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Phospholipase A1 were shown to improve foaming properties of skim milk and whey, implying that
phospholipases can be useful tools for modifying the functionality of dairy products and ingredients.
The ability of three fungal phospholipases and porcine pancreatic phospholipase A2 to hydrolyze
milk phospholipids was investigated by using sodium deoxycholate-solubilized milk phospholipid and
whole milk. The enzyme with the highest activity in milk was Fusarium venenatum phospholipase
A1. Milk and whey were subsequently characterized using tensiometry and interfacial shear rheology.
The lysophospholipids released from the fat globule membrane decreased the surface tension of
skim milk and whey. A dramatic decrease in the surface shear viscous and elastic moduli indicated
a shift from a protein-dominated to a surfactant-dominated interface. The surface shear moduli did
not correlate with the foam stability, which was improved by phospholipase A1.
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INTRODUCTION

Phospholipids are natural emulsifiers, found within the
biological membranes of all living organisms and contributing
to the properties of many food materials due to their surface-
active character. Commercially used phospholipid emulsifiers
are mainly obtained as a byproduct from vegetable oil refining
and are widely used as an additive in various processed foods
to stabilize emulsions alone or together with proteins (1).
Phospholipids can be modified enzymatically using phospho-
lipases to yield lysophospholipids, which are more water-soluble
and provide improved functionality in some applications, e.g.,
in margarines and heat-treated emulsions (2, 3). Phospholipases
can also be employed for modification of phospholipids directly
in different food materials during processing, to improve the
stability of emulsions (4-6) or to reduce or replace emulsifiers
and chemical stabilizers (7) due to enzymatic lysophospholipid
formation in situ. The industrially relevant enzymes mostly
belong to the phospholipase A1 (PLA1) [E.C.3.1.1.32] or
phospholipase A2 (PLA2) [E.C.3.1.1.4] classes, according to
the specific cleavage of the ester bond at the sn-1 or sn-2
position of phospholipids, respectively. Both PLA1 and PLA2
catalyze the hydrolysis of a diacyl glycerophospholipid to a
lysophospholipid and a free fatty acid (FFA). Porcine pancreatic

PLA2 (PpPLA2) has been employed in industrial applications
for decades (7, 8) and has been characterized in most detail
(8-11). Recently, fungal enzymes with PLA1 and PLA2 activity
have been cloned and are now commercially available
(12-16), but the fungal PLA2s and in particular PLA1s have
not been extensively characterized (8).

Milk contains approximately 0.01-0.03% (w/w) phospho-
lipids, of which phosphatidylcholine (PC), phosphatidyletha-
nolamine (PE), and sphingomyelin (SPH) together make up 80-
90% (17-19). The rest consists of phosphatidylserine (PS) and
phosphatidylinositol (PI). Despite the modest concentration, the
phospholipids have a critical role in stabilizing milk fat globules
against coalescence. They are major constituents of the complex
milk fat globule membrane (MFGM) but are also found in milk
serum, in particular in processed milks due to release of MFGM
from the fat globules by mechanical treatments such as pumping
and homogenization (20). The serum phospholipids form
vesicular structures, which have been isolated from the serum
phase of heat-treated cream (21).

Recently, PLA1 has been introduced as a potential processing
aid in cheesemaking (22), and a significant increase of cheese
yield on a pilot as well as on an industrial scale was reported,
when milk was hydrolyzed byFusarium VenenatumPLA1
(FvPLA1) prior to rennet coagulation (23, 24). The yield
increase was due to improved fat and moisture retention and
was related to increased lysophospholipid retention in cheese
curds, suggesting interactions of lysophospholipids with the
protein matrix. Havn and co-workers (25) observed increased
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thermal stability and improved foaming of a phospholipid-
containing whey protein concentrate solution after treatment with
various phospholipases, suggesting a broader potential for
phospholipases in dairy applications. However, at present, few
published data are available on the ability of different phos-
pholipases to hydrolyze milk phospholipids. The literature has
mostly been concerned with phospholipase C (PLC) from
psychrotropic spoilage bacteria (26-28), which catalyzes a
different reaction from PLA1 and PLA2, as the cleavage occurs
at the phosphate ester bond at the sn-3 position.

We have investigated the ability of four phospholipases
(FvPLA1, two fungal PLA2s, and PpPLA2) to hydrolyze milk
phospholipids and evaluated the usefulness of a titration assay
to predict activity in situ in milk. To gain understanding on
how phospholipases act to alter the functionality of milk-based
ingredients, we further investigated the effect of a selected
phospholipase on the physical characteristics of milk. In
particular, we have focused on the air-water interfacial proper-
ties, which are closely related to the foam formation and
stability. The ability of solutions to form foams has been related
to the rate of lowering of surface tension, while the stabilization
of foams against coalescence depends on the properties of the
absorbed layer at the air-water interface (29). We compared
the surface tensions of phospholipase-treated milk and whey
and used surface shear rheological measurements to characterize
the mechanical properties of the air-skim milk and air-whey
interfaces. The results are discussed in relation to the foaming
properties of the samples.

