 it was found that preferential
oxidation of ~5H groups occurred and enly 0% of the isotope
became substituted in the tyrosyl residue of the protein (413).
Recently the efficiency has been increased by using radioactive

iodine monochloride and radioactive iodide, but this introduced
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the problem of requiring two radioactive sources for every
iodination.

A method based upon the use of chloramine T (N=chloro-p-
toluenesulphonamide) was developed by Hunter and Greenwood (414) in
1962, Chloramine T in aqueous solution slowly generates

hypochlorous acid and this oxidises iodide to iodine,

e
— cl _ 5
s = N 50N+ 0 == es— ¥ — 50, Nt + I

== Na* - +Na

00® + 219 + 20® = ¢1® +H 0+ 1,

In the presence of protein and carrier-free radioactive
iodide, iodination at very high specific activity can be achieved.
The chloramine T concentration should be sufficient to oxidise the
radioactive iodide without being present in concentrations likely
to cause deraturation or aggregation of the protein. The exact
amount depends on the efficiency of the iodination desired (413).
In order to prevent oxidative damage to the protein, the reaction
is terminated by the addition of a reducing agent, usually sodium
metabisulphite, An advantage of this chloramine T method is that
the low molecular weight reagents are easily removed from the
labelled protein product. It has been successfully applied to the
iodination of many proteins, including hormones and membranes,

An electrochemical method of radioiodination based upon the
electro~oxidaticn of iodide to iodine (416) has been quite
extensively used as an iodination procedure (417,418). Usuzlly

the reaction is carried out in a 10 ml platinuin vessel which formed
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the anode and a platinum wire was used as the cathode. Although
the procedure gives high labelling efficiency, with minimum protein
damage, the specific activity of the icdinated product is low
because of the large volume of protein solution required,

More recently a semi-micro technique has been developed (419),

but even with this method specific activities obtained are mucn
lower than the chloramine T method.

Enzymatic oxidation by peroxidase enzymes such as
lactopercxidase (420) and horse radish peroxidase (421) have been
used for iodide to iodine oxidation in the iodination of peptide
hormones far radioimmunoassay (422) and of membranes (423).

A disadvantage of the enzymatic method is the difficulty of
separating the enzyme from the labelled protein at the completion
of iodination.

A non oxidative iodination proqedure based upon the use of an

iodinated acylating agent has been develop2d by Bolton and Hunter

(1c73) (424).
125
__'// Q\ - _ "- //-_- Bolton and
HO \ / CHz CHz C-0-N Hunter :eagent
I125/ o 0)/_

Because the acylating reagent reacts with free amino groups, the
method is ideally suited to proteins such as secretin which lack
tyrosyl aronps (425), This method has also been used to lsbel

growth hormones (426). The volatility of the acylating reagent

however, causes low efficiency of iodination and gives rise to a
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possible health hazard, Diazotized iodosulphanilic acid has been
used to label cellular membranes and can be used as a substitute
for the Bolton-Hunter Reagent when it is undesirable to label

terminal amino groups (429,430),.

125, 505H
Ty
e Vd
N®=N
. C‘@ Diazotized iodosulphanilic acid

Diazotized (355) sulphanilic acid has also been used to label tha
outer surface of cell membranes (431).

Of the various iodination procedures that have been developed,
it appears that the requirements of high iodination efficiency,
high specific activity of the iodinated product and ease of
separation of the iodinated product from the icdination reagents,
favour the use of the chloramine-~T method. Alternatively the
iodine vapour method may be worthy of further investigations if a

high efficiency of iodinatioun can be achieved.

6. Separation Procedures

It is of the utmost importance that the radiochemically
labelled species to be used in tracer studies is as chemically and
physically identical to the non-labelled species as possible, It
follows that it is essential that unreacted Zodide, iodinating
reagents and breakdown products be removed from the protein before

its use in adsorption studies. Numerous methods have been employed
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to separate the unbound iodine from the labelled protein. These
include: acidification, centrifugation, solvent extraction,
dialysis and various gel filtration techniques. The efficiency
of separation achieved has been found to vary guite widely
depending upon the method used and tte chemical form of the
untound iodine, For example, extraction with trichloracetic acid
indicated iodine binding to milk protein to be two to four times
higher than a separation technique tased upon an exchange column
(427). Denaturation ef the protein diving solvent extraction
may have been a contributing factor.

Gel filtration is a tried and tested method for protein
iodination procedures, making it the obvious choice for the present

study.

Chloramine-=T Iodination of Casein

In the previous section it was concluded that the chloramine-T
method of iodination would proba®ly provide the most convenient
means of iodination of milk proteins for use as tracers in
adsorption studies. The application of this method to the
iodination of casein is discussed bzlow.
Experimental: The Chloramine~T method which is reported in Appendix 4
was used to iodinate P-casein (prepared in Chapter 3). After the
iodination, the reaction mixture was then transferred to a column
containing one gram of Sephadex G25 fine resin to separate any free
iodide from the iodinated protein, The Sephadex G25 resin had
previously been equilibrated fer 18 hours in sodium cacodylate

buffer at pH 6.8. After placing the iodinated protein mixture on



to the column, it was washed with sodium cacodylate buffer at
pH 6.8 and one ml samples were collected., The iodinated proteain
was collected in the third vial containing one ml and the free
iodide in the sixth vial containing one ml of solution,

A number of experiments were performed to investigate the
important variables involved in this iodination reaction and the
suitability of the iodinated protein for use as a tracer. The

following are the results of these investigations,

1 Effect of delay in adding the reducing agent

B~casein was iodinated with increasing delays between the
addition of the oxidising and reducing agents. Results shouw
(see Figure 4.1) that at least thirty seconds reaction time are
required in order to obtain maximum iodination efficisncy. In
all future experiments the oxidising agent was allowed to react

for 45 seconds before addition of the reducing agent,

2, Effect of pH on iodination

123

Although it has been reported (378) that iodination efficiency

is highest at pH 7.4, the efficiency was checksed at pH 6.8 to
determine if iodination could be carried out at the pH of milk.,
It was found that the efficiency dropped from approximately 8C%
to approximately 40% on decreasing the pH. All iodinations were
therefore performed at pH 7.4. The pH of the product was
subsejuently lowered to 6.8 during the sephadex column separation
procedbre, as this was the pl of milk and adsorption and tracer

studies were initially investigated at this pH.
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3. Effect of Oxidising Agent.

The effect of adding the protein to the reaction mixture

125

before and after the addition of the oxidising agent was investigated.

No significant difference in the efficiency of iodination was
ébserved. It was concluded that the active species in the
iodination reaction is a species present in the oxidised solution
rather than a transient formed during the oxidation step,

The formation of aggregates during iedination was also
investigated using a G175 sephadex gel in a column 30 cm x 2 cm
to separate the high aggregates from the rest of the solution.

A sample of Pe-casein in buffer pH 6.8, and spiked with

freshly iedinated PB-casein, was passed down the column. The
B-casein and the radioactively labelled PB-casein occurred at the
same peak with a very small peak (~ 0,5%) of radioactive PB-casein
appearing at the solvent front, This result showed that the
labelled and unlabelled B~casein on a Sephadex column behaved the
same, there being no significant 1ggregation of the iodinated

protein (see Figure 4.2).

4, Effect of Temperature on Iscdination

The iodination of p~-casein at 20 °c and 35 °C was compared.
At 35 DC, the efficiency of iodination was decreased by twenty
percent. It is possible that this decrease was due to the
volatilisation of molecular iodine. All Tuture iodinations were

therefore carried out at room temperature.
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S5 Effect of Age of the Radioactive Iodide

Under identical conditions the efficiency of iodination
decreased considerably when sodium iodide-125 that had been
standing for one month was used, Fresh iodide typically gave
iodination efficiencies of 75%, but on standing the stock sodium=-
iodide -125 for one month, the efficiency dropped to 20 to 30%.

AR possible explanation for this effect is that the iodine-125,
carrier free and free of reducing agents, is oxidised, possibly to
iodate. Paper chromatogpaphy was used to investigate the aging
effect, Three samples were useds a fresh stock solution, a sample
about fifteen weeks old, and a dried sample about twenty=four weeks
old, A solution of this third sample was obtained by adding a
buffer solution of pH 7.4. The efficiency of iodination of
B~casein with these solutions was determined, Samples of the
radioactive iodine solutions w:re chromatographed on a Whatman No.4
paper in a large air-~tight glass tank. The solvent used was five
parts by volume of ethanol: one part by volume of 1N ammonia,

After running until the solvent firont was 1 cm from the bottom of
the paper, it was removed, dried and autoradiographed, The spots
were identified (428) and the activity in each spot is summarised
in Table 4.2,

The results show that aging resulted in a decrease in iodide
and an increase in iodine, iodate, an unidentified species, and
periodate or "colloid bound" iodine immobilised at the origin.

In the case of the 24 week old sample th2 urknown and the periodate
spots were considerably more intense than the spots for the other

iodine speciss. The decrease in efficiency of iodination appears



Table 4,2

Chromatographic study of Aged Iodine-125

Age

Efficiency

of iodination

Percentage

Distribution
Origin (Periodate)
Unknown
Iodate
Iodide
Iodine

Streaking

2 weeks

68%

6.0

2.4
76,6
262

10.0

15 weeks 24 weeks
(dried deposit)

11% 14%
8.0 31.0
3.0 21,0
11.4 5.0
51.1 8.0
12,0 10,0
15.0 23,0

to correlate with the increase in iodate, the unknown, and t-e

periodate, Houwever, the decrease from 78% to 51% in the

percentage of iodide does not completely explain ths decrease

from 68% to 11% in the iodination efficiency. It can be

concluded from the above results that thes decrease in iodination

efficiency was due to formation of a higher oxidation stats of

iodine. A possible means of regenerating the old stock

solution could be treatment with a reducing agent,

Attempts to regenerate the old iodine =125 were made by

adding metabisulphite to thz radioactive iodine. Sufficient

oxidising agest was then added to the soclution to oxidise excess

reducing agent and the iodination mixture in the usual manner.

The oxidised step was monitored on paper chromatography and the

128
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results are shown in Table 4.3. The reducing agent appeared to
have reduced all the iodine to iodide, but the higher oxidation
states were virtually unaffected. The efficiency of iodination
increased only fractionally and was still unacceptally low, even

though there was a large amount of iodide in the solution.

Table 4.3
Effect of Reducing Agent on Aged Iscdine=125
Percentage Distribution
After Addition of
metabisulphite
Origin 8.0 765
Unknown 3.0 2.8
Iodate 1.3 11.8
Todide 51.1 66,0
Icdine 12,0 2,0
Streaking 15.0 8.0

It was concluded that the higher oxidation states either prevented
the formation of the iodination species during chleramine T
oxidation or inhibited the reaction of this species with the
protein,.

Paper chromatography also offered a convenient means of
following the iodination reaction, In an attempt to isolate the
active species in iodination, a paper chromatogram was run after
chloramine T had been added to the fresh iodide solution and again
after the addition of metabisulphite (see Table 4.4), After the

addition of chloramine-T, streaking over the length of the
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Table 4.4
Iodine Species present during iodination

reaction
Percentage Distribution
Fresh iodine=125 Added Addition of

Chloramine T metabisulphite
after Chloramine T

Origin 6.0 38.0 7.8
Unknown 0.6 5.1 4,1
Todate 2.4 3.6 13.2
Iodide 78.6 - 62,6
Iodine 2.2 11.0 4,0
Streaking 10,0 41,0 8¢

chromatogram and a considerable increase of the activity at the
origin was observed. This streaking could be due to the "bleuading
of f" of iodine from an insoluble species (such as collcidal or
crystalline iodine) localised at the origin.

The effect of adding metabisulphite to the chloramine-—T
oxidised solution is also shown in Table 4.4, It is clear that
most of the species that gave streaking had been reduced to iodide,
and that very little change occurred in the amount of activity at
the origin, It is of interest to note that the percentage of
metabisulphite reducible iodine formed after the chloramine-T
treatment correlated closely to the iodination efficiency. This
is probably the free iodine formed upon the addition of chloramine-=T,

In conclusion it has been observed that the iodination

efficiency decreases with the age of the sodium iodide-125 stock
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solution, This decrease has been correlated with an increase, in
the iodination solution, of species with oxidation states higher than
iodine. The use of sodium metabisulphite did not significantly
reduce these species or significantly increase the iodination
efficiency. Possibly a more effective reducing agent could effect

better regeneration of the iodination species.

Stability of Iodinated Protein

The stability of the iodinated protein with age and in a
number of different solutions was investigated.
(a) sStability with age

0.025 ml of pB-casein was iodinated, separated from the
unbound racio-~iodine and stored in a refrigerator at 4 OC. Every
second day a sample was removed and passed down a Sephadex G25
column to deterisine any breakdown, It was found that no bre~akdown
occurred until after between fifteen and twenty days, All radig-
icdinated protein tracer solutions were used within seven days: of
their preparation or fresh samples were prepared.
(b) Stability in the presence of 0.1 mol 171 K1 solution

0,025 m1 of the iodinated protein was placed in 0,40 ml c¢f
0.1 mol 1“1 KI solution and left for thirty minutes. The sample
was fhen passed down the Sephadex column and 1 ml samples were
collected., No radioactivity was observed in vial No.6 indicating

that nn exchange between the bound and the unbound iodide had

occurred,
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(c) sStability in the presence of acid or alkalinec solution

0,025 ml of the iodinated protein was placed in 0,40 ml of

1

0.2 mol 1~ NaOH and left for thirty minutes. The sample was

then passed down a Sephadex column and 1 ml samples were collected.

No radioactivity was observed in vial No.6 indicating that no

breakdown of the radicactive iodire bound to the protein had
occurred. This was also repeated using 0.2 mol l"1 HCl and
after leaving for thirty minutes, it was neutralised and again
passed down a column, Again under tnese conditions no breakdown
was observed to occur,
(d) sStability in hot water

Labelled protein solution was heated up to S0 °c for sixty
minutes. It was found that 5% free iodine was formed from the
iodinated protein.

These results show that the iodinated protein is stable and

thus suitable for use as a radioactive tracer.

Degree of Protein Labelling

As discussed at the beginning of this chapter it is desirable
that no more than one iodine atom react with each protein molecule,
Considerable care was taken in all iodinations, to make sure that
the number of iodine atoms available for reaction never exceeded
the number of protein moleculés. Data for a typical iodination
were as follows: Approximately 1 x 10-3 g of protein

(4 x 10-8 moles) and about 0.2 mCi of carrier free radioactive

iodine were used.

132



133

Since,

and >\ 0.623

]
‘I{

Therefore in 0,2 mCi I=-125, N = 7,75 x 1013 atoms
ices 1428 x 10-10 moles of Iodine atoms were present in
the reaction mixture. Thus there was a large excess

of protein molecules,

4,6 Some Preliminary Tests of Radioiodinated Proteins as Tracers

A nccessary assumption in the use of a radiocactively labelled
species in tracer studies is that both labelled and unlabelled
specizs behave identically. Chromatography and electrophoresis
experiments were performed to test the validity of this assumption
fcr the case of iodinated milk proteins,

A mixture of pB-casein and radioiodinated B-casein were
passed down a Sephadex G150 column and the eluent monitored
spectrophotometrically and radiochemically. The results are shouwn
in figure 4.2, which shows that both species were eluted together.

A more rigorous test was performed using disc electrophoresise.
A mixture of Ogq9 £ and K=casein and the corresponding radio=-
iodinated caseins were applied to acrylamide gel columns (see
Appendix 2) and a current was applied for fifty minutes. The gel
columns were stained to monitor the 'nlabelled protein and sliced
into 0.2 cm thirk sections in order to monitor, by radioactive
counting, the labelled protein, The results indicated that

within the limits of resolution of the technique, both labelled and
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unlabelled species behaved identically.

4,7 Conclusion
From the above experiments it was concluded that radio=-
iodinated proteins have potential for use as tracers in the
investigation of protein surface chemistry. The validity of
their use in isctope dilution studies is demonstrated in

Chapter 7.
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CHAPTER 5

FURTHER ASPECTS OF THE IODINATION REACTION

Intreductien

Interest in the iodination reaction resulted initiallv
from the fact that it offered a means of preparing radioactively
labelled milk protein fraction for use in radio~tracer studies.
However the reactions of jodine species with milk are of
considerable interest in their own right. Chloramine T
iodination of skim milk was eof interest because it offered an
alternative means of preparing labelled protein fractians,

Also labelled casein micelles might be prepared by separation
techniques subsequent to the iodination reaction, Direct
iodination of skim milk, providing the labelling of all protein
constituents in both serum and micelle was to approximately
uniform specific activity would provide a convenient means

of preparing a radioactive protein tracer for use in general
milk studies.

During these investigations it became clear that tyrosyl
residues had particular iodination affinities according to their
environments within the protein structure. This idea was
developed into a model for the brediction of the iodination

affinities of the various milk caseins,
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5.2 Reaction of Iodine Species with Milk
The reactions of iodine species with wheole milk are of

interest because radioactive iodine is a significant component
of nuclear fall-out and because of the extensive use of
iodophors, iodine in the form of molecular 12 and ionic I-,
is a potential contaminant of milk, In the N.Z, dairy
industry it is common practice for icdophor sanitisers
containing 25 mg,lm1 iodine to be used immediately before
milking., Residues from such pre~rinses can causs milk iodine

L (433), Under farm

concentrations of up to 6GQ/ug 1~
conditions, 0,95% of the pre-rinse salution can end up in the
milk (434) and this accounts for the elevated levels of iodine
in milk when iodophors are used, The total amount and the
chemical form of iodine in milk is of interest because of the
relationship between the amoint of iodire ingested and the
incidence of the diseases myxoedema (icdine deficiency) and
thyrotoxicosis (iodine excess'!. Since the introduction of
iodophors for use in the dairy industry, iodine in milk has
increased from a minor contribution to total iodine ingested,
to what is now a significant contribution of iodine in the
human diet.

It is known that the amounts of iodine in the various
components of milk vary widely according to the nature and
concentration of the artificial iodine species inadvertently
added to the milk. For example the injection of carrier free,

iodine-131 into lactating rats results in up to 867 of the

total activity being covalently bound to the protein (435).



In other studies inorganic or unbound iodine has accounted for
up to 97% of total iodine in milk (436). The amount of iod'.ne
in fat always appears to be low, about 2%, and so need not be
considered further (437), The chemical form of milk iodine
may give a guide to the fate of the iodine in processed milk
productse. For example, large proportions of the iodine
present in milk would be expected to bs found in cheese if the
iodine was protein bound. If the icdine was not predominantly
protein bound, cheese could be expected to contain lesser amcunts
of iodine.

Although the enzymatic reaction of iodine added to milk
can result in 50% of the iodine becoming bound to the protain
after two hours at 37 OC (80-90% becomes bound after 12 hours
at 37 °C), the reaction of iodine with protein is readily
blocked by incubation at 8 0C (394). If it could be shouwn
that the 'natural! iodine in milk was largely bound to protein
and that the iodine species from iodophor contaminatiocn or
other artificial residues was not bound, then a convenient
means of monitoring iodine contamination would be tu mea-<ure

the unbound inorganic iodine.

Experimental

1. The Reaction of Molscular Iodine with Milk
Iodine was generated by reacting radinactive carrier free

iodide~131 with ceric sulphate and concentrated sulphuric acid
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in the apparatus shown in figure 5.1. The reaction vessel was
warmed and the iodine generated was sucked down the tube into
one ml of fresh skim milk taken directly from a cow, free of
mastitis, at No, 3 Dairy at Ruakura Agricultural Research Centre.
Considerable care was taken to obtain milk free of iodine
contamination, Before use, the milk was centrifuged for twerty
minutes at 3500 r.p.m. to remove the fat., After the radioactive
iodine had been bubbled intec the skim milk (monitored with a
Geiger counter) it was left at room temperature for 15 minutes.
0.5 ml of the milk was then ultracentrifuged using a MSE
Superspeed 75 Ultracentrifuge and another 0.20 ml of thie same
milk was passed down a G25 Sephadex column to separate the
protein from the free ions, Sodium cocadylate buffer at pH 6.8
was used as the eluent, Another sample of the milk was stored
at 4 °C for two days before being passed down the same column,

Results showed that 50% of the iodine came down with the
protein micelles during centrifugaticn, On passing a sample
of the reaction mixture down a G25 Sephadex column (10 cm x 1 cm),
less than 1% of the radioactivity was associated with the protein
fraction, It was eluted from the column as free or unbtound
iodine. After two days only 4% of the radioactive iodine
appeared to be bound to the milk protein,

The above results showed that molscular iodine did not
bind with skim milk proteins at pH 6.8. The iodine associated
with the centrifuged micelle fraction is therefore not 'bound’
iodine but was presumably molecular iodine physically entrapped

or encapsulated within the micells. The icdination of proteins
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Figure 5.1
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by molecular iodine at pH 6.8 did not appear to be a feasible

method under the conditions of this experiment.

2, The Reaction of Iodide with Milk

Part of the milk sample used in the experiment described
above was centrifuged to remove the fat and then warmed to
35 °c, Three, five ml aliquots were then removed, To one
was added 0.020 ml of toluene, to the second was added 200 ppm
of thimerosal (sodium ethylmercuritbicsalicylate) and the third
was used as a control, Both toluene (394) and thimerosal (479)
have been used to prevent bacterial action in protein
studies. To each of these three solutions was added one drop
of radiocactive iodide-125, and the soclutions were incubated for
twenty hours at 35 °c. Periodically samples were removed and
passed down a G=25 Sephadex column to determine the amount of
iodide bound to the milke. The results (see figure 5.2) showed
that the maximum amount of binding in any of the three samples
was 21%. Toluene sppeared to slightly suppress the amount of
iodide binding to the protein and thimerosal considerably
suppressed the amount of binding.

A sample of the milk equilibrated at 35 °C for four hours
was passed down a Sephadex G150 column to observe the
distribution of iodide over the casein micells, serum casein and
whey proteins. The protein concentration was monitored
continually with a flow cell connected to a Spectrophotometer and
the radioactivity was monitored with a well crystal connected to
a counting system, The protein and radiocactivity peaks eluted

from the column were recorded automatically. The radioactivity
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occurred predcminantly as free iodide with a small micelle peak.,
Ny radioactive peak was observed in the serum caseins or whey
fraction, In view of the low lsvel of activity associated with
the micelle protein, this result was not surprising (see

figure 5.3).

Thz results above indicated significantly less iodine
binding than previéusly reported: This could have been
due to differences in the enzyme activity of the milk used,

The difference, however, could not have been caused by suppression

of the iodination reaction by the free iodide concentration in

the milk as this was well below the 20 mg of iodine per litre of milk
that would be required to cause such an effect (394),

Farming practice requires that milk be cooled to
approximately 8 °c as soon as possible. Hence the binding of
jodide at this temperature was investigated, The results are
shown in figure 5.3, Even after prolonged standing less than
2% of the iodine had become bound to the protein, This result
agrees with the published result that less than 3% binding of
inorganic carrier free iodide-131 occurred on incubation with
fresh raw milk at 8 °c (394).

It can be concluded that while iodide does resact with milk
protein at 35 °c after prolonged standing, the reaction is
negligible after short times at this temperature, and after
prolonged standing at 8 0C. As in the case of molecular iodine,
reaction of iudide with milk does not app=ar to be a feasible
method of iodinmation for tracer studies, The lack of reactivity

of bath I2 and I suggested a possible means of monitoring iodine
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5.3
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contaminaticon of milk, Providing that the natural milk
contained little inorganic iodine, the inorganic iodine
detected would be that due to iodine contamination,

Evidence to support this was found in cows and rats on 2 louw
iodine intake, which have a much higher fraction of protein

tound iodine in their milk (427,432).

Chloramine T Iodination of Skim Milk

It is clear from the preceding section that iodination of
milk by the action of natural enzymes on molecular iodine or
iodide icn is slow and inefficient even at 35 °c, Further
studies of the iodination of skim milk were thus based on the
Chloramine T method of iLodination, Iodination of skim milk
followed by gel filtration may provide a convenient method of
simultaneous labelling of all milk protein constituents,
Also, providing appropriate conditions were employed during the
separation proceduresy, it migh* be possible to prepare and
isolate labelled micelles for adsorption and axchange experiments,
The labelling efficiencies of the individual casein constituents,
both in the serum and in the micolle is of interest.
Providing the labelling efficiency was uniformy; or failing that,
constant for the various constituents, radiciodination could
provide the basis of a simple radiochemical means for monitoring
the relative amcunts of the various protein components in milk
samples. Non~uniform labelling efficiency could conceivably
be used to reveal information about the structure of the milk

micelle.
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Experimental

1¢ Iodination of Skim Milk
Fresh milk was obtained from a cow at No.3 Dairy, Ruakura
Agricultural Research Centre, Considerable care was observed
to avouid contamination with iodine from iodophors, teat sprays,
or iodine salt lick sticke The milk was centrifuged for
20 minutes at 3 500 rpm to remove the fat, 0,025 ml of the
skim milk was iodinated wuesing the Chloramine T method and the
efficiency of the iodination was determined by passing the sample
down a Sephadex G25 column and collecting the one ml fractions,
An efficiency of iodination of 797 was obtaired,
indicating that the milk did not contain excessive inorganic

iodine.

2, Distribution of Activity between Whey, Serum Casein and
Micelle Casein

0.01 ml of the iodinates milk from the above experiment
was added to 1 ml of skim milk and equilibrated for thirty
minutes at 4 °C. It was then centrifuged at 105 000 g for one
hour at 4 °C to separate out the micelles, The supernatant
was acidified to separate the serum casein and the whey proteins.
The various fracticns were countéd to cbtain the distribution of
the iodine activity,

In a second experiment a 0.1 ml sample of the original
iodinated milk was added to 3 ml of skim milk, eguilibrated at
4 °c for thirty minutes and, using water as an eluent, was passed

down a Sephadex G150 column, This procedure has been used to
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separate casein micelles from casein serum and whey protein (440).
(he eluted soclution was monitored continually for protein by
U,V. spectrophotometry and for radioactivity by scintillation
counting,. Both results were automatically recorded,.

The radioactivity and protein in the pesaks corresponding
to micelle, serum casein and whey protein are shown in figure S.4.
Unfortunately gooé separation between the serum casein and whey
casein was not obtained. No radioactivity was observed in the
non-protein nitrogen peak (N.P.N.) as could be expected since
this peak is due to species such as ammonia, urea, creatin, uric
acid and trace amounts of amino acids such as alanine, glutamic
acid, glycine, aspartic acid, thought to originate from the couw's
blood or decompositicn of the milk proteins. Results for toth

experiments are shown in Table 5.1.

Table 5.1
Distribution of Iodinated Protein between Micelle,
Serum and Whey at 4 0C
Percentage Radioactivity Percentage Radio-
(Centrifugation and activity
Acidification) (Sephadex G150
Column)
Micelle 67 50
Serum Casein 10 | 22
Whey Protein 23 26

The apparent loss of activity fron the micelle constituent
upon passing down the Sephadex column could be a dilutiorn effect.
Evidence of the dissociation of caseins from the milk micelle

during gel chromatography has been reported (441),
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Figure 5.4
Distribution of icdinated skim milk added to

skim milk as determined by gel filtration
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3. Distribution of Activity in the Casein Constituents

In order to separate the ‘Llabelled caseins, a 0.1 ml sample
of iodinated milk was equilibrated with one ml of skim milk for
30 minutes. It was then acidified to pH 4.6 with HCl and
centrifuged. The precipitated casein was adjusted to pH 7 and
then again acidified to pH 4.6 and centrifuged. The radioactive
casein diluted with carrier casein, was further diluted with
carrier casein by the addition of approximately one gram of
casein prepared by the usual acidification procedure. This
radioactive casein mixture was dissolved in 15 ml of 0,01 mol 1-1
imidazole-HC) buffer at pH 7 containing 4.5 mol l"'1 urea, The
resulting solution was passed down a Whatmans DE 52 column
according to the procedure for the separation of individual casein
fractions outlined in Chapter 3. Optical activity and
radioactivity were monitored ead recorded continuously, The
results are shown in figure 5.5. The optical density pattern
obtained is typical of that of whole casein (see Chapter 3).
In order to determine the uniformity or otherwise of the iodine
distribution in the variou-~ casein constituents it was necessary
to determine the total amount of protein corresponding to each
U.V. adsorption peak monitnred at 280 nm and the total amount of
radioactivity associated with that protein,

The acfivity of each fraction was readily obtained by
integrating the total activity under each peak, The corresponding
amounts of protein for each peak were cclcul ated by assuming Beers

law and using literature values for extinction coefficients,.
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Figure 5.5
Determination of iodination efficiency of milk

caseins using gel tiltration
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A problem arose in the calculation of the amounts of TS-A/R
caseins in that no literature values for the extinction
coefficients were available, Thus, the method of Wetlaufer
(442) was used to calculate the required extinction
coefficients from the extinction ccuefficients of the
vonstituent amino acids (tyrosine E = 1340; tryptophan

E = 5550; cysteine £ = 450)., For example T5=A% casein
conitains three tyrosyl and one tryptophan residue and has a
molecular weight of 11 830, The extinction coefficient was

therefore calculated from:

NtyrEtyr + NtrpEtrp + NcysEcys
M

Eprotein

where N corresponds with the number of moles of amino acid
residues per mole of protein and M is the molecular weight of
the protein.

