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Dynamics of micro-structural changes in milk during the renneting process were analysed using
high-resolution ultrasonic spectroscopy in combination with dynamic rheology and NIR trans-
mission measurements. Two independent ultrasonic parameters, velocity and attenuation were
measured in the frequency range 2 to 15 MHz, as a function of time after addition of rennet to milk.
The results show an initial decrease of 20 nm for the average diameter of micelles caused by
hydrolysis of the k-casein ‘hairy’ layer followed by an aggregation of the micelles into small
clusters (effective aggregation number of 3) and then formation of the gel structure. It was found
that evolution of ultrasonic attenuation in the renneting process could well be described by the
scattering of the ultrasonic waves on aggregates. The evolution of ultrasonic velocity is well
described by the scattering theory but deviates from the predicted curve at the gelation stage of
the process, which shows the difference in propagation of ultrasonic waves in a gel structure
compared with dispersions. Overall, we found high-resolution ultrasonic spectroscopy to be a
powerful tool for analysis of microscopic processes in the formation of milk gel. It allows the
characterisation of the pre-gelation processes, such as hydrolysis and aggregation, and the initial
stages in the formation of the gel network as well as monitoring of the microscopic evolution in
the gel at the post-gelation stage.

Keywords: High-resolution ultrasonic spectroscopy, ultrasonic velocity, attenuation, milk, casein micelles,
rennet coagulation.

Rennet-induced coagulation of the casein component of
milk to form a gel is the first step of cheesemaking. The
casein gel consists of chains of casein micelles linked
together in a 3-dimensional network. The casein micelle is
the main structural component of milk and has an open,
porous structure. The micelle is composed mainly of the
casein phosphoproteins, as1-casein and as2-casein, b-casein
and k-casein and colloidal calcium phosphate, which plays
a key role in ‘cementing’ the caseins together. The as1-, as2-
and b-caseins form the hydrophobically charged micelle
core. k-Casein (12–15% total casein) is responsible for
the stability of the casein micelle (Fox & Sweeney, 1998).
It is located mainly on the surface of the micelle where
its hydrophobic N-terminal region links hydrophobically
with the calcium-sensitive as1, as2- and b-caseins while its
hydrophilic C-terminal region protrudes into the surround-
ing aqueous environment, stabilising the micelles against

coagulation by exerting a negative surface charge and
steric stabilisation.

On addition of rennet (chymosin) to milk (Fig. 1A),
k-casein is hydrolysed specifically at the Phe105–Met106
bond at the junction between the para-k-casein and glyco-
macropeptide moieties (Dalgleish, 1993). The hydrophilic
macropeptides (about 30% of k-casein, i.e. 4–5% of total
casein) diffuse into the serum while the para-k-casein re-
mains attached to the micelle. Removal of the macro-
peptides from the surface of the casein micelles, which
play a role of steric stabilising layer, destabilises the colloid
(Payens, 1977, Dalgleish, 1979). The proteolysis of k-casein
by chymosin is referred to as the primary phase of rennet
coagulation (Fig. 1B). When a significant amount of the
total k-casein in milk has been hydrolysed, around 86%
according to Dalgleish (1979) and Green et al. (1978), the
colloidal stability of the micelles is reduced and they
coagulate (Fig. 1C). Calcium ions are essential for the co-
agulation of rennet-alteredmicelles. A gel network is formed
from the coagulated micelles, which undergoes progress-
ive re-alignments and re-arrangements over time (Fig. 1D).*For correspondence; e-mail : buckinv@eircom.net
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Understanding and control of the gelation process
requires techniques for monitoring the micro-structural
changes at all stages of pre-gelation and gelation. Unfor-
tunately, most traditional techniques either cannot follow
all stages of the process (e.g. dynamic rheology detects
the formation of the gel network but is not sensitive to
pre-gelation processes) or do not provide detailed micro-
structural information (e.g. limitations caused by optical
non-transparency and multiple scattering effects in optical
techniques). An objective technique that can be used for
non-destructive analysis of the micro-structural changes in
the milk system during the first step of cheesemaking, in
particular those that occur during the hydrolysis and
subsequent pre-gelation processes, would be an important
tool from both a research and a commercial perspective.
This technique would aid in controlling and standardising
the coagulation process, which would in turn allow pro-
ducers to have more control over cheesemaking practice.