MATERIALS AND METHODS

Materials. Purified PpPLA2 (Lecitase 10L), FvPLA1 (YieldMAX
PL), and the experimental enzymesAspergillus oryzaePLA2 (AoPLA2)
andTuber borchiiPLA2 (TbPLA2) expressed inA. oryzae(16) were
from Novozymes A/S (Bagsværd, Denmark). Activities and protein
concentrations of the enzyme preparations are presented inTable 1.
One unit of phospholipase activity was defined as 1µmol/min fatty
acids released at 40°C, pH 8.0, using soybean phospholipid substrate
(72.8% w/w phospholipids, Sigma, St. Louis, MO). The activities were
determined using a PpPLA2 standard with a defined activity. Unho-
mogenized whole milk was purchased from the local supermarket. Raw
milk was from Arla Foods Brabrand Dairy (Brabrand, Denmark).
Sodium azide was purchased from Sigma. Milk phospholipid concen-
trate (71.6% w/w phospholipids) was kindly donated by Arla Foods
Ingredients (Nr. Vium, Denmark). Fatty acid free milk phospholipid
hydrolysate was prepared by hydrolyzing milk phospholipid concentrate
with PpPLA2 and separating the phospholipids by preparative chro-
matography using unmodified silica column. The hydrolysate was
applied onto the column dissolved in hexane. After elution of the
column with hexane, ethylene chloride, and acetone:hexane:acetic acid:
triethylamine (897:70:18:15) to remove FFA and other minor lipid
components, the lysophospholipids were eluted with methanol.

Degree of Hydrolysis (DH).Milk was preheated to 35°C for 15
min and was incuated with varying enzyme dosages for 30 min. Each
enzyme concentration, including control without enzyme, was prepared
in duplicate. The reaction was stopped by addition of the extraction
solvent chloroform:methanol (2:1). The samples were extracted twice,
and the combined extracts were evaporated to dryness in a rotary

vacuum evaporator, dissolved in chloroform, and applied on Bond-
Elut NH2 solid-phase extraction columns (Varian, Lake Forest, CA).
The columns were washed with hexane, chloroform:2-propanol (2:1
v/v), and 2% acetic acid in ether, to remove neutral fat and FFA,
respectively. Phospholipids were eluted with methanol, dried under a
stream of nitrogen, and dissolved in 2:1 chloroform:methanol. Subse-
quently, the sample was analyzed by high-performance liquid chro-
matography according to the method described by Sas et al. (30) with
minor modifications. Quantification was performed using standard
curves, which were prepared using pure egg L-R-PC, 1-palmitoyl-2-
oleoyl-PE, 1-palmitoyl-2-hydroxy-PC (lysophosphatidylcholine, LPC),
1-palmitoyl-2-hydroxy-PE (lysophosphatidyl ethanolamine, LPE), and
milk SPH from Avanti Polar Lipids, Inc. (Alabaster, AL). The DH of
vesicular milk phospholipids was determined according to the same
procedure. Milk phospholipids (200µg/g) were suspended in 20 mM
sodium phosphate, pH 6.8, and sonicated until suspension was clear,
before addition of 6.3 mM CaCl2.

Hydrolytic Rates. The rate of milk and soy phospholipid hydrolysis
was determined by titration of FFA at 40°C, pH 8.0, using a VIT90
Video Titrator (Radiometer, Copenhagen, Denmark). Enzyme samples
were diluted in demineralized water. Twenty-five milliliters of the
prewarmed substrate solution, containing 15 g/L phospholipid concen-
trate, 3.1 mM sodium deoxycholate, and 6.3 mM CaCl2, was adjusted
to pH 8.0 by addition of 0.1 M NaOH. The reaction was started by
adding 1 mL of enzyme solution into the substrate solution, and the
release of FFA was followed during 2 min by the addition of 0.1 M
NaOH. Each sample was measured in duplicate. The amount of FFA
released per minute was calculated based on the NaOH consumption,
using the linear part of the titration curve.

Particle Size Distribution. The particle size distribution in milk
samples was determined by Malvern Mastersizer Microplus (Malvern
Instruments Ltd., Malvern, United Kingdom). Particle refractive index
1.4700 (real part), 0.0100 (imaginary part), and dispersant refractive
index 1.33 were used. The data were fitted to a polydisperse model,
and the residual was under 2%. Each sample was measured in four
replicates.

Isolation of MFGM. MFGM was isolated from freshly collected
unpasteurized bovine milk according to the procedure described by
Hvarregaard et al. (31). The MFGM isolate was suspended in 50 mM
NH4HCO3, pH 7.2, and the protein composition was analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The
gels were stained with periodic acid-Schiff reagent (PAS) and
Coomassie Blue according to standard procedures.

Preparation of Skim Milk Samples. Unhomogenized, pasteurized
(74 °C, 15 s) whole milk was prewarmed to 35°C in a water bath for
15 min. Sodium azide (0.1%) was added to prevent microbial growth.
FvPLA1 (50 U/g milkfat) was added, and the milk was incubated with
gentle stirring at 35°C for 30 min, corresponding to conditions allowing
maximum DH, and subsequently cooled to 4°C. Fat was separated by
centrifugation (3000g, 20 min, 4°C), and the skim milk was filtered
through glass wool and a paper filter (Whatman, Brentford, United
Kingdom). The samples were tempered to 22°C, and the surface
tension, surface shear rheological parameters, and foaming were
analyzed within 24 h after preparation.