For TS-A2 casein

3 x 1 340 + 1 x 5 550 1

11 830

= 0,80 cm2 g

The validity of this procedure, which neglects effects due to
the micreenvironments at each chiromophore, is demonstrated in
Table 5.2 in which calculated and literature values of
extinction coefficients of milk proteins are compared,

The absence of significant environmental effects was

demonstratsd by addition of very large amounts of sodium

chloride and urea to p-casein solution. There was no change

in the asorption spectra even though much structural change

could be expected in concentrated solutions of these reagents,

150



Table 5,2
Experimental and Calculated Extinction
Coefficients (at 2c0 nm)

Protain ‘E/cm2 g

(Expt. Literature)

681-casein a
B~casein A
K=casein A
B-lactoglobulin B
@ lactalbumin
Y —casein A

TS=A casein

R=casein

E = Extinction Coefficient

1.00
0,46
1.05

0,95

2,01

(366)
(374)
(375)
(376)

(3773

« E/_,cm2 g
(Calculated from

Primary Structure)

1.03
0.45
0.93
0.91
1.98
0.53
0.80

0.83
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from the optical density data, the amounts and percentages
of protein corresponding to each peak were calculated. These
are shown in Appendix 10, From these data the parcentage of tyrosyl
residues accurring with each peak was also calculated and included
in the table., Data for the total counts.and percentage of counts
corresponding to each peak are shown in Appendix 10 and were used to
calculate the relative iodination efficiencies summarised in
Table 5.3.

Whan the data for the percentage tyrosyl groups per peak
are compared with the data for the percentage radiocactivity per peak,
it is apparent that tyrosyl residues of @, B and TS=A/R caseins
constituents are iodinated with essentially the same iodination
efficiency. The tyrosyl residues of K-casein, however, appear to
iodinate with a much lower efficiency. The lower iodination
efficiency of K—casein could be due to either structural effects of
the protein itself or it could result as a consequence of K=casein's

insolvement in micelle formation,

4, Distribution of Activity in the Whey Protein Constituents

50 ml of the whey protein at pH 4.6, preparad during the
saparation of casein described above, was adjusted to pH 6.0 and
concentrated to about 7.0 ml by dialysis in a bed of polyethylene
glycol flakses,. The sample was then spiked with the radioactively
labelled whey protein prepared during the separation of the
radioactive casein fraction. The resulting solution was then
eluted from a 2.5 cm x 46 cm column of Sephadex G75 with a

0.04 mol 17 phosphate buffer at pH 6.0 (486).



Table 5,3
Relative Iodination Efficiencies of the Tyrosyl
Residues of Milk Proteins
Protein Relative Iodination
Efficiency
T5-A/R casein 0.92 ¥ 0,2
K-casein 0,57 & 0.1
. +
ﬁ_casgln 0,98 - 0,2
. +
o ,=-casein 1.18 ~ 0,2
s1
B-lactoglobulin 0.9 ¥o0.2
a ~lactalbumin 1.2 % 0.2

% Radicactive Counts
% Tyrosyl residues

Relative Iodination Efficiency :
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The optical density and radioactivity were monitcred
continuously and the results are showrn in figure 5.6, No
iodination of the immunoglobulins was observed. Approximately
10% of the whey protein can be serum albumin which has a
molecular weight of 69 000 and 20 tyrosyl residues. This can
contribute up to 12% of the total tyrosyl residues in the whey
proteins and could be the reason for the broad radioactive
reading at the beginning of the B-lactoglobulin peak,
Unfortunately the serum albumin and B-lactoglobulin fractions
were not resolved and so were combined for the following
discussion. Relatively poor separations were achieved between
B-lactoglobulin and @ lactalbumin, However the data were
processed in a manner similar to that described above for the
caseins, The results are tabulated in Appendix 10, The
percentage tyrosyl residues pcr peak weas then compared with
the percentage activity per peak (Téble 5.3). 1t was
concluded that the iodination efficiency of each major whey
protein was the same within experimental error.

Overall, the iodination of skim milk by the Chloramine T
method gives quite similar mean iodination efficiencies for the
tyrosyl residues of all the major milk proteins with the
notable exception of K~casein. The low value for K-casein
may have been due to environmental factors associated with the
K-casein itself or it could have resulted from the effect of
incorporating the K-casein into the milk micelles. These two

alternatives will be discussed further in section 5.4,
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Figure 5.6

Determination of iodination efficiency of whey

proteins using gel filtration
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fFrom a more practical point of view, the use of radio-
iodinated milk in tracer studies relies upon the assumption that
the specific activities of the various labelled constituents are
the same. Specific activities were calculated from the data
of Appendix 10, and from a Kjeldahl determination of the total

nitrogen in the milk sample, Tha data are summarised in

Table S.4.
Table 5.4

Specific activity of radioiodinated milk constituents
Protein Percentage Radioactivity/ Specific Activity

(weight ) /CS-1 /08-1 9-1

TS=A/R casein 6.0 62 10,33
K=~casein 11.0 132 . 12,0
B-casein 27,3 203 7e4
as~casein 30.0 668 22,2
B=lactoglobulin 17.25 237 13,7
a-lactalbumin 775 135 1744

Mean 13.8

Although there is a considerable spread in the data of
Table 5.4, the spscific activities of the major protein
constituents are within ) 60% of the mean value, This spread
imposes a iimitation on the overall accuracy of tracer dilution

studies based upon labelled milk (ses Chapter 8).
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5S¢4 Analysis of the Effect of Environmental Factors on Iodination

Efficiency
The literature on the iodination efficiencies of the
various individual tyrosyl residues of proteins and enzymes
indicates that quite significant environmental effects may cccur.
Some tyrosyl residues appear to be much more readily lodinatud
than others, Generally these effects have been studied at
low levels of iodination. The iodination efficiencies have
been determined by selective cleavage into polypeptides of
known amino acid sequences, each containing one of the tyrosyl
residues-: The relative activities of the segments gave a
measure of the relative iodination efficiencies,. It is
generally accepted that these efficiencies reflect the kinetics
of iodination rather than the thermodynamics of the reaction
1405),
An example of the sort of information that can be

cotained is provided by results obtained for the iodination
of «~chymotrypsin at pH 8,0 (445). When iodinated at a level
of 0,33 iodine atoms per molecule of chymotrypsin the relative
icdination efficiencies of the four tyrosyl residues at the
sequence numbers 146, 94, 171 and 229 were 100 : 40 : 20 : 2
respectively, At lower levels of iodination, a larger
proportion of the iodine was found on the tyrosyl residue 146,
This result provided evidence that the variation in iodination
efficiencies was a kinetic effect. 1In extreme cases, ona resicue
might become almost completely iodinated before significant

reaction occurs at some other residue,



Upon the examination of the amino acid residues ad jacent
to each of the tyrosyl residues of chymotrypsin, it is apparent
that the most reactive residue was adjacent to a basic
hydrephilic group on the end of a chain, The least reactive
residue was "sandwiched" between two non=polar hydrophobic
Qroups. There is further literature evidence supporting the
conclusion that neighbouring hydrophilic groups facilitate
iodination and neighbouring hydrophobic groups inhibit the
reaction (446). If the tyrosyl residue was surrounded by non
polar residues, these would tend to form a hydrophobic bond
excluding the aqueous phase and makino the tyrosyl residue
inaccessible to the iodine. Alternatively, tyrosyl groups in
a hydrophilic environment could be expected to occupy exposed
surface regions of the molecule and thus be reached easily by
dissolved iodine,. Iodination efficiencies have been enhanced
by incorporation of hydrophilic groups, particularly basic
hydrophilic groups, to the tyr:syl residue by amide linkages
(447).

In the case of insulin (446), iodination proceeds most

readily at tyrosyl residues 14 and 19, which have the hydrcphilic

neighbouring groups leucyl and glutaminyl, and asparaginyl and
cystinyl residues respectively, The least readily iodinated
tyrosyl residues are residues 16 and 26, These have the
hydrophobic pairs: leucyl and leucyl, and threonyl and
phenylalanyl residues adjacent to these two tyrosyl residues.

The importance of hydrophilic-hydrophobic interactions was

further demonstrated by iodinations performed in organic solvents
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and in 8 mol l-1 urea, These reaction media could be expected
to diminish hydrophobic bonding and hence enhance iodination.
This was observed,

Classification of neighbouring group pairs according to
their hydrophobicity (under the conditions of iedination) might
be useful in rationalising the relative efficiencies of
iodination at the tyrosyl residues in various molecular
environments,

The total hydrophobicity of the neighbouring pairs of amino
acids of each tyrosyl residue of chymotrypsin was calculated
from the amino acid hydrophobicity (H@) data of Table 2,3,

A comparison of relative efficiencies of iodination and total
hydrophobicity of neighbouring amino acid pairs of all the tyrosyl

residues of chymotrypsin is shown in Table 5.5.

Table 5.5
Correlation of Relative Jodination Efficiency with
Total Hydrophobicity of Neighbouring pairs
Sequence I < H@/k:l Charge
146
Arg = Tyr 100 3.14 -VE, ZEro
94
Lys = Tyr = Asn 40 6627 -vae, zero
17
Lys = Tyr = Trp 20 9.41 -ya, ZEero
229
Val - Tyr = Ala 2 5.12 -ve, Zers
IR = Relative iodination sfficiency

Total hydrophobicity of neighbouring pairs

i

<H
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For the terminal tyrosyl residue 146, the total
hydrophobicity was taken as being that of the single rmeighboiring
argininyl residue,

Although there is a general inverse trend in the data for
hydrophebicity and relative iodination efficiency, other factors
also appear to be important. A major limitation to the use of
the hydrophobicity data in the manner descrited is that such
data refer to proteins dissolved in distilled water and hence,
in most cases, at pH's significantly different from the pH of the
iodination reaction. pH is the major factor that determines
the charge of an amino acid residue and this charge could have
a profound effect on the iodination efficiency of a neighbouring
tyrosyl residue. Charges on the neighbouring amine acid
residues at the pH of iodinaticn are included in Table 5.5.
Negative charge on a neighbouring residue could facilitate lise
iodinatior reactien in two ways, Iodination proceeds by
attack by the iodine species at regions of high electron den:ity
on the benzene ring of the tyrosine. This could be increased
by inductive effects from a neighbouring -ve group. Also, if
the species active in iodination is a ngtu species this will
be attracted to regions of negative charge,

The presence of a negative charge on lysine might account

for the iodination efficiency of the LyS—171Tyr - Trp sequence

being greater than that of the Val - 229Tyr -~ Ala sequence,
even;though the former sequence has the greater potential

hydrophobicity.



161

With the limited information available it does not seem
possible at present to correlate iodination efficiency with
any sinqle parameter relating to the molecular environment of
a given tyrosyl residue. The evidence pointing to the
importance of environmental factors however, is so well
established that in an attempt to rationalise the dala that o
exist, a table of ‘relative iodination efficiencies of tyrosyl
residues, classified according to the pairs of neighbouring
amino =acids, was constructed, Table 5.6 is based on the
relative efficiencies of iodination of chymotrypsin tyrosyl
residues which serve to provids a scale of efficiencies ranging
from O to 100, Unfortunately chymotrypsin is the only protein
for which numerical data were available, For amino acid
neighbouring pair combinaticens not represented by chymotrypsin,
interpolated values have been entered, Thaese were based upon
the relative rates of iodination of the tyrosyl residues of
insulin (446) and K - Bence~Jones protein (443), While the
resulting table is clearly an oversimplification, suffering the
disadvantage of incorporating interpolated data and taking no
account of the effect of experimental parameters such as pH and
concentration; it does provide a model on which to base
predictions about the iodination of tyrosyl residues in
particular environments, It can also be used to get an
estimate of the overall iodinatior efficiencies of protein

molecules.
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Table 5.6 ‘
Relative Rates of Iodination
Amino Acid Combination IR
Basic hydrophilic - Tyr 100 *
residue
Basic hydroﬁhilic - Tyr - Basic hydrophilic
residue residue so0 t
Rasic hydrophilic = Tyr = Neutral amine «
"residue residue 40
Pasic hydrophilic = Tyr = Non-polar %
residue residue 20
Neutral amine = Tyr - Non=polar *
residue residue 15
g . . *
Neutral amine - Tyr - Steric residue 10
residue (cysteine)
Non~polar - Tyr -~ Non-polar
. . X
residue residue 2

x Data from iodination of chrymotrypsin
% Interpolated data estimated from iodination of insulin
4+ Interpolated data estimated from iodination of K=Bence-3Jones

IR relative iodination efficiency rate
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5.5 Estimation of Relative Iodination Efficiencies of Tyrosyl

Residues of Milk Proteins

The aminc acid residues neighbouring each tyrosyl residue
of the various milk proteins were obtained from the amino acid
sequences of the proteinse. The neighbouring residues were
then classified abcording to ine type and the relative iodination
efficiency, IR for each tyrosyl residue was thenk?btained from
Table 5.6. Results are summarised in Table 5.7./ The

ranking of the tyrosyl residues in order of their iodination

efficiencies can be obtained directly from the table and is as

follows:

@ ~casein 104 91 154 173 94 144 146

*! Tyr > Tyr > Tyr | Tyr > Tyr, Tyr, Tyr,
159 165 166

Tyr 4 Tyr , Tyr

B-casein 114 193 60 180
- Tyr > Tyr > Tyr , Tyr
K—caseir 25 35 20 42 43 38 58 60

Tyr 4 Tyr > Tyr > Tyr 4 Tyr >Tyr 4 Tyr , Tyr

The relative efficiencies for the two whey proteins are less
easily resolved because no data were available for neighbcouring
acidic hydrophilic polar residues, It was assumed that such
groups would not favour iodination (as previously discussed in
section 5.4) and so a value of 2 was interpolated. Existing
data do allow the prediction that the most active tyrosyl residue
in p-lactoglobulin A is tyrosyl residue 102 and that of

a-lactalbumin is tyrosyl residus 103,



Teble 5.7
Relative rate of Iodination of Tyrosyl Residues pressnt in different Milk Proteins estimated
from adjacent residues (IR = Relative Iodination Efficiency)
Casein: @ y~casein B IR B-cz.ein B’ IR K-casein B
(s3) '
. 91 60 25
Arg = Tyr - Leu 20 Val = Tyr - Pro 2 Lys = Tyr -~ Ile
94 114 30
Gly = Tyr = Leu 2 Lys = Tyr = Pro 20 Gln ~ Tyr = Val
104 180 35
Lys = Tyr = Lys 60 Pro - Tyr = Pro 2 Arg = Tyr -~ Pro
144 . 193 38
Ala - Tyr - Phs 2 Let = Tyr -~ Gln 1S Ser = Tyr = Gly
146 Total 39 42
Phe = Tyr = Pro 2 = Asn = Tyr = Tyr = Gln
154 58
Phe = Tyr = Gln 15 Pro = Tyr = Pro
159 60 61
Ala = Tyr - Pro 2 Pro = Tyr = Tyr - Ala
165 166 Total
Trp = Tyr = Tyr - Val 4
173
Gln - Tyr - Thr 15
Tetal 122
= R
Uhey Proteins B-lactoglobulin A 1 a@-lactalbumin C I
(32)
20 18
Trp -~ Tyr —~ Ser 2 Gly - Tyr - Gly 2
4 . 36
Val - Tyr - Val 2 Gly -~ Tyr - Asp 2
99 50
Asp = Tyr = Lys ? Asp - Tyr ~ Gly 2
102 103
Lys = Tyr = Leu 20 Asn - Tyr - Trp 15
Total 24 + Total 21
=== —_—_ 1
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20
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2

81



165

The sum of all the tyrosyl iodination efficiencies for
each protein ('{IR) should give a measure of the overall
tendency of a given protein molecule to become labelled during
the iodination reaction, This information is summarised in
Table S. 8 along with the mean iodination efficiencies of ths
tyrcsyl residues of a g.ven prutein. This latter value was
obtained by dividing the sum of the relative tyrosyl iodination

ef ficiencies s{IR, by the numbery N o? of tyrosyl residues in

Ty
the protein.

Table 5,8
Tyrosyl Iodination Efficiency Sums and Means:
for Milk Proteins
. ~
Protein '€:IR E\IR
NTyr
as1-caseln 122 12.2
B-casein 39 9,75
K~casein 81 9.0
B-lactoglobulin 24 6.0
a-lactalbumin 21 5.3

The latter fiqure for the caseins indicates that averags
jodination efficiencies are quite similar, The low experimental
value for K-casein obtained in Section 5.3 thus does not appear

to be due to a molecular environment effect,
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5.6 Discussion and Conclusion

The investigations reported in this chapter have examined
aspects of the iodination reaction of general relevance to the
use of iodine in the dairy industry.

It has been shown that iodine, added to cooled milk,
either as iodine or as ‘odide ions, reacts slowly if at all,
with the preotein constituents. Although much of the added
iodine appeared to be spun out with the micelles during
centrifugation, gel filtration experiments demonstrated that
the iodine associated with the micelles was not chemically
bound to the micelle caseins, The determination of the
level of free inorganic iodine in milk could thus be of use
in the monitoring of iodine adulteration resulting from
sanitisation with iodophorse.

The Chloramine T iodination of skim milk was investig~ted
as a means of simultaneous labelling of all protein constituents
of milk, including the milk micelles. Quantitative studies
indicated that while all major constituents were labelled, the
specific activities varied quite considerably. This variation
was shown to be more of a reflection of the differing number
of tyrosyl residues contained in the various proteins tnan of
the mean iodination efficiencies of the tyrosyl residues of
each protein. However, the mean iodination efficiency of Kecasein
tyrousyl residues appeared to be significantly lower than that
for all the other proteins investigated, The low mean
iodination efficiency of the tyrosyl residues of K-casein was

considered in terms of either a moclecular environment effect or



a micelle effect, A table of the relative iodination
efficiencies cf tyrosyl residues for different categories of
neighbouring amino acid pairs was censtructed from literature
data and used to estimate relative mean tyrosyl iodination
efficisncies for the various milk proteins. Such calculations
did not indicate a low value for K-casein. Thus it ceemed
likely that molecular environmental effects were not responsible
for the lower experimental efficiencies abserved.

The casein micelle is currently regarded as an open web-like
structure, being very porous and highly solvated (449,454).

It is envisaged that K—=casein is held well within the micelle
structure, especially in the Garnier and Ribadeau~Dumas nodels
(461). It could therefore be much less readily accessible to
iodinatione Tentatively, then, it is concluded that the low mean
indination efficiencies of K=-casein tyrosyis are a consequence of
the micelle structure,

Further discussion of molecular environment and micelle
effects on the iodination efficiencies of tyrosyl groups of milk
proteins is largely beyond the scope of the present work,

Further study is reguired to establish the nature of the
environmental effects so that the data of Table 5.8 can be more
firmly established, Iodination of appropriate tripeptides at
appropriate pH's and other experimental conditions would be of

value.
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CHAPTER 6

MILK MICELLES AND MICELLE=-SERUM INTERACTIONS

Introduction

In the previous chapters the radioiodination of both
skim milk.and the separated protein fractions of skim milk were
discussed, Todination of skim milk gave results that suggested
the possibility of either a micelle effect or a molecular
environmental effect on the ioaination of Ke=casein
(see Section 5.3), From a comparison of the mean iodination
efficiencies of the tyrosyl residues for different molecular
environments, it appeared unlikely that the observed result was
due to an environmental effect, This led to the conclusion
that the low iodination efficiency was due to the K-casein
being embedded in the micelles in such a way as to be less
readily accessible to iodination. A basic requirement for this
explanation to be valid, is that the micelle K-casein be
non-exchangeable with serum K casein over the time scale of the
iodination reaction. For this reason, and also because labelled
micelles and the exchange of tracer caseins with micelles wers
of interest with respect to adsorption studies, studies of
micelle-serum exchange reactions were initiated,

From consideration of the various models that have been
suggested for the milk micelle (see Section 6.2), (along with
the data used to set u; these models) it was initially reasoned

that the serum and micelle protein constituents would not be
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exchangeable, This result would be consistent with the non—
exchangeability required for the non-uniform labelling to result
from a micelle effect. Non~exchangeability would make it
possible for micelles to be labelled and used as tracers in
adsorption studies.

Befors prcceeding further it was considered neccssary to

briefly revisw theoretical models for micelle structure and the

literature on micelle-serum interactionse. At the time this work

was initiated rno studies of tracer exchange had been reported
and so an experimental programme was devised to elucidate any
exchange and/or dissociation processes involving the micelle and

casein monomers.

The Casein Micelle - Literature Survey

Physical Properties and Models

In the presence of calcium, the caseins found in milk have
a strong tendency to form aggregates called micelles, These
casein micelles are hydrophilic colloids stabilized by
electrostatic charge and hydration and have an apparent zeta
potential of approximately =18 mV (450,451). They are of
spherical shape and range in size from 20 nm to 300 nm in diameter
and in volume from 4.1 X 103nm3 to 14.1 x 106 nm3. Inelastic
laser light scattering of skim.milk, diluted with simulated milk
ultrafiltrate at a concentration of 5 x 1079 ml™"' of casein,
gave a micells diffusion coefficient of 2.18 x 1078 cmsac ! (443),

The trolecular weight! of the micelle ranges from 107 to 109.
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Approximately 21 000 monomers of an average casein molecular
weight of 23 000, would be required to yield a typical micelle
of 'molecular weight! of 5 x 108. Although the composition of
casein micelles is known (ses Table 6.1), the actual assembly
of the various monomers in the micelle structure has not been
fully elucidated. Currently, the most generally accepted
structure for the micelle is of a porous spherical aggregate
conposed of smaller spherical sub-unitse. Numerous other models
however, have been proposed in recent years. These have been
discussed in detail in the following reviews (453,455,457,462,463,
464).

According to Thompson and Farrell (453) the milk micelle
models can be grouped into three classes., The first group
were based on a coated core system wherea K-casein was
spread over the surface of the micelle (see figure 6.1) (458),
or where the K-casein served as the point of nucleation (see
figﬁre 6.2) about which the ottier caseins were clustered (459).

The second class of models were based on a porous internal
structure. For example, depending upon the method used (449,
454), it has been shoun that ths casein micelle is a highly
solvated structure with between 1.9 to 3.7 grams of water per
gram of protein, Supporting evidence shows that the casein
micelle can be permeated by large molecular weight polymers
such as carboxypeptidase A, dansyl chloride and myoglobin (475).
Porous internal structures have been proposed by Garnier and
Ribadeau Dumas (461) who placed considerable emphasis on

K-casein as the keystone of the micelle structure (see figure 6.3);
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Table 6.1
Composition of a casein micelle found in bovine

milk (452)
(Note: Considerable variations occur in the analytical data for

casein micelle).

Component Weight Percentage
as1-casein 42
B=-casein 28
K=casein 14
Minor casein components 10
Calcium 2,9
Magnesium 0.1
Organic Phosphorus 0.8
Incrganic Phosphorus 1.4

Citrate 0.5
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Figure 6.1

Waugh model (458)

Figure 6.2

Parry and Carroll model (459)
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Figure 6.3
Garnier and Ribadeau-Dumas model (461)
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Figure 6.4
Rose model (457)
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and by Rose (457), who used the polymerisation of B-casein
as the building blocks for his micelle (see figure 6.4).
Considerable evidence for and against these models has been
presented (452,462,463,464),

Accumulated evidence now favours a third class of models

174

based on a subunit micelle as the building block of casein micelles.

This subunit structure was first proposed by Shimmin and Hill
(465) after their electron microscope studies. They predicted
a diameter of 10 nm for the subunit of the casein micelle,

This theory was modified by Morr (466) whe suggested that the
subunits were stabilized by hydrophobic bonding and calcium
caseinate bridges and were aggregated into micellar structurs

by colloidal calcium phosphate (see figure 6.5). The initizl
formation of the sub micelle unit has been demonstrated by

the electron microscopic observations of particles of about 10 nm
diameter taken from the Golgi vacucles of lactating rat mammary
glands (460,467,468)., These particles were uniform in size

and may be the precursors of casein micelles, These subunite
have also been reported in bovine mammary tissue (459). The
milk proteins are initially synthesiced on the ribosomes of tiia
rough endoplasmic reticulum, It is thought that the caseins
interact to form subunits composed of several monomers which are
then expelled into the vacuoles of the Golgi apparatus. In
thesc Golgl vacuoles, the submicelles aggregate to micelles
under the influence of calcium ions and calcium phosphate and
are finally secreted into the alveolar lumen, Disruption of

casein micelles by agents (467) such as ethylene diamine tetra-
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Figure 6.5

Morr model (465)
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Figure 6.6
Slattery and Evard model (470)

A Submicelle with part of its surface hydruphilic (dark) and
part hydrophobic (light)
Tetrahedral aggregate of four submicelles

C Large aggregate of submicelles
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acetic acid, sodium dodecyl sulphate and urea, causes the
dissociation of the subunits from the micelle. Gel filtration
chromatography and the removal of the soluble milk salts have
also been usad to detect and characteriss these small casein
aggregates (470), In order to explain why smaller casein
micelles contained more i'~casein than the larger casein micelles,
Slattery and Evard (470) considered casein micelles as being
composed of subunits of constant size, but containing differing
proportions of K-casein. They considered that the K-casein was
segregated into a hydrophilic portion of the sub micelle surface

and the a_ .= and PB-casein was concentrated in a hydrophobic

1
region of the sub micelle (see figure 6.6). They predicted

that a minimum of fourteen sub micelles would be required to make
a micelle (470), and the subunits containing lower percentages of
K~casein would aggregate to form larger micelles. The micelle
could be stabilized by salt bridges of calcium and phosphate ions
between the sub micelles. The total calcium content of skinm
milk has been estimated to be 30 mmol 1! (473), and on ultra
filtration or centrifugation, the resulting serum part of the

skim milk was observed to contain only about 2,9 mmol 1-1 of

calcium ions (472,474).

The Chemistry of Micelle=Serum Interactions

Serum casein is an often neglected casein fraction which
may play an important role in milk stability and should be
considered, when considering micelle structure. This noé—
micellar casein, accounting for approximately 10% of the total

casein in milk, at 25 OC, does not sediment with the micelles
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when ultracentrifuged at 78 000 g for 60 minutes (476,477).

The distribution ef the individual casein fractions is given in
table 6.2. It should be noted that not only does the casein
distribution vary from one individual milk sample to another,
but the amount in the micelle fraction alsc varies. The
percentage of serum cacein increases to between 20 and 40% of
the total casein upon the cooling of milk (477). This increase
in serum casein is primarily B—casgin, to a lesser extent,
K-casein, and to an even lesser extent, as1~casein. The
amount of P-casein in the serum at 4 °C varies from 15% (478)
to 30% (477) of the total PB-casein,

The use of EDTA to remove subcritical amounts of Ca++
from casein micelles resulted in a progressive decrease in the
sedimentation velocity of the micelles without altering their
hydrodynamic radii (40 ). Only after the calcium phasphate
was remov2d by dialysis or by gel filtration did submicelles
break away from micelles (480). It has been suggested recently
that the submicelles are in equilibrium with their component
caseins and that their size distribution is not constant as
previously suggested (470) but depends on the protein
concentration, pH, temperature and ionic strength (481),

It is clear from the above review, that while there is a
general consensus of opinion that milk micelles are composed of
subunits, much of the detailed structure of the micelle and

the sub—micelles is still not understood. The literature

appears to contain many contradictionsa



Table 6.2

Distribution of the Casein Proteins in Milk

at 25 °c (477).

o _,—casein =
s1

Bwecasein =~

K=casein =

Micelle

Serum

Micelle

Serum

Micelle

Ssrum

Percentage Protein
in Milk

1.60

0.15

0.64

0,23

0,25

0.10

Percentage of
Total casein

48,0

4.4

19.0

6.8

7.4

2,9
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The application of isotopes offers a method for gaining

¢ better understanding of these particles and their interactions

with serum constituents.

Methods for Preparing Radioactively labelled Micelles

As a large hercentage of the proteins in milk are in the
form of micelles, ﬁt is of interest to label these radioactively
for adsorption studies. Properties required of labelled
micelles are stability, non-exchangeability and high specific
activity for ease in monitoring their adsorption. Four

possible ways of labelling micelles are as follouws:

1. Iodination of whole skim milk

The iodination and separation of the radioactively
labelled casein micelles hawe been discussed in Chapter 5.
A review of the advantages and disadvantages of this method
led to the conclusion that it was not an ideal method for

preparing labelled micelles.

2, In vitro labelling of Milk

In principle (if not in practice) the casein micelles
could be labelled by injecting a radioactively
labelled casein fraction into the endoplasma reticulum of the
COWe, It is here that the casein polypeptide synthesis occurs
(482). The polypeptide then goes into the Golgi apparatus
where the micelle bioassembly takes place (483,484) and
eventually leads to the secretion of the fully formed micells.:

Ideally, by this method,it should be pessible to label the
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micelles with radiocactively labelled a, B or K-casein.
Technical problems howsver, make this procedure of questioncble
feasibility, Alternatively the injection of a radicactive

amino acid into the jugular vein of a lactating mammal has
resulted in the preparation of radicactively labelled casein
(485,486), This appears to label all the caseins in the micelle
and thus offers no specific advantage over the icdination of

skim milke

3. The labelling of ficelles with Iodinated Casein Monomers
Radioactively labelled micelles could conceivably be
prepared by attaching labclled proteins to the micelle by
exchange, adsorption or encapsulation, The addition of tracer
amounts of labelled individual casein fractions should not
disturb casein~-micelle interactions. Although lecs convenient
than direct iodination of skim milk, the addition of label..ed
casein maonomers is of interest, because such experiments could
provide information about micelle-serum interactions. The
usefulness of the micelles so labelled would depend very much
on the kinetics of these interactions, Rapid kinetics could
mean fhat the label would be lost before any tracer experiment
could be completed, whereas slow rates of exchange could mean
that insufficient activity was incorporated intoc the micelle.
This need not be tooc much of a problem providing exchange tock

place before bacterial‘deterioration.

