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Abstract

The object of the study was to compare the effect of low- and high-pressure homogenization
of milk on fat digestion in vitro. The extent of lipid digestion by lipase with and without addition
of bile salts and phospholipid was monitored by determining the release of fatty acids. Additionally
changes in the milk fat emulsion were monitored during the process of lipolysis. Higher amounts
of fatty acids were released from samples of homogenized milk fat globules as compared to native fat
globules in raw milk. Bile salts caused an increase in the quantity of released fatty acids in both
samples of milk, while this increase was more pronounced in raw milk. However, considering the
available surface area of milk fat globules, the amount of released fatty acids was higher in the case
of raw milk, which can reflect the adaptation of the structure of the interface to the lipase-colipase-
bile salts digestive system. An important role in the digestion of triglycerides under the influence
of lipase can play both the structure of the interface and the degree of dispersion of milk fat.
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Abstrakt

Przedmiotem badań było porównanie wpływu homogenizacji nisko- i wysokociśnieniowej na
trawienie tłuszczu mlekowego metodą in vitro. W badanych próbkach mleka surowego i homogeni-
zowanego oznaczano ilość uwalnianych kwasów tłuszczowych pod wpływem lipazy, dodatkowo
w obecności soli żółciowych i fosfolipidu. W trakcie procesu lipolizy monitorowano także zmiany
w układzie emulsji tłuszczowej mleka. Stwierdzono większe ilości uwalnianych kwasów tłuszczowych
w przypadku kuleczek tłuszczowych poddanych homogenizacji w porównaniu z natywnymi kulecz-
kami tłuszczowymi w mleku surowym. Sole żółciowe wpłynęły na wzrost ilości uwolnionych kwasów
tłuszczowych w obu próbkach mleka, przy czym wzrost ten był wyraźniejszy w mleku surowym.
Jednak biorąc pod uwagę dostępną powierzchnię międzyfazową, ilość uwolnionych kwasów tłusz-
czowych była wyższa w przypadku mleka surowego, co może świadczyć o wzajemnym dopasowaniu
struktury otoczki do systemu trawiennego lipaza–kolipaza–sole żółciowe. Istotną rolę w trawieniu
triacylogliceroli pod wpływem lipazy może odgrywać zarówno struktura powierzchni międzyfazowej,
jak i stopień dyspersji tłuszczu mlekowego.

Introduction

Milk fat is an essential component of human diet. It is found in milk in the
form of milk fat globules ranging in size from 0.2 to 15 μm, with an average size
of 4 μm. The structure of milk fat globules consists of a triacylglycerol „core”
surrounded by so-called, the milk fat globule membrane of a thickness of
approx. 10–20 nm. It protects against coalescence of the globules, but also
affects the process of hydrolysis by lipases. The membrane is characterized by
a complex and ordered structure. It consists of triple layer of phospholipids,
proteins, cholesterol and vitamins (MATHER 2000, SMOCZYŃSKI et al. 2012).Di-
gestion of milk fat in the human body is a complex process. It begins in the
stomach under the influence of gastric lipase, but the main process of digestion
takes place in the duodenum and upper small intestine under the influence of
pancreatic lipase. This enzyme acts together with colipase at the fat-water
interface, where changes in the conformation of the enzyme lead to the
unveiling of the catalytic triad for the substrate (BROCKMAN 2000).

An important role in the digestion of fat components plays bile, a fluid
secretions of the liver, stored in the gallbladder. It includes components such
as bile salts, cholesterol, phospholipids and minerals. They support the diges-
tive process by modifying the structure of the fat-water interface, thus
enabling lipase access to triacylglycerols located inside the milk fat globules.
Studies on artificial emulsions have shown that hydrolysis of fat in the
emulsion depends on both the particle size distribution of the emulsion (i.e. the
available interfacial area), the type of substrate, but also on the structure and
composition of the interface (BERTON et al. 2012, MUN et al. 2007, SINGH et al.
2009). Because milk as a mammary gland secretion evolved to provide optimal
nutrition for the offspring, hence the composition and structure of the milk fat
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globule membrane should play an important role in the digestion and bioavaila-
bility of milk fat (SMOCZYNSKI 2014).