Preparation of Whey Samples.Whey was obtained from pilot scale
manufacture of low moisture part skim Mozzarella cheese (Chr. Hansen
A/S, Hørsholm, Denmark). The manufacturing process is described in
detail elsewhere (23). Four 150 L cheese vats were prepared from
semiskim milk: two control vats and two vats with FvPLA1, using
the dosage 5 U/g milkfat. The whey was passed through a fine sieve
and frozen immediately after collection. Upon defrosting, sodium azide
(0.1%) was added to prevent microbial activity. The samples were
centrifuged to remove fine precipitate (3000g, 20 min, 4°C), and the
supernatant was filtered through glass wool and a paper filter (What-
man). The samples were tempered to 22°C, and the surface tension,
surface shear rheological parameters, and foaming were analyzed within
24 h after preparation.

Compositional Analysis. The protein content of skim milk was
calculated based on the total nitrogen content, determined by LECO
FP-528 nitrogen analyzer (Leco Corp., St. Joseph, MI), using factor
6.38× N. Each sample was analyzed in eight replicates. The fat content

Table 1. Enzyme Preparations Used in the Study

origin specificity abbreviation
activity
(U/mL)

protein content
(mg/mL)

A. oryzae A2 AoPLA2 995 3.3
F. venenatum A1 FvPLA1 6040 12.3
porcine pancreas A2 PpPLA2 10030 27.4
T. borchii A2 TbPLA2 5810 4.7
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of skim milk and whey and the protein content of whey were determined
by MilkoScanTM FT-120 (Foss Electric A/S, Hillerød, Denmark),
calibrated using relevant International Dairy Federation reference
methods (IDF 20 B,1D and 21B).

Phospholipid Analysis.The phospholipid content of milk and soy
phospholipids and whey was analyzed by 31P-nuclear magnetic
resonance (NMR) after extraction of the freeze-dried samples with 1:1
chloroform:methanol. The dried extracts were dispersed in 2 mL of
1:2 methanol:CDCl3 and were shaken shortly with Cs-EDTA (0.2 M,
pH 7.5). The separated organic phase was analyzed as described by
Meneses and Glonek (32). Triphenylphosphate was used as an internal
standard. The analysis was performed by Spectral Service GmbH
(Cologne, Germany).

Surface Tension.The surface tension of skim milk and whey was
measured using a Sigma 703 tensiometer (KSV Instruments Ltd.,
Helsinki, Finland) equipped with a Wilhelmy plate, which was cleaned
by heating it in a flame until glowing prior to each measurement.
Changes in surface tension were measured in a thermostated room at
22 °C for 120 min. Milk hydrolysis was performed on five independent
days, and each sample was measured in duplicate. Whey from each
cheese vat was measured in duplicate.

Surface Shear Rheology.A Camtel CIR-100 interfacial rheometer
(Camtel Ltd., Royston, United Kingdom) was used for measuring
surface shear viscous modulus (η) and surface shear elastic modulus
(E) of the skim milk-air and whey-air interfaces. A 15 mL aliquot
of skim milk or whey was dispensed in a 43 mm sample dish, and a
13 mm platinum De Noüy ring, cleaned by heating it in a flame until
glowing prior to each measurement, was placed at the air-water surface.
Prior to each measurement, a reference curve with demineralized water
was recorded for 20 min, employing an oscillation frequency of 5 Hz
and a strain amplitude of 2000µrad.E andη were monitored for 12 h
at 22 °C employing the same frequency and strain amplitude. Each
measurement was performed in duplicate.

Foaming. Foaming was investigated using the conductometric
method described by Clark et al. (33). In brief, 2 mL of sample solution
was transferred into a jacketed glass vessel with a diameter of 0.85
mm, and foam was produced by sparging prehumidified nitrogen
through the sample via a microscopic orifice in the bottom of the vessel.
Conductivity was measured across two platinum electrodes situated in
the inner walls of the vessel, 3.5 cm above the orifice, using a
conductivity meter. Once the foam had reached the predetermined height
of 5 cm, the nitrogen flow was turned off and the conductivity was
measured for 10 min. The measurements were made at 22°C and
performed in triplicate. The initial conductivity was used as a measure
of foamability. The foam stability was determined as the ratio of
conductivity after 10 min relative to initial conductivity.

RESULTS AND DISCUSSION

Hydrolysis of Milk Phospholipids. When added to unho-
mogenized whole milk, each of the tested phospholipases
transformed PE and PC to LPE and LPC, respectively, while
none exhibited any activity toward SPH. Thus, the enzymes
appeared to be specific to glycerophospholipids and the unability
to hydrolyze SPH can be attributed to its sphingosine backbone.
The glycerophospholipids PI and PS were hydrolyzed to some
degree, but because of their low amounts in milk, the extent of
hydrolysis could not be quantified. FvPLA1 hydrolyzed PE and
PC to higher degree than the other phospholipases: 69( 0.5
and 67( 1% of PE and PC were hydrolyzed, respectively
(Figure 1). In contrast, AoPLA2 only hydrolyzed approximately
10 and 20% of milk PE and PC, respectively, independent of
the enzyme dosage in the interval of 4-100 U/g milkfat.
TbPLA2 and PpPLA2 showed intermediate DH in the tested
concentration range: At the highest used enzyme concentrations,
TbPLA2 hydrolyzed 51( 3% of PE and 59( 3% of PC, while
PpPLA2 hydrolyzed 62( 5% of PE and 42( 1% of PC. The
pancreatic enzyme PpPLA2 showed a clear polar headgroup
preference to ethanolamine, while the fungal PLAs hydrolyzed

milk PE and PC to similar extents. Mammalian secreted PLA2s
have been found to preferentially hydrolyze PE in vesicles or
mammalian membranes (34-36), while homologous secreted
PLA2s from marine invertebrates (34) or snake venoms (37)
preferably hydrolyzed PC. Hydrophilic group specificity of
fungal phospholipases has not to our knowledge been reported
in literature.