4, The Preparation of Artificial Micelles
The preparation of artificial micelles using labelled casein

monomers provides an alternative approach to the preparation of
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labelled micelles., The preparation of micelles from casein
monomere has been well documented (456,487)., This possibility
was not investigated because it might be argued that artificial
micelles do not necessarily have the same structure or
propsrties as natural micelles, A study of the exchange
reactions of artificial micelles and a comparison with natusial

micellss would be of interest.

Experimental

1. Addition of labelled Casein Tracers to Skim Milk
Experiments were performed to test whether there was any
interaction between the serum casein and milk micelles, The
procedure adopted was to add tracer amounts (10'-5 g) of
iodinatedog1,

that the concentration of the casein constituent added to the

B, K, and Y caseins to 1 ml of skim milk such

serum was never more than 1% of the total serum casein, The
niilk was equilibrated for 1 hour at 25 °c and centrifuged
ovarnight at 36 000 g using a Scrvall RC2-B centrifuge. In
order to eliminate the possibility of bacterial action, the
experiments were repeated by using 0.01% thimerosal, No
difference in the effect was observed. To ensure that there
was no colloidal material in the tracer casein solution, a sample
of the trarcer was centrifuged under the same conditions and
shown to be free of particulate matter.

The results for this experiment, summarized in Table 6.3,
consistently showed that the majority of the labelled tracer

became associated with the micelles. This surprising result
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Table 6.3

Radioactive labelling of the milk micelle by

incorporation of the individual casein fractions

at 24 °c
% Radioactivity in the Micelle

Milk Sample

Labelled with (a) (b) (c) (d) (e) (f) (a)
as1-casein 90 80 83 a0 €1 a0 g4
B-casein 76 63 84 52 69 84 78
K=casein 82 73 46 34 21 81 35
Y=-casein 14 - -

was reproduced many times, Up to the date of performing the

experiment, literature reports had indicated that thz constituents

of the micelle were largely non-exchangeable with the constituents of the
Serum, At this stage of the investigations, the work was

seriously handicapped because a high speed centrifuge was nc%

available, The uncertainties introduced by the necessity for

12 hour centrifugations made desirable an alternative means of
separating the micelle and serum caseins, Gel filtration

experiments were performed.

2, Separation of Tracer labelled Micelles by Gel Filtration

A tracer amount (5 x 107> g) of labelled B-casein in
sodium cacodylate buffer et pH 6.8 was added to 5 ml of skim milk,
This was equilibrated for 30 minutes and then passed down a

Sephadex G150 column (2.5 cm x 30 cm) with distilled water at 4 °c.
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The total protein and radioactive tracer protein were monitored
in the usual way (see Section h.3).

The plots for total protein and the radioactive tracer
are shoun in figure 6.7. Forty~two percent of the total
added PB-~casein tracer was incorporafed in the casein micelle,
This result showed a considerably lower fraction of the total
activity associated with the casein micelle than was obtained
in the centrifugation experiments. Such a result could be due
to & temperature effect or a dilution~dissolution effect.

It is knouwn that milk micelles lose B-casein upon cooling
(see Section 6.3). Little is known about the leaching of caseins
from micelles by dilution with distilled water,

‘Further experiments were devised to test whether the
tracer labelled micelles showed similar properties to those
expected for the unlabelled nicelles, If it could be shown
that tracer labelled micelles behaved identically tc unlabelled
micelles, then the technique o tracer labelling could provide

a useful means of investigating micelle propecties.

3, Effect of Temperature on B-casein exchange

It is well established that P=-casein diffuses out of
micelles upon cooling (477,478)., This effect seemed to be
present in the previous experiment, It was considered
desirable to check this result under more carefully controlled
conditions and also to test the effect of temperature on the

"gxchange" of the other casein constituents,
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Figure 6.7
Distribution of pB-casein between micelle and

serum as determined by gel filtration (Temperature 4 °C)

20 —— Optical density
Micelle — — Rodiwoactive protein
- Sel‘un'} -50
casein
N
1l
- ) | -140
¥
|
Optical 1\ B et
Density — 1) 30 Coun; ratef
at 280nm 1!
| | Whey
. i ‘| protein Dializable d20
,—\\ 1 material
/ A 1o
- / \\ "
/ N \ _
[~ / . \
s} 4 /1 K] a_ ¢ [ ) IN 1 | i 1 1 | 1 1 1 0
0 20 40 60 80 100 120 140 160 180 200

Sample Number ‘



Fresh milk samples were labelled with the individual casein
fractions at 24 DC and at 6 OC. The labelled solutions wers
equilibrated for one hour and then centrifuged, The results

are tabulated in Table 6.4.

Table 6.4
Effect of Temperature on Serum-=Micelle "exchange"
Percentage Percentage
uptake (24 °c) Uptake (6 °c)
@, ~—casein 90 88
B-casein 76 45
Kecasain 82 60
Y —casein 14 14

These results showed that the amount of radioactively labelled
micelles formed depended upon the temperature of equilibration
and centrifucation, and that on cooling milk, p~casein
diffused out of the micelle, This result is consistent wiih
published data which indicated that on cooling milk, largse
amounts of B-casein diffused cut of the micells. A smaller
effect has been reported for K-casein, but very little
a81-casein was lost after cooling. In this experiment,

therefore, the labelled monomers appeared to be bshaving in the

same way as the unlabelled monomers.

185



186

4o Micelle Composition as a function of Size

Another well established literature result is that smaller
micelles contain considerably more K-casein (488). This property
provides a test that can be applied tu the labelled K-casein of
‘the micelle,

Fresh skim milk samples were labelled with individual casein
fractions, equilibrated for one hour, and then centrifuged for
two and twelve hours at 36 000 g and 25 °c. The results are

tabulated in Table 6.5

Table 6,5
Effect of S5ize on Composition of Micelle

% Activity of Large % Activity of Total
Micellss after two Micelles after twelve
hours centrifugation hours centrifugation

a _~casein 68 90

s1

B~casein 70 84

K(-casein 18 81

From the above table it can be cencluded that most of the
radioactive K~casein is associated with small micelles.,.

At.this stage of the work an MSE Superspeed 75 ultracentrifuge
became available. This gisatly facilitated the study of micelle-~

serum interactions,

5, Hysteresis effects in the labelled Cascin=Micelle Interaction

In simple systems such as ion exchange resins the reversibility
of tracer exchange experiments can be easily tested by removing
the exchange phase from the radioactive solution and equilibrating
it with non-radioactive carrier solution. If the exchange

was reversible and if the tracer and



carrier species were chemically identical, the ratio of solution
activity to ion exchangs activity should ir both the instances
described above, reflect the relative amounts of the species

in the two phases. If the ratios wers not the same then some
irreversibility or hysteresis effects would be indicated.

A similar procedure should be appropriate to test the
reversibility of the interaction of labelled caseins with milk
micelles, In this case, however, the situation is complicated
by the difficulty of saparating the micelle phase from the serum
without the risk of causing structural damagee. Centrifuged
micelles are difficult to resuspend. Column separation
techniques lead unavoidably to dilution,

In order to test the reversibility of the micelle - tracer
interaction under conditions that could be expected to cause
minimal micelle structural disruption, the following procedure
was used. After initial treatment of skim milk with labelled
as1-casein as in section 6,5.,1, varying quantities of milk serum
prepared by ultracentrifugation were added ir order to increase

the amount of serum Gs ~rasein in the system, The effect of

1
increasing the amount of d51-casein in the serum phase should
lead to a redistribution of the activity between the serum and

the micelle if interaction between serum and micelle was

reversible.

Results are shown in figure 6,8 where it is clear that tho
activity taken up by the micelle in the initial treatment with

labelled «_,~-casein in buffer did not exchange with the

1

increased amounts of as1-casein in the serum phase.
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Figure 6,8

Redistribution of labelled as1-casein from

micelles in milk diluted with milk serum

(Temperature 25 °c)
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It appeared, therefore, that the interaction of the as1-casein
with the micelle was irreversible, This means that the
micelles labelled with as1—casein could be used as radioactive
tracers, One possible explanation of the results described

" above is that labelled @ —casein interacts with the components

1

of the serum to form new sub-micelles in which the as1-casein

was non exchangeable., Alternatively, the as1-casein could
have been adsorbed on to milk micelles by an irreversible
adsorption prccess. The latter possibility did not seem likely

in view of the non-labelled as —casein already present in the

1
serum,

The loss of radioactive B and K-casein from micelle into serum
after a tenfold dilution with serum was also studied. In
these particular cases, 52% and 34% of the original f and K-
casein activity dropped down to 27% and 13% respectively.

It appears that these caseins are not strongly bound to the

micelle making them unsuitable “or labelling the micelle,

6. Effect of Dilution on Micelle Stability

In order to separate milk micelles from serum with minimal
risk of structural damage, column techniques are preferable to
centrifugation or ultra=filtration. It was thus necessary to
show that the micelles would not be affected by the unavoidable
dilution that would result. This effect was studied by adding
0,10 ml of the individually labellgd radioiodinated x g B
and K-casein to 5 ml samples of skim milk, The solutions were

equilibrated for one hour at room temperature and then a range of



dilutions with distilled water were prepared (see Table 6.6).
The resulting solutions were again allowed to equilibrate for
one hour before ultracentrifugaticn at 98 000 g for one hour.

The results are summarised in Table 6.6.

Table 6.6
Percentage of Labelled Casein Fraction in the
Micelle on diluting with Distillied UWater
Dilution Factor 1 3 10 30 60
as1-casein 80 76 56 19 3
"B-casein 63 27 9 3 6
K=casein 73 17 10 3 3

This experiment was repeated a number of times and
although come variability was obtained with different milk
samples, it was observed in a2ll cases that on diluting ths
milk less radioactive protein was oEserved in the micelle.

Mare B and K=casein than as —casein appeared to dissociate

1
from the micelle, This experiment was repeated by using a
calcium chloride solution that contained 10 mmol 1™ calcium

ions in place of the distilled water, The results are shouwn

in Table 5.7.
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Table 6,7

Percentage of Labglled Casein Fraction in the

Micelle on
Dilution Factor
a _-casei
<q-casein
B~casein

K~casein

dilution with 10 mmol 177

1

87

7

78

3

94

85

78

calcium ions
6

93

73

61

In the dilution range studied, the results showed that

in the presence of calcium ions, no dissociation of radioactive
protein from the micelle occurred,

calcium helped to hold the micelle together.

Tt is apparent that the

Dilution with distilled wster, would cause the calcium

ions to become diluted and result
An alternative explanation is that the free calcium ions caused
precipitation of the individunl casein fractions.

possibility seemad to be eliminated by the fact that maost of the

casein remained in the form of micelles.

The dilution results showeu that «
strongly associated with the micelle and did not dissociate as
easily as B and K=casein,
water containing calcium ions the radioactively labelled aqs B

and K=casein are all very much more strongly bound to the micells,

Conclusion

It has been shown in this chapter that it is relatively
easy to prepare radioactive micelles by the addition of as1~

casein to milk, the micelles being separated from the serum and

in the micelle dissociating.

This

-cusein was relatively

On diluting the milk with distilled
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whey proteins by chromatography. The addition of calcium ions
to the distilled water (provided an adequate concentration was
maintained) appeared to increase the stability of the as1-
labelled micelles and also to produce stable B and K labelled
micellese.

It was observed that the radisactively labelled micelles
exhibited the well documented progerties upon cooling (partial
dissvciation of the radioactively labelled @-, and to a lesser
extent, K-casein) and it was shown that larger micelles contained
less radioactive K—casein than smaller micelles,

The use of radicactively labelled proteins together with
isotopes such as calcium=45 offar much to the study of micelle
structure, The results for the distribution of radioactive
iodine on iodination of milk (see Chapter 5.3) indicated that
the micelle structure probably affected the iodination efficiency
of the K~casein. The results tend to support the model
proposecd by Garnier and Ribadeau-Dumas where the trimers of
K-casein are at the apex of the micelle structure (see figure 6.,3)
and hence are less access’ble for iodination,

'Experimental results from the present chapter indicated
that radioactively labellied P and K-casein can exchangse more
readily than as1-casein. It is possible that some of the
K-casein is labile while the remainder is buried deeply within
the micelle and is ncnelabile, It is interesting to note that
radioactively labelled ac1~casein added te milk became bound

-~

irreversibly to micelles whereas the binding of the K and



B~caseins to micelles was much more reversible. It appears
from the present investigation that models proposing either
complete exchangeability or non-exchangeability of casein between
serum and micelle have serious inadequacies and must be modified
accordingly.

Since this work was completed, some of the results discussed
above have been coéfirmed by Creamer gt al. (489) who added

Carbon-14 1labelled B-casein to milk and studied its exchange

with the micelle.
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CHAPTER 7

THE DEVELOPMENT OF RADIOCHEMICAL TECHNIQUES FOR PROTEIN

ADSORPTION

Introduction

Previcus chdpters have described the preparation of
radioiodinated proteins for use as tracers in adsorption studies,
Such trzcers must be free of unbound iodine and the labelled
molecules must bshave identically to the unlabelled molecules.
In order for the latter condition to be satisfied it is
necessary to ensure that the degree of labelling is at most one
iodine atom per protein molecule. Adequate specific activity,
however, is required in order to be able to monitor the small
amounts of protein adsorbed by the low surfane area systems
that are to be studied. In addition, the labelled species must
be stable and free of problems associated with bacterial action.

A slightly modified version of the Hunter and Greenwood
method of iodination has been used to prepare iodinated proteins
that should satisfy the requirements outlined above.

The iodine isotope chosen was I-125, I-125 is a weak Y
emitter and can only be effectively counted by crystal
scintillation counting. It has the major advantage of having
a more convenient half=1ife than I-j31 and is also more easily
shielded. (For further physical data on I~125 and I-131 see

Appendix 5).
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Much care was given to the preparaticn of the stainless
steel surfaces, the performing of the adsorption experiments and
to ths counting activity adsorbed.

The principle of isotope dilution was developed to

calculate the amounts of protein adsorbed. Autoradiography was

routinely employed to examine the uniformity of the adsorption,.

Preparation of Protein Solutions

The preparation of the protein fractions from milk has
been described in Chapter 3. All protein solutions were made up
with double distilled water and were routinely filtered by using
a millipore filter code VC of filter size 0.10/um.

"All glassware was cleaned before use with hot concentrated
nitric/sulphuric acid for cne heur and then thoroughly rinsed
with double distilled water.

Protein stock solutions were stored at — 20 °C and
immediately prior to use were warmed to the required adsorption
temperature. During and/or between use, solutions were stored
at 4 °c and were generally never used after more than two days
storage at this temperature, Bactericides were generally
avoided because of the comnlicating effects they could have on
protein structure and adsorptive properties., For example
diethylpyrocarbonate, which is knoun to have
good bactericidal properties, interacts chemically with proteins
(490). Likewise the binding of azide %Yo crmystalline horse

methemoglobin has been reported (505).
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Concentrations of protein solutions were determined by
ultraviolet spectrophotometry using literature values of
extinction coefficients. The protein concentration of skim milk
was determined by the Kjeldahl method using a conversion factor

of 6,38 for total nitrogen to total protein,

Preparation of Stainless Steel

A major objective of the present study was to gain
information about the adsorption of the various protein
constituents of milk on to the stainless steel surfaces of milk
processing equipment. In order to meet this objective the steel
used was commercial stainless steel of type 304 with a zB surface
as is used in the dairy industry (see Section 2.2.). All the
samples used for adsorption studies were cut from a single sheet
rf the stainless steel,

Immediately before adsorption experiments, the surfaces
ol samples were polished lightly with silicon carbide Grade 400
to ~emove grease and dirt. This was achieved by fifty strokes
of a silicon carbide impregnated pelishing cloth, After polishing
the surfaces were washed with distilled water, boiled in 2%
phosphoric acid for ten minutes, rinsed with distilled water,
boiled in 2% potassium hydroxide solution for ten minutes and
finally rinsed three times in boiling double distilled water
before oven drying at 10S °c and s”oring in a dust free chamber
until required. In all the adsorption experiments the stainless
steel was used on the day it was cleaned, Considerable care was
taken not to contaminate or touch the surfaces at any stage before

or during an adsorpticn study.
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Electron micrographs of the unpolished and polished
surfaces are shoun in figure 7.1. Also shown is a highly
polished surface obtained by using a range of silicon carbide

powders followed by a final polishing with tin oxide. Such

‘'highly polished surfaces were not used in the present study

because the technological surfaces of interest are not nearly

as smooth, Also preliminary adsorption studies indicated no
significant surface roughness effect. This has recently bsen
confirmed for surfaces polished with Zrade 120 carborundum paper,
Grade 360 carborundum paper, Grade 400 silicon carbide powder
and tin oxide powder (491).

All manipulations involving the cleaned surfaces and the
protein solutions uwere performed in a dust-free laminar flow bcx.
During the adsorption experiments, surfaces and solutions were
enclosed in a desiccator at controlled relative bumidity and

temperature.

Autoradiography

Autoradiography using Kodak X-ray film was routinely used
to monitor the uniformity of adsorption of labelled proteine.
The surfaces to be studiec were mounted on a sheet of paper with
double sided cellotape, covered with glad wrap and X-ray films
were placed to cover the side(s) containing adsorbed radioactivity.
Exposure times were varied according to the amount of adsorbed

activity. The exposed films were then developed in the normal

manneTe.



~Figure 7.1
Electron Micrograph of AISI Type 304 Stainless Steel

surfaces (X 1000)

a, Unpolishad
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High resolution autoradiography using a technique based
upon the use of a scanning electron microscope and Kodak Nuclear
Track Emulsion (N.T.E.) was developed to determine the microscopic
distribution of the adsorbed protein (543). In particular it
was of interest to determine whether the adsorption reflected
the su:-face morphology of cracks and crevaces of the stainless
steel surface. Tﬁe procedure used was as follous:

After the proctein had been adsorbed at monolayer coverage, the
stairless steel slide was dipped into a 20% aqueous emulsion of
N.T.E. at 20 °c, It was allowed to drain dry and was then stored
in a dark box for ten days before developing and fixing in the
normal manner. Radiochemical counting indicated no loss of
activity due to this treatment, The developed slide was then

examined with the S,E.M.

Development of Techniques for Studying Adsorption

Adsorption experiments using flat sheet metal surfaces
involve low surface area systems where very small amounts of
material are adsorbed, Two important problems associated with
such experiments are the problem of contamination and the problem
of analysing very small quantities of adsorbed material, In
addition, adsorption experiments with surface active species such
as proteins could be influenced by processes occurring at the

water-air interface as well as the water-solid interface,
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"Spot" Technique

Initially a spot adsorption technique as developed by
Langdon et al, (492) was used, The radioactively labelled
protein soluticn was placed in the adsorption cups (see figure 7.2a)
and the air-water interface was 'swept' clean by overflow
immediately before applying the clean stainless steel sample.

This was in the form of a disc and was placed in such a manner
that a restricted area of one face of the disc was in contact with
the solution, The spot container and disc were enclosed in a
vessel in which a 100% relative humidity was maintained in order
to avoid solution evaporation,

After treatment for periods of 45 minutes they were removed,
rinsed for 20 seconds with distilled water from a wash bottle,
dried under a heat lamp and the activity of a defined area of the
adsorbed protein was determined.

Autoradiography of the adsorbed radioactive protein was used
to check the uniformity of adsovption (figure 7.3a). Repeatedly
it was found that the adsorption was not uniform, Regions of
high activity were often located around the edge of the 'spot!
and could have been due to evaporation. Regions of low activity
were usually centrally located and could have been due to the
formation of air bubbles during the placing of the disc, The
method was originally used to study the adsorption of ions on to
mica which was considerably less rigid than stainless steel and

also had the advantage of being transparent so that bubbles could

easily be seen and avoided.
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"Drop" Technique

A preliminary veréion of the "drop" technigue was
performed by dropping about five drops of the radioactive protein
on to the centre of a flat disc of about 2,5 cm diameter. After
a given period cf time the radioactive protein was rinsed from
the surface and treated as described for the 'spot' technique.
Althcugh the proble% of bubbles was overcome, evaporation effects
were still apparent in many of the experiments (see figure 7.3b).
Reproducibility was also a problem using this technique.

In order to improve the reproducibility and avoid the
effects of evaporation, the drop method was modified by tising the
apparatus as shown in figure 7.2b. The cleaned glass tubes were
clamped in position over the stainless steel disc and up to 0.5 ml
of the radioactive protein solution "dropped" on to the disc.

“he glass rings had the advantage of-allowing a greater volume

of solution to be in contact with the stainless steel to minimise
drying effects. The large solution volumes also had the
advantage of providing a larger reservoir of protein, and hence
there was less depletion of the solution during adsorptione

Again af the beginning of each run, the apparatus was sealed in a
desiccator containing water to maintain a 100% relative humidity.
At the end of each adsorption run, the radioactive protein was
removed with a Pasteur pipette and the apparatus rinsed with
distilled water, This method had a number of potential advantages,
It avoired the problem of passing the stainless steel disc
through an air-liquid interface, used larger solution volume, and

avoided the problems associated with air bubbles. Houwever,
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Flgure 7.2 techniques used to study protein adsorption
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leaking between the stainless steel disc and the glass ring often
resulted in the radioactive protsin solution forming a thin film
over the disc, This thin film often dried and once again gave

rise to evaporation-deposition effects., Another disadvantage of

the method was its unsuitability for kinetic investigatiorns,

"Slide" Technique

Because of problems associated with the two techniques
described above, an alternative method based on dipping stainless
steel slides into radicactive protein solutions was investigated,
The stainless steel slides measured four cm by ons cm and were
0,05 cm thick, Special flat walled 1 ml glass vials were used
to minimise the volume of radioactive solution required. .(see
figure 7.2c). The vials were pinched at th; top to ensure that
the slide remained vertical and in a central position in the vial
during the experiment,

One major disadvantage of the slide technique was the
possibility of effects caused by passing the slide through an air-
water interface either during the initial dipping of the slides
into the radioactive solut.on, or upon withdrawing them from the
solution at the completion of an adsorption experiment. The
deposition of monolayers of a surface-active species from the air-
water interface is a well known phenomenon (493),

Initially special precautions were taken “o minimise the
possibility of such effects. These included placing the slides
into empty vials and adding freshly agitated protein solution

rather than dipping the slides into the protein solution,. Before

the slides were removed the solutions were again thoroughly
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agitated in order to disrupt any layer formed at the air-water
interface, Subsequently it was shown that effects due to
adsorption at the air-water interface were negligible (see
section 7.8),

Autoradiography of the adsorbed protein (ses figure 7.3c)
indicated uniform adsorpiion and an absence of the artifacts
characteristic of the "Spot" and "Drop" procedures described
previously, The slide method proved to be a convenient economical
and reproducible (see section 7.9) method for studying adsorption
under a variety of conditions including a range of temperatures
and protein concentrations, The method could &dlso be easily
adapted to follow adsorption kinetics.. Unless otherwisa stated
all further adsorption studies reported in this thesis were

performed using this technique.

Calculatior of Amount of Protein Retained

The amount of protein retained by the surface; either hy
adsorption or deposition, was calculated from the surface radio-
active count using the principle of isotope dilution. For
convenience, adsorption experiments were characterised by a

retention coefficient,k{, defined as:

k"—' "‘";"— e e o o © o o 06 ¢ © ¢ o o o 701
X -2
whers ‘1 = amount retained by the surface (mg m ) and

C concentration of protein solution (mg m-3).

Providing that all the protein species present are labelled at the

same specific activity, the retention coefficient for both single



Figure 7,3

Autoradiography of the Adsorbed Protein
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and multiple component protein solutions (e.g. milk) can be

determined by the equation:

k _ Surface activity
~  Solution activity

® @ o o o o o o o 702

where : surface activity = measured radioactivity adsorbed

or retained by surface
sty . -1 =2
(disintegration & m )
solution activity = radioactivity of solution

(disintegration s~ m-z)

If counting efficiency and counting geometry is maintained constant,

then

where

the ratio 1{ can simply be obtained from:

¥< _ _Surface count
Selution count

® O e e o o o o o A 703

¢ surface count = count-rate per unit area of surface

(counts et m-z)

solution count count-rate per unit volume of sclution

(counts A m-3)

The amount retained [1 can then be calculated from h. and C

using

7.7 Count

(or d

one C

(a)

(b)

equation 7.1.

ing Procedures

As indicated in Section 7.6, in quantitative adsorption
eposition) experiments, the counting problem resolved into
f courting:
the activity adsorbed or deposited on a defined area in order
to determine the surface count;
the activity contained in a defined volume of solution in

order to count the solution count.
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Surface Count

The main difficulty in detesrmining the surface count was
the arrangement of shielding in such a way that only a known area
of the radioactive surface was counted. This was achieved by
'completely covering the radioactive area with a slab of stainless
steel 0.160 cm thick in which a hole of 0.5 cm2 area defined the
region counted, The thickness of the stainless steel was chosen
so that less than 0.3% of the shielded activity was counted.
Autoradiography was routinely employed to ensure the area of
activity counted was of uniform distribution. Care was taken to
avoid counting regions near the edges af the strip or near the
position at which the air/water interface had been formed during
the adsorption experiment. A suitable counting configuration
was ensured by designing a slide holder that held the shielding
slab so that the hole was located centrally over the adsorption
region. The shielding slab was held in position by two stubbs
fixed to the tray of the slide nolder, Glad wrap was used to
separate the active surface and the shielding slab and it was
replaced as soon as any contamination was observed. The
position for maximum counting efficiency was determined and

marked to ensure reproducibility of counting geometry.

Solution Count

A drop of the radioactive protein solution was carefully
transferred to the centre of a counting planchette and weighed
immediately. The planchette was then placed under a heat lamp

planchette drier that slowly rotated the planchette during drying,.
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The radioactivity on the planchette was then counted with as near
as possible, the same geometry as used to count the surface

activity.

The Effect of Horizontal Displacement on Counting Efficiency

The variation of count rate due to the horizontal
displacement of the source from the centre of the counting window
was determined by displacing a spot source to the left and to th=
right. The results (see figure 7.4) showed a plateau in which
the source can be displaced by z 0.5 cm from the centre of the
counting window without affecting the count obtained by more than
: 1% In all experiments care was taken to make sure that the
area to be counted was located to within 2 0.5 cm of the
position for maximum efficiency. In the case of planchette
counting of the soluticn count, special care was taken to ensure

that the drop of solution was centrally positioned and that

spreading was kept to less than 0.5 cm,

Relative Counting Efficiencies of Surface and Solution Activities
The method described for the calculation of amount adsorbed
relies on identical counting efficiency for the counting of the
surface activity and the solution activity. Because these
activities were counted with less than 2R geometry usirng a solid
crystal detector and because such counting is quite susceptible
to smzll unavoidable geometry changes, it was felt necessary to
check the relative counting efficiencies of surface and solution
activities by an independent method that used the rigorously

identical counting geometry and counting efficiency of a well type
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Figure 7.4

Effect of horizontal displacemenf on counting

efficiency

Displacement /cm
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courter for both types of activity. In this way & gsometry

correction factor G was obtained, where:

C = ( surface ~ctivity ) ( surface counts )
( solution activity )well // ( solution counts )

solid crystal
The procedure used was as follouws:
(1) A soiution of I1I-125 labelled protein of suitable activity
was prepared, One sample of this solution was applied to a
planchette, weighed and counted according to the procedure
previously described, A second sample of the liquid was wsighed
into a vial and the volume made up to one ml, The activity was
counted with a well crystal scintillation counter,
(2) P strip of filter paper was saturated with the radioactive
solution and allowed to dry. Autoradiography indicated uniform
distribution of activitye. An area of the strip the same size
as the counting hole in the stainless steel shielding slab was
carefully punchecd out and counted using the solid crystal counting
system and also by the well counter. For the well count the
paper disc was broken up by agitation with 0.5 ml of 0.1 mol l'_1
NaOH. The volume was made up to 1 ml with distilled water and
counted.

From the results of these experiments, the geometry

correction factor was calculated from:

(C crystal / u crystal ) / ( ¢ crystal )

c (© soln count ) / ( surface count )
= \

(C well /'w well y /0 ( ¢ uwell )

(* eo21n count / ) / ( surface count )
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where: crystal . crystal
C soln count count rate of weight W of
sclution dried on planchette and
counted with solid crystal counter
well _ s well
C soln count = count rate of weight W of
solution transferred to counting vial
and counted with a well counter
crystal - .
C surface count = co:nt rate of paper disc counted
with solid crystal counter
C well = count rate of paper disc dispersed

surface count

in counting vial and counted with

well counter

This experiment was repeated twice using the same radioactive

protein solution and the results are summarised in Table 7.1.

