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ABSTRACT

Zoon, P. (1988). Rheclogical properties of rennet-induced
skim milk gels. Ph.D. thesis, Wageningen Agricultural
University (139 pp, English and Dutch summaries).
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The rheological properties of rennet-induced skim milk gels,
which are viscoelastic materials, were studied under various
conditions.

Dynamic and stress relaxation experiments were performed at
small deformations of +the gel network, whereas constant
stress (creep) experiments were performed at large
deformations. Stress relaxation moduli calculated from the
dynamic moduli agreed fairly well with stress relaxation
moduli determined by means of stress relaxation experiments,
implying that true material properties were determined.

The effects of important variables, such as casein
concentration, temperature, pH, calcium, phosphorus and ionic
strength o©on +the mechanical properties of the gels were
studied. The results are discussed in relation to the types
of bond present in the network. Special attention was paid to
the time scale at which processes, especially relaxation of
bonds, occurred.




STELLINGEN

1.

In het temperatuurtrajekt tussen 20 en 40°C relaxeert een aan
een lebgel opgelegde spanning sneller bij een hogere
temperatuur.

Dit proefschrift.

in het trajekt tussen pH 6,3 en 6,7 resulteert een lagere pH
in een hogere endogene syneresedruk. Dit moet waarschijnlijk
worden toegeschreven aan een grotere reaktivitelt wvan de
caseinedeeltjes (Van den Blijgaart) en niet aan een geringere
nelging tot relaxeren van de in het netwerk opgebouwde
spanning (dit proefschrift).

H.J.C.M. van dan Bijgaart, Syneresis of rennet-induced gels as influsnced by cheesemaking
parangters, PFh.D. thesiz, Wageningen Agriecultural VUniversity, the Netherlands {1988).

Pilosof et ai. gaan eraan voorbi] dat wvoor de bepaling van de
schijnbare viscositeit de afschuifsnelheid een goed
gedefinieerde parameter moet zijn.

A.M.R. Pilesof, M.C. Lopez de Ogara & G.B. Barthslomai, J. Texture 3tud. 17(1986)347.

Bij het verrichten van wetenschappelijk onderzoek aan levens-
middelen dient er woldoende rekening mee te worden gehouden
dat de afzonderlijke komponenten elkaars werking vaak
beinvloceden.

De veronderstelling wvan Lindahl dat aan het afvalwater wvan de
zetmeel-glutenindustrie dezelfde eigenschappen toegeschreven
kunnen worden als aan het door hem uit tarwe geisoleerde
wateroplosbare materiaal is aan bedenkingen onderhevig.

L. Lindahl, J, Dispersion BScience and Technology 8(1987)309.

Het optreden van konvektiestroming in yoghurtkweektanks als
gevolg van een verschil in temperatuur tussen de omgeving en
de inhoud wan de tank kan klultjesvorming in yoghurt
verogorzaken,

Bij de door Chevalier et al. uitgevoerde experimenten wordt
onvoldoende rekening gehouden met mogelijke interakties tussen
immunoglobuline en de carrageen- en alginaatmatrix.

P. Chevalier, G.P. Cosentino, J. de la Nolle & 3. Rakhit, Biotechnology Technigues 1(1987)201.

Nu universiteiten afhankelijker worden van de derde geldstroom
dient ervoor te worden gewazkt dat er voldoende achtergronds-
onderzoek plaatsvindt en dat niet slechts bestaande weten-
schappelijke inzichten te gelde worden gemaakt.

Wettelijke regelingen ten aanzien van ouderschapsverlof voor
zowel vrouwen als mannen, zoals bijvoorbeeld reeds wvan kracht
in Zweden, zouden een wezenlijke bijdrage kunnen leveren tot
een gelijkwaardiger positie van beide partners.

Stellingen behorende bij het proefschrift "Rheological properties
of rennet-induced skim milk gels" door P. Zoon. Wageningen, 30
november 1988.
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PREFACE
1l Objectives and motivation

The present study is part of a large research project on the
structure and properties of casein networks. Casein networks
are present in many dairy products, e.g. in cheese. Cheese is
a very important product in the Netherlands. More than 40% of
the Dutch milk is processed inte cheese and the demand for
cheese 1s still increasing. Control of the production as well
as the development of new products and manufacturing
technologies require a basic understanding of the principles
that underlie cheesemaking. Several researchers have worked
or are still working on the project mentioned. Van Hooydonk
(1) studied the renneting properties of milk. van Dijk (2)
developed a method to measure and describe the syneresis of
rennet-induced milk gels and he did some preliminary work on
rheological properties; in addition he initiated the study of
the permeability of gels, giving information on the structure
of the gels. Roefs (3) studied the structure and rheological
behaviour of acid casein gels. Van den Bijgaart (4)
investigated the influence of cheesemaking parameters, e.g.
external pressure, on the syneresis of rennet-induced milk
gels. Akkerman is still working on the drainage of (rennet-
induced) curd and Luyten (5) studied the rheological and
fracture properties of (Gouda) cheese.

The objective of the present study was to investigate the
effect of variables, known to be important for cheesemaking,
on the mechanical behaviour of milk gels formed after rennet
addition and to gain a more fundamental understanding of the
mechanisms involved. Special attention was paid to the time
scale at which processes, especially relaxation of bonds,

occurred.




Fig. 1. Model of a casein micelle;
highly schematic (From: Walstra and
submicelle Jenness  {6)).
protruding
chain

catcium
phosphate

2 Renneting of milk as an essential step during cheesemaking

2.1 Milk

Milk contains about 3.3% protein. About 80% of the milk
protein consists of casein. Almost all casein in uncooled
milk is present in roughly spherical particles, with sizes
ranging from 20 to 300 nm. They are called casein micelles.
These wmicelles are thought to be composed of small
aggregates, called submicelles, with a size of 10 to 20 nm
{(Fig. 1)(6). Each of these submicelles contains different
casein molecules, i.e. a,, B- and K-casein. Their composition
is probably not identical, because K-casein is almost
exclusively located at the surface of the casein micelle
(6,7). The C-terminal part of k-casein is very hydrophilic.
Presumably this part of the molecule sticks partly out inte
the serum. The protruding chains give the micelles colloidal
stabkility due to steric repulsion (6). Casein micelles also
contain water (= 3 g/g casein) and inorganic matter (=80 mg/g
casaein), particularly calcium and phosphate, which plays an
esgential role in maintaining the integrity of the micelles
(e.g. 8).