A technique with significant potential in analysis of these
changes in milk is high-resolution ultrasonic spectroscopy.
This technique based on the measurements of parameters
of low-intensity, non-destructive ultrasonic waves propa-
gating through analysed samples. Ultrasonic waves have
the ability to propagate through optically opaque materials
and therefore are highly suited for use in milk studies.
Measurements of ultrasonic parameters, velocity and at-
tenuation, have been carried out in food systems and these
parameters have been shown to be sensitive to compo-
sition, microstructure and phase transitions in different
foods (McClements et al. 1993; McClements, 1995, 1997;

Povey, 1997). Most of these measurements were performed
using traditional ultrasonic devices based on the pulse tech-
nique ( Javanaud, 1988;McClements, 1997). This technique
has been used previously in studies of the fat content of
milk and creams (Miles et al. 1990), the solid-non-fat and
milk fat content of fluid milk (Winder et al. 1961) and
the rennet coagulation of milk (Swiatek & Kuczera, 1962;
Everson & Winder, 1968; Benguigui et al. 1994;
Gunesekaran & Ay, 1994; Cosgrove et al. 1996; Benedito
et al. 2002; Ay & Gunasekaran, 2003). In spite of their wide
use, traditional ultrasonic instruments have limited resol-
ution; resolution of ultrasonic velocity is at best 0.1 m/sec,
which does not allow the user to resolve gelation processes.

High-resolution ultrasonic spectroscopy introduced
recently enables ultrasonic velocity measurements with
higher resolution down to 0.2 mm/sec (Buckin & Smyth,
1999; Buckin & O’Driscoll, 2002). This resolution allows
resolving details of gelation processes. The technique has
been successfully applied in the ultrasonic analysis of
heat-induced coagulation in calcium-fortified milk (Smyth
et al. 1999), monitoring of gelation processes and enzy-
matic activities (Smyth et al. 2000; Buckin et al. 2002),
determination of the elasticity and rheological properties
of gels (Smyth et al. 2001), characterisation of biopolymers
(Morrissey et al. 1999) and other systems.

In the present work, we used high-resolution ultrasonic
spectroscopy to analyse rennet-induced changes in milk.
Ultrasonic velocity and ultrasonic attenuation were
measured in renneted milk as a function of time. The
changes in these parameters over the renneting process

(A) Casein micelles (intact κ-casein ‘hairy’ layer) on initial introduction of rennet (chymosin) to the milk

(B) Casein micelles partially denuded of κ-casein: Ultrasonic velocity & attenuation measurements

(C) Exensively denuded micelles in process of progressive aggregation into gel network: Ultrasonic velocity,

attenuation, NIR measurements

(D) Progressive gel network formation: Ultrasonic velocity, attenuation, rheology, NIR measurements
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Time, min
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Fig. 1. Illustration of the recognised renneting process in milk and comparison of ultrasonic measurements with other techniques for
monitoring this process in milk at 30 8C (Dalgleish, 1993).
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were compared with results from near infra-red trans-
mission and dynamic rheology measurements in order
to fully evaluate the complex pre-gelation and gelation
processes, which occur in renneted milk.

Materials and Methods

Milk sample preparation

Skim milk was prepared using an extra low heat skim milk
powder (whey protein nitrogen index 7.5 mg/g powder,
90 g/kg reconstitution level). Composition of the protein
after reconstitution was 3.4% of which 78% was casein.

Teagasc, Dairy Products Research Centre, Moorepark,
Fermoy, Co. Cork) and MilliQ water (obtained from
Millipore Super-Q system, UK). A neutral preservative
(sodium azide, 0.4 g/kg) was added to the milk and it was
then refrigerated at 4 8C overnight under continuous mech-
anical stirring.

Rennet solution

A solution containing 1 g rennet/kg prepared from rennet
(Type I from calf stomach, Sigma-Aldrich Chemie Gmbh,
Stenheim, Germany) and MilliQ water was used for the
measurements. The rennet solution was added to the milk
(5 g rennet solution/kg milk) using a pipette and agitated
before filling into the sample compartments of the
measuring devices.