Homogenization during milk production causes drastic changes to the
structure of the milk fat globule membrane. The process consists of pushing
milk between the valve seat and the homogenizing valve under pressure
of 8–20 MPa. The sharp increase in the flow rate and rapid decline of pressure
rupture the fat globules. As the area of the droplets increases, the interfacial
material is not sufficient to cover it. So it is covered by other surface active
constituents of milk, mainly casein and whey proteins (CANO RUIZ, RICHTER

1997). This results in a new, modified structure of the milk fat globule interface.
A better understanding of the relationship between changes in the native

structure of the interface and the digestion of milk fat may be important not
only for infants, but also adults who consume dairy products. Studies on the
effect of the milk fat structure on its lipolysis, absorption and lipid profile have
been widely discussed recently (MICHALSKI 2009), and may be particularly
relevant to the problems of modern society such as obesity and type II diabetes.
Despite the progress, many mechanisms involved in digestion of fat, particularly
in complex matrices, such as food products, are not completely understood.

In studies on natural emulsions it has been shown that the increase in the
interfacial area by homogenization leads to an increase in the amount of
released fatty acids (BERTON et al. 2012). However, little attention was paid to
the high-pressure homogenization. This process may lead to a different struc-
ture than that obtained with low-pressure, due to increased shear forces. Hence,
the aim of this study was to compare the availability of milk fat in globules
surrounded by native membrane with membranes changed under the influence
of high- and low-pressure homogenization. In the study, an in vitro model was
used, simulating the intestinal phase of digestion under the influence of
pancreatic lipase with and without the addition of bile salts and phospholipid
(phosphatidylcholine). During the process of lipolysis the amount of free fatty
acids released was determined and also changes in the milk fat emulsion were
monitored.

Materials and Methods

Raw cow’s milk was purchased from a local supplier. To minimize changes to
the native globules milk samples were stabilized by the addition of sodium azide
(0.05% w/w) instead of pasteurization. Porcine pancreatic lipase (type II,
comprising a complex of lipase and colipase), bile salts (mixture of cholic (50%)
and deoxycholic (50%) sodium salts) and phosphatidylcholine (from egg yolk,
60%) were purchased from Sigma-Aldrich. All other chemicals were analytical
grade. Solutions were prepared using deionized water.
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Part of the milk was heated to a temperature of 60 ± 2oC and homogenized at
200 ± 5 bar (low pressure homogenization) and 1000 ± 50 bar (high pressure
homogenization) using a two-stage high-pressure homogenizer Panda Plus 2000
(Niro-Soavi, Parma Italy). Analyses were carried out within 48 hours after
preparation of milk samples. In the further course the raw milk was designated
as milk 1, low-pressure homogenized milk as milk 2 and high-pressure-hom-
ogenized milk as milk 3.

Procedure for simulating the intestinal phase of digestion and intestinal
fluid composition was adapted from the literature (MALAKI NIK et al. 2010,
NEUMANN et al. 2006, WULFF-PEREZ et al. 2010, YE et al. 2010). Porcine
pancreatic lipase (showing also activities of amylase and protease) was used for
the in vitro digestion of fat globules. This enzyme has already been used to
simulate the intestinal phase of digestion in vitro (MUN et al. 2007, TORCELLO-
GOMEZ et al. 2011). The simulated intestinal fluid (SIF), pH 6.8 contained 6.805 g
of KH2PO4 and 0.896 g of NaOH in 1 liter (United States Pharmacopeia 2003).
The process of simulated digestion proceeded in 300 ml plastic bottles in
a shaking water bath at 37oC to mimic conditions of the intestinal tract.
The milk samples were pre-adjusted to pH 7.5 using 0.25 mol l–1 sodium
hydroxide. The temperature of 100 ml of milk sample was stabilized for 15 min
and then 50 ml of SIF containing the enzyme with/without the addition of bile
salt and phospholipid was added. The final enzyme, bile salt and phospholipid
concentration in the milk sample were 1.5, 5 and 3.8 mg ml–1, respectively. The
concentrations were chosen based on the literature and corresponded to the
fed state conditions (MCCLEMENTS et al. 2009). The enzyme was used within
30 minutes after preparation to avoid protein denaturation. Samples from the
reaction mixture were periodically selected for analysis. Lipase activity was
determined by measuring the amount of free fatty acids released from the milk
samples by titration with a 0.1 mol l–1 sodium hydroxide to pH 7.5 with the use
of a Titro Line easy titration unit (Schott Instruments, Mainz, Germany),
a pH-meter (Mettler Toledo, Schwerzenbach, Switzerland) and a magnetic
stirrer. The lipase activity was expressed as miliequivalents of fatty acids
released from 1 l of milk sample defined as:

mEq =
V · C

l

where:
V – ml of sodium hydroxide,
C – molar concentration of sodium hydroxide.
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The particle size distribution in the milk samples was determined by
measuring laser light scattering using the apparatus Mastersizer 3000 (Malvern
Instruments Ltd, Worcestershire, UK). The test sample was added to a measur-
ing cell to obtain obscuration in the range of 10 ± 3%. The refractive index for the
dispersion medium and the fat globules was 1.33 and 1.46, respectively. From
the size-distribution the volume/surface average diameter of fat globules (de-
fined as D3,2 = Σnidi