2.2 Cheesamaking

The production of Gouda type cheese is roughly as follows.
Starter and a calcium chloride solution are added to milk of
about 30.5°C. éalcium chloride accelerates the renneting due
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to a combined effect of an increase of the calcium
concentration and a lowering of pH (1, 9). The lactic acid
bacteria of the starter produce lactic acid during
cheesemaking, thereby lowering the pH. A few minutes after
starter addition, rennet is added to the milk. Rennet is an
extract from calves' stomachs, containing two proteinases,
chymosin and pepsin. The major part of the proteolytic
activity during renneting is due to chymosin. At the pH of
milk (=6.6-6.7) it hydrolyzes a certain peptide bond (Phe-
Met, residues 105-106) of k-casein. The hydrophilic C-
terminal part of K-casein is thus split off and the casein
micelles lose their stability. After sufficient k-casein has
been cleaved, the micelles start to aggregate (e.g. 10) and a
three dimensional network forms, a renmnet-induced milk gel.
At a well-defined firmness, the gel, usually called curd, is
cut into small pieces to promote syneresis, i.e. the
expulsion of whey. Part of the whey is removed and warm water
is added. The increase of temperature tb about 35°C causes an
acceleration of the syneresis. Then the curd particles are
separated from the whey. The curd is pressed into a coherent
mass, then salted in a brine bath and eventually stored for

ripening.

3 Outline of the thesis

This thesis consists of six parts, five of which (1-5) have
already been published or have been submitted for
publication. The contents of Chapter 6, together with part of
the work performed and described by Roefs (2), will be used
for another paper. Parts 1 to 4 deal with the effect of
important variables, such as casein and rennet concentration,
calcium, phosphate, pH, NaCl and temperature on the
rheological properties of rennet-induced skim milk gels at
small deformation. The first paper gives an introduction to
the formation and mechanical behaviour of the gels. Some
background information on dynamic rheological measurements is
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given. In addition to dynamic experiments, stress relaxation
experiments were performed, the method being described in
Part 2. In Part 6 the relaxation modulus is calculated from
the dynamic moduli and it is compared to the relaxation
modulus determined with stress relaxation measurements. Part
5 deals with the rheological properties of the gels at very
large deformations as measured with constant stress
experiments.
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Summary

The structure and mechanical properties of rennet-induced milk gels were studied by determina-
tion of the dynamic moduli G' and G’ under such conditions that primarily the number of bonds
between the protein particles in the gel network was varied rather than the type of interactions.

Most experiments were performed with reconstituted skim milk. By selecting proper condi-
tions for preparation of the reconstituted milk, the results were comparable to those obtained
with fresh whole milk. Protein breakdown caused by rennet and the milk proteinase plasmin did
not significantly influence the rheological properties of the milk gels during the time of the dy-
namic measurements (usually up to 25 hours after dispersing the skim milk powder). Concentrat-
ing the milk by means of ultrafiltration resulted in an increase in the moduli. An exponential de-
pendence between the moduli and the casein concentration factor was found, the exponent being
2.4. A higher rennet concentration resulted in an increase in the rate of gelation and an increase
in the values of G’ and G’ after a long ageing time.

1 Introduction

Rennet-induced coagulation of milk is an important step during cheesemak-
ing. Several papers have appeared on this subject. Recently a review on prop-
erties of biopolymer gels including casein aggregation and gelation was pub-
lished by Clark & Ross-Murphy (1). In addition, they discussed the rheologi-
cal properties and the application of gel theories on milk gels. Walstra & Van
Vliet (2) made a review of the physico-chemical aspects of the transformation
of milk into a loaf of cheese. A recent review and comprehensive study on
rennet-induced clotting of milk under various conditions has been published
by Van Hoovdonk (3). Extensive studies on the structure and mechanical
properties of milk gels have been performed by Van Dijk (4), Roefs (5) and
Tokita et al. (6-10). Van Dijk has paid attention to the structure and syneresis
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behaviour of rennet milk gels made at the natural pH of milk. Roefs has stud-
ied the structure and rheological properties of casein gels formed by acidifica-
tion in the cold and subsequent heating of skim milk or caseinate dispersions,
both with and without rennet addition, by rheology, permeability measure-
ments and electron microscopy. Tokita et al. (6-10) have investigated the
theological behaviour of rennet-induced milk gels at the natural pH and they
fitted gelation models to their experimental data.

Formation of the gel structure. The first step in the formation of a rennet-in-
duced milk gel is the addition of renneting enzymes. They split off the ca-
seinomacropeptide (CMP) part of the x-casein molecules, thereby diminish-
ing steric and electrostatic repulsion (e.g. 11). Microscopically, it is observed
that the converted micelles form irregular aggregates that grow in size until
they touch and form a continuous network. The network consists of strands,
being, for instance, 4 micelles in thickness and 10 micelles long, and of thicker
agglomerates of micelles; there is, however considerable variation in length
and thickness of the strands and in the size of the pores between them (e.g. 2,
12-15). The permeability of a rennet milk gel increases with time, indicating
that the network changes (4, 16, 17). Dangling strands, that are connected to
one end of the network only, become attached at more sites. Moreover
strands can break and reform at other places, resulting in thicker and stronger
strands and larger pores. Within the strands the contact region between the
micelles extends and the micelles start to fuse (see Fig. 1). Together, these
changes result in a coarsening of the spatial distribution of the casein network
and an increase in stiffness of the strands (2).

To obtain information on the firmness of the gel, it is necessary to perform
rheological experiments in which the relation between force and deformation
as a function of time is studied,

Much attention has been paid to monitor the course of gelation by measut-
ing the firmness of the curd, which for most instruments used, is not a well-de-
fined parameter. In 1977 Thomasow & Voss (18) published a review article
on this subject and recently Van Hooydonk & Van den Berg (3, 40} discussed
several commercially available instruments.