Ultrasonic measurements

Ultrasonic measurements were carried out on renneted
milk at 30 8C using the HR-US 102 high-resolution ultra-
sonic spectrometer (Ultrasonic Scientific, Ireland). The
HR-US 102 high-resolution ultrasonic spectrometer with
two 1 ml cells for ultrasonic analysis of liquid samples pro-
vides resolution of 0.2 mm/s for ultrasonic velocity and
0.2% for ultrasonic attenuation. The temperature of the
sample was maintained with stability ±0.01 8C. This pro-
vided stable readings of ultrasonic velocity in differential
measuring regime in water during 20 h (period of the
measurements in renneted milks) of ±0.2 mm/s and 0.05%
of attenuation. This stability far exceeds the required res-
olution, in the current research, in the measurements of
ultrasonic parameters. Degassed MilliQ water was used as
the calibration standard (Del Grosso & Mader, 1972). A
1 ml renneted milk sample was pipetted into the sample
cell (at time 0 min) and a 1 ml untreated milk sample had
previously been pipetted into the reference cell. The
measuring cells were sealed with epoxy plastic caps, which
prevented evaporation from the milk samples during the
measurements. Ultrasonicmeasurementswere performed in
kinetic measuring regime of the HR-US 102 high-resolution
ultrasonic spectrometer, which simultaneously collected
sample data (velocity and attenuation) measured at several
pre-selected frequencies between 2 and 15 MHz. Ultra-
sonic measurements were repeated several times to ensure

reproducibility of the renneting profile. The difference in
the renneting profiles obtained did not exceed the normal
level of scattering of the data as shown in Figs 2 and 3.

Ultrasonic particle sizing

Calculations of the average particle size as well as scat-
tering contributions to ultrasonic velocity and attenuation
were done using Particle Size module ‘Psize289’ of HR-
US 102 software. The software utilizes multiple scattering
theories described earlier (Waterman & Truell, 1961;
Allegra &Hawley, 1972; Povey, 1997). The software allows
calculation of average particle size from the measured
value of ultrasonic attenuation and thermophysical par-
ameters of the continuous phase and the medium. It
also allows calculations of scattering contribution to ultra-
sonic velocity and attenuation from a given particle size.
The milk was considered as the serum continuous phase
and dispersed spherical casein micelles with a volume
fraction of 0.1. The thermophysical parameters of the milk
serum and casein particles required for calculations; den-
sity, ultrasonic velocity, ultrasonic attenuation, viscosity,
thermal conductivity, thermal expansion, and specific heat
capacity, were described earlier (Kudryashov et al. 2000).
As these parameters were given at 20 8C, we have
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Fig. 2. (a) Ultrasonic attenuation measured at 14.5 MHz in milk
during the renneting process at 30 8C using the HR-US 102 high-
resolution ultrasonic spectrometer. (b) Frequency-dependence of
ultrasonic attenuation measured in renneted milk at 30 8C using
HR-US 102 high-resolution ultrasonic spectrometer. Calculated
attenuation for each frequency shown as solid line.
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corrected them by introducing new values for velocity in
serum (1535 m/s) and attenuation divided per square of
frequency (1.3r10–13 m–1 s2) in serum measured by us
at 30 8C. We found that temperature dependence of the
other parameters within the 10 8C difference does not have
a significant effect on the particle size calculations in our
system, especially on the change in the particle size during
renneting.

Dynamic rheology measurements

Controlled strain rheological measurements were carried
out on renneted milk at 30 8C using a PC-controlled
Carrimed CSL2 rheometer (TA Instruments, Leatherhead,
UK) in controlled strain mode. The temperature was con-
trolled by a circulating water bath. Couette geometry was
used, with an outer diameter of 50 mm and an inner di-
ameter of 48 mm. The couette was pre-set to the renneting
temperature, 30 8C. Samples (20 ml) of inoculated milk
(see above) were poured into the couette immediately

post-inoculation. Gelation was monitored using a strain
of 1% and a frequency of 1 Hz. There are discussions in
literature, which suggest that under certain conditions this
value of strain may affect the structure of the network
of the casein particle gels, which is supported by weak
interparticle interactions, especially at the beginning stages
of gel formation, which can lead to a delay in the begin-
ning of gelation observed in rheological measurements
relative to ultrasonic spectroscopy (Buckin & Kudryashov,
2001; Kudryashov et al. 2001). However, this possibility
does not affect the conclusions drawn in this paper.