Table 7.1
Determination of Geometry correction factor G
Sample Ccrystal ucrystal Cwell Uwell crystal well G
sol.cnt, soln.cnt. surf.cnt. “surf.cnt.
1 405 900 0.0530 242 500 0.1376 28 200 7238 0.94
2 192 400 0,0285 497 0GO 0.2961 28 000 7138 1.02

(Note: The counts are for 100 second time period and the weight in
grams).
The average value of G obtained, G = 0.98 : 0.04, shows that
no correction for counting geometry is needed,
The background count-rate was kept to a minimum by
surrounding the detector with lead. This background count rate

was checked regularly and was subtracted from all count rates.
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Back scattering effects were checked by counting I-125 adsorbed
on to a piece of filter baper suspended on Glad wrap. A stainless
steel plate was then placed behind the sample and it was again

counted, No backscattering was detected,

Counting Equipment

initially, preliminary experiments were performed using
Geigoer counters to monitor adsorbed activity. This counting
method imposed major limitations in that counting efficiency for
the mecre convenient I-125 was very low, Use of 1I-131, which
could be counted with high efficiencies, was made difficult by
the very short half life of this isotope,

The delivery of a Panax crystal scintillation counting and
print out system greatly facilitated the counting of radioactive
samples containing I-125, The major part of the work reported
an this thesis used this counting system, It consisted of the

following components:

PSU - 13 Power Supply

EHT - 10 Voltege regulator
AAU - 10 Amplifier/Analyser
TIiMm = 10 Timer

SON - 10 Scaler

RTM = 12 Ratemeter

PNI = 6 Print out

and a photomultiplier tube with a 2 inch Nal crystal,
Optimum counting efficiency was obtained by using upper level

and lower level window setting of 5.50 and 3.00 respectively, an
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attenuation of 1.0, and a photomultiplier voltage of 630 volts.,

Effects at the Air-Uater Interface

Surface active species such as proteins are known to
concentrate at air-water interfaces and can be transferred to the
solid surfaces during immersion or removal, It is pussible to
devise procedures that avoid the necessity cf passing the solid
surface through the air-water interface., Thus a series of
experinonts were performed to test for effects associated with
such interfaces,

In one set of experiments the possibility of air-water
interface effects during immersion was eliminated by placing the
stainless steel slides in empty adsorption vessels and adding the
labelled protein solution from a pipette. as1-casein at
6 x 10-'6 g rnl-1 was used, After a predeterwined adsorption
period, adscrption vessel and slide were plunged into 5 litres of
d:stilled water, After 10 seconds, the slide was removed and
immersed in a further litre of distilled water for thirty seconds.
This was followed by a 10 second rinse from a wash bottle.

In a second set of experiments the same protein stock
solution was used, but the procedure was such that the slides were
dipped through the air-water interface to initiate adsorption and
withdrawn through the air-water interface at the end of the
predetermined adsorption time,

The results for both sets of experiments are shown in
figure 7.5. There is no significant difference in the amount of

adsorption for the two procedures so it can be concluded that

213
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Figure 7,5

Air-water interface effects on protein adsorption

on to stainless steel

Adsorption of «_,-casein at 4 x 1078 g m1™? on to stainless steel
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effects due to air-water interfaces are neqligible under the
conditions described. This result was further substantiated by

the results of autoradiography which indicated the absence of

boundary effects at the air-water interface. Thus in subsequent

work the possibility of such effects was discarded, though, as a
precaution the surfaces of the protein solutions were always

agitated before slide immersion or withdrawal,.

Reproducibility

As a final check on the reliability of the slide procedure
for determining protein adsorption, two checks on the reproducibility
of the techniques were made.

In the first experiment a labelled solution of L casein
was added to six glass vials each containing a freshly cleaned
stainless steel slide. After an adsorption time of 45 minutes
and a rinse time of 20 seconds, the surface count of each slide
was determined as previously described. The results are tabulated
in Table 7.2.

Although the scatter aof tha data is slightly greater than
can be accounted for by counting statisticssall the results are
within 107 of the mean. This is a very satisfactory result in
view of the inherent lack of reproducibility often associated with
low area solid-liguid systems.

The reproducibility of the adsorption experiment was furthoer

tested using separate samples of four-feld rfiluted milk containing

a wide range of solution activities. Results tabulated in Table 7.3

show very satisfactory reproducibility in the amount adsorbed for the

different milk solutions.
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Table 7.2
Reproducibility of Technique
Surface c:ount/s—1 o~ /3-1
9.88 0,31
10.21 0,32
9.20 0,30
9,91 0,32
10.61 0.33
9,51 0,31
11.05 0,33
10,18 0,32
10,07 0,32
10,88 0,33
10,26 0,32
10,38 0,32
Mean surface count = 1018
Counting time = 100 s

o~ = Standard deviation
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Table 7.3
Effect of Specific Activity on the Amount
Absorbed (T = 20 °c)
Protein Concentration Specific Activity Amount
/9 ml-1 Activity Adscrbed Adsorbed
/count s 9-1 /count Nl /mg m2
7.52 x 1075 11.7 x 10° .700 8.97
7.93 x 107° 13.5 x 10° .738 8.65
8.25 x 107° 69.5 x 10° 3,66 8.70
8.25 x 107 80.5 x 10° 4,27 8,75
7.74 x 1070 113.3 x 10° 6,941 9,48
8.31 x 1070 118.0 x 10° 5,656 8.00
B.25 x 107 138.0 x 10° 6.97 8.33

7.10 Distribution of Adsorbed Protein

Conventional autoradiography indicated (see figure 7.3)
that within the limits of resol::tion of the X—iay film used, the
adsorption was uniform., Results from high resolution auto-
radiography using Kodak Nuclear Track Emulsion are shown in
figure 7.6. The random distribution of thke developed silver
spots indicated an absence of any accumulation in the microscopic
defects of the stainless steel surfaces still visible beneath
the emulsion film.

It can be concluded that the adsorpticn of protein by
stainless steel is uniform down to the resolving power of the SEM
avtoradiography technigue. From a consideration of the size of

the developed silver particles and also their separation, this

was estimated to be of the order of a few microns.
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Figure 7.6
Electron Micrograph of N,T.E. Autoradiograph

of Adsorbed Protein

(x 200)

(x 1000)
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7.11 Conclusion

The results reported in tiiis chapter established that the
'Slide' technique based upon the use of I-125 iodinated protein
and the principle of isotope dilution provided a convenient

.and reproducible method for the study of gqualitative and
quantitative aspects of milk protein interactions at solid=liquid
interfaces. The absence of effects due to the air-water
interface was demonstrated. The way was now clear for detailed
studies of adsorption and deposition irom milk and milk protein

solutions, These form the topics of succeeding chapters.
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CHAPTER 8

ADSORPTION FROM SKIM MILK, MILK SERUM AND WHEY PROTEIN SOLUTIONS

Introduction
In previous chapters, metiiods for preparing iodinated protein
for tracer studies, for labslling milk with such proteins and for
calculating the amount of material adsorbed on to a surface from
a radioactive solution, have been described., In this chapter the
use of these techniques to study the adsorption of milk proteins
on to stainless steel surfaces will be discussed, Initial
experiments were performeo using labelled skim milk. In later
experiments milk serum and solutions of whey proteins were used,
Much of the work reported in this chapter was of a
preliminary nature and in some instances served largely as a guide
for further investigations, Initially, expsriments wers performed
to determine how much protein could be adsorbed by stainless steel
after a single exposure to a milk solution. Also of interest
was the determinations of which protein constituents of milk were

adsorbed.,

Material and Method

The method used for the adsorption studies was the 'Slide'
techrniique described in section 7.5, All adsorption experiments
were performed in a dust free laminar flow box at room temperature,

. . . . . o .
or in a desiccator in a cold room maintained at 4 C or in an



8.3

221

incubator maintained at 35 DC. Before each experiment all
glassware and stainless steel samples were cleaned according to
procedures already described (sections 7,2 and 7.3) and
equilibrated at the appropriate temperature for at least
30 minutes.

A1l milk used was obtained as fresh Jersey milk from
No.3 Dairy at Ruakura, It was centrifuged at 3 500 rpm for
20 minutes to remove the fat, A sample of this milk was
iodinated with iodine-125 and used to spike ths milk samples used
in the adsorption studies, Initial protein concentration of the
milk was determined by Kjeldahl nitrogen. When necessary, samples
vere diluted with distilled water. The amount of protein
adcorbed was determined using the procesdure described in section

Tebe

Adsorption of Protein from Skim Milk
Kinetics of Adsorption
A preliminary experiment indicated that significant amounts
of protein were adscrbed on to stainless steel and that a 20 second
rinse from a wash bottle was adequate to remove unadsorbed activity.
Little adsorbed radioactivity was removed with prolonged rinsing.
The kinetics of adsorption at 20 °C from skim milk diluted
four—fold with distilled water were detsrmined in separate
experiments, Results for adsorption times ranging from 5 seconds
to 2 hours are summarised in Table B8,1. It is evident that at
the concentraticn employed, the surfaces were effectively 'saturated!

after even the shortest adsorption time employed. In further
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Table 8,1
Kinetics of Adsorption from Skim fMilk
(Protein concentration = 8.3 mg m1-1, T =20 °c)
Time/min Amount adsorbed/mg m 2
(+ 0.5 mg m—z)
0,0833 7.2
0.25 7.4
0.50 Te2
1.0 8.1
20 Be1
40 79
60 Be2
120 7.5

adsorption studies using skim milk,an adsorption time of 20

minutes should be adequate to ensure maximum adsorption,

The Effect of Protein Concentrotion and Temperature

Radioactively labelled skiri milk dilutec two~fold with
distilled water was preparsd as previously described. This
solution was then further diluted by approximate dilution factors
of 2, 4, 10, 20 and 100, the exact protein concentration being
determined by radioactive counting. Adsorption experiments at
each concentration and at 4 0C, 20 OC, and 35 °C were then
performed, The results for all expaeriments are summarised in
figure 8.1, It is apparent from these results that under the
conditions of the experiments described surface saturation wes

-1
achieved at toial protein concentrations greater than 3 mg ml
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Figure 8.1
Adsorption of protein on to stainless steel from

skim milk
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(i.e. at milk dilutions less than 10-fold dilution). However
significant protein is édsorbed even at 100-fold dilution,

This illustrates a point of practical significance, i.e. adsorption
of milk protein could still occur even after milk had been diluted
many times,

The shape of the adsorption isotherms for the various
temperatures were éssentially identical and conform to the general
shape of a Langmuir adsorption isotherm. Attempts were mads to
fit the data to the Langmuir equation using the standard graphical
procedure of plotting £ ersus C (see figure 8.2).

]"o

Values of [ = 8.6 mg m~? and b = 1923 were obtained

saturation
and a reasonably good fit of the data with the Langmuir equation
was indicated, Rttempts to fit the data to other adsorption
equations such as the Frenlich equation gave unsatisfactory
results,

Temperature variation over the range from 4 °c to 35 °C

appeared to have very little effect on the amount of adsorption

at the protein concentrations investigated,

S.E.M., Investigation of the Adsorbed Film

In an attempt to obtain direct evidence for the presence or
absence of adsorbed micelles on surfaces treated with a milk
solution, a S,.,E.M. study was made of the adsorbed film after
fixation with gluteraldehyde (see section 13.2). A control was
prepared by mounting a §ample of miﬁelles fixed according to the

procedure of Carroll et al, (444 ) on a stainless steel slide.
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Figure 8,2
Langmuir plot for protein adsorption from

skim milk
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At sufficiently high magnification (12 000 X) micelles could be
identified on the control sample but.not on the adsorbed film,
This provided good evidence that micelles are not adsorbed

as discrete particles (see figure 8.3).

Discussion

The adsorption isotherms indicated that stainless steel
surfaces exposed to slightly diluted skim milk become saturatad
with a layer cof approximately 8.0 mg w-z of milk proteins,
Assuming the adsorbed protein to be uniformly distributed and to
have a density similar to that of anhydrous brotein (approximately
1.3 g ml"1), the adsorbed film of protein would be about 6,2 nm
thicke Taking into consideration the reported dimensicns of the
milk micelle (average ciameter from 20 nm to 300 nm) and of the
various milk protein molecules (13 nm x 2 nm approximately )(206)
it appears that if the protein is adsorbed as micelles then these
must be widely scattered over t-e surface, Alternatively the
ctlose packed unfoiled side-cn adsorption of moncmers would give
rise to a surface film of approximately 2,0 mg m—z. Close
packed end-on adsorption of monomcrs would give a surface film of
about 8.2 mg 2 (see section 9.4). These calculations, which
take into account a surface roughness factor of 1.7, (see
section 9.,4) indicate the likelihood of surface saturation by a
coherent film cof monomers rather than a scattered layer of
micelles and this result is supported by S.E,M, studies, This
conclusion is not significantly affected by the unavoidable
uncertainty in the specific activity of the labelled milk (see

section 5,4).
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Figure 8,3
S.E.M, studies of adsorbed milk film and deposited

casein micelles

a, Stainless steel surface after treatment with skim milk

(x 12 ooo0)

be Stainless steel surface showing deposited micelles

(x 12 000)
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In order to further investigate which species were adsorbed,
experiments were designed to study casein adsorption, whey protein

adsorption and adsorption from serum free of micelles,

fdsorption of Protein from Whey Solution
Preparation of Whey

The whey protein was separated from milk by cooling the
milk to 2 °c and adding 1 m011-1 HCl until the pH of solution
was pH 4,6, It was then.warmed to 30 °C to precipitate the
casein which was separated by centrifugation. The resulting
whey solution was decanted through a filter paper and desalted
by dialysis against two changes of dilute acetate buffer at pH 4.6
(using 10 ml of 10% acetic acid and 10 ml of 1 mol 1~' sodium
acetate made up to one litre) for one hour followed by dialysis
over night at 4 OC with tris-Hil buffer at pH 7.5, The protein
nitrogen determined by Kjeldahl nitrogen. A sample of this

whey solution was indinated for use in the tracer studies.

Adsorption Isotherm

The adsorption isotherm for the adsorption of protein from
whey protein solutions at 20 °c is shown in figure 8.4. The
isotherm appears to be of a Langmuir type with a r¥aturation

value of approximately 3 mg m.'2 (much lower than that for skim

milk).

Adsorption of Yhey Protein from Skim MiZ
In order to test for the effects of cooperative or

competitive effects in the adsorption of whey protein, a portion
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Figure B.4

Adsorption of protein on to stainless steel from

whey
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of labelled whey protein was added to skim milk and adsorption
experiments performede ~‘F{esults for skim milk with known whey
concentrations diluted with distilled water to give a range of
concentrations are summarised in figure 8,5, Data for the
temperatures: 20 OC, 35 OC, 50 °C and 80 °C are shown, It

is cleer that except for the experiments at 80 DC, the amount of
whey protein adsorbéd is considerably suppressed by the presence
of the other constituents of skim milk. Apparently these other
constituents are more strongly adsorbed than the whey proteins.
As in the case of skim milk, there does not appear to be a
significant temperature effect over the range 20 °c to 50 °c.
The result at 80 °C is probably anomalous and could be a result
of the knoun tendency of uhey proteins to aggregate with the

caseins at high temperature.

Adsorption of Protein from Serum
The serum obtained when the micelles of skim milk are removed
by centrifugationr consists principally of whey protein and serum
caseins, A sample of labelled milk serum was prepared by spiking
milk with iodinated milk, centrifugating it at 102 000 g for one
hour, separating off the serum and centrifuging it again at
102 CO0 g. As no further precipitation, radioactive or non-
radioactive, was observed it was presumed to be free of micelles.
Again the protein concentration was-determined by Kjeldahl nitrogen.
idsorption data were obtained at 20 °C for a range of serum
concentrations, The results are plotted in figure 8.6. It

appears that approximately twice as much protein is adsorbed from
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Adsorption of whey protein on to stainless steel
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Figure 8,6

Adsorption‘bf protein on to stainless steel from

milk serum
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the serum solution (containing whey proteins and serum casein) as
is adsorbed from solutions of whsy proteins alone. Also, since
it was shoun in the previous experiment that the adsorpticn of

wvhey protein was suppressed by the presence of the other

constituents of milk, it is most likely that the protein adsorbed

from the milk serum mixture of whey protein and serum casein is

predominantly the serum caseins,

Ciscussion and Conclusion

The protein adsorption results described above, provided
circumstantial evidence that the protein adsorbed when stainless
steel came into contact with milk, wss predominantly the casein
constituents of the milk serum. The amount of protein adsorhbed
from skim milk was approximately 8,0 mg m"2 at saturation. This
amount of protein could be adso-bed as scattered micelles, or as
a monomolecular layer of protein molecules. The latter
possibility seems more likely, This view is reinforced by the

similar value for f1 obtained from whole serum free of

saturation
micelles, The fact that the adsorption of the whey protein
constituent of serum is suppressed by the presence of the other
serum constituents (mainly caseins) suggests that the serum caseins
were adsorbed preferentially,

An interesting insight into the adsorption behaviour of milk
upon dilution can be obtained by replotting the data obtained in
this chapter according to the effective dilution factors

i.e. where the concentrations are expressed as the fraction of

their values in milk.
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Figure 8.7

The effect of other milk constituents on the

adsorption of whey protein and serum protein
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It is apparent from figure 8,7 that 'saturation' adsorption
at 8,0 mg m"2 is maintained at a much higher dilution factor in
the case of adsorption from diluted skim milk than from diluted
serum casein, This indicates that the micelle constituents may
be playing some role in the adsorptiecn effect, Given that it is
unlikely that the micelles are adsorbed, it seems reasonable that
the micelles act as a reservoir of caseins, that by dissociating
from the micelles help to maintain the casein concentration of the
serum, This would ensure 'saturation' adsorption over a wide

range of dilutions,

235
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CHAPTER 9

SOLID-LIQUID SURFACE CHEMISTRY OF THE MILK CASEINS

Introduction

The results of Chapter 8 irdicated that the adsorption of
caseins from milk serum was the most significant adsorption
phenomenon occurring within the first few hours cf contact of a
clean stainless steel surface witﬁ skim milk. It was thus
decided to study the solid-liquid surface chemistry of @ 10 B
and K-caseins at the stainless steel-water interface in more
detail with the view of determining adsorption characteristics
of the different caseins which might suggest factors involved
in the mechanism of adsorption,

In preliminary experiments the adsorption of « 8 and

s1?
K=casein was studied over a concentration range of 0,01 to 1.6 mg ml-1.
At these concentrations the adsorption process was found to be
very rapid, Detailed studies were made of the adsorption of

B-casein and a, ~casein. B~casein was studied because of its

1

high affinity for stainless steel and as1-casein was included in
similar studies because it is the major casein constituent of milk.
The kinetics and thermodynamics of adsorption were of initial
interest, In addition the effect of the variables : pH, ionic
strength and temperature will provide further information on which
tc base models for the adsorption process. Casein adsorption
effects at stainless steel-agueous interface,apart from having
relevance to milkstone formation, will also be of more general

interest in providing additional data on the solid-liquid surface

chemistry of proteins.
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9,2 Material and Method

9,3

The procedure for the preparation of individual casein
constituents was described in Chapter 3, The procedure for
protein jodination used, was that described in Chapter 4.

Adsorption experiments were carried out using the 'slide
technique' as discussed in Chapter 7. Protein concentrations
were determined spectrophotometrically using extinction coefficient

data given in Chapter 3.

Preliminary Experiments

The adsorption of as1’ B, and K caseins was studied as a
function of concentration at 20 OC, pH 6.8 (sodium cacodylate
buffer) and at an ionic strength of 0,06, (adjusted with NaCl).

A standard adsorption time of forty minutes was employed for each
adsorption,

The results are summarised in figure 9.1, where it is clear
that P-casein is adsorbed to a significantly greater extent :than
either @, or K~casein, particularly at the higher protein
concentrations investigated, There is little variation in the
amount of as1 and K-casein adsorbed over the concentration range
studied, It appears that the surfaces are "saturated" with
respect to the individual proteins at concentrations as low as
0,01 mg m™1 with approximately 2.5 mg m> of protein being
adsorbad. The adsorption nf P-casein is similar to that of
a ,-casein at the lower concentrations, but at higher protein

s1

concentrations the PB-casein is adsorbed to a greater extent.
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Figure 9.1

Adsorption Isotherms for adsorption of GS1 s B
and K=~casein at high concentration
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Uith B-casein,continued adsorption occurred until a maximum of
about 8 mg rn-2 at a concentration of 1.4 mg ml-1.

In order to check that adsorption had reached completion
in these experiments,a kinetic study was undertaken., The results
bf figure 9.2 show that in all cases, completion of adsorption
was obtained after at most, a few minutes. In particular the
data of figure 9.2 established that the continued adsorption of
B —~casein at the higher concentration was not a kinetically
controlled effect,

From the preliminary experiments described above, the
importance of PB-casein adsorption in the formation of protein
films at stainless steel-agueocus interfaces exposed to milk was
indicated. It is of interest to note that the "saturation"
coverages of surfaces exposed to high PB-casein concentrations
were approximately the same as those obtained due to adsorption
from skim milk,

At this stage it was decided to extend the adsorption
studies by investigating the kinetics and thermodynamics of the
adsorption of PB-casein (berause of its high affinity for the

surface) and @ _,-casein (because of its abundance in milk) over

1

a greatly extended range of conczntrations,

Kinetics and Thermodynamics of @, and B-casein adsorption

1
Adsorption Isotherms
Adsorption isotherms for 081 end B-casein adsorption were

determined for concentrations ranging over several orders of

magnitude from 10‘"4 to 8 mg m1-1. A constant adsorption time
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Figure 9,2

Kinetics of Adsorption of a B, and K-=casein
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of 40 minutes was used in all of these experiments, Other
experimental conditions were adjusted in such a way as to
illustrate the effect of temperature and ionic strength on the
amount of adsorption (see figures 9.3 and 9.4), The data are
Elotted on a semi=log scale in order that all the data can be
included on a single plot. The shapes do not correspond to

recognisable isotherms,

Amount Adsorbed

The semi~log plots reveal that in the case of B-casein, there are
two concentration regicns over which protein adsorption is
independent of concentration, The lower concentration region
extends from 6 x 10-3 mg ml"1 to 10-1 mg m1-1 over which the
surface appears to be szturated with approximately 2.8 mg rn"2 of
protein, Above 1 mg ml'-1 a second plateau region is observed
corresponding to a protein adsorption of approximétely 8.4 mg m-2.

In the case of & ~casein the first plateau occurs at

1
concentrations above 7 x 10> mg ml” with protein adsorption of
approximately 2.5 mg m-z. The high concentration behaviour of
@ _,—casein differs from that of PB-casein., Above 7 x 10"1 mg m1”
there is a slight increase in ths amount of protein adsorbed but

this is much less than the increased adscrption observed with

B ~casein at the equivalent concentration,

Effect of Temperature
Figures 9.3 and 9,4 show that over the temperaturs range of
4 °C to 20 °C the amount adsorbed did not vary significantly with

temperature at the various solution concentrations. Studies at
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Figure 9,3
Extended Adsorption Isotherm for adsorption of
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Figure 9.4
Extended Adsorption Isotherm for adsorption
of PB-casein
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temperatures greater than 20 °Cc were omitted because of

evaporation and possible denaturation problems,

Effect of Ionic Strength

The figures 9,3 and 9,4 show that lowering the ionic
strength from I = 0,06 to I = 0,01 has a neglicible effect on the
adsorption of a .- and PB-~casein, The effect of high ionic
strengths on B-casein adsorption, however, suppresses the
adsorption at low protein concentration but enhances the
adsorption at the higher concentration (see figure 9.5). In
fact at the higher protein concentrations, the amount adsorbed

increased asymptotically with increasing concentration.

cffect of pH

The effect of pH on the adsorption of L ~casein at a

1
concentration of 0,2 mg ml"1 is shown in figure 9.6, An initial
slight increase in adsorption as the pH was louered from pH 9 to
pH 7.0 was followed by a steep increase in the vicinity of the
isoelectric point as the pH was further lowered, At pH's below
the isoelectric point doun te pH 2.5, the amount adsorbed remained
approximately constant at a maximum value of approximately
7.0 mg m-z. Below pH 2,5 the amount adsorbed decreased rapidly.

A similar trend (see figure 9.6) was indicated by studies
with B-casein at the much lower concentration of 5,4 x 10-3 mg ml-1.
The in-~rease in adsorption in the vicinity of the isoelectric
point was again observed. At. high concentrations of P -casein

(3.5 mg ml—1) increased adsorption in the vicinity of the isoelectric

point was again observed, In this case precipitation of the casein



245

Figure 9,5

Extended Adsorption Isotherm for Be-casein at

high ionic strength
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Figure 9,6

Effect of pH on «_, and B-casein adsorption
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from solution was also noticed. Thus the effect observed at the

isoelectric point could well have been associated with precipitation,

Competitive Effect

The adsorption of mixtures of x and PB~-casein were

1
studied by monitoring the adsorption of one of these proteins in
various concentrations of the other protein (see figure 9,7).
It was observed that in studying thic adsorption of B-casein at
0.3 mg m.’..m1 concentration in the presznce of varicus amounts of
asrcasein, there was no significant difference in the amount of
B-casein adscrbed, In monitoring the amount of 681-casein
adsorbed at 0.3 mg ml-1 concentration, with various amounts of
B-casein, it was observed that the initial asq-casein adsorption
of about 2.3 mg m‘"2 dropped rapidly to less than 1.0 mg mm2 on
increasing the concentration of PF-casein above 0.2 mg ml~1.
This result indicated that above this concentration, B-casein was

being adsorbed in preference to x ~casein.

1

The Kinetics of Adsorption

Preliminary experiments were carried out to determine the
adsorption time required to reach "maximum" adsorpticn., The
concentrations used in thes2 experiments, although quite low
(8.4 x 107? mg ml-1), were considerably higher than some of the
concentrations used in the extended adsorption isotherm experiments.
Thus it was necessary to check that the standard adscrption time
of forty-five minutes used in these experimeris was in fact
adequate to allow maximum adsorption at the lowest concentration,

A detailed kinetic study over the range of concentrations from
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Figure 9,7
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1 x 1072 mg ml~! to 9 x 1074 mg m~! was initiated. The
adsorption curves (plots of [ versus t) are shown in figure 9.8
for t!s1- and PB-casein. From these plots it is clear that
maximum adscrption was not obtained after forty-five minutes

for concentrations below about 1.1 x 10-2 mg ml-1. Hence the
decrease in the adsorption isotherms data at concentrations below
this value as shown in figures 9.4 and 9,5 reflect the kinetics
rather than the thermodynamics of adsorption. Given sufficient
time and an adequate volume of solution, it appears that even at
the lowest concentrations, an essentially constant amount of

protein would be adsorbed at all as - and P-casein concentrations

1
below approximately 6 x 10-3 mg ml-1.

Analysis of Adsorption Curves

For processes involving a solid-liquid interface the overall
rate could be limited by any one (or more) of the following steps:
(see Chapter 2:)
1 diffusion of the substrate to the interface;
2. adsorption at the interface;
3., reaction of adsorbed species at the interfaces
4, desorption of reaction products;
5. diffusion of products away from interface.
In the case of protein adsorption on to clean stainless steel the
two most likely rate limiting steps are diffusion to the interface
and adsorption at the interfacs. It is possible that the
adsorption step could be limited by the desorption of a species

already occupying surface sites though this is not particularly

249
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Figure 9,8

Kinetics of Adsorption of «_, and B=-casein
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likely, Assuming a simple first order adsorption process, the
kiretics of adsorption should be exponential. If diffusion was
rate limiting, then the amount adsorbed could be expected to vary
with the sgquare of time at least during the initial stages of
"adsorption, This is a standard test for diffusion controlled
prucesses.

Plots of log (amount adsorbed) versus time, and amount
adscrbed versus the square root of time are shown in figure

9,9 for both a_.- and PB-casein, The best fit of the data

1
was obtained when the amcunt adsorbed is plotted against the square
root of time suggesting that the rate of adsorption at low

concentrations of proteinuwas diffusion contrelled (see Figure 9.10).

Discussion
Te Kinetics of Adsorption - The Importance of Diffusion
The solution of Fick'!s first Law for diffusion from an

unstirred liquid solution to an interface is:

Mo 2 J2E
~
where [1 = amount adsorbed
C = solution concentration
D = Diffusion coefficient

t = amount adsorbed in time t

This equation was first used by Ward and Tordai (496) to
describe the rate of arrival of molecules at an air-water
interface in the absence of stirring, cesoiption, or an energy

barrier.



252

Figure 9.9 .
Logarithmic plot of data for adsorption kinetics
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Figure 9,10
Square~root plot of data for adsorption kinetics
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Rearrangement of thie equation allows the diffusion coefficient

to be estimated as follows:

l"')z
)

L
4 c2 ( t2

where —y— is the slope cbtained from the plot of [
t2
1
against t%,

Using this equation values (Table 9.1) for the diffusion

coefficients of o 4= and PB-~casein were calculated,

Literature data for the diffusion coefficients of caseins

are sparse, Mo values have been reported for @ ~casein,

1
The value for o-casein, a mixture of @, ~-casein and Kecasein,

2

1

was found to be 2.90 x 10~ cm? sec ! (497) at pH 7.8 and ionic

strength of 0.1, The value for « _-casein at pH 7,08 and

7

0.1 mol 1”7 KCL of 3.7 x 107" cm? sec™ (498) was reported.