To find causal relations it is necessary to use instruments that yield well-de-

TN e
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Fig. 1. Schematic picture of the fusion of flocculated pardcasein micelles during ageing of the gel
{after Walstra & Van Vliet (2)).

250 Neth. Milk Dairy J. 42 (1988)




MILK GELS. 1. INTRODUCTION

fined parameters. Because a milk gel is a viscoelastic system (e.g. 19, 20) and
therefore shows time-dependent rheological behaviour, methods yielding in-
formation about these characteristics should be used, such as dynamic, creep
or stress relaxation measurements. To avoid damaging of the gel structure
during the measurement the applied deformation must be small.

In 1958 Scott-Blair & Burnett (19) described creep measurements using a
U-tube gelometer. A kind of shear modulus and the so-called Burgers param-
eters could be calculated. Later this type of gelometer was also used by Culio-
It & Sherman (21) and by Johnston (22).

A kind of stress relaxation measurements have been done by Johnston (23)
and Johnston & Murphy (24) using an Instron Universal Tester. Their meth-
od has been criticized by Van Vliet & Walstra (28).

Dynamic measurements on rennet-induced milk gels are well suited to ob-
tain the viscoelastic properties of the gel as a function of time after rennet ad-
dition and as a function of the time scale of deformation (e.g. 4-6). The stor-
age modulus G’, which is a measure of the energy stored, and the loss mod-
ulus G'', which is a measure of the energy dissipated during periodical appli-
cation of a mostly sinuscidally varying stress or strain, can be calculated from
these experiments. Several papers on dynamic measurements on milk gels
have been published by Tokita et al. (6-10). They used a torsion pendulum
apparatus. In 1982 Van Dijk (4) described measurements with a ‘Den Otter’
rheometer. Later Bohlin et al. (25) and Dejmek (26) used a Bohlin universat
viscometer for this kind of work, Korolczuk et al. (27) reported on dynamic
measurements with a Contraves low shear oscillatory viscometer, but they
applied very large deformations on their gels. All the above-mentioned appa-
ratus for dynamic measurements consisted of two coaxial cylinders of which
the inner one (torsion pendulum apparatus and Den Otter rheometer) or the
outer one {Bohlin and Contraves viscometers) could be oscillated in a sinus-
oidal mode. In the Appendix some background information on dynamic rheo-
logical measurements is given.

The dynamic measurements show that during gel formation and ageing the
storage and loss modulus increase with time, reaching a plateau value after
several hours. The moment at which the modulus starts to increase and the
rate of increase depend on conditions such as rennet concentration, pH and
additions such as CaCl, (e.g. 4, 25). The ratio of loss modulus G’ to storage
modulus G’, tan &, decreases very fast when the moduli start to increase and
becomes constant when the moduli are just a few per cent of their final value
(25, 26). The decrease in tan & is a result of the transition from a fluid into a
gel.

Neth. Milk Dairy J. 42 (1988) 251
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The values of G’ and G’’ are both proportional to the number of effective
bonds. The network of rennet-induced milk gels is inhomogeneous, which im-
plies that the number of effective bonds will be considerably lower than the
total number of bonds. The moduli will depend on the density and homogene-
ity of the gel network and on the character of the bonds. Assuming only one
type of bond or a constant proportion between the numbers of bonds of vari-
ous types, this implies the ratio of G'* to G’ (= tan d) to be independent of the
number of bonds and only related to the types of bond (28).

It has been suggested (2) that the nature of the bonds that contribute to the
modulus probably does not change very much after the onset of gelation, be-
cause tan 0 remains constant. However, one has to be cautious since tan o was
mostly measured at one angular frequency and the situation may be different
at other frequencies. Besides, it is possible that a shift in the type of interac-
tion does not result in a change of tan J because the relaxation behaviour of
the interactions is similar.

The results of various investigators on the rheological properties of milk
gels are fairly similar, but remarkable ditferences, for instance in the temper-
ature or concentration dependence of milk gels, are also found. This is mainly
due to the type of measuring apparatus and the design of the experiments. In
this article the results of a study on the influence of rennet concentration and
casein concentration, which are thought to alter mainly the number of inter-
actions and not the type of interaction, on the rheological properties of rennet
milk gels is given. In later papers of this series the effect of factors such as
temperature, pH, calcium and phosphate content and ionic strength, which
probably influence the type of interactions, will also be studied.

2 Materials and methods

2.1 Milk
Standard reconstituted skim milk was prepared by bringing 10.4 g of a com-
mercial low-heat skim milk powder (Krause, Heino) into 100 g of deminera-
lized water containing 0.015 % thiomersal (BDH Chemicals LTD) or 0.02 %
sodium azide (Merck) to prevent bacterial growth. The composition of the
skim milk powder is given by Roefs (5). To allow equilibration the dispersion
was stirred for about 16 hours at 30 °C. To some of the samples 0.02 % apro-
tinin (Sigma Chemical Company; strength 19.8 TIU/ml) was added to retard
plasmin action.

Fresh milk was obtained from the dairy herd of the university. It was not
cooled.

Cheese milk was fresh milk which had been cooled and stored at 4 °C. Just

252 Neth. Mitk Dairy J. 42 (1988)



MILK GELS. 1. INTRODUCTION

before cheesemaking it was heated at 72 °C for 20 s and subsequently cooled
to 30 °C. Then starter (0.7 %), CaCl, (0.00875 %) and KNO, (0.02 %) were
added to the milk just before rennet addition.

2.2 Renneting

Commercial calf rennet (10 800 SU, from CSK, Leeuwarden, Netherlands)
was used; about 80 % of its activity originated from chymosin. The time after
rennet addition required for the formation of visible clots was taken as clot-
ting time.

2.3 Ultrafiltration
Standard reconstituted skim milk was ultrafiltered at 30 °C using an Amicon
concentrator. The molecular cut-off of the membrane was about 14 000 Dal-
tons. The protein concentration of the concentrated milk was determined by
Kjeldahl analysis.