3 / Σnidi
2) and the specific surface area were calculated by the

software.
The analysis was performed in duplicate on three batches of milk. Results

are presented as the mean of at least 5 determinations ± standard deviation. The
results were statistically analyzed using one-way analysis of variance (ANOVA).
To test the differences (P < 0.05) between the average values Fisher’s test was
applied. The analyzes were performed using Statistica version 10 for Windows.

Results and Discussion

Triacylglycerols are non-polar and requires the development of appropriate
mechanisms for their effective management in a hydrophilic environment of the
cell. During digestion and subsequent absorption by the epithelial cells in the
intestine, they must be converted to the more polar compounds, such as fatty
acids or monoacylglycerols. These compounds as more polar are able to diffuse
through the aqueous diffusion layer on the epithelial cells of the intestine and
can be subsequently absorbed (BAUER et al. 2005, SMOCZYNSKI et al 2012).

Homogenization leads to significant changes in the structure the milk fat
globule membrane. Modified interface may affect the access of the lipase to the
core of fat globules, thereby affecting the lipolysis and the amount of released
fatty acids. During digestion of fat the process of lipolysis takes place mainly in
the duodenum and upper small intestine. Therefore in this study a model
simulating the intestinal digestion was used. Figure 1 shows the amount of
released free fatty acids with/without the presence of bile salts in the course of
the experiment.

The differences in the amount of released fatty acids can be observed. For
both samples of homogenized milk, regardless of the presence of bile salt and
phospholipid, the amount of released fatty acids was higher than in the raw
milk. Particularly significant difference was observed in the absence of bile salt
and phospholipid. After 30 min of lipolysis amount of acids released in the
homogenized milk was almost two times higher than in raw milk (23.4 for
raw milk and 42.9 and 42.7 mEq l–1 for low and high pressure homogenized
samples of milk, respectively). The addition of bile salt and phospholipid to
a significant degree caused an increase in the amount of released fatty acids
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Fig. 1. Free fatty acids measured during lipolysis without (a) and with (b) bile salt and phospholipid.
Values with the same letter are not significantly different (P<0.05)

in all milk samples. In the case of raw milk the amount of released fatty acids
increased to a greater extent, especially after first 10 min. After 60 min of
lipolysis in the presence of bile salt and phospholipid there was no difference in
the amount of released fatty acids in all three milk samples examined. This may
indicate an advanced degree of hydrolysis and reduction in the availability of
substrate for lipase.
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Changes in the emulsion system were additionally monitored with the use of
the Mastersizer apparatus. Figure 2 shows changes in the distribution of milk
fat globules sizes during the process of lipolysis.
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Fig. 2. The changes of sizes of milk fat globules during lipolysis: a, c and e – milk 1, 2 and 3, respectively;
b, d and f – the same types of milk with the addition of bile salt and phospholipid

The results in Figure 2 show that the smallest changes in the emulsion
droplet sizes occurred in raw milk in the absence of bile salt and phospholipid.
After 10 min of lipolysis small amount of particles with sizes in a range
of 10–100 μm appeared, most likely due to flocculation and eventually coales-
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Fig. 3. Changes of surface area of milk fat globules during lipolysis without (a) and with (b) bile salt and
phospholipid. Values with the same letter are not significantly different (P<0.05)

cence of fat globules. After 30 min both the quantity and size of these aggregates
increased. In the presence of bile salt and phospholipid the changes were more
pronounced. It can be seen a greater loss of native particles present in raw milk,
and more significant increase in the number of aggregates with sizes ranging
from 50 to 150 μm. At this time most of native fat globules were aggregated,
which may indicate more advanced process of lipolysis. This is in agreement
with the results of determination of released fatty acids.

In case of homogenized milk samples similar changes occurred, but much
faster. After 30 min even in the absence of bile salts and phospholipid, most of
the fat globules were aggregated. However, in this case the size of the resulting
aggregates was smaller, most of them in the size range from 8 to 30 μm.
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Figure 3 shows changes in available surface area during the process of
lipolysis. The values of Sauter diameter for raw, low- and high-pressure
homogenized milk samples were 1.75, 0.59 and 0.34 μm, respectively. During
lipolysis these values increased for all milk samples.