It is remarkable that none of the tested enzymes hydrolyzed
100% of the PE or PC present in milk. Several alternative
explanations could be possible. It could be hypothesized that
acyl chain selectivity of the enzymes plays a role, and PC and
PE with specific fatty acids are left unhydrolyzed; however, in
general, the secreted PLA2, including PpPLA2, shows little fatty
acid discrimination (9). Alternatively, the phospholipids might
be partially protected by the complex multilayer structure of
the native MFGM. The MFGM contains a number of proteins
that are attached to the lipid membrane in different ways, many
of them heavily glycosylated (38). The proteins, glycosyl
moieties, or other unhydrolyzable membrane components may
pose a steric hindrance that leaves a part of the phospholipid
inaccessible to the enzymes, even in case the lysophospholipids
detach from the fat globule surface. Such a shielding effect of
proteins has been illustrated by prevention of PLC-mediated
hydrolysis of a dipalmitoyl PC monolayer by adsorbedR-lac-
talbumin (39). O’Mahony and Shipe (27) reported that PLC
hydrolyzed approximately 60% of phospholipids in milk but
90% when phospholipids were suspended in buffer. We also
investigated the DH of milk phospholipids in a sonicated
suspension, at the phospholipid concentration and pH corre-
sponding to whole milk. At enzyme dosages 0.35-17.6 U/mg
phospholipid (corresponding approximately to 2-100 U/g
milkfat), the DHs of PE and PC were in general higher as
compared to the values reached in whole milk at corresponding
enzyme dose (results not shown). These results may indicate
that unhydrolyzable MFGM components protect phospholipids

Figure 1. DH of phospholipids in whole milk. (A) PE and (B) PC. The
error bars represent the standard error of the mean of two replicates.
Closed spheres, FvPLA1; open spheres, TbPLA2; closed triangles,
AoPLA2; and open triangles, PpPLA2.
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from hydrolysis by steric hindrance. However, it should be noted
that the aggregation form of the substrate per se and the efficient
surface concentration of hydrolyzable phospholipids also strongly
influence interfacial kinetics of phospholipase reaction, and these
factors are different in the native MFGM and in the suspended
phospholipid vesicles (40).

The reaction rates obtained by titration of FFA using milk
phospholipid substrate are presented inFigure 2A, as a function
of the used enzyme concentration. By comparing the dose-
response curves of the four tested enzymes, it was seen that at
low enzyme concentrations (<9 µg/mL) TbPLA2 hydrolyzed
milk phospholipids at highest rate. However, at higher enzyme
concentrations, FvPLA1 showed significantly higher hydrolysis
rates as compared to the other three enzymes, reaching a
maximum rate of 16µmol FFA/ min at 66µg/mL. AoPLA2
hydrolyzed milk phospholipids at the lowest rate (3µmol FFA/
min at 500 µg/mL), while TbPLA2 and PpPLA2 showed
intermediate reaction rates in the tested concentration interval.
The differences in hydrolytic rates were unlikely to be due to
selectivity of the enzymes, as it was seen that all enzymes
hydrolyzed PC and PE but not SM in milk and in milk
phospholipid suspension. For comparison, hydrolytic rates were
also determined using soybean phospholipids as substrate
(Figure 2B). Interestingly, in this case, the rate vs enzyme
concentration curves of AoPLA2, FvPLA1, and PpPLA2
reminded each other in the tested concentration interval. FvPLA1
showed similar rates in both substrates, while the other enzymes
hydrolyzed soy phospholipids at higher rates as compared to
milk phospholipids. Both soy and milk substrates were presented

as mixed sodium deoxycholate bicelles (40), and thus, the
difference in hydrolytic rates can be attributed to the phospho-
lipid composition rather than physical aggregation form of the
substrate. Soy phospholipids consisted mainly of PC and PE
but also contained a considerable amount of phosphatidic acid
(PA) and a higher concentration of PI as compared to milk
phospholipids (Table 2). It is possible that the affinity of
TbPLA2, AoPLA1, and PpPLA2 to the substrate was increased
by the negatively charged PA and PI, while the affinity of
FvPLA1 was independent of the presence of these phospholip-
ids. It should also be noted that soybean phospholipids generally
contain more unsaturated fatty acids, especially 18:2, as
compared to milk phospholipids, so the possibility of fatty acid
selectivity cannot be excluded. Further study of the interfacial
kinetics of phospholipase hydrolysis of milk is necessary to
explain the different hydrolytic rates of the enzymes in milk
and soy phospholipid substrates.