2.4 Gel electrophoresis

The proteolytic action of rennet and of milk proteinase was studied by poly-
acrylamide gel electrophoresis (PAGE) according to the procedure de-
scribed by De Jong (29). An LKB 2001 Vertical Electrophoresis System was
used.

2.5 Dynamic measurements with the ‘Den Otter’ rheometer
The rheometer was developed and described by Duiser (30) and Den Otter
(31). Only a brief description will be given here.

The apparatus consists of two coaxial cylinders. The inner cylinder, made
of stainless steel, is suspended between a torsion wire fixed to a driving shaft
and a strain wire. The outer cylinder is made of glass. The temperature is con-
trolled within 0.1 °C. The length of the inner cylinder is 15 cm, the radius is
3.75 mm. The radius of the outer cylinder is 4.5 mm.

Directly after rennet addition, the milk was brought between the inner and
outer cylinder; the gel was thus formed in the apparatus itself. During the
measurements a sinusoidal oscillation was applied to the driving shaft, which
was transferred to the inner cylinder by the torsion wire. To avoid distur-
bance of the gel network the measurements were started only after a weak gel
was formed (G’ =~ 2 N-m™?). The maximum amplitude of the driving shaft and
of the inner cylinder were measured as well as the phase difference. From
these the storage modulus G’, the loss modulus G'* and tan & (= G"'/G') were
calculated. The amplitude of the driving shaft was kept sufficiently low to en-
sure linear behaviour of the rennet milk gel, which appeared to exist if the

Neth. Milk Dairy J. 42 (1958) 253
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maximum strain was smaller than 0.03. This corresponds well with the linear
region of (.03 as given by Van Dijk (4) and of (.05 according to Dejmek (26).

During gel ageing studies, the angular frequency of the oscillation was kept
at 1 rad-s™. The influence of the angular frequency was studied after such an
ageing time that the moduli did not change greatly (<3 % per hour) any
more. The frequency was varied within a range from 107 to 10 rad-s". Some
background information on dynamic rheological measurements is given in the
Appendix.

3 Results and Discussion

3.1 The use of reconstituted skim milk

For most experiments reconstituted skim milk from the same batch of low

heat skim milk powder was used in order to avoid variation in composition.

Van Vliet & Dentener-Kikkert (32) found that there was no significant differ-

ence in the absolute value of the modulus nor in the frequency dependence of

the modulus between gels made by acidification of whole milk or skim milk.

To check whether the results of reconstituted skim milk were comparable

with those of fresh milk, the mechanical properties of rennet milk gels made

of the following 4 types of milk were followed in the Den Otter rheometer:
I) standard reconstituted skim milk (see 2.1)
I1) reconstituted skim milk stirred for 1 h at 45 °C, then kept for 17 hat 4 °C
and finally stirred for 1 h at 30 °C

1) bulk collected fresh whole milk (see 2.1)

IV) cheese miik (see 2.1). Here, the pH was continuously decreasing with
time because of the added starter culture. At the moment of rennet addi-
tion the pH was 6.63, after 3 h it was 6,20 and after 5 h 5.60.

As can be seen in Fig. 2 the increase of G’ in time for standard reconstituted

skim milk was not as fast as for fresh whole milk, but in the end about the

same value of the modulus was found. Similar curves were found for G'’ (not
shown). The same frequency dependence of G’ and G’ (Fig. 3) was observed
for both types of milk, The slower increase of G’ in time for milk I as com-
pared to milk III may have been caused by differences in natural composition
of the milk or because of treatments during processing of the skim milk
powder such as heating, The absolute values of G’ and G’ were by coin-
cidence the same: some variation in, for instance, protein content could give
deviations and, moreover, differences of about 10 % were found between
duplicates. Most important is the close similarity in the shape of the curves.

This means that gels made of reconstituted (skim) milk and of fresh {whole)

milk show the same time-dependent behaviour and probably the same type of
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Fig. 2. Storage modulus G’ as a function of time for: standard reconstituted skim milk I (O),
reconstituted skim milk IT (A), fresh whole milk III (+) and cheese milk IV (00). 0.025 %
rennet was added to T and I11, 0.05 % to Il and 0.02 % to I'V. Angular frequency (w) was 1 rad’s.
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Fig. 3. Storage modulus G’ (—) and loss modulus G'* (- - - -) as a function of the angular fre-
quency for fresh whole milk ITI aged for 22 hours (+) and standard reconstituted skim milk I aged
for 10hours (O). T = 30 °C, pH = 6.65,

interactions are involved in the network. So relations or effects found for
standard reconstituted milk gels are probably also valid for fresh milk.

The curve of the cheese milk (Fig. 2) deviates, probably caused mainly by
the continuous decrease in pH. The effect of pH on the physical properties
was studied, but the resutts will be given and discussed in the fourth paper of
this series.
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Reconstituted milk 11 showed a very different behaviour. In spite of the
high rennet concentration, the clotting time was longer and the gel firming
was very slow. Skim milk II also showed abnormal syneresis behaviour (42):
initially no endogenous syneresis pressure could be detected. The difference
in treatment as compared to standard reconstituted milk was that milk II was
kept at a low temperature during most of the time. Van Hooydonk et al. (33)
describe that retardation of the renneting process after cold storage of milk
has also been observed for fresh milk and it has been attributed to the disso-
ciation of casein, to the solubilization of the colloidal calcium phosphate at
low temperature and to irreversible increase of the pH due to cooling. Al-
though it appears that heating cold-stored milk to the renneting temperature,
virtually re-establishes the original partition, the renneting process is still
greatly affected. Stirring the reconstituted milk 11 during one hour at 30 °C
was probably not enough to establish equilibrium, although the pH of milk II
did not differ significantly from milk 1. Tt is clear that although reconstituted
milk always had the same composition its gelling behaviour could be different
if not prepared in a standardized way.

