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Potential applications of high pressure homogenisation
in processing of liquid milk
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Studies of the potential of high pressure homogenisation (HPH) for the combined pasteurisation/
homogenisation of raw bovine milk were undertaken. Raw milk was preheated to 45 °C and
HPH-treated at 150, 200 or 250 MPa; milk outlet temperature at these pressures were 67, 76-8
and 83-6 °C, respectively, with a holding time of ~20s. Raw and commercially pasteurized
and homogenized (CPH) milk samples were analysed as controls. Fat globules in HPH samples
were approximately half the size of those in CPH samples, although differences were not
significant (P>0-05). B-Lactoglobulin was denatured at pressures >150 MPa, although little
denaturation of a-lactalbumin was observed. Numbers of psychrotrophic bacteria in raw milk
were reduced by 2:73 log cycles by HPH at 150 MPa and were uncountable following HPH at
200 or 250 MPa. Mesophilic bacterial counts were reduced by 1-:30, 1-83 and 3-06 log cycles by
HPH at 150, 200 or 250 MPa, respectively. No viable Staphylococcus aureus nor coliform cells
remained in any HPH milk samples. HPH did not affect the colour of milk and HPH samples
did not cream during refrigerated storage. The activities of plasmin, alkaline phosphatase and
lactoperoxidase in milk were all greatly reduced by HPH. Pseudomonas fluorescens, inoculated
into milk (~10° cfu/ml), was reduced to undetectable levels by HPH at 200 MPa (milk inlet
temperature, ~10 °C); however, Ps. fluorescens proteinase was quite resistant to HPH under
such conditions. Overall, owing to the significant increase in temperature and the possibility of
varying the holding time, there may be potential applications for HPH as a novel liquid milk
processing technique, combining many advantages of conventional homogenization and pasteur-
ization of milk in a single process.
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Processing of commercial liquid milk usually involves
separation (of the cream and serum phases of milk and

both safe for human consumption and has a reasonable
shelf-life.

remixing to standardise the fat content), homogenization
and pasteurization. During conventional homogenization,
milk at 45-50 °C is passed through two consecutive small
orifices at an approximate total pressure of 20 MPa; this
creates small fat globules, which do not cream during milk
storage. Pasteurization is a thermal process, typically per-
formed in a plate heat exchanger, whereby milk is heated
rapidly to 72-75 °C and held for 15-30s, i.e., high tem-
perature short time (HTST) pasteurization, followed by
rapid cooling to refrigeration temperature and packaging
under conditions that minimize contamination. This treat-
ment is designed to destroy vegetative non-pathogenic and
pathogenic micro-organisms (Kameni et al. 2002), and
is used to obtain milk that, if subsequently refrigerated, is
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In recent years, several novel non-thermal food preser-
vation processes have been developed, such as high
pressure processing, and there have also been some novel
developments of established technologies. For example,
in the area of homogenization and emulsion formation,
equipment with higher pressure capabilities has emerged,
with two classes of technology, based on different prin-
ciples. The principle of operation of high pressure hom-
ogenisers is similar to that of conventional ball-and-seat
homogenizers, but operating at a far higher pressure, while
microfluidization is based on the principle of collisions
between high-speed liquid jets. The first applications
of such technologies were in the pharmaceutical and
biotechnology sectors (Chandonnet et al. 1985; Kleining
& Middelberg, 1998). Possible applications of high
pressure homogenization (HPH) include reduction in
the molecular weight of hydrocolloids in solution (Floury
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et al. 2002), inactivation of bacteriophage (Moroni et al.
2002), destruction of bacteria (Wuytack et al. 2002)
and the manufacture of shellac and lipid dispersions
(Krause & Muller, 2001; Liedtke et al. 2000). Destruction
of bacterial cells by HPH is due to several physical
phenomena, e.g. pressure drops, cavitation, shearing,
Oturbulence and collision (Moroni et al. 2002). Recent
studies have demonstrated interesting effects of HPH
on milk, including changes in the functional properties
of skim milk, such as inactivation of enzymes and
killing of bacteria (Adapa et al. 1997; Kielczewska et al.
2000; Hayes & Kelly, 2003a,b). There have also been
studies of the effects of HPH on other dairy products, e.g.,
effects on the microbiological and textural characteristics
of cheese (Guerzoni et al. 1998, 1999; Kheadr et al.
2002).

The objective of this study was to assess the possible
application of HPH as a combined process for reducing
the size of fat globules and inactivation of micro-organisms
and enzymes in liquid milk (i.e., combined pasteurization/
homogenization).