Table 9,1
Diffusion Coefficient of @ - and B~-casein
Protein Concentratien D, (Expt) Dzo(Literature) Da(Cal.Literature)
-1 2 - 2 - 2 -1
g ml cm~ sec cm  sec cm~ sec
a_ -casein 4 x 1078 2.1 x 1077 2,90 x 1077(497) 1.7 x 1077
( @ casein)
3.7 x 1077(498) 2.2 x 1077
( @casein)
4 x 107> 1.9 x 1077
B-casein  9.0x107 ¢ 3.5 x 1077 6,05 x 1077 (497)  3.63 x 1777
101x107° 2.6 x 1077

8.4x10™° 1.9 x 10”
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A1l the literature values for the diffusion coefficients
were reported at 20 °c. In order to compare these data with

the experimental results they were adjusted to 4 °c using the

T AL T
T T2 T
2 “L T,

mherenLT is the viscosity of the solvent at the temperature T.

(For water ,yLZS = 0,8904 cp, /)LZG = 1,002 qD;ola = 1,567 cp

(s00)). The adjusted data are tabulated in the last column of

following equation (499)3:

D

I
[w)
|
I

Table 9.1. The experimental data and the adjusted literature
data agree within the experimental error.

Further evidence for the diffusion control of adsorption at
low concentration is provided by the adsorption isotherm data of
figures 9.11. In these adsorption experiments, a constant
adsorption time of forty-five minutes was used in all cases.
At concentrations below about 6 x ’10-3 mg m1“1, this time was
inadequate to allow maximum adsorption to occur for either
as1- or P-casein. By assuming diffusion control and using
the adjusted literature value of the diffusion coefficient at 4 C
given in Table 9.1, the amcunt of protein adsorbed at various
solution concentrations was calculated, A compariscn of the
calculated value with the experimentally determined amount is
also shown on figure 9.11. Again a diffusion model gives a very
'good fit of the experimentzl data.

The apparent fit of all low concentration adsorption data

to a diffusion mechanism could possibly have been due to ths

fortuitous cancelling of opposing effects: convection causing
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Figure 9,11 .
Effect of concentration on the amount adsorbed after

a fixed adsorption time
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an increase in the rate of adsorption and of depletion of the
solution due to adsorption on to the walls of the container
causing a decrease in the rate of adsorption.

The possibility of convection was eliminated by an
experiment in which a few crystals of potassium permanganate
wers placed in the bottor of the adsorption vessel czontaining
1 ml of distilled water and a stainless steel slide. Other
conditions were exactly the same as those used in the adsorption
studies, The diffusion of the permanganate from ths crystals
were observed for 48 hours. There appeared to be no evidence
for convection,

The adserption of protein from dilute solution on te the
glass walls of the vial was alsoc investigated, Only in the
case of the very dilute solutions and then only after a very
long time was there any appreciable depletion of the solution by
adsorption on to the glass, In any case the plot of [' versus
t% was fitted to the data at relatively short periods of time.
Hence solution depletion due to adsorption on to glass would have
had minimal effect on the estimation of the initial slope and
hence the diffusion coefficient,

An important conclusion that can be drawn from the kinetic
studies at louw protein concentration is that protein adsorption
appears to be independent of protein concentration, Provided
sufficient time is allowed, a monolayer of protein is adsorbed
from even the most dilute protein solution. Previous
investigations that have shown a decrease in adsorption at low

concentration and typical Langmuir type isotherms must therefore

257
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be regarded with cauticn. It seems possible that the fall-—off
at low cencentration could have been due to insufficient time

being allowed for maximum adsorption to be attained.

2. The Structure of the Adsorbed Protein Layer
(a) Low Concentrations

A simple explanation for the aniount of protein adsorbed
over the wide range of concentrativns studied, could be that
protein adsorption at the stainless steel-water interface
proceeds until the surface becomes covered with a single layer of
protein molecules and that the adsorption process is irreversible,
The amount of protein adsorbed on the surface layer could be
expected to reflect the effective surface area of the interface
and the area occupied per protein molecule,

The effective surface area of the 2B stainliess steel
surfaces used in the present work has been estimated to be 1.7
times the geometric area (491), Although this value is
difficult to check absolutely, such a value seems reasonable and
the agreement observed between results from gas adsorption (495)
and serum albumin adsorption (491) allows this value to be used
with seme confidence,

Literature data on the size and shape of casein molecules
have been obtained mainly from viscosity studies and studies of
protein adsorption at the air-water interface. B-casein, for
-xample, has been reported tc be a flexible coil linear polymer
of dimensions 13 nm x 2 nm with cross secticn areas of 20,41 nm2
(long axis) by 3,14 nm2 {short axis) (206), a ,~casein, because

of its similar molecular weight and amine acid sequence, could
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be expected to have very similar structural propertiese. A monomer
model of as1—casein was reported as a compact body about 10 nm X
2.5 nme (464).

Adsorption of caseins at the air-water interface is thought
to be accompanied by the unfolding of the polymer chain, from
the amount adsorbed it has been calculated that each amino acid
residue of non polar proteins such as insulin and albumin (and
also presumably the caseins) occupies an area of 0,17 A’ (129).
An unfolded ¢S1- or B-casein could thus be sxpected to occupy
an area of 33.8 nm2 or 35.5 nm2 respectively, If the protein
was predominantly polar in nature then only partially unfolding
is reported to occur and this would occupy an area of 0,04 nm2 per
amino acid. For 581- and B-casein this wculd correspond to
7,96 nm2 and 8,36 nm2 respectively, The area calculated for
each of the spherical coils was obtained from the radius calrulated
from the literature data for partial specific volumes. From the

1

partial specific volumes : 0,728 ml g ', 0,739 ml 9-1, and

0.736 ml 9-1 for @ -, B , and K-casein respectively (53), the
following areas: 11,26 nm2, 11.60 nm2 and 9,6 nm2 were calculated,
Working on the assumption of a roughness factor of 1.7 and
using the cross sectional areas given above, estimates of the
amount of adsorption can be calculated according to the different
possible surface configurations of the adsorbed protein. These

are summariszed in Table 9.2, where the sxperimental data are also

included,
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Table 9,2
Molecular Configuration of as1, B and K-casein
Protein Unfolded Flexible Spherical Folded Experimental
coil coil coil coil
2 - 2 -2 2 ~2 2 -2 =2
nm~ mgm_ Nm mgm nNm mgm~ Nm mg m ng m

as1-casein 3348 2,0 19,6 344 1142 5.9 7.9 8.4 2.4
B-Casein 3505 1.9 20.4 303 11.6 508 803 801 208
K=casein 277 17 - - 9.6 5.4 667 Te7 1.6

The amounts adsorbed were calculated on the assumption that the
molecules deformed to cover all of the available area. if the
molecules were taken to be rigid spheres or spheroids in close
packed arrangements, the calculated amount of adsorption could be
expected to be slightly reduced. For example with B-casein the

2

close packed sphere value is reduced from 5.8 mg m - to 4.9 mg mm2

and for the flexible coil spheroid the value of 3.31 mg m? is
reduced to 2.9 mg m-z.

Although the errors in the experimental data and the
experimental error in the value for the roughness factor make it
impossible to come to any firm conclusion about the mode of

packing, the results of these calculations are consistent with

little change in the flexible coils on adsorption,

(b) High Concentrations

At concentrations greater than C.6 mg ml-'1 for agq—casein
and 0.1 mg ml-1 for B-caseiny, increased protein adscrption on to
the 'saturated! surface was observed. The explanation for this

behaviour is not clear. In the case of f-casein the increased

adsorption reached a maximum of approximately 8.2 mg m-2 at which
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no further increase in adsorption with increasing protein

concentration was observed, Although a ~casein exhibited a

1
similar trend no maximum was obtained at thes highest concentration
used in these studies, This result is consistent with the

‘previously observed greater affinity of PB-casein for the
stainless steel surface.

The amount adsorbed at high concentraticn could reflect a
change in the conformation of the adsorbed protein film, The
higher concentration could conceivably induce folding of the
protein molecule or end-on rather than side-on adsorption.

Calculated amounts of adsorption based upon these adsorption

configurations for Pf-casein are given in Table 9.3.

Table 9.3
Melecular Configuration of B-casein at high
Protein Concentraticn (1 mg m1-1)
Folded Coil End=on Coil Experimental
B-casein 8.1 mg m 2 21.5 mg 2 8.3 mg 2

The agreement of the folded coil calculation with the
experimental result could be fortuitous. If folding of PB=casein
occurs at high concentration then it would be expected that the
hydrophobic groups would be innermost, exposing a surface that
consisted predeminantly of hydronhilic groups. Such a species
could interact with surtaces only by weak and reversible
hydrophilic interactions (see Section 2,7). There was no
experimental evidence that protein adsorbed at high concentration

was any less strongly held than that adsorbed at low concentration,



This is evidence against the folded coil model for adsorption at
high concentration.

Ancther explanation for the adsorption data at high
concentration could be based upon the displacement of segments of
the protein molecules already adsorbed. It is well known that
casein has detergent properties, It therefore seems nossible
that provided the concentrations are high enough, the hydrophobic
parts of the solution casein molecules could displace the more
hydrophilic parts of the adsorbed molecule, without causing
desorptinon,. Thus, more than one molecule could occupy a space
on a suriace previously occupied by only ona molecule. In order
to acceunt for the amount adsorbed at high concentration, it
would be necessary to envisage two solution protein molecules
being involved with each partial displacement of an adsorbed
wclecule so that one third of the effective surface area of the
protein pemained in contact with the surface., The partial
displacement could be from one end of the molecule ( B-casein has
one end that is mainly hydrophilic and would be expected to bs
more readily displaced) or it could occur through the buckling
of the molecule, Unfortunately it does not appear possible to
test this model by any simple means,

One further model that may explain the adsorption data
could be based upon the observation that caseins polymerise at
high concentrations (see Section 2.5). Therefore at high
concentrations; the increased amount of adsorption could be a
result of the adsorption of polymerised aggregates or formation

of a polymerised surface film, In solution, the polymerisation
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reactions are generally reversible, and therefore it could be
expected that the additional adsorbed protein would be readily
desorbed into distilled water. This result was not observed,
If polymerisation does occur, the influence of the surface must

be to make the process irreversible.

3, Effect of Experimental Conditions on the Protein Film
(a) Temperature

As previously discussed, temper=2ture variation over the
range 4 °c to 20 °C had 1little effect on the amount of protein
adsorbed indicating that cnthalpy effects were probably negligible,
This result is similar to those obtainsd with other protein
systems at solid-liquid and solid=gas interfaces (see Section 2.7).
At temperatures greater than 50 °c significant changes in the
adsorbed film can be induced. Such effects are discussed in

Chapter 12.

(b) 1Ionic Strength

The effect of increased ionic strength was to slightly
inhibit monolayer adsorption at low protein concentration but to
significantly enhance the "multilayer" adsorption of PB-casein
at high protein concentration,

The effect at low concentrations can be most readily
explained in terms of the effect of ionic strength on the size
of the protein molecules, Although casein molecules are largely
unfolded, the tertiary structure they possess is determined
partially by electrostatic interactions between oppositely

charged residues. Increased ionic strength will diminish such



interaction and lead to further unfolding. The moleculeg being
larger, would be expected to diffuse more slowly and the

adsorbed species would occupy more surface area. Thus less
adsorption over the "monolayer" region and slower adsorption below
the "threshold" concentration for the time scale of the adsorption
experiment would be expected. The "threshold" concentration,
i.e. the lowest concentration for a given adsorption time at which
a "monclayer™" is formed in the adsorption experiments would be
expected to be raised as the ionic strength was increased.

At high protein concentrations increased ionic strength results

in polymerisation and aggregation and may lead to precipitation
through "salting out" effects, The enhanced adsorption caused

by high ionic strengths probably reflects these phenomena.

It seems unlikely that the result could be a molecular size

effect as all evidence indicates that molecular size increases

with ionic strength.

(c) pH

In section 9.3 the maximum adsorption observed occurred in
the vicinity of the isoelectric point and was attributed to
precipiation effects. The precipitation of caseins at the
isoelectric point results from aggregation of the molecules that
occurs when their stabilising charge has been neutralised,
At pH's slightly displaced from the isoelectric point, the
formation of stable polymeric species could account for the
enhanced adsourption observed,

Unfortunately there is no information on the effect of pH

on casein molecule size, However extrapolating from the data

264
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for serum albumin in which the size decreases with pH through
the iscelectric point (501) it does seem possible to interpret

the increased adsorption in terms of decreased size,

-4, Competitive Effects

In a mixture of @ q- and 8-casein the rate of diffusion

1
of the individual protein to the surface and the strength of the
boncing between the stainless stzel and the adsorbed protein
could both contribute to the competitive effects observed,

As B=-casein has a higher diffusion coefficient than @ -casein,

1
a solution containing an equal concentration of both these
proteins (0.3 mg ml - see figure 9.7) would result in the

preferential adsorption of B-casein, If more as1-casein

reached stainless steel because of a higher 0g1—casein
concentraticn, B-casein may still be 2ble to replace the

adsorbed as ~casein due to its higher hydrophobicity (see

1
Table 2.4)., The preferential adsorption of B-casein in the

presence of an excess of LR —casein indicated that such

1

replacement must have been occurring (see figure 9.7).

5. A Limiting Case Mocel for Protein Adsorption

Although the data for high protein concentrations, high ionic
strengths and pH's nesar the iscelectric point indicate that
protein adsorption, under these conditions, is a complex process
which possibly involves aggregation, polynierisation or precipita-ion
effects, the data at low concentrations and pH's away from the
isoelectric point can be explained quite well by a limiting case

model., This model assumes that the rate of adsorption (from



unstirred solution) is determined solely by the rate of diffusion
of the protein to the interface znd the maximum amount of
adsorption after "infinite" adsorption time is controlled solely
by the close packing of protein molecules at the interface.
.Since both the diffusion coefficient and the number of molecules
that can be packed on to an interface are controlled by size and
shape aloney this model provides an interpretation of the rate of
adsorption and the amounts of adsorption in terms of these
molecular parameters. Thus factors ihat reduce the size of the
molecule should increase the rate of adsorption and also the
amount adsorbed and vice versa for factors that cause an increase
in size, In general the mobility of protein molecules decreases
as the-axial ratio increases, Thus factors that cause unfolding
of the protein chain can bs expected to decrease the rate of
adsorption and also decrease th2 amount adsorbed at infinite time,
It is possible to express these ideas quantitatively.
The influence of size, shape and hydration on protein mobility
has been extensively studied. The diffusion coefficient of a
large spherical particle moving in a medium of small particles

was derived from Stokes Law by Sutherland (502) and is:

RT

gtoie;-3;€;;{ﬁ e s 06 ¢ 06 06 06 060 06 0606 0 ¢ ¢ 0 o 91
where R = 1ideal gas constant
T = temperature in degrees absolute
r = radius of the diffusing molecule

F\): viscosity of the solvent

=2
il

A vogadro's number
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Similarly the equation for the frictional ceoefficient is given
by s

f = G‘KrrL

and therefore the diffusion coefficient is inversely proportional
.to the frictioral coefficient. Assuming a molecule to be
spherical, its radius can be obtained from the partial specific
volumn V which is the increment in volume when one gram of

dry protein is added to a large amount of solvents

1/3
1 . 4 TN N
-I‘_= (m) e e e 0o 06 0 0 o 962

where M is the molecular weight of thz protein,
The diffusion coefficients calculated using this value of r

(and assuming spherical molecules) are obtained from the equation:

RT 4N N (1/3
(3”"']')

DStokes . NGTTFL

L 4 L 4 L] * L L 9.3

Tuo factors will cause actual diffusion coefficients to differ
from the DStokes values calcuiated as above, Protein molecules
are extensively hydrated in solution and the effect of this
hydration is to increase effective size and hence reduce the
diffusion coefficient. Secondly most proteins have a shape that
more closely resembles a spheroid than a sphere, Both factors
can be allowed for, providing the hydration and axial ratios are
known.

For proteins the effect of hydration on diffusion of

spherical particles can be described by the cquation:

Danhxdrcus - (1 +...U.J...‘)1/3 0.4
Dhydrated V/o
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vhere W = the hydration, expressed in grams of water bound

by one gram of protein

I

/AD density of solvent at the temperature of the

experiment

The effect of the shape cn the diffusion coefficient is described
by the following equations where "b" is the length of the
equatcrial semi-axis of the ellipsoid and "a' the length of the

semi-axis of revolution (503).

b2
Dsghere 2 (1 '.;7 ) -
D = B2 1 o ¢ 0 e o o o
a a
Vi 1
b< 7
1= (1= - )
a
prolate ellipsoid (b<a)
b2 H
(% =-1)
D a
“sphere _ 0.6
Dellipsoid B b & -1 2 3 7
N «( a )3 tan ( ;E' - 1 )

oblate ellipsoid (b a)

The effect of axial ratio on the diffusion coefficients for
prolate and oblate ellipsoids is shown in figure 9,12,
Combining equations 9.3, 9.4 and 9,5 or 9,6 it is possible
to calculate the axial ratio i.e., the shape of the protein
molecule (assuming it to be ellipsoidal) from the observed diffusion
coefficient, the Stokes Law diffusion coefficient (calculated

from molecular weight and partial specific volume of solute and
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Figure 9.12
Effect of axial ratio on diffusion coefficients

for prolate and oblate ellipsoids
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viscosity of solvent ) and thes hydraticn factor (equation 9.4),
i.e.
For spherical anhydrous molecules

Dobs = Dstokes

For ellipscidal anhydrous molecule

Dellipsoid

Dobs = DStokes D

sphere

For ellipsoidal, hydrated molecules

De11ipsoid y Diydrated

D = Day
obs Stokes Dsphere Danhydrous
o Ds here DStokes ( thdrated )
ee D = D .(D ) e o o o o o 9.7
ellipsoid obs. ( “anhydrous )
Ds here a
From the value of =——toii— the value of  can be cbtained
ellipsoid
from figure 9.12. Dobs can be obtained from the kinetics of

adsorption, although independeni methods could also be used,

An illustration of the use of these equations can be provided

from the data for P —-casein adsorption at 8.4 x 10-5 g ml-1. The

diffusion coefficient calculated from the adsorption kinetics

-1

was found to be: D = 2,8 x 10-7 cm2_sec s Using the value
of 0,738 ml 9-1 (53) for the partial specific volume, the value of
-7 2 -1
! t L4 : [ 4
DStokes was calculated (6,84 x 10 cm” sec ) Unfortunately
no data were available for B-casain hydration. Therefore
calculations were performed for a range of hydration data.

Literature data for the hydration of casein micelles varies from

1.9 to 3,67 grams of water per gram of protein (449,454),



It is likely that the degree of hydration of individual B-casein
is less than that of the casein micelle which probably contains
encapsulated water as well as bound water. Thus as a first
approximnation degrees of hydration of 3,97, 1.9, 0.5 and 0O grams
of watzr per gram of protein were assumed for PB-casein. The
values for the axial ratio assuming these degrees of hydratien

are shown in Table G.4,

Table 9,4
Effect of Hydration of B8-casein Adsorption
*
Hydration E-ratio (prolate) Molecular Calculated
area/nm2 Amount Adsorbed
mg m2

0 32 36 1.8
0.5 20 31 2.2
1.9 11 26 2,6
3467 6 19 3.4

»*

grams of water per gram of protein

Also shown in the table are the corresponding amounts of
protein that would be adsorbed, These values were calculated
from the estimated area occupied by each molecule., The relevant
area was cbtained from the axial ratio and the partial specific
volume. When the calculated amounts of adsorption are compared
witnh the actual value adsorbed (2,6 mg m-z) it can be seen that
the experimental value corresponds to value calculated for a

hydration 2f 1.9 g H20 per g of protein and an axizal ratio of 11.
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This model will on;y apply when adsorption takes place
with close packing and without denaturation or change in size,
shape or hydration. Any effect such as dehydration,
polymerisation or denaturation will cause desviation from this
limiting case model. A further difficulty with the model is
the numaer of paraqeters that cannot be checked independently.
These parameters include: the roughness factor of the stainless
steel, the degree of hydration, and the ratio of tha protein
molecule axes.

The degree of surface roughness of the stainless steel
could be studied indirectly by studying the adsorption of protein
on to a cleaved mica surface. Freshly cleaved mica can be
obtained smooth down to a molecular level, It would be
necessary to assume that the protein adsorbed on to mica in the
same way it adsorbed on to stainless steel and that clese packing
occurred.

Hydration of the protein and axial ratio values could
possibly be obtained from X-ray studies, dielectric measurements
or from the viscosity coefficient (506), The hydration value

could also be obtained from the crystal density,

Conclusion

The aim of the present chapter was to carry out an
investigation of the solid-liquid surface chemistry of the major
casein constitusnts of 5ilk: as1~casein, B-casein and K=casein,

fMost attention was focused on as1-casein and B-casein. From

detailed studies of the kinetics and thermodynamics of the
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adsorption of these species it was concluded that casein
adsorption from low concentrations is diffusion controlled and
probably irreversible and that adsorption ceases after a single
layer of protein molecules has been formed. The amount adsorbed
‘is thus limited by the size and packing arrangement at the
interface, A limiting case mndel that illustrated hou all

the adsorption characteristics at lou concentration cculd be
interpreted in terms of size, shape and hydration of the protein
molecule was developed, This model :is expected to have relevance
to proteins other than caseins.

At high concentrations, high ionic strength and under
conditions of varying pH, adsorption behaviour is complex and
cannot be so readily explained.

The lack of a significant temperature effect indicated that
the driving force for adsorptirn was primarily entropic and is
consistent with the formation of hydrophobic bonds,

Results reported in this zhapter have demonstrated that
adsorption of casein could be an important factor in the formation
of milkstone,. However, since adsorption does not appear te go
beyond a single layer under most conditions, it is likely that

other factors are also involved,
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CHAPTER 10

DESORPTICN OF ADSORBED PROTEIN FILMS

Introduction

The adsorption of protein on to stainless steel, as described
in the previous chapter, could be the first step leading to the
formation of macroscopic films observed on milk contact surfaces.
Preventicn of the initial adsorption, or the removal of the first
layer once formed, would presumably prevent the formation of
accumulated films,

This chapter therefoze investigates the relative ease with
which this film can be removed and factors that might affect its
removal, Such factors include: the effect of time of contact
between the adsorbed protein and the desorbing solution; the
effect of flou rate, the effect of pH, type of surfactant and
concentration of the desorbing solution, At a more fundamental
level, an understanding of these desorbing conditions should also
give further information on the interaction of protesin with
stainless steel. Literature studies indicate that protein
adsorption on to a hydrophobic surface is generally irreversible,
while on te a hydrophilic surface the protein adsorption is
reversible at neutral pH, This suggests that the adsorption of
protein on to the hydrophobic stainless steel surfaces would not
be reversible, A further aim of the present work was also to

investigate the exchangeability of the adsorbed proteine
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10,2 Materials and Methods

The cleaning of glassware and the preparation of the protein
solutions and the stainless steel surfaces were conducted as
described in previous chapters, The surfactant soclutions were
made up in distilled water to the concentration stated and the pH
was adjusted using hydrochloric acid or sodium hydroxice unless
otherwise stated.

The studies were conducted at 20 £ 2 °C unless stated otherwise
and degassed water was used for higher temperature studies to prevent
bubble formatione

In experiments where the radioactivity had to pass through
the stainless steel before being counted it was necessary to use
I-131 in order to achieve adequate counting efficiency. The B
radiation of I-131 was counted with Geiger counters mounted against
the rear side of the stainless steel sample, Appropriate
coincidence backscatter and decay correction were made where
nei:essary (see Appendix 6 and 7)., UWhere the activity was monitored
directly it was found mors convenient to use I-125 and the
counting system described previously (see section 7.7).

Three different methods were developed to study the various
aspects of interest,

(a) Experiments to Determine Effect of Flow Rate

In this system the radioiodinated protein was adsorbed on to
the inside walls of the stainless steel tubing, This stainless
steel tubing had been made from a rod of stainless steel, It had
an inner diameter of about 0.6 cm and the wall thickness was about

0.1 mm thick, The radicactive I-131 labelled protein was adsorbed



on to the inner walls by placing a stopper at one end of the
tubs and by filling the container with radiciodinated protein
sclution and equilibrating for thirty minutes in a desiccator
containing distilled water. The water was put in the
desiccator to help prevent the protein solution from evaporatinge.
The protein solution was then sucked out of the tube; the siopper
removed and the tube was connected up as shown in figure 10.7a.
The flow rates were controlled by a combination of varying thz
pressure of thes solution, using either gravity or compressed air
and various orifices or, in the case of desorption with tap
wvater, by using the main supply of cold tap water. Lead
shielding was placed at the end of the stainless steel tubing
to avﬁid monitoring any edge effect or any protein that could be
washed on to the polystyrene tubing.

This method allowed the continyous moritoring of desorption,
but because of the large volumes consumed was not suitable as a
rapid method of screening the effect of different chemical

conditions on removing protein.

(b) Desorption from Discs into Stirred Solutions

A procedure was developed to investigate the desorption cof
the I-131 labelled protein adsorbed on to the underside of a
stainless steel disc by the continuous monitoring of the opposite
face with a Geiger counter. The apparatus used in the initial
studies is shown in figure 10.1b. The stainless steel foil disc
of 3.0 cm diameter and 0,1 mm thick was cut from AISI Type 304

stainless steel and glued using a thin film of "Silastic"
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silicone rubber glue applied te the end of the glass tube., The radio-

iodinated protein was adsorbed on to the stainless steel by the
'spot' apparatus discussed in section 7.5 After adsorbing the
protein solution on to the stainless stesl, 2 Geiger counting
tube was placed inside the glass tube and the system was immersec
into the test solution, This method was ideal for studying the
initial desorpticn into distilled water, but was unsatisfactory
with detergents at high pH's because a reliable seal betwsen the
stainless steel foil and the glass rod could not be cbtained.

The technique was modified for studies involving long
desorption periods as is shown in figure 10.1%c. The protein was
again adsorbed on to the clean stainless steel disc (0.1 mm thick)
by the spot technigque (see Section 7.5) before placing it on the
apparatus and testing it with various test solutions, This
method was relatively rapid and was found suitable for testirg protein

desorption over a wide variety of conditions,

(c) Batch procedure using Slides

To monitor the desorption of low levels of activity a batcn
procedure using slides was developed. After adsorbing T-125
labelled protein on to the stainless steel slide, thzy wers
removed from solution and lowered immediately into a besker
containing the test solution, At no time was the adsorbed protein
allouwed toc dry .out, At the end of a set period the slides were
removed and the amount of desorbed protein determined in the usual
manner . At low levels of adsorbed activity the direct monitoring
of the adsorbed protein is very much more sensitive than monitoring

through the stainless steel foil as used in the other two methods,
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A disadvantage of the technique was that it was not possible to

centinucusly monitor the desorption.

10.3 Results
a., The Effect of Flow Rates

These experiments were designed to study the effect of viow
rates on the removal of adsorbed protein. tabelled iodinated
milk was added to milk and diluted four times before being
adsorbed on to the stainless steel tube. The desorption solution
was passad through the system for various times at different flow
rates, The results showed (see figure 10.2) no significant
effect for the rate of flow of sodium hydroxide and tap water on
the rate of desorption,

The effect of increased flow rates on the desorption of
P-casein was also investigated,. Rgsults ars shown in figure 10.2.
Again flow rate had no significant effect on the rate of
desorption.

These results indicate that over the range investigated
flow rate has no effect on the desorption of adsorbed protein.
Thus in further desorption studies magnetic stirring of the

desorption sclutions would be adequate.

b, Initial rinsing of the adsorbed protein monolayer

The initial desorption of protein into distilled water and
tap water rinse solutions was compared using the apparatus as
shown in figu.e 10.1c. The protein used in these studies was
labelled B-casein at a concentration of 0.4 mg mf‘l. The results

showed thét after the initial desorption had removed all the



‘Figure 10,2
Effect of flow rate on protein desorption
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unbound and weakly adsorbed protein, further rinsing did not
remove significant further protein even after sixteen hours.
Twenty seconds was observed to be sufficient time to remove the
excess unbound protein, The experiment was repeated using

tap water instead of the distilled water with similar results.

c. Desorption Kinetics

After checking the reproducihility of the continuously
monitored desorption method (see figure 10.1c), the desorption
of protein under a range of conditions was studied, In all the
following experiments the protein treated surface was first
rinsed with distilled water for 20 seconds so that only adsorbed

protein was studied.

(1) Exchange of Adsorhed Protein

The results for the desorption into distilled water and
buffer solution at pH 7.0 indicated that the adsorption process
was virtually irreversible undor these conditions (see figure
10,3). It was of interest to test the exchangeability of the
adsorbed protein with dissolved protein under similar conditions.
Exchange of adsorbed PB-casein with carrier B -casein at
4 x 1074 g ml-1, four=fold diluted skim milk and whole skim milk
was monitored. The results (see figure 10.4) shou that
approximately 20% of the adsorbed B -casein exchanged within the
first few hours of the experiment, Some further exchange,
particularly at the higher protein concentrations of skim milk,
was observed for thes next five hours, at'ter which time more than

50% of the adsorbed protein had exchanged.
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fFigure 10,3
Effect of distilled water, buffer pH 7.0 and urea

on desorption kinetics ( B-casein)
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(2) Effect of pH

The results for the effect of pH are shown in figure 10,5
where it is apparent that the rate of desorption increased with
increased pH at pH's above pH 7.0. Very little desorption was
observed in acid solutions. The removal of protein at pH 1.0
and at a temperature of 80 ©c was also studied, High
temperatures did not significantly increase the amount of protein

removed at this low pH,

(3) Effect of Ionic Strength

The effect of ionic strength (1.0 mol 1~ NaCl) on the
desorption of f-casein was investigated at pH 7.0 and at
pH 12.4 (NaOH). At pH 7.0 the salt solution did not remove the
adsorbed protein any more effectively than the distilled water,
At pH 12,4 (NaOH) the high, ionic strength appeared to increase

the efficiency of removal (se: figure 10.,6).