3.2 Protein breakdown

Casein is the main material of which the network of a milk gel is built up. Pro-
teolysis may influence the moduli by splitting the casein molecules in such a
way that dangling strands are formed or even that the formed fragments do
not remain in the gel network but go into solution resulting in a decrease of
the number of effective bonds. In a milk gel the action of chymosin and of the
milk proteinase, plasmin, may be important with respect to degradation of ca-
sein (20). At the natural pH of milk chymosin only splits the bond between
Phe 105 and Met 106 of x-~casein at a reasonable rate. The optimal pH for
overall proteolysis is about 3.8. Plasmin, on the other hand, has maximum ac-
tivity at slightly alkaline pH and 37 °C. In fresh milk only a small portion is in
the active form, but it can be slowly activated. Plasmin fully survives pasteuri-
zation and increased activity has even been observed after heating milk at
72 °C for 15 s (20). S-casein and a,-casein are most susceptible to plasmin
and also a -casein is attacked. Plasmin action is responsible for the produc-
tion of y-caseins and some proteose peptone fractions, from §-casein. Plas-
min is a trypsin-like enzyme and its action can be retarded by aprotinin, which
contains a trypsin inhibitor.

For standard reconstituted skim milk the influence of rennet and aprotinin on
the degradation of protein was studied as a function of time. Fig. 4 shows a
typical example of the results obtained by gel electrophoresis. Two main
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Fig. 4. Gel electrophoresis of reconstituted skim milk. Time after dispersing milk powder was 24
h for slots 1-3 and 40 h for slots 4-6. Slots 2, 3, 5, 6: 0.025 % rennet was added 16 hours after dis-
persing milk powder. Slots 3 and 6: 1 % aprotinin solution was added. Thiomersal was added as a
preservative.

bands can be seen: the upper one for «, -casein, the lower one for §-casein.
The two smaller bands beneath S-casein are from y-casein. The S-casein band
was well measurable and the degradation could be followed quantitatively.
Breakdown of a-casein could not be detected in this way. The band was
rather broad and whey proteins as well as degradation products of A-casein
were found just before and after the a,-casein. To get an impression of a -
casein breakdown renneted milk was centrifuged (at 11 000 g for 10 minutes)
and the pellet was used for further investigation. Then the soluble degrada-
tion products and serum proteins did not disturb the electrophoresis pattern
any more. In Table 1 a summary of the results is given.

Rheological measurements at 30 °C were usually performed within 24-30
hours after dissolving the milk powder; after more than 40 hours microbial
deterioration became noticeable. From the results in Table 1 it appears that,
.within 24 hours and under the circumstances used, rennet did not cause S-ca-
sein breakdown, so the degradation of S-casein was mainly caused by plas-
min. Also some ¢ -casein breakdown was found. In Fig. 5 the storage mod-
ulus G’ is depicted as a function of time for two gels made of reconstituted
skim milk with and without aprotinin. For G"' simnilar results were found, only
the values were lower. Initiaily the curves in Fig. 5 are nearly equal, but after
a longer ageing time (4-10 h} G’ was on average somewhat lower for samples
without aprotinin compared to samples containing aprotinin, although the
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Table 1. The residual relative concentration of 8-casein and a,-casein as a function of time for
standard reconstituted skim milk with or without rennet or aprotinin added. Time {t) was mea-
sured from the moment that the powder was dissolved. Aprotinin {0.02 %) was added at t = 0
and rennet (0.025 %) at t = 16h. * Results from pellet experiment. At time t = 0 the concentra-
tionwassettobe 1.

Time Residual fraction of:
h
(h) f-casein a-casein
rennet yes ves yes no yes* yes*
aprotinin no no yes yes no no
1 1 1 1 1 1 i
4 1 1 1 1 0.94 1
16 0.93 0.94 0.93 0.95 0.88 .93
24 0.86 0.86 0.94 .95 0.86 0.93
40 0.67 0.68 0.84 0.88 0.74 0.86
G'(Pa)
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Fig. 5. Storage modulus G’ as a function of time for gels made of reconstituted skim milk with
(A\) and without (O) aprotinin added. T = 30 °C, pH = 6.65, 0.025 % rennet.

differences between duplicates were of the same magnitude as the differences
between both types of samples. The protein concentration in the whey of gels
made of milk with and without aprotinin was determined about 6 hours after
rennct addition (t ~ 22 h). No significant differences were found, implying
that the degradation products of «,,- and S-casein remained in the gel net-
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Table 2. Increase of the protein concentration of the whey due to neutrase action and the storage
modulus G’ of a gel containing neutrase, 8 hours after rennet and neutrase addition. For further
explanation, see text.

Increase in protein concentration of the whey (g protein!100 mi whey):
* determined 0.37
* estimated, based on the assumption that all casein

degradation products directly go into solution 0.88

Storage modulus G’ (Pa):

* determined 50
* estimated, based on the total protein content

of the network 79
* estimated, based on the content of intact

a,- and f-casein 2

work, but they probably contributed less effectively to the modulus. We ob-
tained comparable results (not shown) with another proteolytic enzyme ‘neu-
trase’. Within two hours after addition of 0.15 % of neutrase-containing No-
vozym 257 (Novo Industri AS Copenhagen, 0.015 AU/g) a decrease of about
35 % in the concentration of o and 55 % of 3-casein was measured, and dur-
ing the next 6 hours another 10 % of both caseins disappeared. However, the
protein concentration in the whey of gels formed of this milk increased less
and more gradually than might have been expected from the measured a-and
f-casein breakdown, implying that initially the degradation products re-
mained in the network. The moduli of these gels containing neutrase were
higher than expected from the residual concentration of a_- and S-casein and
lower than expected from the protein concentration in the whey (Table 2).
The degradation products remaining in the gel network were assumed to con-
tribute to the modulus, although less effectively than - and 5-casein.

3.3 Development of dynamic moduli with time for rennet milk gels and com-
parison with acid milk gels.

The change of the moduli with time will now be discussed. As can be seen
from Fig. 2 and Fig. 5 until about 3 hours after rennet addition G’ increased
very fast with time, followed by a slower increase and after about ¢ hours a
plateau value (=125 Pa) was reached. At a given moment G’ decreased again
and the time at which this happened was not very reproducible. For acid skim
milk gels (pH = 4.6) the modulus tended to increase linearly with the log-
arithm of time and even after 7 days the moduli still increased without any
sign of reaching a plateau value (5). A big difference between both systems is
that for the acid milk gel bacterial problems do not play an important role.
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However, in the rennet milk gels bacterial deterioration usually started to be-
come important 1 day after rennet addition so this cannot explain that already
after 3 hours G’ increased less than linearly with the logarithm of time. Tak-
ing into account the results of Section 3.2, protein breakdown cannot be the
reason either.