When comparing the DH in milk with the hydrolytic rates
determined by the titration assay (Figures 1 and 2A), it was
apparent that the hydrolytic rates using milk phospholipid
substrate could predict the ability of the phospholipases to
hydrolyze phospholipids in situ in milk. The titration assay is
much faster and less laborious as compared to the determination
of DH in milk, and as such, it is more suited as a screening test
for selection of enzymes suitable for dairy applications. The
enzyme with the highest activity in milk, FvPLA1, was chosen
for further experiments where the effect of hydrolysis on a
number of milk properties was explored.

Stability of Fat Globules in Unhomogenized Whole Milk.
Phospholipase activity affects the constituents of the MFGM,
and this could have consequences for emulsion stability in milk.
Microbial PLC has been shown to induce coalescence of fat
globules in washed cream (28) but not in milk (27). However,
enzymatic hydrolysis by any of the phospholipases used in the
current study did not affect the physical appearance of whole
milk as determined by the eye; that is, no aggregation,
precipitation, or oil floatation (“oiling off”) was observed. The
particle size distribution in the FvPLA1-treated whole milk was
identical to untreated whole milk. This was the case even after
milk was acidified from 6.6 to 6.2 with lactic acid and stirred
vigorously at 35°C for 60 min to simulate cheese manufacturing
processing conditions (results not shown). Clearly, the applied
hydrolysis of MFGM phospholipids did not induce coalescence
of fat globules in whole milk. This result was in accordance
with our previously reported observations made using confocal
laser scanning microscopy, showing unchanged fat globule size
distribution in Mozzarella cheese curd manufactured from
FvPLA1-treated milk (23).

It has been suggested that surface-active compounds formed
as a result of the action of lipolytic enzymes on MFGM lipids
can lead to replacement of the original MFGM from the fat
globule surface (20). To investigate this, we isolated MFGM
from untreated and hydrolyzed raw milks and studied the protein

Figure 2. Hydrolytic rates of phospholipases measured by titration of
FFA at pH 8.0. (A) Milk phospholipid substrate and (B) soy phospholipid
substrate. The error bars represent the standard error of the mean of
two replicates. Closed spheres, FvPLA1; open spheres, TbPLA2; closed
triangles, AoPLA2; and open triangles, PpPLA2.

Table 2. Composition of Milk Phospholipid and Soybean Phospholipid
Used as Substrate in the Titration Assay

content (mol %) content (mol %)

soy MFGM soy MFGM

PC 31.7 22.9 PI 18.7 7.9
LPC 1.0 0 PS 1.2 5.5
PE 28.6 28.0 PA 10.6 0
LPE 0.8 0 LPA 0.6 0
APE 2.8 0 PG 1.8 0
SPH 0 35.8 DPG 1.3 0
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composition by native and reduced SDS-PAGE gels stained with
Coomassie blue or PAS reagent (not shown). Incubation of raw
milk at 35 °C for 45 min increased the casein content of the
MFGM isolate, but the increase was similar in untreated and
hydrolyzed milks. The protein compositions were also identical
otherwise, indicating that hydrolysis of milk phospholipids did
not lead to increased loss of MFGM proteins to serum (aqueous
phase) or significant attachment of other milk proteins on the
fat globules in raw milk. To summarize, despite the high extent
to which the MFGM phospholipid constituents were hydrolyzed,
the fat globules in hydrolyzed milk appeared to retain their
integrity and the original membrane protein composition.

Distribution of Phospholipids and Lysophospholipids
between Fat Globules and Skim Milk. In fresh raw milk,
approximately 80% of the lipid phosphorus is in the fat fraction,
and the rest is found in the aqueous serum (20). During storage
and processing, increasing amounts are found in the skim milk,
as MFGM becomes detached from the fat globules. In our
experiment, the PE and PC content of skim milk separated from
commercial unhomogenized whole milk with no enzyme
treatment was approximately 50-60% of the content in the
whole milk (Table 3). The higher amount of phospholipids in
the aqueous phase as compared to raw milk is likely to be the
consequence of milk cooling and processing at the dairy and
the applied sample preparation procedure. The control milk
samples were gently stirred at 35°C for 45 min, similar to the
enzyme-treated samples, and this procedure may have released
some of the MFGM phospholipids. Upon enzymatic hydrolysis,
a change in the partitioning of phospholipids between fat globule
membrane and skim milk could be expected, due to the
increased hydrophilicity of lysophospholipids as compared to
diacylglycerolipids. The more conical shape of the lysophos-
pholipid molecules as compared to the cylinder form of
diacylglycerolipids makes them more likely to form nonlamellar
structures and hence cause destabilization of membranes (41).
In skim milk separated from FvPLA1-treated whole milk (50
U/g milkfat, 30 min of incubation at 35°C), both LPC and
LPE were present in amounts comparable with the levels
detected in hydrolyzed whole milk, indicating that lysophos-
pholipids to a very large extent were released from the fat
globules.

Surface Properties.Foaming properties are closely related
to the mixture of surface-active molecules that are present in
the solution. In untreated skim milk and whey, casein and whey
proteins are the dominating surface-active components, respec-
tively. However, the hydrolysis of milk phospholipids by PLA1
or PLA2 results in the formation of small surface-active
molecules, i.e., lysophospholipids and fatty acids. These can
affect the foaming properties via changing the dynamic surface
tension and altering the composition and mechanical properties
of the adsorbed film at the air-water interface.