(4) Effect of Anionic Surfactants
The effect of adding increasing amounts of sodium alkyl
aryl sulphonate to a 0.05 mol l-ﬁ NaOH solution was studied and
the results are shown in figure 10,7, On increasing the surfactant
1

concentration, but keeping it below the C.M,C. value of 0.5 g 1”

(504), an increase in the rate of desorption was ohserved.

(5) Effect of Nonionic Surfactant

The effect of 0.1% nonyl phenocl - 9 moles of ethoxylate
(Teric GN9) in pH 7.0 buffer solution (sodium barbitone) and in
pH 12.4 (sodium hydroxide) was studied. The results showed

that the nonionic had nc effect at pH 7.0 but increased the



Figure 15,5
Effect of pH on desorption kinestics ( B=casein)
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Effect of ionic strength on desérption kinetics
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Figure 10,7
Effect of Anionic Surfactant (sodium alkyl aryl

sulphonate) on desorption kinetics ( B-casein)
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desorption when added to the 0.05 mol l'-1 sodium hydroxide
solution (see figure 10.8). These results are similar to those

obtained for the anionic surfactant.

(6) Effect of Urea

The effect of 6 mol 1~ urea (in pH 7.0 buffer solution)
on removing adsorbed protein was studied, The results showed
that urea had no effect on the desorption of B-casein at pH 7.0

(see figure 10.3).

(7) Effect of Acid Pretreatment

A comparison was made of the effectiveness of an acid
detergent and an alkaline detergent in removing adsorbed protein.
The formulated alkaline detergent was found to be very much
better than the acid detergente. Further experiments (see
figure 10.,9) showed that when the adscrbed protein was first
exposed to an acid detergent and then exposed to an alkaline
detergent, the acid detergent modified the adsorbed protein in
such a way as to render it more resistant to removal by the

alkaline detergent.

de Effect of Adsorption 7ime
Stainless steel surfaces were trsated with protein

solution at low concentration (4 x 10_qg m1-1 « ,-casein) for

s1
various times, The protein was then desorbed into eitiier
distilled water or 0.05 mol 1-1 NaOH for thirty minutes.

The results show that the proportion of protein removable by

NaOH after thirty minutes decreases with adsorption tima (see

figure 10.10).
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Figure 10,9

Modification of Adsorbed Protein by Acid Detergents
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Figure 10,10

Variation of alkali resistance of the adsorbed

protein with adsorption time
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10,4 Discussion

1. Analysis of Desorption Curves

ttempts were made to analyse the kinetic data for the
desorption processes in terms of the various possible rate
limiting steps of a surface reaction summarised in Chapter 9.

The possibility of the desorptien process being dependent
upon the rate of diffusion, either of a displacing species to
the surface or the displaced prctein away from the surface,
can be eliminated gecause the dasorption processes were not
affected by flow rate. further, the desorption curves did not
give linear t% plots and could not be fitted to diffusion
equations derived from appropriate toundary conditions (see
figure 10.11).

Attempts were made to fit the desorption data to the
equations for simple first order or pseudo first order
desorption processes. This method has been used for the
characterisation and kinetic analysis of desorption curves by
the resolution of semi-logarithmic plots into a number of
independent first order processes (361). Such an analysis
requires the half-life (and hence the rate constant) of each of
the various processes to differ by about an order of magnitude.
It has been suggested that the exponential terms obtained from
such an analysis correspond to first order desorption processes
that can be attributed to "surface complexes'" or different typec
of soil on the surface (507,508). All the curves uers
resolvable into the sum of at least tuo exponential terms and

some were resolved into as many as five such terms. An example
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Figure 10,11

Square—roo.t Plot of Data for Desorption Kinetics
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of such an analysis is shown in figure 10,12 for the desorption
of PB-casein into 0,05 mol 1! NaOH.  This result is typical of
the type of result obtained for the other desorption experiments.
Values for the "rate constants" and percentages of each
"desorption process" are reported in the Appendix 8, It should
be noted that the "rate constants" did not always shou an order
of magnitude differencs and the errors in the "rate constants"
for the fast "processes'" were likely to be large, through the
accumulation of successive errors. It was observed that the
percentages of each "process" were not consistent and there were
no apparent trends in the effect of the variables studied on the
"rate constants', This suggested that the analysis of
desorption curves into exponential desorption "processes'" was

of limited usefulness in this study. Further discussion will
therefore be l1imited to the gqualitative effect of the varicoples
studied and how these effects can be used to deduce information

about the mechanism aof the desorption.

2. The Mechanism of Desorption
As shown in the previous section it does not seem possible
to analyse the kinetic data from protein desorption experiments
in terms of rate equations derived from simple physical models.
Desorption appears to be a complex process, complicated
perhaps by multiple surface-substrate interactions, Some insight,
however, as to the factors involved can be gained from a

consideration of the effects of various experimental variables.
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In previous sections the forces that could be important in
the protein-surface interaction were discussed. These included:
(i) electrostatic interaction
(ii) hydrophobic bonding
(iii) hydrogen bonding
(iv) covalent bonding (e.ge. by disulphide bridging).
While proteins may well interact with surfaces by more than one of
these bonding mechanisms, it seems unlikely that hydrogen bonding,
because of the weakness of the bonds, plays any important role.
Disulphide bridging could occur only with K-casein and hence can
be eliminated from the other casein adsorption mechanisms.
Desorption studies may offer some information on protein-—
surface interaction, however interpretation of the results is
complicated by the fact that various reagents may act in more than
one way and that,in addition to desorption being caused by breaking
the surface bond, it could also result from: |
(i) chemical denaturaticn = e.g. by hydrolysis
(ii) physical denaturation - e.g. displacement by chain
uncoiling
The importance of simple electrostatic interactions can best
be judged by the effect cf ionic strength and pH change in the
vicinity of the isoelectric point, Changes in the ionic strength
have virtually no effect on desorption kiretics at neutral pH's
and only a slight effect at strongly alkaline pH's. This is gosd
evidence that protein binding to stainless steel surfaces is not
by means of a simple "ion exchange" interaction, Changing the pH

so that the adsorbed protein could be expected to undergo reversal
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of charge has virtually no effect on the desorption kinetics.

though it was demonstrated earlier that the amount of protein
adsorbed was quite sensitive to pH in the vicinity of the isoelectric
point, the lack of an effect of net charge on desorption kinetics
indicated that forces other than simple electrostatic forces
involving net charges were responsible for holding the protein at
the surface,

The lack of significant evidence for electrostatic binding
confirms earlier conclusions that the interactien between protein
and stainless steel is predominantly a result of hydrophobic
bonding., Thus reagents that facilitate desorption without actual
denaturation of the adsorbed protein must be species that can
modify the hydrophobicity of the adsorbed protein. From the
desorption studies it is apparent that of the species investigated,
those most effective in the causing Qf desorption of adsorbed
protein are the OH ions and anionic surfactants, The data do
not allow their mode of action to be determined. However it is
likely that the surfactants enhance desorption by binding
hydrophobically with the protein with hydrophilic ends outermost,
Thic would have the overall effect of solubilising the protein
and causing it to leave the surface. In the case of the OH ions,
a similar effect could be brought about by ionisation of the free:

-COOH groups of the protein chainss
R=- COOH + OH —> RCOO™ + H,0

At very high and very low pH's, the desorption kinetics are almost

certainly affected by chemical denaturation of the adsorbed protein.



Hydrolysis of casein into peptides and amino acid residues has
been cbserved to commence at pli's as low as pH 10 at &0 °c.

At pH 12 as much as 70% of casein is denatured after one hour at
60 °C (509). UWhile in section 4.4 it was shoun that iodinated
casein did not lose its label after ceontact with 0.2 mol l"1 NaOH
for thirty minutes at room temperature, this experiment would not
have detected partial hydrolysis to large polypeptide fragments,

That some denaturation of the adsorbed protein occurs after
acid treatment was clearly apparent from results of the
experiment in which a surface treated with acid detergent was
subsequently desorbed into an alkaline detergent solution
previously used in a direct desorption experiment, After
exposure to the acid solution, the adsorbed protein became very
much more resistant to desorption in an alkaline solution.

This experiment, incidentally, illustrated an important practical
aspect, Clearly, freshly adsorbed protein films should not be
exposed to acid detergents of this type. When an acid
formulation is used in a sequence with an alkaline formulation,
the alkaline detergent formulation should be used first,.

Many reagents are known to modify protein structure without
causing cleavage of polypeptide or other bonds, These could
lead to desorption by physical denaturation, For example at
high and low pH's deprotonation of amines and protonation of
carboxyl groups respectively, can cause a diminution of intra-
molecular electrostatic interaction. The associated coil

unfolding could lead to an over~crowding of the surface and

297

displacement desorption. The fact, that no such effectwas observed
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at low pH's sugagested that the increased desorption observed at
high pH's resulted from other factors, Increase in ionic
strength should also lead to similar effects but again this was

not observed, In addition, urea is known to break hydregen

bonding and this could cause the coil to unfold, or alternatively,

if hydrogen bonding between the protein and the surface is
important, to break this bond and cause desorption. Again no

experimesntal evidence for this was cbtained,

Conclusion

The overall conclusion of this work is that adsorbed protein
is held to stainless steel surfaces mainly by hydrophobic
interactions, From the results of studies of desorption kinetics
it can be concluded that the adsorption process is only partially
reversible and only with solutions of fairly high protein
concentration, This result tegether with the non exchangeability
of the adsorbed protein with solutions of high ionic strength and
resistance to desorption into distilled water, provides more
evidence that the adsorpticon mechanism is by hydrophcbic bonding.

Of the various cpecies invsstigatsd, OH proved to be the
most effective in removing adsorbed protein, The effectiveness
of alkaline solutions could be enhanced by the addition of anionic
surfactant, It has not bsen proved how the OH operates in
causing desorption, It is likely that it solubilisas the
molecules by deprotonation of the free uarbuxyl groups. However
partial hydrolysis of the adsorbed protsin could be a centributing

factor.
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A feature of the desorption experiments was that of all the
solutions tested, none Jas completely sffective in removing
adsorbed protein in the first five minutes of the desorption
experiment, It is possible that the accumulation of this residual
protein is involved in the formation of "milkstone" on milk contact

surfaces,
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CHAPTER 11

FORMATION OF MACROSCOPIC PROTEIN FILMS BY REPEATED

ADSORPTION

Introduction

Previous chapters of this thescis have been coﬁcerned with
the adsorption of protein films after a single contact with a
protein or milk solution. It has been shown that a film of
protein up to 8 mg m"'2 can be formed by a simple adsorption
process. However the thickness of a protein film required to
support bacterial colonisation is much thicker than this, it
vas thersfors considered necessary to investigate the possible
ways in which thicker films could be formed. This informatieon
is needed in order te better understand the properties of such
films and so devise better methods of preventing and/or removing
them.

Preliminary experiments established that successive layers
of protein could not be accumulated by simple repeated exposures
of stainless steel surfaces to milk or protein solution.
Stainless steel surfaces freshly "saturated" with protein showed
no tendency to adsorb further protein. Thus it was of interest
to determine whether such a freshly "saturated" surface could
be rendered adsorptive to further protein by modification under

controlled conditions.
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11.2 Review of Possible *Multilayer' Bonding Mechanisms
The two most obvious ways in which the adsorbad protein
could be modified as to promote further ;dsorption arss
1) physical and/or chemical modification including reactions
involving surface functional groups, dshydration and denaturationj
2) modification of surface properties by adsorption (or
deposition) of a bridging species that interacts strongly with

protein and on to which further protein can be adsorbed.

Physical and Chemical Modification of Adsorbed Protein

Protein films adsorbed on to milk contact surfaces of
farm and factory milk lines and on to the test surfaces of
detergent testing simulators are subjected to a variety of
chemical and physical conditions during cleaning cycles that
could conceivably modify the adsorbed protein in such a way that
further protein could be adsorbed.

Of the phyeical variables involved, neating, particularly
under reduced pressure, seems the condition most likely to bring
about denaturation of the adsorbed film,

A variety of chemical conditions are commonly employed
deliberately or occur inadvertently in the various stages of milk
processing., Thus the surface molecules may be subjected to bend
cleavage, polymerisation, oxidation, reduction (less likely),
halogznation, nitration, sulphonation and other changes brought
about by enzymatic action, bacterial colonisation, pH changse,
variations i ionic strength and treatmert with various cleaning

and sanitising agents.



(1) chemical cleavage

Alkaline phosphotase and rennin are examples of agents
that cause clsavage of phosphate groups and peptide bonds
respectively, In the case of rennin, cleavage of K-casein
results in the formation of para-K=casein, an insoluble spscies
which, as previously discussed, is known to cause aggregation of
protein molecules, Likewise B ~casein can be cleaved by

protease to yield Y =casein and a small peptide fraction.

(ii) Oxidation and Reductiocn

Sulphur containing amino acids of proteins are susceptible
to oxidaticn~reduction efvects. Thus disulphide bonds are
susceptible to mild reducing conditions and polymerisation of

surface film is possibls on reoxidation.

(iii) Halogenation

The reaction of iodine with proteins and the changas in
properties that result have been discussed in earlisr chapters.
In milk lines where hypochlorite is used, the formation of
insoluble chloro-proteins is a possibility. Such species have

been implicated in deposit formation (510).

(iv) The Effect of pH and Ionic Strength

Since proteins are polyelectrolytes containing both cationic
and anionic groups derived from weak acids and bases, many
intermolecular and intramolecular interactions are electrostatic
and are critically dependent upon pH and ionic strength. It
has already been shown in Section 10,3 that treatment of adsorbed

protein with acid solution causes an irreversible inhibition of
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desorption., Aggregation and precipitation of caseins as their
pH's are lowered to their isoelectric points is commonly used in
their preparation., Here however, the effect is reversible,
Increase in ionic strength, especially for concentrated
protein solutions, is also known to causs aggregation. The
molecular weight of as1-casein increases to more than 60 000 at
I = 0,05 and PB~casein at I = 0,20 has a molecular weight of over
400 000 (see section 2.5). If thess aggregation effects were

irreversible they coculd lead toc the vormation of macroscopic

filmse.

(v) Reactions with Functicnal Groups

Protein molecules undergo a wide range of reactions involving
the = COOH, -NH2, =0H, =SH, and tyrosyl grouns. These include
acylation (e.g. with acetic anhydride, acidic acid, N-acetylimidazole
and succinic anhydride), esturification (e.g. with methanol/HCl),
reductive alkylation (e.g. reaction of amino groups with
aldehydss and ketones followed by reduction), reaction with
maleimides (e.g. reacts with sulphydryl groups and to a lesser
extent, amino groups) and nitration (s.g. tetranitromethane
nitrates tyrosyl residuss). By such chemical modification it
seems possible that the surfaco properties of an adsorbed protein
layer could be modified in such a way as to promote further
adsorption, In particular, reactions that convert hydrophilic
ionic groups into hydrophobic hydrocarbon chains could be expected

to promote further preotein adsorption,



Bridging or 'Sanduich' Mechanisms

fMany species are known to interact strongly with proteins
and in some instances to act as bridging species binding togsther
two protein meclecules. This effect, operating between an
adsorbed protein molecule and a sclution protein molecule, could
provide a mechanism for multilzyer adsorption., How the
bridging speciss is applied to the adsorbed protein is immaterial
to the mechanisme In dairy milk-lines adsorption and evaporation-
deposition effects during and between cleaning cycles could be
involved. Although as in the previous section, the main intersst
of the present discussion is in species that may be present in
milk-line systems, some referencs will also be made to other

species which szem to be of interest and relevance,

(1) Multivalent Cations and Anions

Multivalent ions, either by electrostatic or coordinziion
interactions, could act as a bridging species, The implication
of calcium ions in the formation of milkstone is suggested by its
known ability tn bind with casein (36) and bovine fibrinogen
(512), the increased problems associated with hard water and the
fact that exchangeable calcium ions are thought to play an
essential role in stabilising milk micelles. In milk micelles
and possibly also in milkstone deposits, calcium ions are

considered to act as a bridoging spscies between carboxyl groups,.

2R = CO0~ + Ca’t —> R - coo” ca2t o0C - R

Numerous other multivalent cations are known to bind strongly to

proteins and so could act as bridging species. Examples include



Fe(I11) (440), mg (II) and MA(II)(514), Cu(II)(515), Ni(II),
Hg(II), Pb(II), Cd(II).
Multivalent anions such as phosphate and polyphcsphate

could also conceivably act in the same general manner.

(ii) sSpecific Protein Binding Agents

A number of species including many drugs are known to bind
specifically to pratsins, Examples include the binding of
corticostervids to plasma protein (516), acetyl salicylic acid
to albumin {517) the association between progesterone and di
acid glycoprotein (518) and the numerous agents that have been
developad for the biochemical separation technique of affinity
chromatography (e.g. cyanogin bromide). These interactions are
often quite sensitive to experimental conditions, involve a
single primary binding sits and can bs easily inhibited by the
presence of ions such as lead ions or silver iecns. It would
seem likely that a prerequisite of any bridgirg species is that
the species has at least two reactive groups able to introduce
intermolecular cross links. Birunctional reagents such as
1,5 difluoro 2~4 dinitrobenzene which react primarily with amino
groups may serve this function between adsorbed protein and

solution protein molecules. e.ge.
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In solution this reaction has been used to cross link darivatives
of pancreatic ribonuclease (519). Other species effective in
inter and intramolecular cross linking includse p p1 = difluoro—

o dinitrodiphenyl sulfone (520,521) and iodcacetamide (522).

(iii) surfactants

The interactions of surfactants both synthetic and
biological are sufficiently important to justify a separate

section, In many cases their interactions are very similar

(523).



(a) Biological Surfactants

Phospholipids of the general structure

- (tH,), = *N(cH,),

c—'U—-)O

CH=0=0«=R

CH2 =0-«0«R

are biological surfactants that play important roles in cellular
structure particularly in the membrancs of cells where the
phospholipids tend to align themselves in a bilayer of about

7/U m thick with the hydrophobic hydrocarbon chains facing one
another (see figure 11.1) and with the hydrophilic ends of the
molecules pointing outwards. In cellular membranes this
phospholipid layer is thought ‘o be sandwiched between outer
layers of protein and pelysaccharide, though more recent models
allow the protein to be locatec within the bilayer as well, If
conditions were correct it is corceivable that multiple layers of
this type could be formed. Relevant to the possibility of
adsorption of milk protein by such a mechanism are the studies of
the interaction between casein fractions and synthetic lecithins.
The lipid alkyl chain length, the casein fraction and the method
employed all seem important in determining whether a complex will

be formed (524,525,526).

(b) Synthetic Surfactants
Synthetic surfactants such as Triton X=100 (octyl phenoxy

polyethoxy ethanol) and sodium dodecyl sulphonate bind to proteins
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Figure 11.1
A Postulated Structure of Lipid Bilayer
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at the biclogically active lipid binding areas (527,528,529,530)
and have besn used to determine the lipid binding behaviour of
scme proteins, Typical binding of sodium dodecyl sulphate
with hydrophilic proteins occurs at concentrations about one
quarter of that of the critical micells concentration (528).
Triton X=-100 does not interact with hydrophilic proteins (528)
but both Triton X-=100 and sodium dodecyl sulphate interact with
hydrophobic proteins.

There is no evidence that. interactions between
protein and surfactant leads to aggregation. In fact with
casein, synthetic surfactants cause the dissociation of the high
molecular weight casein aggregates presumably by preferential
binding with the hydrophobic regions of the casein molecule
(531,532).

The binding of synthetic cationic surfactants to proteins
is similar to anionic surfactants except that thes surfactant

monomer must be about ten times more concentrated (533).

(iv) Colloidal Particles and Macromolecules

The formation of colloidal multilayers by the altornated
application of different colloids that have a high affinity for
one another (usually but not necessarily of opposite charge) is
a phenomenon that has bsen well established (534). Proteins
are known to bind strongly to a number of species that can be
prepared in colloidal form including allophane (535), halloysite
and kaolinits (207) and calcium hydroxyapatite (536,538).

The sorptive properties of hydrous oxides are also well knouwn,
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The possibility of building up protein multilayers via bridging
species of cclloidal iron oxide is particularly relevant to the
present work in that many farm water supplies in tha Waikato
district, particularly those farms located in peat soils, contain

high levels of iron.

Scope of Present Investigations

From the above review it appzars that macroscopic protein
films could be formed either by repeated adsorption after
chemical modification of the adsorbed layer or by repeated
adsorption via a bridging species. it is beyond the scope of the
present investigation to test all these mechanisms thoroughly under
all the conditions that could bz important in order to achieve the
maximum effects, Instead the experimental section that follows
was designed principally to demonstrate that such multilayering
effects can occur under labor:iitory conditions and thus demonstrate
that such & mechanism could provide a means of protein accumulation
at surfaces in technological systems, In order that the work
have relevance to the dairy industry the systems chosen for the
laboratory studies wsre ores that could exist in some form in farm
and factory milk lines. For this reascn no attempt was made to
study protein bridging th:iough specific binding agents not likely

to occur in milke.

Materials and Method
The radicchemical methods deveioped to study protein
adsorption after a singls exposure of the surface to the

radioactively labelled solutions offered a simple means ef studying



adsorption after repeated exposures. For these experiments the
"slide" method (see Chapter 7) scemed most appropriate, It
offered a method of much greater sensitivity than simulator
methods previously used to study the effect of repeated milk
contact-cleaning cycles (189). In order to demonstrate a
muitilayering effect it was decided that a four—-dip sequence
should be adequate, Of course even if a monolayer (8mg m-z)
was adsorbed after each dip, many more than four cycles would be
necessary to form a macroscopic depositi capable of sustaining
bacterial colonisaticn,

One disadvantage of the radiochemical method based upon
iodinated protein is that only the adsorption of protein can be
monitored. This problem could bte overcome in those instances
where suitable isotopes ars available for double labelling
experiments, Alternatively a mass sensitive technigue based
upon a vibrating quartz crystal currently being investigated at
the University of Waikato may eventually find application in
these studies.

As with the adsorption experiments described in Chapter 9,
stringent precautions were taken to avoid contamination, All
experiments were performed in the dust free environment provided
by a lamina flow work bench. Protein solutions were prepared
from freshly iodinated skim milk at four-fold dilution.

Clean stainless steel slides were initially exposed to labelled
skim milk for 20 minutes, They were then rinsed with distilled
vater for 20 seconds, air dried and counted. After applying

conditions to induce modification, either on the adsorbed layer
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or by adsorbing a bridging species, the slides were again rinsed
aind dried, Following this the slides were again dipped in
protein solution, rinsed and monitored for increase in activitye.
The results are plotted as bar diagrams showing successive
adsorption steps using a relative adsorption factor which is the
ratio of counts after N cycles compared with counts avter the

first cyclse

Results
1. Successive dipping without Intermediate Treatments

Prcliminary experiments demonstrated that surfaces freshly
saturated with protein showed no tendency to adsorb further protein

on repeated further exposures to milk solutions.

2, Effect of Drying Time and Drying Temperature

The effect of prolonged drying periods (30 minutes) at room
temperature (in lamina flow work bench) and at 140 °C (in an oven)
was tested over a four cycle adsorption experiment, Results shown
in figure 11.2 indicated that after the initial adsorption no
further protein adsorption resulted in successive cycles sven with

the drying and heat treatment,

3., Treatment with Phosphoric Acid, Sodium Hypochlorite and
Soditm Chloride
The effect of 2% phosphoric acid, 1 mol 1™ sodium chloride
and 28 ppm sodium hypochlorite was.tested. After the protein
adsorpticn step the slides were rinsed, dried, counted and then
immersed for ten minutes in the solution under study., The slides

were rinsed, dried and counted again before being reimmersed in
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Figure 11.2
Effect of drying temperature
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the protein solution. The results (see figure 11.3) indicated
that none of the reagents tested had any effect., The negative
result for hypochlorite was surprising in view of the published
data for the effect of this species in milk line studies (510)
in which hypochlorite at 28 ppm chlorine was implicated as being

.2 milkstone promoter.

4, Effect of Multivalent Cations and Anions

Species investigated included CaClz, MgNUS, FeClz, and

Na. PO 1 which

3 4° 2

corresponded to a water hardness of 600 ppm expressed as CaCDS.

The CaCl, solution was mady up to 0,01 mol 1
This would correspond tc a very hard water, The other solutions
were used at concentrations of 0.2 mol 1-1, 0,01 mol 1~ and

0.1 mol 1-1 respectively.

The results for all the above species were negative as can
be seen from the data in figi'sz 11.4., Presumably this
experiment means that the involvement of species such as the
calcium ion and the ferric ion in milkstone formation is other
than as the simple cations actirg as electrostatic bridging

species.

5. Effect of Natural and Synthetic Surfactants

As an example of a naturally occurring surfactant, the
phospholipid DL =~ @ -phosphatidyl dipalmitoyl, a constituent of
milk, was applied to the stainless stesl strip after an initial
protein adsorption experiment. The surfactant was applied to
the strip via the air-liquid interface by dropping the phospholipid
dissolved in benzene on to the surface of a beaker of distilled

watere.
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Figure 11.4
Effect of multivalent cation and multivalent

anion salt rinses
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The synthetic surfactant, sodium alkyl aryl sulphonate was
applied to a protein covered surface from a 0.01% solution at
pH B.6.

The results for both experiments involving surfactants as

potential bridging species wers negative (see figure 11.5).

6, Colloidal Hydrous Oxide Bridging Spscies

Four colloidal species were chosen for these studies,
They included allophane, colloidal silica, chromium hydroxide
colloid, and iron oxide colloid., The first thrse of these
species have relevance to the milkstone problem in that they are
possible colloidal constituents of farm water supplies and
chromium hydroxide colloid is of interest because the surfacw
of stainless steel is predominantly oxides of chromium,

Detéils of the preparation of the colloidal species were as
follows:

Allophane : purified allophane (an amorphous alumino
silicate) which had an isoslectric point of pH 6.0 was obtained
from the University of Waikato (539).

Silica Colloid : this colloid was obtained from 3,D.H.

Laboratory Chemicals, It has an isoelectric point of pH 2

(13).

Chromium hydroxide Colloid : 4 x 1072

mol 171 chromium
sulphate was hsated at 75 °c for 26 hours. The colloid
prepared by this procedurs is reported to have an isoelectric
point of 7.7 (541).

Iron Oxide Colloid : 5 ml of 109 w/w aqueous solutisn of

ferric chloride was added to 300 ml of distilled water and refluxed
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for one hour. The resulting colloid was dialysed with distilled
vater until the pH rose to pH 5. Iron colloid prepared under
these conditions has an isoelectric point of 6-7.

The pH at which each experiment was performed was adjusted
to ensure that the colloidal species would have a well defined
charge. The experiments with allophane and silica colloid wers
performed at pH 7.2 and 7,0 respectively at which pH the colloids
would be negatively charged. Ferric oxide and chromic hydroxida
colloics were studied at pH 5 and so would have been positively
charged,

The results after four cycles using these species are
summarised in figure 11.6.

It appeared that under the conditions employed neither of
the negatively charged colloids (allophane and silica) caused
snhanced adsorption after the first cycle. However, in the case
of the positively charged iron and chromium colloids, a definite
Jdncrease in surface protein after each adsorption cycle was

cboerved.

"Colloidal" Calcium Phosphate Bridging Speciss

The possibility of calcium phosphate species acting as a
bridging agent was of interest both because calcium phosphate is
thought to be involved in stabilising the structure of milk
micelles ard also because the formation of calcium phospiate
gpecies is a real possibility in hard water where high shosphate
detergents are employe&.

Tricalcium orthophosphate is only very slightly soluble in

cold water (0.,002% w/w) at neutral pH, A suspension was thersfore
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Effect of Colloidal Suspension Rinses
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prepared by dissolving the salt in acid solution to form a 0.1%
solution, The pH was then raised slouwly to pH 6.4, Tricalcium
orthophosphate has an isoelectric point of approximately 7.6
end therefore is positively charged at pH 6.4,

The results shown in figure 11.6 indicated that treatment
with the calcium phosphate suspension induced marked enhancemsnt

of protein adsorption after each adsorption cycle.

Electron Microscope Examination

The adsorption process induced by treatment with tricalcium
orthophosphate was monitored at 2000 X magnification using a
Scanning Electron Microscopa. The rasults (see figure 11.7)
show that the particles of calcium phosphate rangs in size from
0.5 pm to t/‘m and were adsorbed only after the surfaces werse
first treated with the milk protein solution, The density of
the particles increased upon successive adsorption cycles but

only after treatment with the protein solutions.