Near infra-red (NIR) transmission measurements

Coagulation in renneted milk at 30 8C was monitored
using NIR transmission measurements. The Gelograph NT
(Gel Instruments AG, CH-8800 THALWIL, Switzerland) is
an NIR instrument (wavelength of operation, 850 nm),
which was designed for the automatic measurement of co-
agulation in milk in the manufacture of cheese and yoghurt.
The photometric coagulation measurement measures the
relative transmission of light in the NIR range (pathlength
5 mm), which is passed through a coagulating milk sample.
A photodiode detects the transmitted signal and the rela-
tive transmission is evaluated electronically. The relative
transmission decreases over the coagulation process due
to increased absorption and scattering of the NIR light as
the milk structure changes. In these measurements, a 2 ml
renneted milk sample (see above) was pipetted into the
Gelograph probe (NIR transmittance cell). Immersing the
probe in a circulating water bath controlled the tempera-
ture. The NIR light was passed through the milk sample,
the photodiode detected the transmitted signal and the
decrease in relative transmission over the coagulation
period was recorded.

Results

Changes in ultrasonic attenuation during the
rennet-induced coagulation of milk

Figure 2a shows ultrasonic attenuation renneting profile
measured at 14.5 MHz in milk at 30 8C. It was noted
(Insert, Fig. 2a) that the attenuation changed continually
over several hours. Attenuation measured in the first hour
(Fig. 2a) underwent two major changes. Initially, attenu-
ation decreased between 0 and 7.5 min and from 7.5 min
onwards, attenuation increased. In addition to these two
major changes, there were alterations in the slope of
the attenuation curve at approximately 18 and 36 min
(Fig. 2a). Figure 2a shows the change in the average casein
micelle diameter over the first hour of the renneting pro-
cess calculated using the particle sizing software module
and the physical parameters of the casein particles and the
continuous medium providedwith the HR-US 102 software.
The attenuation profile for frequency 14.5 MHz was used
for the calculations. Figure 2b shows the attenuation
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Fig. 3. (a) Change in ultrasonic velocity measured at 14.5 MHz
in milk at 30 8C during the renneting process using HR-US 102
high-resolution ultrasonic spectrometer (baseline subtracted in
Fig. 3b shown as solid line). (b) Frequency-dependence of
ultrasonic velocity measured at 30 8C in renneted milk using
HR-US 102 ultrasonic spectrometer (baseline subtracted).
Predicted (structural contribution) evolution of velocity for each
frequency shown as solid line.
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profiles measured at several frequencies (attenuation
measured at time 0 min subtracted). The higher frequencies
show a higher magnitude of the initial decrease and the
subsequent increase in attenuation. Figure 2b also shows
the predicted ultrasonic attenuation, calculated for the four
frequencies, from the particle size curve described above
using the particle sizing software module of the HR-US
102.

Ultrasonic velocity changes during the
rennet-induced coagulation of milk

The insert in Fig. 3a shows the change in ultrasonic vel-
ocity measured at 14.5 MHz in renneted milk over several
hours, at 30 8C. Several stages of the renneting process can
be clearly resolved within the first hour of the process. It
must be noted that the first three measuring points have
been removed from Fig. 3a, as temperature equilibration
may not have been achieved at this time. Ultrasonic vel-
ocity is particularly temperature-sensitive and it has been
determined frompreviousmeasurements that approximately
three minutes were required for temperature equilibration
of the milk sample after cell filling; ultrasonic attenuation
does not have similar temperature sensitivity. The slope of
the velocity curve exhibited changes at approximately 15,
20 and 40 min. Figure 3b shows the predicted ultrasonic
velocity calculated from the particle size measurements
described above using the particle sizing software module
of the HR-US 102. These calculations only take into account
the change in ultrasonic velocity caused by scattering, and
do not include possible hydration and other contributions
to ultrasonic velocity.

Evolution of the viscoelastic parameters in renneted milk

Figure 4 illustrates the evolution of the storage, Gk, and the
loss, Ga, moduli in the renneted milk at 30 8C. The storage
and loss moduli began increasing at approximately 30 min
after addition of the rennet solution to the milk sample and

levelled off at approximately 50 min. The gelation point of
the renneted milk was taken as the time point when Gk
reached 0.5 Pa and was determined to be at approximately
32 min after addition of the rennet solution to the milk
(Fig. 4).