Materials and Methods
High pressure homogenisation (HPH) of milk

Raw whole bovine milk was obtained from a local
creamery and subjected to two-stage HPH (90% of the
pressure on the primary homogenising valve and the
balance on the secondary valve) at 150, 200 or 250 MPa
(model ‘nm-GEN’ 7400H, Stansted Fluid Power Ltd.,
Essex, UK) at an inlet temperature of ~45 °C. Exceptions
to use of these conditions are indicated in the text. The
homogenizer was thermostatted by circulating water at
~48-50 °C for 30 min through the entire system; the flow
rate of milk through the homogenizer was constant at
300 ml/min. For trials at each pressure, 2-51 milk were
used, with the majority of this volume being processed
through the homogeniser to ensure stable operating con-
ditions (temperature and pressure), before a 100-150 ml
sample was taken for analysis. Homogenized milk was
cooled in a coiled stainless steel tube (length, 4-5 m; inner
diameter, 3-5 mm) attached to the product outlet port
of the homogenizer and submerged in ice water. The final
temperature reached by the milk during HPH was moni-
tored in separate experiments using a hand-held digital
thermometer at the product outlet after the secondary
valve. The primary homogenizing valve was surrounded
by a constant flow of water at ambient temperature to
minimise rapid expansion or contraction of this valve;
the presence of this water supply had no effect on the
temperature of the homogenized milk.

All treatments were performed in triplicate and all
analyses were also performed in triplicate. Commercially
pasteurized and homogenized (CPH) full-fat milk was
purchased from a local supplier on 3 occasions and sub-
jected to the same analytical tests as HPH samples.
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Bacterial enumeration

Immediately following HPH, serial dilutions of milk
samples were prepared using Ringer’s solution. The total
bacterial population in all samples was enumerated
using a pour plate method on plate count agar (Merck,
Darmstadt, Germany) following incubation at 30 °C for
48 h or 4 °C for 8 d. Bacillus cereus was enumerated by
spread plating on B. cereus-selective agar base (Oxoid,
Hampshire, England) containing one vial of supplement
SR99 (Oxoid) and 25 ml sterile egg yolk emulsion SR47
(Merck) per 500 ml agar base, following incubation at
30 °C for 18 h. Coliforms were enumerated using a pour
plating on violet red bile lactose agar (Merck), following
incubation at 35 °C for 24 h. Staphylococcus aureus was
enumerated using spread plating on Baird-Parker agar
base (Oxoid) containing 50 ml egg yolk-tellurite emulsion
SR54/I (Difco Laboratories, Detroit, Michigan, USA), fol-
lowing incubation at 35 °C for 24 h.

After sampling for microbial analysis, sodium azide was
added (0-5 g/l) to the remainder of each milk sample to
prevent bacterial growth.

Determination of native ff-lactoglobulin and o-lactalbumin

The levels of native pB-lactoglobulin (B-lg) and a-
lactalbumin (a-la) in the pH 4-6-soluble fraction of milk
samples, prepared as described by O’Driscoll et al. (1999),
were determined by reverse-phase high performance
liquid chromatography (RP-HPLC). Samples were diluted
1:10 with solvent A [1 ml trifluoroacetic acid/l (TFA,
HPLC grade, Sigma, St. Louis, MO 63178, USA) in
deionised HPLC-grade water] prior to HPLC analysis.
Samples were filtered through 0-45 um cellulose acetate
filters (SRP15, Sartorius, Goettingen, Germany) prior to
injection.

RP-HPLC analysis was performed using a Shimadzu
liquid chromatograph (Shimadzu Corp., Kyoto, Japan),
consisting of a model LC-9A pump, a SIL-9A autosampler
and a SPD-6A UV spectrophotometric detector. Nucleosil
Cs (300A; 5pum particle size) guard (4-6 x 10 mm) and
analytical (4:6 x 250 mm) columns (Machery-Nagel GmbH,
Duren, Germany) were used. Eluates were monitored at
214 nm and data analysed using Varian software (Version
4.51). The chromatographic solvents were: Solvent A
(described above) and Solvent B, 1 ml TFA/I acetonitrile
(HPLC-grade, Labscan Ltd., Dublin, Ireland). Samples
(100 pl) were injected onto the column and eluted at a
flow rate of 0-75 ml/min by an eluent gradient as follows:
100 % solvent A for 5 min, followed by a linear increase in
the percentage solvent B to 45 % over 15 min, then a linear
increase to 60% solvent B over 15 min, holding at this
level for 3 min, a linear increase to 95% solvent B over
5 min and holding at that level for 2 min. The gradient was
then readjusted to 100% solvent A over 5 min and the
system equilibrated at these conditions for 20 min before
injection of the next sample.
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Determination of rate of creaming