11.5 Discussion and Conclusion

(a) Possible Mechanism for Milkstone Formation
Although not exhaustive in their scope, the experiments of

this section have demonstrated that the formation of protein
multilayers by repeated adsorption is a process that requires
special corditions. Most of the experiments described were
chosen in order to have soms relsvance to the formation of protein
films at milk contact éurfaces. It appeared from these

experiments that the conditions most likely to lead to the
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Figure 11,7
Protein Mineral Aggregation by Repeated Adsorption
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formation of macroscopic films are those in which the surfaces
come in contact with positively charged colloidal spscies after
initial protein adsorption. The colloidal particles are
adsorbed on top of the first protein layer on the surfacs, in
such a way that further protein can bez adsorbed when the surfaces
next come in contact with protein containing solution.

The siectron micrographs for the calcium phosphate treated
surfaces suggested a possible mechanism for the 'multilayer?
build upe This is represented diagrammatically in figure 11.8.
Depending upon whether the area betwsen the large particles is
covered by smaller colloidal particles not resolved by the S.E.M.
tte two alternatives (a) and (b) ceuld be important., According
to alternative (a) the large and small colloidal particles are
closely packed on to the protein surface in such a way
that ths properties of the sriid=liquid interface are essentially

those of Caz(PD a strong adsorber of protein.

4)2’
On the other hand the wide dictribution of the large particles
adsorbed initially cculd result from the effect of electrostatic
repulsion so that the adscrption pattern would be better
represented by figure 11.8(b).

The absence of an effect fer surfacss treated with negatively
charged colloids is not surprising in view of electrostatic
effects, The adsorbed protein layer could be expected to have

a -ve charge at the pH of thz experiment and hence would repel

negatively charged colloidal particles.
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Figure 11.8
Possible Mechanism for Multilayer Adsorption
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(b) Relevance to Formation of Mineralised Deposits in

Biological Systems

The demonstration that successive adsorption of protein and
of mineral components provides a mechanism for the formation of
macroscepic deposits has relevance beyond the problem of milkstone
formation in the dairy industry. The formation of other
mineralised deposits such as calculus on testh, and kidney stones
have similar features to milkstone, The presence of calcium and
phosphate in all these deposits suggests the possibility of a
common mechanism of formation. In the case of kidney stones, the
consensus of opinion at present is that the stones form initially
as a protein gel that is progressively mineralised by a
calcification process (see Section 2.8). It is unlikely that
such a mechanism could account for milkstone formation. The
question therefore arises as to whether a colloidal multilayering
effect could provide a feasible alternative mechanism for the

formation of all of these deposits,

(c) Scope for further Investigation

The results of this chapter have demonstrated that although
multilavering of protein can be achieved by repeated exposure to
milk solutions; a stepwise enhancement of adsorption czn be
achieved by alternative treatment of the surfaces with protein
solution and a suspension of a positively charged colloid.
Further studies of this sffect to illustrate the effect of pH and

surfacs cha:sga would be of interest.
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The experiments reported above were intended primarily to
deinonstrate the likelihood of protein multilayering being induced
by species likely to be found in dairy milk lines. There is
much scops for further investigation of artificially induced
multilayering using other protein bridging species of the typs

described in section 11,2
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CHAPTER 12

FORMATION OF MACROSCOPIC PROTEIN FILMS BY EVAPORATION AND

PRECIPITATION

Introduction

Any surface wetted by a film of solution containing a non-
volatile solute must become covered by that solute when the solvent
is allowed tc evaporate. Depending vpon the nature of the solute,
either discreet crystals, amorphous particles, or a coherent
amorphous film (solid or liquid) may bz formed. The ease of
removal of this deposited film will depend upon such factors as
the size of the crystals. thickness and mechanical properties of
film formed and the nature of the interaction between the deposited
material and the surface.

Films may also be formed on surfaces during the precipitation
or aggregation of dissolved speries, The ease of removal of this
type of deposit will also depend upon factors similar to those of
deposits formed by evaporaﬁion. Both the mechanisms: evaporation

and precipitation, could be important in milkstone formation.

Deposits formed by Evaporation

In dairy milk lines, conditions conducive to evaporation of milk
result as a consequence of the use of partial vacuum, warm
temperatures, and the repeated wetting and drying of surfacese.
Experiments were therefore performed to determine the thickness of

the liquid film left after exposure of freshly cleaned stainless
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steel to various concentrations of skim milk. These results
were compared with film thicknesses left adhering to surfaces
previously saturated with adsorbed pretein. The effect of age
and tempsrature on dried protein films was also studied

bri Bfly .

a, Materials and Methods

The method used to study the formation of milk deposits by
evaporation was based on the '"slide" method usad previously to
study adsorption (see section 7.4). The only modifications of
the method described previcusly were that on removal from solution,
the stainless steel slides were not rinsed and were subjected to
a vagiety of drying, heating and aging treatments, Iodinated
milk protein was used for all experiments apart from the experiment
used to determine the liquid film thicknesses. In this experiment

I-125 iodide was added to skim milk,

b. Results

1. Protein solution film thickness

The thicknesses of the films of protein solution left adhering
to clean stainless steel slides immersed for thirty seconds in a
rangs of diluted solutions of I=-125 iodide labelled skim milk at
25 °C were determined by counting the activity left on the drained
surface after evaporation. Draining and evaporation were
achieved by suspending the slide vertically. The excess solut.on
that drained to the bottom of the slide was carefully removed with
filter paper. The small amount of iodide adsorbed under these

conditions was sstimated by repeating thes experiment except that
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each side was washed with distilled water for twenty seconds
immediately upon removal from the milk solution. The adsorbed
activity was subtracted from the radioactive count obtained due
to the evaporated film and the film thickness was calculated,
The amount of protein deposited was then estimated from the
protein concentration of the milk solution (see Table 12.1).
Table 12.1

Film Thickness formed on Stainless Steel from Diluted

Milk Solutions (25 °c)

Protein  Film Thickness Amount Film Thickness  Amount
Concen— Deposited (milk treated) Deposited
tration : (milk treated)
-1 -4 -2 -4 -2
/mg ml /10" cm /mg m /10" cm /mag m
38 3.7 140 0.6 23
23 4.4 101 1.5 34
20 3.9 78 2.3 46
1 362 35 2,0 22
5 4,0 20 169 9.5

The solution film thickness was found to be approximately constant
at 3.8 iy 0.6 x 10-4 cme This experiment was repeated to
study the effect of milk pretreatment on the thickness of the
solution film. The pretreatment involved dipping the clean
stainless steel slide into skim milk for thirty seconds, removing
and rinsing in distilled water for twenty seconds and finally
allowing 5t t< dry for one hour at room temperatura. The film
thickness experiment was then repeated as described previously.

The solution film thickness varied with milk dilution and was
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observed to plateau at 2.0 -"-'U.Sx‘ll]“'4 cm, approximately half the

film thickness of the untreated surface (see Table 12.1).

2. The Effect of Drying Time at 35 °C

Clean stainless steel slides were dipped into fourfold
diluted skim milk at 35 °C. The stainless steel slides were
withdrawn from solution after ten minutes and held vertically
for varying drying periods at 35 °c. They were then rinsed
with distilled water for twenty seconds, dried and counted to
determine the protein left adhering to the surface.

The surfaces were observed to be visually dry after three to
four minutes drying at 35 °c. 1t appeared that the effect of
drying was most significant over this period. However the
results also indicated that even after the surface had dried,
prolonged periods of drying causedvmore protein to be retained

(see figure 12.,1).

3, Thermal Modification of Evaporated Milk Films

The results of the experiments described in section 12,2.2
abcve, suggested that modification of evaporated milk films
occurs after prolonged drying periods. It was decided to
examine the effect of temperature on these films, Clean
stainless steel slides were dipped into fourfold diluted milk at
¢ °C for ten minutes. The slider were then removed and dried
for thirty minutes at temperatures ranging from 4 °c to 120 °c
and then counted. After rinsing with distilled water for twenty

seconds (at 20 0C), the slides were again counted and the
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fFigure 12.1 K o
Variation of Protein Retained with Drying Time (35 c)
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percentage of the deposited protein removed was calculated.

The results are shown in figure 12.2 where it is apparent that
significant modification of the deposited protein occurred when
heated above 100 °c. In this experiment it was observed that
above 65 OC, there was a significant increase in the total activity
deposited on the surfacese. This, presumably, was due to evaporation

before the surfaces had adequate time tc drain completely.

12,3 Deposits formed by Precipitation

Although precipitation effects were not investigated in detail,
the importance of this mechanism could be inferred from the large
amount of casein that was observed adhering to glass surfaces
after the precipitation of caseins from milk at pH 4.5 during
separation of the individual casein fractions. Any agent that
caused the precipitation of milk constituents could be expected
to enhance milkstone formation, In particular acid cleaners that
for any reason were not used at sufficiently low pH and could thus
be troublesome, Also the acid conditions produced by bacterial

action could be expected to enhance milkstone formation.

12,4 Discussicn and Conclusion
Clean stainless steel surfaces when dipped into milk or
protein solutions and then allowed to drain are covered with a
liquid film approximately 3.8 X 0.6 x 10.4 cm thicke These liquid
films dry rapidly to leave a layer of deposited protein, the amcunt
depending upon the protein concentration of the solution. The
effect of prior exposure to milk solutions is to reduce the thickness

of the film,



A brief study was made of the thermal modification of
deposited filme, It was fourd that significant modification of
the deposited protein occurred when heated above 65 °C.  These
thermally modified films were much more difficult to remove.

It follows from the results described above that evaporation
of whole milk films, and precipitation by inappropriate detergents
and sanitisers or by the acid condition produced by bacterial
action,coulg result in significant protein deposition,
Evaporation of protein containing films of rinse solutions is
probably less important. Assuming the solution film left
adhering to the contact surface was 4 x 1074 cm, a protein

concentration of approximately 2.0 mg ml-1 would be required to
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leave a protein film equivalent to a monolayer of =adsorbed protein.

This protein concentration corresponds to a 10-fold dilution of
whole milk., Generally it cusuld be expected that the milk
concentration in rinse solutions would be very much less than

thise.
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CHAPTER 13

STUDIES OF MILKSTONES FORMED IN DAIRY MILK LINES

13.1 Introduction

Throughout the duratiocn of the project described in this
thesis, samples of milkstone were collected and examined with
a view to accumulating information about such deposits that
might eventually lead to a better understanding of their
formation and properties. Generally the deposits were collected
from dairy farms in the Waikato area although some samples uwere
obtained from other localities around New Zealand, One sample
was obtained from a dairy factory. UWherever possible the
history and condition of formation (e.g. cleaning system, water
supply) ware compiled for each sample but in many cases such

information was not available,

13.2 Materials and Methods

Samples were collected from milk contact surfaces. Often
the milkstone film was so thin that the amount of deposit
obtained was less than 0,05 grams. The samples were stored in
stoppered bottles and refrigerated, After visual inspection,
a small sample was removed for electron microscopic examination,
Thies sample was also used for qualitative and semi=-quantitative
trace element analysis by the electron probe technique.
Detailed chemical analysis was then performed by conventional

methods if sufficient sample was available, Finally samples
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containing significant amounts of mineral were examined for

crystallinity by X-ray diffraction.

1. Sample Preparation for Electron Microscopy and Electron
Probs Analysis

Approximately 0,05 grams of the deposit was placed in 10 ml
of 2% gluteraldehyds solution and equilibrated for twelve hours.
The sample was then washed with distilled water to remove excess
gluteraldehyds. It was then washed with increasing amounts of
alcohol-water mixturse to remove the water from thz sample. An
initial rinse for five minutes with 5% alcohol solution was
followed by five minute rinses with 25%, 50%, 75%, 95% and
finally absoclute alcohol,. The alcohol was then replaced by
Freon TF and the sample was then critical point drieds The
sample was mounted on to a brass shield using double sided
adhesive tape and coated with gold palladium before examination
with a Jeol JSM=35 Scanning Electron Microscope.

The sames sample was used for an electron probe analysis to
determine the main mineral constituents and their distribution
throughout the sample., The electron probe analysis was made
semi-qualitative by considering the ratio of peak heights using
appropriate standards., This procedure proved particularly
valuable for the investigation of the calcium:phosphorous ratio
of light and dark bans of a deposit consisting of quite distinct

layers (see Section 13.3).



13.3

334

2, Chemical Analysis
Analysis for meoisture, protsin, total ash, calcium,
phosphorus and iron were carried out according to the procadures

described in the appendix 9.

3o X-ray Diffraction

Samples containing minerals uers dried at 35 °c where
necassary, ground to a fine powder and examined with a Philips
1130 X-ray Diffraction Unit. \Uhere crystallinity was observad,
Y-ray diffraction files (439) were used, in an attempt to

identify the crystalline components,

Results

Preliminary Studies

Preliminary Studies to <evelop procedures for handling
milkstone depesits, particularly for electron microscopy studies,
were centred on an old milkstcne sample (sample x) formed in a
tin-nickel plated milk line. This sample had been stored for
sevaral years at the National Dairy Laboratory, but unfortunately,
relatively little was known about its history. The visual
appearance of the deposit was of a thick, crusty, white deposit
with a rough surface texture (see figure 13.1).
An electron microscopic examination (see figure 13.2) revealed a
mixture of an apparently amorphous material interlaced with well
formed needle shaped crystals, Electron probe analysis (see
figure 13.3) indicated the presence of calcium, phosphorus and

sulphur in .the crystals, X-ray diffraction confirmed the presence
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Milkstone Deposit x
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Table 13.1
X~ray Powder pattern of Milkstone Sample x
Sample CaSDa.ZH?D CaHP04.2H20
d/a° 1Intensity  d/r° Intensity hkI  d/A® Intensity hkl
®

7.59 70 756 100 020 7.57 100 020
4,27 100 4,27 50 127 4,24 100 021
3.05 70 3,06 55 14T 3.05 % 111,041
2.86 44 2,86 25 002 2,92 50 227

2,68 30 2,68 28 022,051 2,62 50 220,157
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Figure 13,2
Electron micrograph of Milkstone Deposit x

Figure 13.3
Energy Dispersive XRF Spectra of Milkstone

Deposit x
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Table 13,2

Conposition of Milkstone Deposits
Sample X a b c e f h i m
Moisture 10 19,5 8,0 5.1 22 34 86 48 16
Protein 13,3 62 12,5 1.8 76 91 72,8 £8.5 40,5
Ash 69.0 8.5 61.0 61.5 3.4 7.5 17.1 <2,0 35
Calcium 21 2.6 21.7 12,6 <1.0 <0.1 2,1 <0.1 8.5
Phosphorus 118 1.4 11,8 6.9 <1.0 <0.1 1.7 {0.1 Te2
Iron <0.,5<0,1 <0.1 17.4 <0.1 <0.1 8.6 <0.1 <01
Sulphur 4,86<0,5 <0,1 <0.1 <0,5 <0.5 <0.,5 <0.5
Fat - - - - - - = 9.6

337

All percentages expressed as percentages

of dry weight
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of calcium hydrogen orthophosphate and calcium sulphate (see
Table 13.1)s Chemical analys:s showed that the deposit
contained only a small psrcentage of protein (see Table 13.2)
and very little water,

The results of the above study indicated the scope of the
physical methods used in determining detailed data on the
composition and structure of amounts of deposits much smaller
than can be handled by traditional twet' chemicel procedures.
The existence of crystallinity was surprising in view of the
fact that there do not appear to be &ny reports in the literature
of crystallinity in milkstone deposits. Further samples were

examined by the same general procedures.

Survey of Milkstone Duposits

1. Deposits studied

The following is a short description of the deposits
studied (see figure 13.4).
Deposit a: brouwn/white flaky deposit collected March 1974 from
a farm in the Te Awamutu area. The history relating to the

formation of the deposit is unkrouwn,

Deposit b: hard brown/w:ite flaky deposit scraped from the clau
of a milking machine at the National Dairy Laboratory. Its

history is unknown,

Deposit c: brown flaky deposit collected in January 1974 from a
farm milk line near Whatawhata, The farmsr was using a water
supply which had a total hardness of 25 ppm, an iron content of

30 ppm and dissolved minerals of about 150 ppme A hot alkaline
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detergent solution was used. Although much milkstone was

evident, ths milk quality had not been affected.

Deposit d: brown flaky deposit collected from a farm at Westport,
South Island. The history relatad to the formation ef this

deposit is unknown,.

Deposit e: brown soft stringy deposit cellected in January 1975
from a Waikato farm. The farmar was using a good quality water
low in dissolved minerals and hot chlerinated alkaline basad

detergent to clean his milking machinee.

Deposit f: brown soft stringy deposit obtained from a Waikato
farm in March 1975, This farmer had good quality water and was
using hot chlorinated alkaline based detergent to clean his

milking machine.

Deposit g: brouwn soft deposit collected in January 1976 f:om a
farm at Gardonton., The farmer had a good water supply and was
using a hot chlorinated alkaline detergent to clean his milking

machina,.

Deposit h: brouwn soft watery deposit collected in February 1976
from a farm plate cooler on Holland Road, Hamiltor., The farmer
was using a water supply low in calcium and magnesium but
containing 2 ppm iron,. A cleaning procedure bassed on a hot

alkaline detergent with a periodic acid rinse was usede

Deposit i: white soft deposit collected in March 1976 from a
milk line of a milking machine near Meorrinsville. No informatian
about the water used to clean the milking machine is availabls.

The cleaning system was based on a hot alkaline detsrgent.
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Milkstone Deposits

Figure 13.4

Deposit a (4 X)

Milkstone

Milkstone Deposit b (4 X)
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Figure 13.4

Milkstone Deposits

Milkstone Deposit f (4 X)
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Figure 13.4

Milkstone Deposits

Mmilkstone Deposit h (7 X)



344

Figure 13.4 »
Milkstone Deposits

Milkstone Deposit j (2 X)
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Fiqure 13.4
Milkstone.Deposits

Milkstone Deposit k (1 X)
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Deposit j: brown flaky deposit received in January 1977, It
was from the rubber tubing used in the pipeline of a milking

machine. 1Its history is not known,

Deposit ks brown flaky deposit collected in February 1977 from
a milk line of a milking machine at No,5 Dairy, Ruakura. The
water used to clean this milking mauhine was low in dissolved
minsrals, The cleaning system usad on this farm was an

alkaline detergent followed by an acid iedophor.

Deposit 1: brown soft depssit collected in Juns 1978 from a

milk line of a milking machine near Matangi. The water supply
was good apart from containing colloidal silica, The cleaning
system used on this farm was an acid detergsnt sanitiser. No

photograph of this deposit was taken.

Deposit m: brown hard deposit obtained from an evapcrator in

a milk processing dairy factory. The history of the deposit
was largely unknown though it was estimated toc have formed over
several months and was known to have been subjected to

temperatures greater than 100 °c.

2. Scanning Electron Microscepe Studies

All the deposits coilected were examined under the scanning
electron microscope to see if any characteristic featuiss were
present (see figure 13.5). Although each deposit appeared to
have unique features, four broad classifications could be

recognised, These were:
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Figure 13,5
Electron Micrographs of Milkstone Deposits

(X 900)




Figure 13,5
Electron Micrographs of Milkstone Deposits

(x 900)
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Fiqure 13,5

Electron Micrographs of Milkstone Deposits (X 900)
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Figure 13.5

Electron micrograph of Heated Induced Milk Deposit m

(X 2000)
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(x 2000)
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1, Flaky Deposits — a, b, c, dy hy J, K

2, Globular Deposits = ce 1.

3. Stringy Deposits - e, fe

4, Layered Deposits - m
Considerable difficulty occurred in trying to obtain a clean
image of Deposit i and eventually no micrograph was taken of
this deposit. Numerous bacteria)l sporss were observed in

Deposit d.

3., Analysis of Deposits

Deposit composition was determined by wet chemical analysis,
togather with the electron probs analysis, The electron probe
was used mainly as a qualitative tool, but semi-~quantitative
information was obtained by considering peak heights for those
samples that could not be anclysed chemically due to insufficient
sample. The analysis of the main components of each deposit are
shown in Table 13.2. The enecgy dispersive X-ray spectra of each
deposit is shown in figure 13.6. Apart from the analysis reported
in Table 13.2, copper was observed in deposit c, silica in
deposit f, 1y chlorine in deposit e, fy, g, and i and iodine in
deposit ke The electron probe was also used to monitor the layer
formation in deposit m,

The energy dispersive X-ray spectra for each region in the
heat induced milk deposit m are shown in figure 13.6.
Using the same acceleration voltage, standurds of known calcium:

phosphorus ratios were examined and a calibration curve using the
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Energy dispersive XRF Spectra of Milkstone Deposits
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Figure 13.6
Energy dispersive XRF Spectra of Milkstone Deposits

SiPSCI  Ca Fe
'TT1 I 1
(e)
R (f)
LOG
INTENSITY
r/\/b (g)
’J/h/\v (h)
| ! | 1 J
2 A 6 8 10

ENERGY/Kev



354

Figure 13,6
Energy dispersive XRF Spectra of Milkstone Deposits
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Figure 13.6 i
Energy dispersive XRF Spectra for hsat induced

milk deposit m
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various peak heights was then obtained (see figure 13.7).

Using this calibration curve it was found that the dark bands had
a calciums:phosphorus mole ratio of 0,95:1 and the light band, a
calcium:phosphorus mole ratio of 1.7:1,. A general scan gave

a calciumephosphorus mole ratio of 1,3:1 which agrees closely
with chemical analysis (see Table 13.2) and with other publis:ed
results (261}, Skim milk has a calcium:phosphorus mole ratio of
1.0:1 (34),

It was observed that under the same counting conditions the
peak heights of calcium and phosphorus in the dark bands were
approximztely one third of the peak heights of calcium and
phospherus in the light bands. This result indicated that there
was more minsral in the light bands than in the dark bands.

X=-ray diffraction of the deposit indicated the presence of small
amounts of calcium apatite.

One explanation for tha layering effect might be differential
pirecipitation of calcium phosphate species during evaporation.
Thie possibility was eliminated by evaporation of a solution of
milk and the examination of a vertical section of the deposit with
the electron probs, No variation in the calcium:phosphorus ratio
was observed.

A more likely explanation can be based on the formation of an
initial film (either by evaporation or heat induced deposition)
of whole milke  This initial film could then be modified during
an inefficient cleaning .cycle which removed relatively more
protein than mineral and more phosphorus than calcium. The
increase in the calcium:phosphorus ratio might also have been

brought about by the use of hard water in the cleaning cycle,

356
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Figure 13,7
T moleﬂratio calibration curve
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13.4 Discussion

The visual, analytical and microscopic examination of the
various deposits indicated that generally each deposit had unique
characteristics, Some broad generalisaticns may be applied
although the number of samples examined was too small to allow
definite classifications, In most cases samples high in mineral
content were hard and appeared flaky under microscopic examination,
whereas samples high in protein were soft and either stringy or
globular. Samples h and a appeared to be exceptions in that
they were high protein deposits and had a flaky appearance.
Houwesver sample h was unusual in that it contained a very high
percentage of water so that its flakiness could have resulted
during drying for the scanning electron microscopic study.

Sample a also had a high water content though not exceeding the
water content of some of the uther high protein. deposits which
appeared stringy and glcbular under electron microscopic
examination.

All deposits contained some protein ranging from as low as 1.,8%
up to 91%. They all had compositions different from that of dried
milk films. The chemical compositions of the deposits indicated
the importance of inorgaric constituents in their formation,

The high mineral deposits were probably derived from water high in
calcium or iron (III). The presence of phosphorus or chlorine

in the high protein deposits suggested that in the former case ‘he
use of phosphoric acid (possibly at inadequ:ate concentrations) may
have contributed to the formation of deposits. Likewise the

presence of chlorine in the deposits indicated the use of chlorine
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based detergents, which possibly induced the formation of
insoluble chloro-proteine.

The results of the survey discussed in this chapter tend to
support the milkstone classification suggested as a result of the
earlier and more restricted survey described in Chapter two.

This survey classified milkstone deposits in terms of high

protein milkstone, calcium phosphate milkstone, iron (III) milk-
stone and fat deposits, It seems that as a rssult of the present
survey, the high protein milkstones could be further classified
according to the detergent or sanitiser constituents that probably
contribute to their formation. Thus phosphoric acid milkstone
and chlorine milkstone might be appropriate classifications,

It is likely that in the formation of both types of deposit, these

constituents cause precipitation of the milk proteins.
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CHAPTER 14

GENERAL DISCUSSION

Introducticn

One of the principal objectives of the present study was
to investigate factors that could be involved in the formation
of milkstone, the protein containing films formed on milk contact
surfaces, In order to undertake this project it was necsssary
to develop procedures for the radiochemical labelling of milk
constituents and techniques for investigating aspects of the
chemistry of these constituents at stainless steel surfaces.,
To a large extent the results of these studies have been discussed
in the chapters in which they were presented. Some aspects using
the results of several different sections of the work have yet to
be considered, These include the kinetics arnd thermodynamics of
protein adsorption, the mechanism of milkstone formation, some
practical consegquences of the investigation and suggestions for

further worke.

Kinetics and Thermodynamics of Protein Adsorption

The adsorption studies of Chapters 8 and 9 showsd that
monolayers of protein were formed on stainless steel surfaces
within very =hort times upon contact with milk solutions. The
affinity of protein for stainless steel surfaces was such that

protein even at low concentrations eventually became adsorbed



providing the surface had not already become '"saturated". From
the rate studies of Chapter 9 a diffusion model was developed to
account for the kinetics of adsorption from unstirred solutions.
While this model is probably an cver simplification and starts

to breakdown at high concentrations, it provides a useful picture
of the adsorption process. According to the model protein
adsorntion is limitéd by size, shape and hydration of the protein
and the available area of the surfacs. Irreversibility of the
adsorption process was assumed, Further it was assumed that
adsorpticn proceeds without denaturation to form a close-packed
surface film, Adsorption from stirred solutions should also be
diffusion controlled. However, because of the much shorter
diffusion path lengths the rate of adsorption should be much
faster, Slow desorption kinetics (at least at neutral pH's)

f rovided evidence of the irreversibility of the adsorption process
cver short time intervals. However some: slow exchange did
OClUT. The kinetics of desorption of these processes could not
be znalysed in terms of any simple rate law,

Adsorption studies indicated that stainless steel surfaces
generally "saturated" after monolayer coverage had been achieved,
although evidence for two adsorption plateaux was obtained in the
case of p-casein, Once surfaces had become saturated they

showed little tendency to adsorb further protein.
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14,3 Mechanism of Milkstona Formation
The studies of adéorption effects after repeated exposures
of the surfaces to protein solutions eliminated the possibility

of simple adsorption being an important mechanism in the

accumulation stage of milkstone formation., Other factors must

be involved, Treatment by positively charged colloidcl species

of ferric oxide and calcium phosphate caused successive layers

of protein to be adsorbed, A sandwich mechanism of this type

could explain the formation of milkstone. It is unlikely,

however, that the special conditions required are sufficiently
common for this type of mechanism to be generally valid.

In the light of the results of the investigations described abovs,

it szems more likely that precipitation and/ecr evaporation effects

are implicated in deposit formation, Effects contributing to the
formation of deposits include:

1. protein deposition by evaporation of amilk films followad by
protein denaturation and mineralisationj

2. protein precipitation induced by cleaning conditions;

3, mineral deposition (from hard water) by evaporation fellowed
by protein adsorption upon the next contact of the surface
with milke.

It is difficult to test the mechanism of milkstone formation in

actual dairy milk lines because of the many variables that can

existe However, data from simulator studies used to evaluate
dairy detergents may allow assessment of the mechanism of dsposit
formation under closely controlled conditions that prevail in

these devices, Though simulators are dssigned to reproduce



farm milk line cleaning conditions as accurately as possible, the
time factor alone prevents conclusicns from their use being applied
directly to dairy milk lines. Also in many instances desposit

formation in simulators is induced deliberately in order to

maximise the capability of the device to discriminate between

different detergents.

Mechanism of Deposit Formation in Simulators

Results from studies involving three simulators, A(189),
B(256) and C(356) were analysed to determine average values for
the total deposit formed per cycle and the amount of protein
deposited per cycle. In order to simplify the analysis a linear
increase in deposit formation was assumed so that mean per~cycle-
increments of the deposit could be calculatsd. Also in order
to calculate the amount of protein deposited after each cycle it
was necessary to take a value of 30% as the protein content of
the deposits formed in two of the simulators (simulator 8 and
simulator C). This value was tha mean of the percentage protein
composition of the deposits formed in simulator A. Data for the
mean per cycls protein increments and the mean per cycle mineral
increments, for the three simulators using various dstergents are

summarised in Table 14.1.

363
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Table 14,1
Amount of Protein and Mineral Deposited on Stainless

Steel from the various Detergent Simulators

Total Deposit Mineral Deposit Protein Deposit

/cycle mg 2 /cycle mg m2 /cycle mg m2

Simulater A

(189)
Detergent 1 71 58 13
Detergent 2 160 92 68
Detergent 3 100 78 22
Simulator B
(256)
Detergent X 29 20,3 8.7
Detergent Y 89 63 26
Detergent 2Z 290 203 87
Simulator C
(356)
Detergent S 45 32 13
Detergent T 100 70 30

It is clear from these data that the amount of mineral deposited
per cycle is much in excess of that which could be expected if
the mineral was derived from the evaporation of rinse solutions,
For example a liquid film 4 x 10-4 cm thick containing 300 ppm of

2

CaC0., would give rise to a mineral deposit of 1.2 mg m e

3
-2
In comparison the values of Table 14.1 range from 32 to 203 mgm ~,
It is possible that the liquid films left adhering to porous
deposits would have an effective thickness much in excess of the

assumed value of 4 x 10-4 Cme However, it is unlikely that this

could account for the order of magnitude difference in the above

data.
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The data of Table 14.1 can also be used to eliminate the
possibility of protein deposition from evaporation of liquid rilm
of final rinse solutions. Assuming a 10% carry-over from one
solution to the next for three rinses, would give a final rinse
solution containing approximately 0.04 mg ml-1. This could bs
expected to give an evapcrated protein film of 1 mg m-2.