NIR transmission measurements in renneted milk

The results from NIR transmission measurements in
renneted milk at 30 8C are shown in Fig. 5. The percent
relative NIR transmission began to deviate from the base-
line after approximately 20 min after the addition of rennet,
decreased rapidly and then levelled off after approximately
40 min. The midpoint of this transition occurs after
approximately 32 min after addition of rennet of milk.

Discussion

Changes in ultrasonic attenuation during the
renneting process

Figure 2a shows the evolution of ultrasonic attenuation in
renneting of milk at 30 8C. The overall attenuation in a non-
homogenous colloidal dispersion is determined by intrinsic
absorption of the sample components and scattering of the
ultrasound wave on particles. It can be suggested that the
absorption contribution to attenuation from the casein
micelles and continuous phase does not change signifi-
cantly during the renneting process, assuming there is little
change in the internal core of the micelles. Therefore, the
main contribution to the dynamic changes in attenuation
observed over the renneting process can be expected to be
from changes in the scattering of the ultrasound wave on
the casein micelles as their size changes and aggregates
are formed (see Fig. 2a).

First stage of renneting, removal of ‘hairy ’ layer

Our data show an initial decrease in the average diameter
of casein micelles from 122 nm to 102 nm in the time
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interval 0 to 7.5 min. This result is in a good agreement
with the previous studies, which suggested that at the early
stages of the renneting process, the hydrodynamic diam-
eter of the micelles decreases by around 10 nm (Dalgleish,
1993). Due to the extensive hydration of the surface layer
of the micelles, the true decrease in the diameter is sug-
gested to be as high as 24 nm (Holt & Dalgleish, 1986).
This is confirmed by our measurements. The decrease in
micellar diameter is consistent with the loss of the ‘hairy’
macropeptide surface of the micelles.

Second stage of renneting, aggregation of micelles

The increase in the attenuation in the time interval between
7 and 20 min could be attributed to the aggregation of the
casein micelles (Green et al. 1978; Dalgleish, 1993; Lucey,
2001). According to our results this process is accompanied
by an increase of the average diameter from 102 to 145 nm.
This increase corresponds to an effective aggregation
number of about three micelles (see discussion below).

Third stage of renneting, formation of gel structures

At approximately 20 min, the slope of the attenuation
curve and velocity curve decreases. At the same time the
NIR transmission curve shows a decrease (deviation from
the straight line on Fig. 5). This could be attributed to the
beginning of the formation of the network from gel
precursors, where the aggregates of micelles form small
patches/particles of gel. This leads to the observed increase
of NIR light scattered (Fig. 5), as the size of the particles
became comparable with the light wavelength (850 nm).

The average particle size scale in the Fig. 2a can
be recalculated into the effective aggregation number, n,
using the equation: n=(d/do)

3, where d is the measured
average diameter of the micellar aggregate and do is the
diameter of the individual hairy-layer cleaved micelle
(102 nm). This number represents the number of micelles
in an equivalent (same volume fraction) compact aggre-
gate. This scale is given in Fig. 2a.

Our rheological data show the beginning of the forma-
tion of 3-d network at about 30 min. At this point small
patches/particles of gel begin to connect into a continuous
gel network, which fills the whole sample. This time point
corresponds to an effective aggregation number of six. This
number was calculated on the basis of a compact spheri-
cal aggregate being formed by several micelles. However,
in reality at this stage the micelles form a non-compact
3-dimensional network for which the scattering mechanism
could be different from that of the compact aggregates. In
this case, the non-compact network could be composed
of a significantly higher number of micelles.

Post-gelation evolution of gel network

At approximately 45 min, the rheological curves levelled
off, while the ultrasonic attenuation continued to increase.

The end of the formation of the macroscopic gel network,
which the rheological measurements are sensitive to, could
explain this. However, ultrasonic attenuation shows that
the microscopic structure continued to undergo some
rearrangements.

Frequency-dependence of ultrasonic attenuation

Figure 2b shows the comparison of measured ultrasonic
attenuation renneting profiles at different frequencies with
the calculated curves. The calculations were made using
the particle size curve described above using the particle
sizing software module of the HR-US 102. As the particle
size curve was generated from the data at one frequency
(14.5 MHz), the calculated curves at other frequencies
are an effective prediction of the frequency-dependence
of attenuation based on the ECAH scattering theory (Epstein
& Carhart, 1953; Allegra & Hawley, 1972). As can be seen
from Fig. 2b, this prediction works remarkably well as
the calculated attenuation is in good agreement with the
experimental results.