Immediately after HPH, milk samples (100 ml) were
placed in 100 ml graduated cylinders, which were her-
metically sealed and stored at 5 °C. The volume of cream
that separated from the milk was determined visually to
the nearest 0-5 ml at 0, 4, 24, 48, 72, 96, 120 and 168 h
after HPH and expressed as ml cream/100 ml milk.

Determination of residual activities of indigenous enzymes

Lactoperoxidase activity in milk samples was assayed
by the method of Herndndez et al. (1990), with modifi-
cations; samples were diluted 1:2 with 0-12 m-sodium
phosphate buffer, pH 6-4, prior to analysis and 0-2 M-H,0O,
was used. Alkaline phosphatase activity was determined as
described by Ludikhuyze et al. (2000) and plasmin activity
by the method of Richardson & Pearce (1981).

Analysis of milk composition, globule size, pH and colour

The gross composition of raw whole milk samples was
determined using a Milkoscan FT 120 (Foss Electric,
Hillerad, Denmark). The size distribution of fat globules
was determined by the method of Hayes & Kelly (2003a),
using the 3NAD presentation to calculate particle size
parameters, including D [3,2] (surface-weighted diameter,
or diameter of spheres of equivalent average surface areas
to the particles in the sample). The pH of milk samples
(containing 0-5 g NaNj/I) was monitored during storage
at 4 °C over 14 d. CIE L*, a* and b*-values of whole milk
samples were also measured as described by Hayes &
Kelly (2003a).

HPH of milk containing Pseudomonas fluorescens

A frozen (-80°C) stock culture of Pseudomonas
fluorescens AFT 36 (Culture Collection, Dairy Products
Research Centre, Moorepark, Fermoy, Co. Cork, Ireland)
was thawed, streaked on tryptone soya agar (Oxoid) and
incubated at 30 °C for 48 h. A sub-sample of the bacteria
growing on this agar was then inoculated into 200 ml
tryptone soya broth (Oxoid) in a 500 ml Erlenmeyer flask
and incubated at 30 °C for 16 h, with shaking (80 rpm),
to provide an inoculum. This culture was mixed with raw
milk (10 °C) at a ratio of 1:10 and homogenized at con-
ventional (18 MPa; Model APV 1000, APV homogenisers
AS, Albertslund, Denmark) or high (50, 100, 150 or
200 MPa) pressure. The inlet temperature for conventional
homogenisation was ~50°C while that for HPH was
~10°C. The increase in temperature during HPH was
monitored at the product outlet; the milk was collected in
containers and cooled in iced water.

Serial dilutions of control and homogenised milk
samples were prepared immediately using Ringer’s sol-
ution. Ps. fluorescens was enumerated on Pseudomonas-
selective agar base (Oxoid) containing 5 ml glycerol and
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one vial of C-F-C supplement SR103 (Oxoid; rehydrated
in 2ml of a sterile 1:1 mixture of distilled water and
ethanol) per 500 ml, following incubation at 30 °C for
36 h.

Preparation of a cell-free supernatant of Ps. fluorescens
and determination of its proteinase activity

Ps. fluorescens AFT 36 was grown in 10% reconstituted
sterilised (110 °C, 10 min) skim milk powder at 8 °C
for 9d, with shaking (80 rpm). A cell-free supernatant
(CFS) was prepared by centrifuging the grown culture at
20000x g for 30 min; the supernatant was decanted and
frozen at —20 °C. Thawed CFS was mixed 1:20 with raw
whole milk and subjected to single-stage HPH at 50, 100,
150, 200 or 250 MPa, at an inlet temperature of 10-14 °C.

pH 4-6-Soluble supernatants of HPH inoculated milk
samples were prepared as described by O’Driscoll et al.
(1999). The pH of these supernatants was readjusted to
6'5 by the addition of 4 M-NaOH, and proteinase activity
determined by the method of Twining (1984), using fluor-
escein isothiocyanate-labelled casein in 0-5 m-Tris—=HClI,
pH 65 as substrate.