The surface tension of untreated skim milk decreased from
48 to 43 mN/m during the 2 h measurement, along with
adsorption of milk protein to the air-water interface (Figure
3). Whey from untreated vats showed a very similar behavior.
Sodium azide, which was added to prevent microbial growth,
did not affect the surface tension or other surface measurements.
Hydrolysis of phospholipids by FvPLA1 caused the skim milk
system to reach a stable equilibrium surface tension much more
rapidly, and the value of the equilibrium surface tension was
significantly lower as compared to the untreated skim milk
(Table 4). Whey from cheese vats made using hydrolyzed milk
decreased from 47 to 41 mN/m during the same period of time
and reached equilibrium slightly slower as compared to hydro-
lyzed milk but more rapidly as compared to untreated whey.
Thus, both in the skim milk and in the whey, phospholipase
treatment resulted in a more rapid decrease of surface tension.
The decrease of surface tension can be explained by the presence
of lysophospholipids, which are able to decrease surface tension
more rapidly and to lower values as compared to milk proteins.
The slightly higher equilibrium surface tension of FvPLA1 whey
as compared to the enzyme-treated skim milk and the slower
equilibration suggest that these variables were dependent on the
lysophospholipid concentration (Table 3). This was supported
by the fact that addition of FFA-free milk phospholipid
hydrolysate into the skim milk progressively decreased the
surface tension in the concentration interval 26-200 µg
lysophospholipids/g milk.

The mechanical properties of the air-water interfacial films
were studied using interfacial shear rheology. In untreated skim

Table 3. Phospholipid Content of Milk and Whey Samplesa

whole milk skim milk whey

treatments control FvPLA1 control FvPLA1 control FvPLA1

n 2 2 2 2 6 6
total fat (g/L) 39.7 ± 0.3 a 40.1 ± 0.1 a 1.04 ± 0.10 b 1.30 ± 0.20 b 1.35 ± 0.04 b 1.25 ± 0.04 b
PC (µg/g) 61.6 ± 1.5 a 9.9 ± 1.1 b 35.3 ± 9.4 c 4.9 ± 0.5 d 39.2 ± 3.6 c 6.9 ± 0.1 b
LPC (µg/g) ND 25.6 ± 3.4 a ND 22.7 ± 2.3 a ND 6.8 ± 0.1 b
PE (µg/g) 59.2 ± 0.5 a 14.6 ± 2.5 b 29.4 ± 5.3 c 8.21 ± 1.4 b 35.7 ± 2.9 c ND
LPE (µg/g) ND 20.7 ± 3.3 a ND 23.6 ± 2.9 a ND ND

a Skim milk was separated after incubation of whole milk with 50 units FvPLA1/g milkfat. Whey originated from Mozzarella cheese manufacture. Semiskimmed cheese
milk was hydrolyzed with 5 units FvPLA1/g milkfat. The values represent means of n replicates ± standard errors of the mean (values of n given in the table). Means in
a row without common letters differ (P < 0.05). ND, none detected.

Figure 3. Surface tension of skim milk and whey measured by Wilhelmy
plate method at 22 °C. The error bars show the standard error of the
mean of 7−9 replicates. Closed spheres, untreated skim milk; open
spheres, skim milk separated after FvPLA1 treatment; closed triangles,
untreated whey from Mozzarella production; and open triangles, whey
from Mozzarella production with FvPLA1.
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milk and whey, a surface film with measurable mechanical
resistance to shear deformation developed during the 12 h
measurement (Figure 4), concomitant with the adsorption of
milk proteins from the bulk to the air-water interface. In skim
milk, equilibrium values of shear elastic modulusE (24 mN/
m) and viscous modulusη (120µNs/m) were established much
faster as compared to whey, probably due to higher bulk protein
content (32.8( 1.0 g/L in skim milk and 8.6( 0.3 g/L in
whey, respectively). Although the fat content of the samples
was low (0.10( 0.02 and 0.13( 0.01% in skim milk and whey,
respectively), the higher fat/protein ratio of whey may explain
why theE andη remained lower than in skim milk during the
entire measurement period. The effect of FvPLA1 treatment on
the mechanical properties of the surface film was dramatic. In
phospholipase-treated skim milk, theE andη remained virtually
at zero during the 12 h measurement. In whey, the effect of
phospholipase was very similar; however,η started to increase
very slightly after 10 h of measurement.

These data clearly indicate that hydrolysis of milk by FvPLA1
brought about a shift in the characteristics of the air-water
interface. The native skim milk and whey show characteristics
of a typical protein-dominated system, developing an interfacial
film with considerable mechanical strength to resist shear
deformation. The mechanical strength of the air-water inter-
facial film depends on the inter-molecular cross-linking of the
protein molecules at the interface. However, the presence of
even small amounts of surfactants in a protein film can prevent
protein-protein interactions and thus drastically weaken the
strength of protein films (42,43). The lack of viscoelasticity in
the air-water interfacial films of the hydrolyzed skim milk and
whey samples strongly suggested that lysophospholipids and
maybe also FFA (or their salts) were present in the film.