Probably a more important and very essential difference between the two
types of gels is that 24 hours after rennet addition the permeability of rennet
milk gels still increases, whereas the permeability of acid milk gels does not
increase between 2 and 20 hours after onset of gelation (4). This implies that
in acid milk gels rearrangements only take place at a very local scale e.g. with-
in the strands of the network, whereas in rennet milk gels strands break and
reform at another place.

The increase of the moduli with time after rennet addition must be due
mainly to an increase in the number of bonds caused by the network forma-
tion mentioned in Section 1, viz. incorporation of renneted micelles and dan-
gling strands and by the network ageing, viz. rearrangement of strands and
fusion of micelles. The permeability is thought to increase because the net-
work tries to shrink, but because it sticks to the inner and outer cylinder of the
measuring apparatus only local shrinkage can take place resulting in thicker
strands and larger pores (e.g. 17). This process is called micro-syneresis. Af-
ter a certain ageing time these changes probably do not result any more in an
increase of the number of bonds that bear stress during deformation and the
moduli then remain constant, and later it may even result in a decrease of the
moduli. A considerable decrease of the modulus, for instance as seen for one
of the samples in Fig. 5, is probably due to syneresis causing the gel network
to come loose from the wall of the rheometer.

3.4 Protein concentration

From the literature (e.g. 4, 7-10) it is known that the modulus of rennet milk
gels increases more than proportionally with increasing protein concentra-
tion. A power law dependence of the moduli on the casein concentration (c)
was found: G « c*, with x higher than 1. This implies that the casein net-
work is not uniform (5, 34), which is in accordance with microscopical obser-
vations. Van Dijk (4} and Culioli & Sherman (21) found for the instantaneous
shear modulus x = 2.7 and 2.6, respectively. Tokita et al. wrote several arti-
cles (6-10) about the dependence of the dynamic moduli on the concentra-
tion, but their results are not always clear. For G’ they gave in (9) x = 3.8 at
casein concentrations below 2 % and x = 2.4 at concentrations over 2 %,
while they gave in (8) x = 2 above 2.5 % casein. From a graph of the log-
arithm of the modulus as a function of the logarithm of the concentration in
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{9) x = 4 could be calculated at casein concentrations of about 1 to 8 %. From
a graph in {10) of the modulus versus the concentration in the range from 0.6
to 2.5 % casein no constant exponent could be calculated: the exponent de-
creased with increasing concentration and its value between 2 and 2.5 % ca-
sein was about 2.6. The differences in exponent found in the various experi-
ments may be due to different ways of varying the casein concentration, the
amount of rennet and the time after rennet addition at which the modulus was
measured. If the casein concentration is varied by dissolving different
amounts of milk powder, as e.g. in ref. (8), then also other factors, such as the
ionic strength, will vary, which may influence the results. Probably more im-
portant in the experiments of Tokita et al. is that the ratio between rennet and
casein was kept constant. As already is clear from some of their figures, this
implies that gelation started sooner after rennet addition for increasing casein
(and enzyme) concentration. When the moduli are measured at a constant
time after rennet addition, the results will be influenced in such a way that the
moduli at the higher casein concentrations will be relatively too high, result-
ing in too high an exponent. This effect will be more serious if the measure-
ments are done sooner after the gelation point. This may largely explain the
variation in their results.

In the present study the relation between the dynamic moduli and the ca-
sein concentration was investigated varying the casein concentration by ultra-
filtration of the milk, using a constant amount of rennet and measuring the
moduli after a long ageing time.

The dependence of the dynamic moduli on the casein concentration was mea-
sured as a function of time after rennet addition. The temperature was 30 °C
and 0.05 % of rennet was added. The casein concentration factor ¢;, which is
the ratio between the casein concentration of the sample and the casein con-
centration of non concentrated milk, was varied from 1 to 2.21. The clotting
time increased slightly with increasing casein concentration, but the differ-
ence between the sample with the lowest and with the highest casein concen-
tration was only about one minute. This is about 8 % in clotting time. The
moduli were followed with time. For all samples the ratio between G’ at a
given moment and G’ 7 hours after rennet addition was calculated {G,"). Af-
ter 7 hours the moduli hardly changed any more (<2 %/h). At any moment
after the onset of gelation, G," was the same for all samples within experi-
mental accuracy (Fig. 6). This implies that at any moment the same relation
between the modulus and the casein concentration exists.

Fig. 7a shows the storage modulus G’ and loss modulus G'' as a function of
the casein concentration factor ¢, for gels that had been aged for about 7
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Fig. 6. Relative storage modulus G’, as a function of time after rennet addition at 4 different ca-
sein concentrations of the milk; casein concentration factor ¢; : 1 (@), 1.43 (A), 1.68 (O),
2.21 (+). Angular frequency was 1 rad/s. T = 30 °C, pH = 6.65, 0.05 % rennet.

hours. A clear power law dependence of the moduli on the concentration fac-
tor was found, the exponent being 2.4 for G’ as well as for G''. Tan o (=
G''/G’) was 0.31 £ 0.01 at all concentrations.

At three concentrations the moduli were measured as a function of the an-
gular frequency . At @ = 0.1 and 0.01 rad.s ' x was calculated and in both
cases x = 2.4 for G’ and 2.5 for G’ so the exponent appears to be indepen-
dent of w over the frequency range studied (0.01-1 rad/s).