Statistical Analysis

Statistical analyses were performed using a randomised
block design, using Minitab version 12 (Minitab Ltd.,
Coventry, UK). The effect of treatment and block on the
measured parameters was examined using the General
Linear Model function, with Tukey’s pairwise comparisons
at the 95 % confidence level. All results are means of data
from 3 independent experiments. Analysis of residuals
validated the assumptions of normality and constant
variability.

Results and Discussion
Milk fat globule size

As expected, fat globules in CPH milk were significantly
smaller, by all measured size parameters, than those of
raw milk (Table 1). Fat globules in all HPH milks were
numerically smaller than those in CPH samples but differ-
ences in globule size between those milks were not sig-
nificant, except for D, 0-5 (mean globule size) of samples
HPH-treated at 150 or 200 MPa, values of which were
significantly (P<0-05) lower than those for CPH milk. The
globules in milk HPH at 150 or 200 MPa were of similar
size and slightly smaller than those in samples hom-
ogenized at 250 MPa. All milk samples were processed at
an inlet temperature of ~45 °C, at which all milk fat was
in the liquid state. Therefore, it seems that globules pro-
duced in this study at 150 or 200 MPa are the smallest
achievable using this HPH system. The effects of HPH on
the perceived mouthfeel (e.g., creaminess) of milk remains
to be evaluated.
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Table 1. Temperature changes during high pressure homogenisation (HPH) and the effects of HPH at selected pressures on the fat
globule size in raw whole milk. The fat globule size found in conventionally-pasteurised/homogenised commercial milk (CPH) is

included for comparison

Values for globule size parameters are means of data from 3 independent experiments; the values for temperature are representative data from a
single experiment

Tit To* D, 0-9
Treatment °C) (°Q) (pm)
Raw milk — — 7:59+0-73
150 MPa 45-1 67 0-52+0-02°
200 MPa 45 768 0-50+0-01°
250 MPa 45-1 836 0:71+0-12P
CPH milk§ — — 1-37+0-03°
P-value <0-001

Values with common superscripts in each column were not significantly different; P <0-05

Significance of treatment is denoted by P-value

t Milk inlet temperature

+Milk outlet temperature

§ Conventionally-pasteurised/homogenised commercial milk

To cover the greatly increased surface area of fat
globules in homogenized milk, part of the casein in milk is
adsorbed onto the newly-formed globules. Dalgleish et al.
(1996) concluded that casein micelle fragments, rather
than intact micelles, are adsorbed on the globules during
microfluidization of milk. They attributed disruption of the
casein micelles to the forces encountered during the pro-
cess (although Hayes & Kelly [2003a] found no reduction
in micelle size in HPH skim milk), or to the surface forces
(reduction of interfacial tension) which are experienced
by micelles adsorbing at the fat/serum interface. The
globule size parameters for HPH milk (Table 1) suggest
that fat globules in such milk are also surrounded by a
layer of casein micelle fragments rather than intact casein
micelles; D, 0-5 values for HPH milks would be con-
siderably larger if intact casein micelles (the mean diam-
eter of which is ~150 nm) were present at the fat/serum
interface.

Owing to the greater reduction in globule size by
HPH than CPH, there is presumably a greater requirement
for surface-active material to cover the greatly increased
exposed fat interface. This suggests that a greater pro-
portion of the casein in milk is adsorbed on the fat glob-
ules in HPH milk than in CPH milk. Cano-Ruiz & Richter
(1997) reported that increasing the homogenization press-
ure from 30 to 90 MPa almost doubled the amount of
casein adsorbed onto fat globules. Hence, at higher press-
ures it may be expected that a large proportion of the
casein in milk is adsorbed onto the fat globules, although
this was not measured in this study. However, at the
highest pressure used (250 MPa), the amount of available
casein may become limiting, which would account for
the increase in fat globule size observed after HPH at
250 MPa; this may be due to partial agglomeration of very
small globules insufficiently covered by surface-active
material.
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D, 0'5 D [4,3] D [3,2]
(um) (um) (um)
3-24+0-19° 4-53+0-30° 1-08+0-19°
0-23 +£0-00¢ 0-48+0-18> 0-18+0-01°
0-26+0-03¢ 0-42 +0-05¢ 0-22+0-03P
0-29+0-01° 0:86+0-11° 0-25+0-02°
0-52£0-04° 0-88+0-10"° 0-36+0-03P

<0-001 <0-001 <0-001
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Fig. 1. Denaturation of a-lactalbumin (@) and B-lactoglobulin
(O) in high pressure homogenised (150-250 MPa) full-fat milk.
Error bars represent standard deviations of data from triplicate
trials.