Lysophospholipids are most likely the primary surface-active
component causing the change of surface characteristics of skim
milk and whey, rather than the FFA. This is because of the
higher aqueous solubility and thus higher bulk concentration
of lysophospholipids as compared to the long-chained fatty
acids. The latter are very sparingly soluble, even when they
exist predominantly as salts in the pH of milk and whey (20).
However, fatty acids may be solubilized to some extent in the
aqueous medium in the presence of lysophospholipids and may
have a modulating effect on the surface tension, decreasing it
to a larger extent than lysophospholipids alone (44). In addition
to “free” lysophospholipids and FFA, both of these may bind
to milk proteins and form surface-active complexes, which also
may compete for adsorption at the air-water interface.â-Lac-
toglobulin (â-lg) and bovine serum albumin are known to bind
fatty acids in the hydrophophobic binding pocket (45,46), and
binding of LPC with milk proteins has also been reported
(47-49).

Foaming.Foaming of skim milk and whey was investigated
by using microconductivity. This technique measures foam
density, which depends on the quantity of liquid entrained in
the foam lamellae and plateau borders (50). The drainage rate
from the lamellae determines the foam stability. The decrease
of foam conductivity with draining time is illustrated inFigure
5. The initial foam conductivity in skim milk was similar in
the untreated and hydrolyzed samples; however, the foam
formed in the hydrolyzed milk was significantly more stable as
compared to the control (Table 4). The untreated whey sample
did not form measurable foam even when nitrogen was passed
through the liquid for extended periods of time. In contrast, the
whey originating from FvPLA1-treated cheese milk could be
foamed up and formed a transient type of foam that rapidly
disappeared after gas flow was stopped. The poorer foaming
properties of whey as compared to skim milk are likely to be
related to the lower total protein content. Also, the higher fat/
protein ratio may play a role, as fat content of whey protein
concentrates has been found to negatively correlate with the
foaming properties (51).

Table 4. Surface and Foaming Properties of Skim Milk and Wheya

skim milk whey

treatments control FvPLA1 control FvPLA1

equilibrium surface tension (mN/m) 42.5 ± 0.3 a 37.8 ± 0.3 b 42.7 ± 0.1 a 40.9 ± 0.1 c
E after 12 h (mN/m) 23.67 ± 0.46 a 0.02 ± 0.10 b 6.12 ± 0.02 c −0.12 ± 0.14 b
η after 12 h (µN s/m) 117.6 ± 1.9 a 2.3 ± 0.4 b 76.0 ± 3.8 c 12.4 ± 0.6 d
initial conductivity (µS/cm) 450 ± 5 a 460 ± 6 a no measurable foam 300 ± 14 b
foam stability after 10 min (%) 24.1 ± 1.9 a 48.6 ± 1.7 b NA 4.0 ± 0.5 c

a Skim milk was separated after incubation with FvPLA1. Whey originated from Mozzarella cheese made from semiskimmed milk hydrolyzed with FvPLA1. The values
after the sign ± represent standard errors of the mean. Means in a row without common letters differ (P < 0.05). NA, not applicable.

Figure 4. Surface shear rheology of skim milk and whey. Two curves for
each sample are shown to illustrate repeatability. (A) Surface shear elastic
modulus E vs time and (B) surface shear viscous modulus η vs time.
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Initial foam formation has been related to the dynamic surface
tension, i.e., the rate of surface tension decrease (29). Although
the surface tension decrease was faster after FvPLA1 treatment
both in milk and in whey, only whey showed significantly
increased initial foamability. This may be explained by the
difference in time scales: The surface tensions were measured
at time scales of minutes while the adsorption of surface active
compounds onto nascent air bubbles occurs at time scales of
milliseconds. Rouimi et al. (52) have reported that at very short
time scales, milk proteins, especially caseins, adsorbed to air-
water surface faster as compared to sucrose ester (a low
molecular weight. This could possibly explain why additional
surfactant (lysophospholipid) does not significantly affect the
initial foam formation in skim milk. The protein composition,
not merely the total content, may also be important. In skim
milk, caseins contribute strongly to the initial foam formation,
while whey proteins, especiallyâ-lg, dominate in whey. Because
of their more disordered and flexible structure as compared to
the globular whey proteins, caseins adsorb faster to the surface
of nascent air bubbles. This was illustrated by Zhang et al. (53),
who showed that the protein adsorbed on air-water interfaces
of foam made of mixed milk proteins was primarily casein and
to lesser amount whey proteins. The adsorption of globular
proteins requires partial unfolding of the tertiary structure (53).
While the protein content and composition are most likely to
explain the differences in the foaming behavior of whey and
skim milk, the fat content, although this was low, could have
some importance. It could be suggested that the lysophospho-
lipids solubilize some of the lipids in micelles and in this way
remove the lipid from the surface. This could possibly improve
foaming in whey, which had a higher fat/protein ratio as
compared to skim milk.