Changes in ultrasonic velocity over the renneting process

The evolution of ultrasonic velocity in renneting milk
is shown in Figs 3a and b. Ultrasonic velocity is deter-
mined by density and compressibility (or the longitudinal
storage modulus), where compressibility is the major con-
tributor to the changes in ultrasonic velocity in aggregation
and similar processes (Smyth et al. 2001). There are two
contributions to the compressibility of suspensions and
emulsions: a structural contribution, caused by scattering
of the ultrasonic waves and a contribution from inter-
molecular interactions, which includes intrinsic com-
pressibility of particles and aggregates and compressibility
of hydration (solvation) shells of atomic groups of solute
molecules and the bulk solvent (Buckin & Smyth, 1999).
Compressibility is extremely sensitive to the molecular
structure and intermolecular interactions in liquids; for
example, compressibility of hydrated water (water near
charged ions or atomic groups of macromolecules) is dif-
ferent from that of bulk water by 50–100% (Buckin et al.
1989).

First stage of renneting, removal of ‘hairy ’ layer

Figure 3a shows an initial considerable increase in ultra-
sonic velocity up to 15 min in the renneted milk. This
could be attributed to the cleavage of peptide bonds of
k-casein and removal of the ‘hairy’ layer of micelles. Similar
effects were observed previously in other biochemical
reactions (Kudryashov et al. 2003). Cleavage of peptide
bonds increases the hydration of atomic groups of amino
acids of k-casein (increase of number of atomic groups
in contact with water). This leads to a decrease in com-
pressibility and a corresponding increase in velocity, as the
compressibility of atomic groups in hydration shell of the
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released groups is lower than the compressibility of bulk
water (Buckin & Smyth, 1999).

Second stage of renneting, aggregation of micelles

There is an additional rise in ultrasonic velocity between
12 and 20 min, which could be attributed to the aggre-
gation of casein micelles, which leads to a structural con-
tribution to compressibility and ultrasonic velocity caused
by scattering of the ultrasonic waves. To differentiate these
structural effects from the contribution of cleavage of
peptide bonds, we have subtracted the ‘baseline’ gener-
ated from the initial (first 10 min) slope of the velocity
dependence. Figure 3b shows the evolution of ultrasonic
velocity at various frequencies after subtraction of the
‘baseline’. On the same Fig. (3b), the predicted curves for
structural contribution to velocity are shown. These curves
were calculated from the particle size curve given in Fig.
2a using the particle size software module of the HR-US
102 spectrometer. As can be seen from Fig. 3b, there is a
good agreement between the predicted and experimental
data in the time interval up to 20 min. This result shows
that the additional increase of ultrasonic velocity at the
aggregation stage can well be described by the structural
contribution to ultrasonic velocity caused by the scattering
of ultrasonic waves on the aggregates.

Third stage of renneting, formation of gel structures

Between approximately 20 and 40 min, the deviation of
experimental points from the predicted curve is observed
(Fig. 3b). This deviation is frequency-dependent and
therefore cannot be explained by the contribution to
ultrasonic velocity from the cleavage of peptide bonds or
by intrinsic compressibility of the micelles. We can
speculate that the propagation of ultrasonic waves in a gel
structure can be different from that in a particle dispersion
and therefore a scattering theory for dispersions may not
describe the values of velocity in gel.

Post-gelation evolution of gel network

The evolution of ultrasonic velocity (similar to the attenu-
ation profile) continues to change after 45 min, at which
time the rheological curves level off. The explanation
for this is as described previously for the attenuation
measurements.

High-resolution ultrasonic spectroscopy is a powerful
tool for analysis of microscopic processes in the formation
of the milk gel. It allows the characterisation of the pre-
gelation processes, which include hydrolysis and aggre-
gation as well as at the beginning stages in the formation
of the gel network. It is also sensitive to the microscopic
changes in the gel at the post-gelation stage. Overall, it has
good potential as a non-destructive technique to monitor
renneting processes in cheese production.
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