Increase in temperature during HPH

A linear (R*>0-998) temperature increase of 0-166 degrees
C per MPa was observed for milk HPH at 150-250 MPa
at an inlet temperature of ~45 °C (Table 1). The holding
time for milk at the relevant outlet temperature was cal-
culated to be ~20s (volume of tubing from the primary
valve to the cooling coil/flow rate). Thus, the thermal load
to which the milk was exposed on HPH at 150, 200 or
250 MPa, was estimated to be less, slightly greater or
substantially greater, respectively, than that encountered
in normal HTST pasteurization.

Whey protein denaturation

Levels of a-la and B-lg denatured by HPH (150-
250 MPa; inlet temperature, ~45 °C) are shown in Fig. 1;
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denaturation of B-lg was more extensive than that of
a-la. The extent of denaturation of B-lg increased with
pressure; 10-2, 42-5 or 56:1% was denatured in milk
homogenized at 150, 200 or 250 MPa, respectively.

To determine if such an extent of denaturation was
due to heating alone, values from the recent literature for
denaturation of B-Ig in milk were reviewed. Villamiel et al.
(1997) reported that ~8% of B-lg is denatured on heating
milk at 72-5 °C for 15 s (normal HTST conditions). Oldfield
et al. (2000) reported <20% denaturation of B-lg A in
skim milk heated to 75 °C for <1 min, while Claeys et al.
(2001) reported D-values of 12900, 1662, 396 or 276 sec
for denaturation of B-lg at 70, 77-5, 83 and 85°C,
respectively. All the above studies would indicate that
the extent of denaturation on HPH was considerably
higher than would be expected from purely thermal de-
naturation. Therefore, it is probable that the denaturation
of B-Ig on HPH observed in this study was due also to the
physical forces experienced by the milk during HPH.
Desrumaux & Marcand (2002) observed whey protein
denaturation at homogenization pressures >210 MPa dur-
ing the preparation of sunflower oil emulsions and at-
tributed changes in protein conformation to the combined
effects of homogenization forces and the increase in tem-
perature at these pressures.

HPH in the range 150-250 MPa caused little, i.e.
<10%, denaturation of a-la. Denaturation of a-la occurs
>63 °C (DeWit et al. 1983); therefore, considering the
outlet temperatures (Table 1), extensive denaturation of
a-la would have been expected, especially in milk HPH
at 200 or 250 MPa. However, a-la is quite resistant to
heat-induced coagulation (Shulka, 1973); denaturation is
80-90% reversible after heating from 20 to 110 °C (Ruegg
et al. 1977), which may explain the low level of de-
naturation of a-la observed in this study.

Changes in the pH of milk samples

Hayes & Kelly (2003a) reported a decrease of 0-3 pH units
in HPH milk (inlet temperature ~8 °C) stored at 4 °C for
24 h, which they attributed to the activity of lipoprotein
lipase (LPL). In this study, the pH of milk samples HPH
at 150 MPa decreased from 6:65 to ~6-0 during 14 d of
refrigerated storage (results not shown); no decrease in pH
was observed in milk HPH at 200 or 250 MPa. These latter
treatments were thermally more severe than HTST pas-
teurisation, which is known to cause extensive inactivation
of LPL (Walstra et al. 1999); this supports the suggestion
that LPL activity is responsible for the pH drop of less
severely-treated samples.

Total bacterial count of milk

Microbial counts for raw, CPH and HPH milk samples
are given in Table 2. Psychrotrophic bacteria (TBC at 5 °C)
were not detectable in CPH milk nor in milk HPH at 200
or 250 MPa and were reduced by 2:73 log cycles in milk
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Table 2. Effects of high pressure homogenisation on some
microbial populations in raw milk. Results shown are means of
data from 3 independent experiments

Microbial counts (log cfu/ml)

TBC' TBC Staphylococcus
Treatment 5°C 30°C aureus Coliforms
Raw milk 4-48 4-59 112 2-71
150 MPa 1-75 3-29 ND ND
200 MPa ND# 276 ND ND
250 MPa ND 1-53 ND ND
CPH milk§ ND 3-49 ND ND

t Total Bacterial Count
* Indicates that colonies could not be detected following these treatments
§ Conventionally-pasteurised/homogenised commercial milk

HPH at 150 MPa, relative to raw milk. HPH also reduced
the total mesophilic bacterial population. All HPH samples
had a lower mesophilic count than CPH milks. This
reduction in mesophilic bacterial numbers was pressure-
dependent, with lower numbers of bacteria surviving as
homogenization pressure was increased. Thus, HPH had
a greater lethal effect on psychrotrophic than on meso-
philic microorganisms in milk. The raw milk contained
low numbers of Staphylococcus aureus (Gram-positive)
and coliforms (Gram-negative) but these were absent from
all HPH milk samples; the raw milk did not contain
B. cereus.