The foam stability strongly depends on the characteristics of
the adsorbed surface layer. The coalescence stability of protein
foams has been correlated to the mechanical strength of the
adsorbed protein layer at the air-water interface (54). In
contrast, small molecular weight surfactants stabilize foams by
their high lateral mobility in the adsorbed film, which allows
rapid equalization of surfactant concentration gradients in the
film. These two mechanisms of foam stabilization are mutually
incompatible, and consequently, mixed surfactant-protein
systems often show reduced foam stability (29). However,
charged surfactants, in particular lysophospholipids, have also
been found to stabilize protein foams and emulsions. Sarker et

al. (47) showed that egg lyso-PC could stabilize aâ-lg foam
when the molar ratio of LPC toâ-lg was in the interval of 0.5-
7. Larger relative amounts of LPC caused foam destabilization.
The estimatedR in whey from FvPLA1-treated milk was 0.06,
when 50% of the whey protein is assumed to beâ-lg (55). This
was 1-2 orders of magnitude lower than the concentration ratios
needed for stabilization in the reported model system, and thus,
the low relative amount of lysophospholipids could explain the
small observed effect on foam stability in whey. In hydrolyzed
skim milk, the estimated ratio of LPC toâ-lg was 0.2 (based
on 12%â-lg in milk; 55), but taking LPE into account, the total
lysophospholipid:â-lg ratio was approximately 0.4. Interaction
of LPE with proteins may contribute to stabilization in a similar
way to LPC; however, to our knowledge, this has not yet been
investigated. Sarker et al. showed binding of egg-LPC toâ-lg
in bulk solution and suggested that foam stabilization was related
to complexation. Similarly, Wilde et al. (56) reported enhanced
foaming properties of the wheat protein puroindoline in the
presence of LPC and showed formation of a LPC-protein
complex. Increased thermal stability of emulsions made with
PLA2-hydrolyzed egg yolk has also been attributed to formation
of surface-active lysophospholipid-protein complexes at the
emulsion droplet interface (57,58). Also, not onlyâ-lg but also
caseins may interact with lysophospholipids, yielding surface-
active complexes, which could play a role in stabilization of
bubbles against coalescence (48).

The observed increased foam coalescence stability of the
hydrolyzed skim milk, where a mixture of milk proteins,
lysophospholipids, and fatty acids and probably also lipid-
protein complexes were present, did not correlate with the
reduced shear viscoelasticity of the mixed interfacial films of
these samples. The foam stabilization thus seems to occur via
a different mechanism than in pure protein films. Sarker et al.
(47) reported that addition of egg-LPC (R< 1) decreased surface
dilatational elasticity but increased the dilatational viscosity.
Also, Fruhner et al. (59) found by using oscillating bubble
technique at high frequencies that dilatational viscosity was
necessary to form foams formed from surfactant solutions.
However, these dilatational techniques are different from the
shear rheology, which was used in the current study, as they
measure a response to surface area change, while shear rheology
measures directly the strain resulting from applied mechanical
stress. Wustneck et al. (60) reported that the surface shear
viscosity progressively decreased upon addition of ionic sur-
factants inâ-lg andâ-casein solutions, also in the region where
adsorption of surface-active surfactant-protein complexes oc-
curred. It could be hypothesized that in skim milk, casein
initially adsorbs at the air bubble surface, but lysophospholipids
and surface-active lysophospholipid-protein complexes become
dominating rapidly after the foam is formed. Protein-protein
interactions are prevented by the lysophospholipids and lipid-
protein complexes, and foam stabilization thus occurs essentially
via similar mechanism as for small molecular weight surfactants.
The complex formation between milk proteins, lysophospho-
lipids, and FFA and the mechanisms leading to foam stabiliza-
tion need further investigation in a system where the concen-
trations of the different compounds can be controlled.

Our study shows that PLA1 radically changes the surface
properties of milk through release of surface-active lysophos-
pholipids from the MFGM and that the altered surface properties
have an impact on the functionality of dairy foods in practice.
The results indicate that phospholipase technology may offer
an interesting new tool for tailoring dairy products with altered
functionality, such as improved foam stability, and could

Figure 5. Foam stability of skim milk and whey, determined by conductivity
of the foam during 10 min of drainage. The lines represent averages of
4−7 measurements. The coefficient of variation was <10% for the FvPLA1-
treated skim milk sample and <30% for the whey and control skim milk
samples. The control whey did not foam and is not shown.
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partially or fully replace emulsifiers in applications where these
are traditionally added. Phospholipases may be applied directly
in the conventional production processes of dairy foods or may
have interesting perspectives in modification of milk or whey
fractions to yield dairy-based ingredients with novel functional
properties.

ABBREVIATIONS USED

â-lg, â-lactoglobulin; FFA, free fatty acid; DH, degree of
hydrolysis;E, surface shear elastic modulus;η, surface shear
viscous modulus; LPC, lysophosphatidylcholine; LPE, lyso-
phosphatidylethanolamine; MFGM, milk fat globule membrane;
NMR, nuclear magnetic resonance; PAS, periodic acid-Schiff
reagent; PC, phosphatidylcholine; PE, phosphatidylethanola-
mine; PI, phosphatidylinositol; PLA1, phospholipase A1; PLA2,
phospholipase A2; PLC, phospholipase C; AoPLA2,Aspergillus
oryzaePLA2; FvPLA1,FusariumVenenatumPLA1; PpPLA2,
porcine pancreatic PLA2; TbPLA2,Tuber borchiiPLA2; PS,
phosphatidylserine; SPH, sphingomyelin.
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