To check whether the relation between the dynamic moduli and ¢ may de-
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Fig. 7. Dynamic moduli as a function of the casein concentration factor ¢, Angular frequency
was 1 rad/s. Fig. 7a: (x) pH = 6.65, T = 30 °C, ageing time was 7 hours. Fig. 7b: (O) pH =
6.33, T = 30 °C, ageing time was 7 hours and (A) pH = 6.65, T = 34 °C, ageing time was 5
hours.
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pend on slight variations in conditions, x was also determined at a pH of 6.33
and at a temperature of 34 °C for a limited number (=3) of concentrations
(Fig. 7b). For the experiments at lower pH the milk had been acidified with
HCI to pH 6.33 before ultrafiltration and the temperature was 30 °C. In the
temperature experiment the milk was clotted at 30 °C and 20 minutes after
clotting the temperature was raised to 34 °C. AtpH 6.33x = 2.4 and at 33 °C
x = 2.2, which is not significantly different from the results at pH 6.65 and
30 °C.

The exponent of about 2.4 in the relation between the dynamic moduli and
the casein concentration was in agreement with the results of Van Dijk (4)
and Culioli & Sherman (21) for the instantaneous shear modulus of rennet-in-
duced milk gels and with the results of Roefs {5) for the storage modulus of
acid milk gels (x = 2.6). But this does not imply that the exponent is fully in-
dependent of the concentration range. The values mentioned here were all
measured for concentrated milk. For lower or much higher casein concentra-
tions the exponent could be different from 2.4.

Tokita et al. (10) fitted their data of the moduli as a function of the casein con-
centration near the critical concentration to a modern scaling (lattice percola-
tion) model. Gordon (35) fitted the same data to 4 variants of classical poly-
condensation models, These variants were random f-functional polyconden-
sation with micelles or submicelles as ‘monomer’ units and classical vulcaniza-
tion theory with submicelles or polypeptides as monomer units. All five mod-
els fitted the data almost equally well. This means that a good fit to experi-
mental data does not necessarily give insight in the gelation mechanism of the
studied material. Besides, although it was possible to make good fits of the
data to the models, some of the assumptions were obviously incorrect. Gor-
don considered the casein gel as an ideal rubber, the modulus being propor-
tional to the temperature. As will be further discussed in the second paper of
this series, the modulus is not at all proportional to the temperature and a ca-
sein gel behaves like a particle gel rather than a rubber gel. Besides, in three
of the four models of Gordon, polypeptides and submicelles are considered to
be the ‘monomer’ units. As is described in the introduction, the (partly) ren-
neted micelles coagulate and form aggregates that grow until they touch and
form a network. So the ‘monomer’ units must be micelles or maybe even ag-
gregates of micelles. In a later stage micelles fuse and the submicelles and
polypeptides may be considered as ‘monomer’ units. In the models used by
Tokita et al. (10) and Gordon (35) the network structure is thought to be fair-
ly uniform whereas the structure of the casein network is not uniform. A frac-
tal growth model probably would be better as far as the structure is con-
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cerned, although the exponent (x) has been predicted to be about 4.4 for a
slow coagulating system (36). More research on gel formation in dilute ca-
seinate systems and comparison with network models is under way in our lab-
oratory.

3.5 Rennet concentration

As is known from the literature a higher enzyme concentration causes not
only a shorter clotting time but also a higher rate of curd firming (e.g. 6, 37-
39). Van Hooydonk & Van den Berg (40) supposed the latter to be partly due
to the amount of CMP stil] to be released after gelation: the percentage of
CMP released at the onset of gelation decreased with decreasing rennet con-
centration. Hossain (37), Garnot (38) and McMahon et al. (39) did not find
differences in gel strength after a few hours of ageing. But when the latter cal-
culated the ultimate gelstrength using a Scott-Blair and Burnett-like equation
the ultimate strength appeared to increase with decreasing rennet concentra-
tion. McMahon et al. followed the gel formation in a Formagraph and only
part of the curve of the curd firmness versus time was used for the curve fit-
ting. At longer times the values of the firmness calculated were higher than
those measured. They ascribed the difference to the properties of the gel net-
work itself and to the effect of the measurement on the behaviour of the gel.
Van Hooydonk & Van den Berg (40) showed that the increase in firmness as
measured with the Formagraph, already lags behind that measured with the
Instron 5-10 minutes after the onset of gelation. So in fact neither the mea-
sured nor the calculated values may be correct. On the other hand Van Dijk
(4) and Van Hooydonk & Van den Berg (40) reported an increase in ultimate
gel strength with increasing rennet concentration. These conflicting results
may be due to differences in the accuracy of and the maximum strain occur-
ring in the measuring equipment used. In this study the influence of the ren-
net concentration on the gelation and the ageing of skim milk gels is investi-
gated by following the dynamic moduli in the Den Otter rheometer.

The results for three rennet concentrations are shown in Fig. 8, where the
moduli are given as a function of ageing time. It is clear that at higher rennet
concentration a gel is formed sooner after rennet addition and that the in-
crease of G’ as a function of time is faster. In Table 3 the rate of increase of G’
is given at two values of G'. It is evident that even after a rather long period of
ageing the rate of increase in G’ is higher at a higher rennet concentration, al-
though the differences are becoming smaller with time. The results for G
(not shown) were similar and tan 0 was independent of the rennet concentra-
ton.
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Fig. 8. Storage modulus G’ as a function of time for reconstituted skim milk gels. Rennet concen-
tration was varied: 0.05 % (Q), 0.025 % (x), 0.01 % (A). Angular frequency was 1 rad’s.
T =130°C, pH = 6.65.

Table 3. dG'/dt at two values of G’ for gels differing in rennet concentration.

Rennet concentration
(%)

dG'/dt (Pa.h~1)

G'=25Pa G'=75Pa
0.010 35 17
0.025 7 23
0.050 89 29

Fig. 8 shows that even after an ageing time of more than 8 hours the moduli
are higher with higher rennet concentration. Van Hooydonk & Van den Berg
(40) suggest that the reason for this increase is that at a higher rennet concen-
tration more rapid aggregation takes place, leading to a coarser network with
fewer junctions but with more bonds per junction. The idea that the building
of the network is influenced by the concentration of rennet seems reasonable,
but it is questionable whether a coarser network is formed at higher rennet
concentration. Van den Tempel (34) suggests that if aggregation proceeds
more slowly a more inhomogeneous structure will be formed. Also for net-
works formed of fractals a higher exponent in the relation between modulus
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and fractal concentration is used for slow compared to fast coagulating sys-
tems (36), implying the formation of a more inhomogeneous network. How-

ever, in permeability measurements, performed after about 4 hours of age-
ing, no significant differences were found for gels made with rennet concen-
trations between 0.01 and 0.06 % (4). This does not necessarily imply that
the network structure is equal at all rennet concentrations. The inhomogenei-

ty of the network at a smaller scale than perceived in permeability experi-
ments may be different, for instance the extent of fusion of micelles may vary.