Possible mechanisms for the destruction of bacteria by
HPH have been discussed in the literature (e.g., sudden
pressure drops, torsion and shear stresses, cavitation shock
waves, turbulence, viscous shear and high velocity colli-
sions; Kleining & Middelberg, 1998; Wuytack et al. 2002;
Hayes & Kelly, 2003a). The high temperatures reached
by milk samples in this study may also have had a de-
structive effect on the bacterial population. Overall, HPH
samples had similar, or lower, microbial counts than CPH
samples.

Obviously, the survival of specific individual micro-
organisms is more significant for full evaluation of the
stability and safety of HPH milk than total levels of micro-
bial inactivation; in particular, mesophilic bacteria (which
were effectively killed by HPH) have less effect on the
keeping quality of refrigerated milk than psychrotrophs.
Since psychrotrophic bacterial counts were greatly re-
duced in samples HPH at 150 MPa and not detectable in
milk HPH at higher pressures, it is likely that the storage
stability of HPH milk would be at least as good as that of
CPH samples.

Colour of homogenised milk samples

Small but significant differences in L*-values were ob-
served between raw, CPH and HPH milk samples (results
not shown). For example, CPH milk was significantly
whiter (P<0-05) than raw milk, as expected; CPH and
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Fig. 2. Effect of storage time (days) at 5 °C on the volume of
cream separated during storage of raw (—<—), commercially
pasteurised/homogenised (——) or high pressure (150 MPa,
—A—; 200 MPa, —x— or 250 MPa, —O—) homogenised
milks. Results for all high pressure homogenised samples were
essentially identical and therefore the symbols are overlaid.
Error bars represent standard deviations of data from triplicate
trials.

HPH samples had similar L*-values. Differences in a* and
b*-values following treatments were very small. Overall,
differences in instrumental colour measurements between
CPH and HPH milks were not visually obvious.

Creaming of homogenized milk samples

Rapid creaming occurred initially in raw milk, e.g., the
volume of cream was 5:5 ml/100 ml after 4 h refrigerated
storage and increased in a curvilinear fashion to 9 ml/
100 ml after 5d; no further increase was observed on
continued storage (Fig. 2). A low level (1%, v/v) of cream-
ing was evident in CPH samples after 5 d storage, but the
volume of cream remained constant during the remainder
of the 14 d storage period. No creaming was evident in
any of the HPH samples.

Four factors reduce creaming in homogenized milk;
inhibition of ‘cold agglutination’, decreased fat globule
diameter, decrease size distribution of fat globules and
increased density of the globules (bringing them closer to
that of the continuous phase) owing to adsorption of pro-
tein to the fat/serum interface. For these reasons, creaming
was not expected in HPH samples. The larger fat globules
observed in CPH milk compared with HPH samples may
have caused the limited creaming observed in the former.

Effects of HPH on milk enzymes

The activity of plasmin, alkaline phosphatase and lacto-
peroxidase in samples of raw, CPH and HPH (150-
250 MPa; inlet temperature ~45 °C) milk are shown in
Table 3. Plasmin activity in CPH milk was 30% of that
in raw samples. Loss of plasmin activity in milk on heat-
ing at 75 °C for 15s (pasteurization) has been reported
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Table 3. Effects of high pressure homogenisation on indigenous
plasmin, alkaline phosphatase and lactoperoxidase activities in
raw milk

Results shown are means of data from 3 independent experiments

Alkaline
Plasmin phosphatase Lactoperoxidase

Treatment  (AMC units/ml)  (AU) (AU/min)

Raw milk 0-188+0-026"  1-57+0-05° 0-249+0-024°
150 MPa 0:028+£0-010°  0-458+0-058° 0-227+0-010%
200 MPa 0-018+0:005°  0-032+0-065° 0-085x0-015"
250 MPa 0-008+0-003°  NDt¢ ND*

CPH milk¥ 0-068+0-027¢ ND¢ 0-028+0-014°
P-value <0-001 <0-001 <0-001

Values with common superscript were not significantly different, P <0-05
tIndicates that enzyme activity could not be detected following these
treatments