Again this is much lower than the mean per cycle protein increment.
Again, however, the result could be increased by the porosity of
the deposit.

It does not seem possible to come to any conclusion about
the relative importance of precipitation of protein from whole
milk or deposition due te evaporation of whole milk liquid films.
Simulators A and B relied on the use of sodium hypochlorite to
enhance deposit formation. This was probably effected through
precipitatione. Simulator C involved a dipping procedure in which
milk films were dried on toc the surface so that in this case, at
least, the deposit originated from the evaporation of milk,

It is of interest to note that in none of the simulator
studies was the mean per cycls increment of protein less than the
amount that would correspond to a monolayer of adsorbed proteir:

(8 mg m-z). In many cases the amount was much in excess of this
fiquree.

Simulator trials do not provide a compiete reprssentation
of "milkstorne'" formation which occurs over the longer time scales
of the dairy milk=line situation, Bacterial action and the
mineralisation of protein gels may be important. In addition

deposits formed in milk lines may be very much more subtle than
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those formed in simulators. Effects appearing insignificant in

simulator studies may be significant in milk lines.

Suggestions for Further Studies

The present project has, of necessity, covered many aspects
of milk science and surface chem.stry. It has not besn possible
in the time available to investigate all of these aspects in depth,
In many instances, interesting preliminary results await further
investigation, Some aspects that could provide the basis of
future work are summarised below.

Much has still to be learned of preotein adsorption at solid-
liquid interfaces., In order to rigorously test the limiting case
model proposed in the present work, studies of adsorption kinetics
for proteins other than caseins on to a variety of su»rfaces and
under a variety of experimental conditions (pH, concentration,
temperaturs, ionic strength and fléw rate) are required. The
assumptions of irreversibility of adsorption and surface saturation
need to be tested for these systems,

The problem of accounting for protein desorption has yet to
be satisfactorily resolved, Before this can be done it will bs
necassary to determine whether the adsorbed species is dcnatured
during desorption. Gradient pore gel electrophorasis could be
used to determine whether the adsorbed species has undergone any
change upon desorption, Analysis of kinetic data from desorption
axperimente presents a difficult problem. Their much poorer
reproducibility compared with the adsorption curves compounds the

difficulty. Further work on the related problem of determining
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the mechanism of detergent action on adsorbed protein films would
also be of interest,

An important conclusion of the present investigation is
that casein adsorption on to stainless steel is thermodynamically
favoured because of the entroupy term associated with the increassd
randomisation of the water structure that results when protei.:
molecules are adsorbed from solution, This effect is sometimes
known as "hydrophobic bonding", A measure of protein hydrophcebicity
can be cbtained by measuring the distribution of protein bstween
aqueous and non-agueous phases. The variation of hydrophoticity
with experimental conditions such as pH and investigations to
determine whethsr hydrophobicity can bs correlated with adsorption
affinity and displacing power would give valuable insight into
the nature of the surface-protein interaction, Preliminary results
of the present work suggest that the more hydrophobic p=casein
has the ability to displace less hydrophobic a51-casein from
s :ainless steel.

As an interesting aside, the effect of hydrophobicity on
functional group reactivity in proteins could be studied.
fvicence from work on iodination suggests that iodination occurs
most readily at the tyrosyl residues with the most hydrophilic
environment and negatively charged neighbouring residues.
Iodinaticn reactions on selected tripeptides at controlled pH's
could be undertaken to establish this result, In the present
work a model was developed to predict the sequence of preferential
labelling of tyrosyl residues of a given protein. This model

remains to ba tested experimentally.
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The problem of "milkstone!" formation in milk lines seems
qualitatively quite similar to effects such as the formation of
calculus on dental enamel, the formation of kidney stones and
other mineralisad protein deposits. Further studies of protein
aggregaticn at surfaces by bridged multilayer or other mechanisms,
and the mineralisation of such czposits could provide the topic
for extended studies,.

In undertaking the present project, some attention to the
physico~chemical properties of milk was inevitabls. Considerable
information is still to be learned about the structure of the
milk micelles and the nature of micelle-serum interactions.

The use of iodinated caseins and other labelled species (P-32,
Ca=45) could be of use in such studies.

The use of iodinated proteins during the project illustrated
how these specias could be of use in studies of the general
chemistry of iodine in milk and milk productse. This is an area
of renewed interest because of the widespread use of iodine
containing iodophors as dairy sanitisers,

Finally, returning to the problem of milkstcne, centinued
monitoring of actual deposits formed, along with details of the
cenditions prevailing during deposit formation, will be necessary
to ensure that the many conditions that can lead to deposit
formation can be catalogued. In this connection there is a need
for continued studies intc the efficiency and mode of action of
detergents and sanitisers, the optimisation of dairy procedures,

the surface properties of bacteria and the chemistry of protein

filmse.
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CHAPTER 15

GENERAL CONCLUSION

The studies described in this thesis hava been directed
touards gaining a better understanding of the factors that are
important in the formation of protein films on the stainless steel
contact surfaces of dairy milk linss. O0f basic importance in
determining the formation and stability of organic films on
solid surfaces is the nature of the surface-substrate interaction,
A suitable starting point for a study of protein films on
stainless steel was thus determined to be an investigation of the
surface chemistry of the various protein constituents of milk,

When freshly cleared stainless steel surfaces are exposed
to milk, they are rapidly covered with a layer of adsorbed protein
moleculses, Most of this protein is casein and because of its
greater affinity for stainless steel surfaces, a large proportion
of this casein is likely to be p-casein. Micelles are not
adsorbed but they may play a role in the formation of the adsorbed
films by maintaining the serum cascin concentration.

The surfacs chemistry of bovine milk caseins at stainless
stesl-water interfaces is determined largely by molecular size,
shape, hydration and hydrophobicity. Cata for the adsorption of
caseins at low concentration agreed well with a mocdel which
pictured the adsorption process from unstirred and non-convacting

solutions as being diffusion controlled, irreversible and

proceeding, at all concentrations, to the formation of a layer
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of close packed molecules, Thus both the rate of adsorption

and the smount adsorbed at saturation, depend on molecular size
and shape since these parameters detsrmine diffusion coefficients
and surface packing. This model provides a valuable limiting
case description of protein adsorption. Some deviations from
the limiting case behaviour were observed at high cencentraticne.
These could have been due to adsorption to ferm different packing
arrangements, or to the effects of polymerisation. It is likely
that the rate of adsorption is diffusion controlled at all
concentrations and under all conditions, but this could not be
tested at the higher concentration because the process was too
fast to follow by the methods available, Some reversibility of
the adsorption process was observed at high protein concentrations.
The effects of reversibility could be accommodated in the model
bv incorporating a surface-solution gquilibrium term, but this
was not included in the present worke.

Casein adsorption at stainless steelwwater interfaces
results from hydrephobic bondinge Though the evidence for this
conclusion is largely circumstantial (hydrephobicity of the 2B
stainless steel surface and regions of the protein moleculse,
absaence of temperature effects on adsorption, absence of urea
effects, absence of ion exchange effacts, absence of metal-sulphide
linkages), this mechanism provides the best explanation of the
data obtained and is consistent witt the conclusions draun from
other protein adsorption studies, In addition a hydrophcbic
jinteraction could account for the difficulty experienced in

removing adsorbed protein from stainless steel.
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The desorption of protein adsorbed on to stainless steel
is a complicated process that cannot be explained in terms of
simple diffusion or reaction rate controlled processes.

The slowness of the process under mild conditions and the
likelihood of protein denaturation under the more vigorous
conditions required for faster rates, are additional problems.
Also it appears that the desorption process is inherently less
reprocducible than the adsorption process. Generally the
hydroxyl ion and anionic surfactants zre the most effective
species for enhancing dsesorption. There does not appear to be
any simple relationship between the kinetics of desorption and
the concentration of these species.s A feature of all desorption
experiments was tha result that some of the adsorbed protein
adhered very tenaciously and could not be desorbed even after
prolonged periods,.

An important result established by the adsorption studies
was that macroscopic casein filaes cannot be formed by simple
adsorpticn processes. A variety of mechanisms by which
accumulation of further protsin on the initially adsorbed layer
could occur were investigated, Adsorption of multilaysrs via
bridging colloidal species may occur under special circumstances.
More likely effects are deposit formation by precipitaticn or
evaporation. Any condition that leads to the precipitation of
casein from milks; or rinse solutions, can produce surface deposils,
since precipitated cassin aggregates are adsorbed by stainless
steel. Other precipitated aggregates may similarly be adsorbed.

Deposit formation by evaporation of liquid films is inevitable if
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the liquid films contain nonvolatile solutes. It is possible
that a ccmbination of deposition (evaporation or precipitation)
and adsorption effects are involved in the formation of actual
milkstone denosits,

Actual milkstone deposits vary widely in macroscopic and
microscopic appearance and in chemical and physical prnpertiese.
Thess may be significantly modified by the effects of bacterial
action and temperature. In the present work a classification
based upon chemical composition has been found useful. In
favourable circumstances the composition of the deposit provides
a good indication of the mechanism by which the deposit was
formed. Thus high mineral milkstones can be formed eitner by
pretein multilayering via iron oxide or precipitated calcium
phosphate or by the deposition from evaporated milk films
frnllowed by leaching of the protein with alkoline detergents,
Alternatively the mineral could have been deposited by
precipitation from high mineral water (i.e. high calcium or high
iron content) possibly by use of inappropriate detergents.

High protein deposits could be formed by protein deposition

induced by casein precipitation or milk film evaporation. The
presence of chlorine or inorganic phosphorus in such deposits is

a qood indication that precipitation (by use of sodium hypochlorites
or an inadequate concentration of phosphoric acid) was involved,

In spite of the stringent hygiene requirements of modern
dairy practice, problems associated with bacterial contamiration

orioinating from protein films on milk contact surfaces continue

to occure
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The rasults of the prasent investigation go some way towards

furthering the understanding of these deposits, their properties,

modes of formation and hence possible means of prevention and/or

removal, It has revealed many areas for more dstailed

investigation, and indeed, further research has already been

initiated in this fisld,.



APPENDIX 1. NPS, p and H} data for «

(a) @ _,-casein B

Amino acid

Nor-polar
Tryptophan
Isoleucine
Phenylalanine
Preclire
Leucine
Valine
Methionine
Alanine

Glycine

Polar
Tyrosine
Lysine
Arginine
Threonine
Serine
Histidine
Aspartic
Glutamic

Amide

Total

APPENDICES

Number of
residues
11
17

A7
1

10
14
16
15

39
(22)

199

s1 Y

Volume/
z 3

270.8
1122,0
911.2
1251.,2
1734.,0
93661
488,5
473,4

32647
7513,.,9

1162,0
1471.4
654,6
356,0
878.4
459,5
1026,0
3303,3

88,0
9399,2

B and K=-casein

HE / &3

25.1
135,74
95,36
184.79
170,68
72,21
2762
28.26

119,2
87.78
18.84

8.4

974,56

374



375

(b) B=casein A2

Amino acid Number cf Volume / H) /K2
residues 3
Non—polar
Tryptophan i 135.4 12,55
Isoleucine 10 1020,0 123.4
Phenylalanine 9 1025.1 899,72
Proline 35 2576,0 380,45
Leucine 22 2244,0 220.88
Valine 19 1619.9 135,09
Methionine 6 586.2 32.64
Alanine 5 263.0 15.7
Glycine 5 181.5
96511
Polar
Tyrosine 4 464.8 47,68
Lysine 11 1156.1 68,97
Arginine 4 436.4 12,56
Threonine 9 640.8 16,92
Serine 16 878.4
Histidine 5 459,5
Aspartic 9 615.6
Glutamic 39 33033
Amide (27) 108.0
8062,.9

Total 209 1166.46
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(c) K-casein B

Amino acid Number of Volumg/ H./ k3J
residues ?\ S

Non-polar
Tryptophan 1 135.,4 12,55
Isoleucine 13 1326,0 160,42
Phenylalaninsg 4 455,6 44,32
Proline 20 1472,0 217.4
Leucine 8 B816,.,0 80,32
Valine 1 936,1 78421
Methionine 2 195.4 10.88
Alanine 15 789.0 47,1
Glycine 2 72,6 -
Cystine/2 2 13646 8,36

6334,7

Polar
Tyrosine 9 1045,8 107,28
Lysine 9 945,9 52,43
Arginine 5 545,5 15.7
Threonine 14 996.8 26,32
Serine 13 7137
Histidine 3 275,7
Aspartic 11 752,4
Glutamic 27 2286,9
Amide 21 84,0

764647

Total 169 865.28



APPENDIX 2,

Stock solutions for gels

B (pi 6.7)
C
D

m

1 mol 177 HQL

Tris (hydroxymethylaminomethane
Temed (N,N,N',N1-Tetramethylethylene~

diamine)
Distilled water %o

1 mol 1-1 HC1l

Tris
Temed
Distilled water to

Acrylamide
Bis (N,N1-methylene acrylamide)
Distilled water to

Acrylamide
Bis
Distilled water to

Riboflavin

Distilled water to

(A1l solutions were stored in a refrigerator)

puffer solution for electrode chambers

Tris
Giycine
Bromo-phenol blue 0.1%

Distilled water to

Identification of protein fractions by Disc

Electrophoresis (511)

48 ml
3646 g

0.23 ml
100 ml

48 ml
5,98 g
0,46 ml

100 ml

28 ml
0.735 g
100 ml

10 g
2.5 g
100 ml

4 mg
100 ml

3g
14,4 g
0.25 ml
1 litre

377
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Solutions for Preparing Gels

1e Small Pors I

1 part of stock solution A
2 parts of stock solution C

1 part of 9 mol l_1 urea

2o Small Pore II

Ammonium persulphate 0.14 g

9 mol 177 urea to 100 ml

3. Il.arge Pore

7 part of stock solution
2 parts of stock solution
1 part of stock solution

6 parts of 9 mol 1-1 urea

€taining Sclution

0.,1% amido black in 7% acetic acid

Destiaining and Storage solutions

10% acetic acid for washing

3% acetic acid for storage
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Method

1e Preparation of the Gels

Equal volumes of a mixture of small pore I and small pore II1
were poured into the dry tubes standing upright in a drilled rubber
block. Each tube was filled to 2 cm from the top and a layer of
distilled water was carefully placed over the gel which was left
for approximatsly thirty minutes for the gel to set. The water
was removed from the gel and after rinsing with the large pore
solution, a layer of approximately 1 cm thick of ths largs pore
gel was left in the tubes and again a layer of distilled water was
placed on the gel, The tubes were then left for twenty minutes

under the U.,V. light for the large pore gel to polymerize,

2. Electrophoresis of Samples

After remowving the distilled vater from the top of the gels
and rinsing with buffer solution the gels were placed in the
electrophoresis apparatus, Buffer was put into both chambers,
the sample placed on the top of each gel, and the top chamber was
connected to the negative electrode and the bottom chamber to the
positive electrode. The apparatus was suwitched on for 8 minutes
at 15 mA followed by 50 minutes on 30 mA, When the bromo-phenol
blue marker bands reached 1 cm from the bottom of each tube the

run was stopped,

3. Rewoval and Staining of the Gels

fhe appa~atus was disconnected, and by using a hypodermic
needle, the gels were removed from the tubes and placed in the
staining solution for one hour, They were then removed, destained

overnight and stored in 3% acetic acid solution.
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APPENCIX 3., Method used to prepare crude B -casein (368)

Sufficient 1 mol l—1 HCl was added to 1 litre of skim milk to
lower the pH to 4.6. This resulted in the precipitation of the
milk nrotein, After filtering through muslin and washing with
warm water, the precipitate was redispersed with NaCH and again
precipitated by lowering the pH to pH 4,6 with acid. The filtsred
precipitate was then dispersed with 700 ml of distilled water
containing 180 g of urea and the pH was adjusted with NaOH to pH 7.5.
The volume was made up to 900 ml and reprecipitated at pH 4.6 by
adding HCl,

The supernatant which contained the B-casein was filterad
through a Whatman's No.4 filter paper and the cloudy filtrate was
adjusted to pH 4,9, diluted to 2 litres and warmed to 30 OC.

The flocculation formed containing crude PB-casein was allowed to
settle overnight, filtered and dispersed in 400 ml of 3.3 mol 1-1
urza at pH 7.5, Again the pH was lowered to pH 4.6 and after
filtration, the filtrate was adjusted to pH 4.90, diluted to 800 ml
with distilled water and warmed to 30 °C. The precipitate formed
contsining crude PB-casein was centrifuged down and further purified
by dispersing in 300 ml of distilled water at pH 7.5. Finally it
was reprecipitated by lowering the pH to 4,90, The gummy
precipitate was washed succsssively with ether, absolute alcohol

and acetone, pre-dried in air and then crushed toc a fine powder and

vacuum dried.

A yield of about 3 grams of crude PB-casein was obtained,
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APPENDIX 4, Chloramine T method of Iodination (544)

Solutions:

1. Barbital - HCl buffer
A buffer of pH 7.4, I = 0,07 mol l-1 was made up as follous:
Solution A: 14,714 grams of sodium 5,5~diethylbarbiturate
9.714 grams sodium acetate trihydrate

made up to 1 litre with distilled water.

Solution B: 0,7 mol 1~1 HC1

The buffer solution contained 200 ml of solution A
and 200 ml of solution B and was diluted to

1 litre with distilled water.

2. Carodylate ~ HCl buffer
A buffer of pH 6.8, I = 0,06 mol 1"-1 was made up as follouws:
Solution X 0.2 mol 17! sodium cacodylate trihydrate
Solution Y C.1 mol 171 Hcl
250 ml of solution A and 93 ml solution B were diluted to

1 litre with distilled water to give the cacodylate buffer,

3. Chloramins T solution

1 g of chloramine T was dissolved in 250 ml of barbital buffer,

4, Metabisulphite solution
1.2 g of sodium metabisulphite was dissolved in 250 ml of

barbital buffer.



S Barbital Iodination buffer
20 ml of Solution A (see Barbital-HCl buffer) and

20 ml of Solution B (see Barbital-HCl buffer) were made up to

50 ml with distilled water,

Gel Filtration Column

1.0 g of Sephadex G25 (fine), after equilibration overnight
in cacodylate buffer was poured into a glass column previously
plugged with a small amount of glass wool. The final column

dimension was 100 nm x 1C nm,

Classware

All glassware used in the iodination was cleaned by standing
for 18-24 hours in a 1:1 sclution of concentrated nitric:sulphuric
acid heated on a sand tath, These were then oven dried and stored

in a dry glass desiccator until required.,

Method of Iodination

All solutions were made up immediately before iodination.
1. To a small test tube containing 0.2 mCi of iodide-125 (or
iodide-131) was added 0.100 ml of barbital iodination buffer and

the solution was thoroughly mixed using a fine glass stirring rod,

2. 0,025 ml of the protein solution was added to the radioactive
solution and after thorough mixing, 0.025 ml of the Chloramine-T
solution was added, The Chloramine T, which oxidised to iodide,
was allowed to react for 45 seconds before the addition of 0,100 ml
of the sodium metabisulphite. This halted any further reaction by
the deactivation of the Chloramine T and the reduction of any
iodine back to iodide. The reaction mixture was constantly stirred

during the reaction.

382
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3. Separation of the iodinated protein from the unreactive
iodide was achieved by éel filtration using a Sephadex G25 column,

The iodination reaction mixture was immediately transferred
to the column after the addition of the metabisulphite and thse
‘test tube was rinsed with three separate 0.15 ml of cacodylate
buffer. The solution was allowed to drain to the gel level at the
top of the column before each addition, The volume of buffer added
to the column was made up tec one ml, allowed to drain and further
one ml volumes of buffer were repeatedly added to and collected
from the column. In this manner eight one ml fracticns were
eluted from the column, coullected in giass sample vials and counted.

The protein fraction (third ml), after ccunting, was stored at
4 °c.

The efficiency of iodination was calculated as the percentage
of radioactively labelled protzin to the total radicactivity
eluted from the column in the eight one ml vials,

Cacodylate buffer was used :n the elution sequence to minimise
the possibility of protein-buffer interactions that have been
reported for other commonly used buffering agents. It was also
desirable to use a buffer that would not interfere in Kjeldahl

nitrogen determination,



APPENDIX S, Radiochemical Properties of Iodine-125 and

Todine-131
I-125 1~-131
Half life t% (days) 60 8.06
Isotepe Abundance (1%) n0-100 15-20
Principal Decay
Mode and Energy (MeV) Y B
0,035 0.60
Y
0.364
Decay Product Te-125 Xe=131
Half value Thickness <0,011 cm 0.25 cm
for Gamma Radiation
(Lead)
Tenth Value Thickness <0,035 cm 0.8 cm

for Gamma Radiation
(Lead)
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Reference
513

537,542

513

513

547

547
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APPENDIX 6, Determination of Geiger Counter Dead Time

m, +m, - M e M
Dead Time T = 1 = 12 b
n 2 _ 2 2
"2 M M2
m1 = cbserved count rates No.1
m, = observed count rates No.,2
My = observed count rates of No.1 and Ne.2 together
m, = backgreund

Experiment No. 1

(count = rate/second)

m, 96,98
m, 89.10
Mo 180,66
my 0.45

Dead Time := 0,324 ms.

Correction Factor for Backscattering in Desorption Studies

It was found necessary to correct for the backscattering that
occurred when the disc containing the adsorbed protein was placed
in the various solutions used in the desorption studies. On
monitcring the activity adsorbed on to the stainless steel just
above the test solution, a five percent increase in count=rate due
to backscattering was observed, All initial count rates wers

corrected for this effect.



Observed Rate, R ¢.p.m.

Nemogram for correcting counts lost during dead time

(545)
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APPENDIX 7, Decay correction factors for I-131

Decay Correction = fil— = exp (Q;EEQJ_}Q
C, Cty )
where Co = count rate at time zero
C, = count rate at time, t (hour)
&y = 193.44 hours (half-life of I-131)
Time/h t/t% Decay Time/h t/i; Decay
Correction 2 Correcticn
0.50 2,58 x 107 1.,0017 30,0 0,155 1,113
1.0 5,16 x 107 1,003 32.0 0.165 14121
2.0 1,03 x 1072 1,007 34,0 0,175 1.129
3.0 1.55 x 1072 1,010 36,0 0.186 1.137
4.0 2,06 x 1072 1.014 38,0 0.196 1.145
5.0 2.58 x 1072 1.018 40,0 0.206 14156
6.0 3,10 x 1072 1.021 42,0 0.217 1.162
7.0 5.61 x 1072 1,025 44,0 0.227 1,170
8.0 4,13 x 1072 1.029 4640 04237 1.179
9,0 4.65 x 1072 1,032 48,0 0.248 1.187
10,0 5,16 x 1072 1,036 50,0 0.258 1.196
12.0 6.20 x 1072 1,044 100.0 0.516 1,43
14,0 7.23 x 1072 1,051 193,4 1,00 2,00
16.0 8.27 x 1072 1,059 300 1,55 2.93
18.0 9,30 x 1072 1.066 400 2,06 4.19
20,0 0,103 1.074 500 2,58 5,99
22,0 0.113 1.082 600 3.10 8.58
24,0 0,124 1,089 700 3.62 12.28
26,0 0134 1,097 800 4413 17.57
28,0 0,145 1,105 1000 5,17 35,98

time (hours)

o
i

,f
o
0

half-life of isotope (hours)
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APPENDIX 8 Desorpticn kinetic data

In the following data, ki reprasents the rate constants for
the processes resclved from the desorption curves and have been
numbereu consecutively i.e. i = a, 2, 3, + ¢« o from the slowest
to the fastest process. The figures in brackets represent the
percentage of each 'type' of protein.

1 Effect of pH

pH
ki/min 5.0 8.3 11.0 12.4
K, 0.001 0.003 0.001 0.002
(95) (84) (64) (48)
(5) (s) . (32) (15)
k 2.1 - 0,46
3 (6) (4) (35)
k -
4 (25)
2, Effect of 1 mol 1-1.NaCl
-1
ki/min pH 7.0 0,05 mol 1 = NaOH
Ky 0,005 0,003
(90) (19)
K 0.2 0,07
2 (10) (42)
k 8,32
3 (32)
Ky

(7)



3. Effect of Anionic Surfactant in 0,05 mol l"1 NaOH

ki/min

0,0025%

surfactant

0,003
(38)

0.11
(33)

0.47
(28)

0.010%

surfactant

0,003
(31)

0.14
(53)

(14)
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0.,015%

surfactant

0.0006
(7.8)

0,002
(11)

0.48
(35)

(46)
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APPENDIX 9,  Procedure for Analysis of Milkstone Deposits (546)

The milkstone deposits were analysed for moisture, protein,
phosphate, calcium and in some samples, iron and fat,
The method used was as follous:
1. Moisture

The moisture was determined by measuring the weight change on

drying the sample for 4 hours at 102-105 °c.

2. Protein

The protein was determined by micra Kjeldahl as followss:

1« Weigh 0,05 to 0,20 g into a clean dry boiling tube

2, Add 0,5 g of anhydrous sodium sulphatey, 2 ml of concentrated
1

sulphuric acid, 1 ml of 1% mercurous oxide in 1 mol 1~

H 1 glass bead

250

3o The tube was heated ge.tly until colourless then for an
extra 20 minutes

4, After cooling the solution was made up to 100 ml and 1 ml
was added to a 50 ml Nessler Tube

5 0.5 ml of 5% NaOH vas added to the Nessler Tube and the
volume made up to 50 ml

6. 2 mlof Nessler's reagent was then added, stirred and
allowed to stand for 10 minutes

7. The intensity was compared to a range of standards and the

concentration of protein calculated

3. Phosphorus
The phosphorus was determined from the protein solution using

a spectrophotometer at 420 nm or 440 nm as follows:
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To 10 ml of the protein digestion solution in a 25 ml
volumetric flask was added 1 drop of phenolphthalein
and 5% NaOH solution until the solution turned red.

1 mol l'-1 HCl was added dropwise until the solution

turned clear.

After adding 5 ml of reageni A the solution was made up
to volume with distilled i:ater and allowed to stand for
ten minutes before the absorbance was measured at

420 nm or 440 nm,

The amount of phospiiorus present was determined from a

calibration curve based on potassium dihydrogen phosphate,

Reagent A: Solution 1, Dissolve 12.5 g ammonium molybdate in

180 ml water by gently warming
Solution 2, Dissolve 0,63 g ammonium meta~vanadate in
150 ml water by warming followed by adding 165 ml

conc, HCl,

Mix solution 2 into solution 1 and make up to 500 ml,

4, Calcium and Iron

The calcium and iron concentrations were determined using an

atomic adsorption spectrophotometer with a calcium and iron lamp,

Both these ions were determined after the digestion of protsin

as in the method used for protein determination, against treated

standard, allowing for sulphate ions or inclusion of lanthimum

chloride to both standards and the solution cxamined.

5. Fat

The fat was determined by the Rose~Gonttlieb method,
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APPENDIX 10  Determination of Tyrosyl residues labelled in the

individual casein proteins

Area Extinction Total Protein ¥ Protein
(Arbitrary Coefficient/ (Arbitrary (% 10%)
Unit) cm? 9"1 Unit)
TS-A/R 2.95 0.80 3.68 8.1
casein
K=casein 6,23 0,96 6449 14,7
B-Casein 7.56 0.46 16043 3702
a_,.,—casein 4,98 1.00 4,98 )
s23 ) 40.0
@, -casein 12.50 1.00 12,50 )
Total 44,08
% 1
Mo Wt NTyr Factor10_3 ,+Tyrosy
(= 10%)
TS-A/R casein 11 800 3 2,03 663
K—casein 19 000 9 6096 21.6
B-casein 24 000 4 6,20 162
as-casein 23 500 10 17,02 52,8

Total 326,21

Percentage radiocactivity in the various casein fractions

Radioactivi’cy/c:sm1 percentage

radicactivity
TS=-A/R casein 62 ¥ 6 5.8
K-casein 132 13 12,4
p-casein 203 £ 20 19,0
aS-CaSGin 668 + 66 62,5

1065
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Determination of Tyrosyl residues labelled in whey proteins

Area
(Arbitrary
Unit)
B-lactoglobulin 1.164
a-lactalbumin 1094
Mo WT
B-lactoglobulin 18 400
a~lactalbumin 14 000

Percentage radioactivity in the various casein fractions

B-lactoglobulin

a=-lactalbumin

Extinction Total Protein % Protein
Coefficient/  (Arbitrary (£ 10%)
2 =1 .
cm g Unit
0.95 1622 69
2,01 0.54 31
Total 1.76
N Factor %
Tyr
10-3 Tyrosyl
15.0 63
8.8 37
Radioactivity/cs_1' Percentage
radioactivity
237 * 23 63
135 ¥ 13 36
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