The highest specific surface (17.46 m2 g–1) was obtained for the high pressure
homogenized milk sample. Large shear forces during homogenization allowed to
obtain fat globules of smallest sizes. The surfaces of fat globules in low-pressure
homogenized and raw milk sample were 10.15 and 3.43 m2 g–1, respectively.
Statistically significant differences between the raw milk and homogenized milk
samples can be observed during the whole time of lipolysis in the absence of salt
and phospholipid. However, in the presence of these substances small differen-
ces can be visible only after 10 min.

The results show that under the influence of lipase fatty acids are released
and at the same time flocculation and/or coalescence of milk fat globules occurs.
The amount of fatty acids released depends mainly on the available interface,
but also on the structure of the surface. After homogenization Sauter diameter
decreased and available surface area of milk fat globules increased. Generally in
both samples of homogenized milk greater amounts of fatty acids were released,
which mainly depended on the greater available interface. This allows for
efficient access of the enzyme to the substrate. Similar results were obtained by
BERTON et al. (2012). They studied the kinetics of reaction under the influence of
lipase using an automatic pH-stat device and showed a higher degree of lipolysis
in homogenized milk, which was related to the available interfacial surface.

Also, YE et al. (2010) reported a lower level of lipolysis in pasteurized milk,
compared to recombinant homogenized milk. However, BERTON et al. (2012)
also pointed out, that given the available surface area of milk fat globules,
lipolysis is more efficient for raw milk. Similarly, in this study the amount of
fatty acids released per available surface area after 30 min of lipolysis without
the presence of bile salt and phospholipid in raw milk was 6.8 Eq m–2, while for
the samples of low and high pressure homogenized milk these values were
4.25 and 2.45 Eq m–2, respectively. In the presence of salt this difference is even
higher. These values for samples of raw, low and high pressure homogenized
milk were 17.4, 6.2 and 3.65 Eq m–2, respectively. So considering the available
interfacial area lipolysis occurs more efficiently in raw milk, which is particular-
ly evident in the presence of bile salts and phospholipid. It is known that the
lipase is an enzyme acting on the fat-water interface (VERGER 1997). It requires
also colipase and bile salts. Bile salts and phospholipids also help to remove
products of lipolysis from the interface, because this surface active particles can
block the access of lipase to the substrate. Free fatty acids, mono- and diacyl-
glycerols together with bile salts and phospholipids form a so-called mixed
micelles, and in this form can be absorbed by the enterocytes in the intestine.
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The results show on one hand a faster lipolysis in homogenized milk
samples, but no significant differences can be observed between low and high
pressure homogenization. This may affect further absorption of lipid substances
in the intestine and also subsequent metabolism of fat, however, this requires
further study. In contrast, the differences in the amount of fatty acid released
per unit of the available surface area point to more efficient lipolysis in the case
of native milk fat globules.

The results indicate a relative matching between the structure of the milk fat
globule membrane and the lipase-colipase-bile salts digestive system. This
adjustment of interfacial properties and the enzyme system could develop in the
course of evolution to allow for efficient lipolysis. On the other hand, excessive
emulsification of the substrate after homogenization may increase the role of
diffusion of the enzyme and thus impede the efficient lipolysis. Also, the newly
formed interface formed under the influence of large shear forces during
homogenization may present a more compact structure. The slowest lipolysis
per unit of interfacial area in high pressure homogenized milk may support this
thesis. On the other hand a highest degree of dispersion of fat in this milk can
slow down the process of lipolysis. In this context, the degree of dispersion in
raw milk should perhaps be considered optimal for effective lipolysis.

After homogenization the increased surface area, besides fragments of native
milk fat membrane (which are insufficient), is covered by other surface active
particles, mainly casein and whey proteins. These proteins may be more difficult
to remove from the interface and reduce the lipase access to the substrate, as
demonstrated in other studies (Malaki Nik 2011, SARKAR et al. 2010). All of this
points to the complexity of the hydrolysis of milk fat in the gastrointestinal tract
and the need for further research in order to fully understand the role of the
interface in the digestion of fat.

Conclusions

1. The study showed a significant role of both the structure and available
interface in the process of milk fat digestion.

2. Homogenization of milk increases the release of fatty acids from the fat
globules, without significant differences between the low and high pressure
homogenization.

3. Given the available interfacial area lipolysis occurred most efficiently in
the case of raw milk and native milk fat globules, which may indicate the
compatibility of the milkfat globule membrane and the lipase-colipase-bile salts
system.

Translated by JOANNA MOLGA
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