¥ Conventionally-pasteurised/homogenised commercial milk

by Richardson (1983) and Koryacka-Dahl et al. (1983) to
be ~17%. Conventional homogenization also reduces
plasmin activity in raw milk (Hayes & Kelly, 2003b). Thus,
both homogenization and pasteurization contribute to the
inactivation of plasmin in CPH milk. Approximately 85
and 95% of the plasmin activity in raw milk was in-
activated by HPH at 150 or 250 MPa, respectively. Hayes
& Kelly (2003b) observed inactivation of plasmin by
HPH of milk at lower outlet temperatures (maximum of
54 °C), with the highest degree of inactivation being 65 %.
Metwalli et al. (1998) reported that 65 °C was the mini-
mum temperature required for thermal inactivation of
plasmin, which suggests that shear or other forces may
have been involved in inactivation of plasmin by HPH at
lower temperatures. In the present study, outlet tempera-
tures were much higher than those in the study of Hayes &
Kelly (2003b) and therefore the greater degree of inacti-
vation of plasmin observed may have been due to thermal
denaturation combined with the other forces to which the
enzyme was subjected. Milk treated by HPH at a high inlet
temperature would have very little indigenous plasmin
activity, which may have implications for physicochemical
changes such as age gelation of UHT milk (Enright et al.
1999).

Lactoperoxidase activity was significantly (90%) lower
in CPH milk than in raw milk (Fig. 3). Milk samples HPH
at 150, 200 or 250 MPa retained 91, 34 or 0%, respect-
ively, of the lactoperoxidase activity of raw milk. Kameni
et al. (2002) observed partial inactivation of lacto-
peroxidase on heating of milk at 74-77 °C for 1 min and
complete inactivation at >78 °C for 1 min; complete in-
activation of lactoperoxidase in milk occurs on heating
at 70 °C for 50 min, 72 °C for 1-5 min or 80 °C for 1s
(Davis, 1963). Villamiel et al. (1997) reported 42% in-
activation of lactoperoxidase in HTST-pasteurised milk.
Farkye & Imafidon (1995) concluded that lactoperoxi-
dase is very sensitive to temperatures around 80 °C. The
outlet temperature of milk HPH at 200 or 250 MPa was
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Fig. 3. Survival (log cfu/ml) of Pseudomonas fluorescens AFT 36
(full line) in raw milk subjected to high pressure (150-200 MPa)
homogenisation. The broken line represents residual protease
activity in a cell-free supernatant of a culture of this micro-
organism, diluted in raw milk and high pressure (50-250 MPa)
homogenised. Error bars represent standard deviations of data
from triplicate trials.

~77 and 84 °C, respectively. With a residence time of
~20's, inactivation of lactoperoxidase due to HPH may
therefore be largely a result of heating of the milk.

Using a standard rapid test (Fluorophos; International
Dairy Federation, 1992), CPH milk and milk HPH at 200
or 250 MPa were phosphatase-negative, as expected from
the temperature reached during processing, while samples
treated at 150 MPa were phosphatase-positive (results not
shown). Using a quantitative assay, samples HPH at 150,
200 or 250 MPa retained 29, 2 or 0%, respectively, of the
alkaline phosphatase (ALP) activity of raw milk (Fig. 3);
CPH samples had no measurable ALP activity. The time/
temperature conditions encountered during HPH of milk at
200 or 250 MPa (i.e., heating to 77 or 84 °C, respectively,
for 20 sec) are clearly in excess of those practised during
conventional HTST pasteurization of milk. This fact was
confirmed by the negative ALP results (and low assayed
activities) for these samples. The contribution of factors
encountered during HPH other than heating (i.e., shear
forces) to inactivation of ALP is not clear; however, the
thermal load applied alone would account for the inacti-
vation measured.

This may then suggest that HPH of milk at high inlet
temperatures may destroy pathogenic bacteria that are
inactivated by HTST, or by heating to 768 or 836 °C for
20 sec (e.g. Coxiella burnetti, Mycobacterium tuberculosis
and Listeria monocytogenes), if present in raw milk, and
yield a product safe for consumption, if refrigerated.
However, due to the profound public health implications
of the introduction of any new processing treatment for
liquid milk, much research will be required to evaluate
this possibility.