So it is very difficult to give an unambiguous explanation.

Appendix. Dynamic rheological measurements, a brief survey (e.g. 5, 41).

In apparatus like the Bohlin rheometer or the Den Otter rheometer the type
of deformation applied to the gel is simple shear. The principle of simple

shear is illustrated in Fig. 9. The force per unit surface area, called the shear
stress ¢ (Pa), causes a deformation, called the shear strain ¥, which is equal to

tan a in Fig. 9.

/’ "‘
Fig. 9. Tllustration of simple shear. o is the shear stress and y is the

o/

d
f
shear strain (= tan a).

r

In a dynamic experiment the sample is usually deformed in a sinusoidal way
(1)

at an angular frequency @. The shear strain is then given by:

() = ysin(wt)
where y, is the maximum shear strain. The strain is associated with a sinus-
(2)

oidally varying shear stress (o):

o(t) = gsin(wt+0) = g (sin(wt)cos d + cos(wt)sin d)
where o, is the maximum stress and 0 is the phase angle between the deforma-
tion and stress. This phase difference originates from the viscous properties

of the material. For an ideally elastic solid, gis in phase with y, because ¢ is at
Neth. Milk Dairy J. 42 (1988)
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Fig. 10. Sinusoidal variation of strain and stress as a function of time for a viscoelastic material
(for further explanation, see text).

fluid o is #/2 radians out of phase, because ¢ is at maximum when strain rate
(dy/dt) is at maximum which is the case when y is at minimum. Then & equals
7/2. For a viscoelastic material like a milk gel, J has a value between 0 and 7/2
{see Fig. 10).

© Within the lincar region g, is by definition proportional to . Equation (2)
can be written as:

o(t) =y [o/y (cos d.sin{wt)) + o, /y,(sin &.cos(wt})] (3)

The elastic part of the stress, which is the part of the stress in phase with the
strain, corresponds to the storage modulus G’, which is defined as:

G'(w) = (0,/y,)c08 0 @

It is a measure of the energy stored and subsequently released per cycle of de-
formation. The viscous part of the stress, which is part of the stress out of
phase with the strain, corresponds to the loss modulus G, which is defined
as:

G''(w) = (o,/y)sin (5)

It is a measure of the energy dissipated as heat per cycle of deformation, The
ratio of G to G’ is tan d:

tan 8(w) = G'' (w)/G'(w) ' (6)
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An increase in tan d means that the relaxation of bonds increases and the ma-
terial behaves relatively in a more viscous and less etastic manner.
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Samenvatting

P. Zoon, T. van Vliet en P. Walstra, De reologische eigenschappen van met
leb gestremde ondermelkgelen. 1. Inleiding

D¢ opbouw ¢n de mechanische eigenschappen van met leb gestremde ondermelkgelen zijn be-
studeerd door de dynamische moduli G’ en G’ te meten. Dit gebeurde onder zodanige omstan-
digheden dat voornamelijk het aantal bindingen varieerde, terwijl de aard van de bindingen ge-
lijk bleef.

De experimenten werden voornamelijk met gereconstitueerde ondermelk uitgevoerd. Indien
de bereiding van deze melk op de juiste wijze en onder gestandaardiseerde omstandigheden
plaats vond, waren de resultaten vergelijkbaar met die van verse melk. De invloed van eiwitaf-
braak, als gevolg van stremsel- en plasmine-inwerking, op de reologische cigenschappen was
gering tijdens de duur van de experimenten. Een toename in de hoeveelheid toegevocgd strem-
sel resulteerde in een snellere toename van de moduli en tevens in hogere moduli na een lange
verouderingstijd van de gelen. Het concentreren van melk met behulp van ultrafiltratie resul-
teerde in een tocname van de moduli. Er werd een exponentieel verband gevonden tussen de
moduli en de concentratiefactor van het eiwit met een exponent van 2,4.
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Summary

The influence of temperature on the mechanical behaviour of rennet-induced skim miik gels was
studied. Dynamic and stress relaxation measurements were performed. Increasing the tempera-
ture during gel formation and ageing mainly resulted in an increase of the firming rate. The mod-
uli measured after a long ageing time decreased with increasing temperature. Gels formed and
aged at 23, 30 and 35 °C all gave at 30 °C similar results for the moduli. On the other hand, gels
formed and aged at 30 °C gave at increasing measuring temperature decreasing values for the
moduli, and the relaxation of bonds was shifted to a shorter time scale. After a sudden tempera-
ture change it was observed that the lower the temperature to which the gel was brought, the
longer it was before a constant value of the moduli was reached. A possible explanation for the
results is given in terms of interaction forces and structure of the gel network.

1 Introduction

Temperature is a very important variable during cheesemaking. It affects, for
instance, the rate of renneting, gel formation and ageing and syneresis. Tem-
perature has little effect on the enzymic reaction (1, 2) but a very strong effect
on the flocculation reaction (3). The rate of flocculation becomes almost zero
below 15 °C and syneresis virtually stops below 18 °C (4).

A common method for studying gel formation and ageing is by measuring
the rheological properties as a function of time after rennet addition (e.g. 5).
Often the modulus (stress/relative deformation) is determined after a gel is
formed (e.g. 5-9). It has been shown repeatedly (6-9) that the rate of increase
of the moduli directly after the onset of gelation also increases with tempera-
ture. Van Hooydonk & Van den Berg (9) and Hossain (6) reported measure-
ments up to 35 °C and they found a steady increase, Tokita et al. (7) mea-
sured up to 40 °C and also found a continuous increase, while Scott Blair &
Burnett (8) found a maximum rate at 32 °C.
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