Effect of HPH on Ps. fluorescens and its proteinase

The lethal effect of HPH on Ps. fluorescens was pressure-
dependant, with the number of viable bacteria decreasing
as homogenization pressure was increased (Fig. 3). HPH
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at 50 or 200 MPa reduced the population of Ps. fluor-
escens by ~1 or 6 log cycles, respectively; at intermediate
pressures, a reduction in viable cell count between these
two extremes was observed. Outlet temperatures in this
trial for milk HPH at 50, 100, 150 or 200 MPa were ~29,
38, 47 and 56 °C, respectively. Since the sample volume
collected was very small (~5ml) and this was cooled
immediately in ice water, the residence times for each
sample at the relevant temperatures was estimated to be
~1 min. In separate experiments, these time/temperature
combinations, e.g., 29, 38, 47 or 56 °C for 1 min, did not
significantly reduce (<1 log cycle) bacterial numbers
(results not shown). Thus, reductions in viable bacterial
numbers observed in this study were probably due to
HPH-induced shear forces or a combination of these
forces and heating effects. Elaamadi et al. (1996), who
subjected Ps. fluorescens ATCC 948 in reconstituted 10%
(w/v) sterilised skim milk powder to microfluidization at
pressures between 50 and 120 MPa, observed a similar
lethal effect.

Wouytack et al. (2002) concluded from studies of HPH
(100-300 MPa) inactivation of 11 species of bacteria that
Gram-positive bacteria were significantly (P<0-05) more
resistant than Gram-negative species, possibly due to dif-
ferences in cell wall structure. However, Gram-negative
bacteria vary in their resistance to HPH (Wuytack et al.
2002), indicating that all micro-organisms present in raw
milk may not be as susceptible to HPH as Ps. fluorescens.

The effect of HPH on the activity of the extracellular
proteinase of Ps. fluorescens is also shown in Fig. 3.
Homogenization at 50-150 MPa had no effect on this
proteinase but 20 or 30% inactivation was observed at
200 or 250 MPa, respectively. Elaamadi et al. (1996)
reported that Ps. fluorescens proteinase fully survived 10
successive microfluidization treatments at 100 MPa. Since
the proteinase of Ps. fluorescens is very heat stable
(Stepaniak & Sorhaug, 1995), the inactivation observed
in this study may be due to the many stresses experienced
by the proteinase during HPH.

Conclusion and requirements for further study

Ps. fluorescens, Staphylococcus and coliforms in milk
were extremely vulnerable to HPH; other bacteria in milk
may also be susceptible to HPH, as demonstrated by the
reductions in TBC. The results obtained suggest that it
might be expected that certain HPH treatments may also
have a destructive effect on other pathogenic microorgan-
isms present in raw milk. Further studies are required to
confirm this, and to determine the effects of HPH on
spore-forming bacteria in milk, such as Bacillus and
Clostridium. The effects of HPH on indigenous milk
enzymes varied considerably; the proteinase of Ps. Fluor-
escens was quite resistant to inactivation.

In conclusion, HPH could be used as part of a hurdle
system to destroy bacteria in milk, minimizing the intensity
of heating required and reducing adverse effects of heat
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on food properties or constituents. HPH may also have
potential as a combined pasteurization/homogenization
step in the industrial treatment of beverage milk. Milk
treated thus may have a shelf-life similar to, or longer than,
conventional market milk since it produces milk stable to
creaming and with a bacterial load similar to, or lower
than, that of CPH milk samples.

At present, the most common way to evaluate the
effect of heat treatment on milk is to select a chemical,
biochemical or enzymatic indicator sensitive to a given
time/ temperature treatment. However, no such indicator
for HPH is obvious. Obviously, HTST-like conditions are
achievable by HPH; however, due to the additional con-
tribution of shear forces, it may be possible to produce safe
milk by HPH involving heating conditions less than those
(e.g., 72-74 °C for 15-30 sec). HPH is a continuous pro-
cess, and may facilitate heat regeneration to reduce energy
consumption by preheating incoming cold milk; however,
capital and maintenance costs, as well as product quality
and safety, will ultimately determine industrial potential of
HPH.

Further investigation is also required to evaluate the
effects of HPH on the sensory and nutritional aspects of
milk and to determine the minimum pressure required to
produce milk safe for human consumption. Also, additional
information is required on the shelf-life of HPH milk.

This research was funded by the Irish Government under
the National Development Plan 2000-2006. The authors would
like to acknowledge Mr Dan Walsh, Department of Micro-
biology, University College, Cork, for his assistance with bacterial
cultures.
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