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Abstract Microbial lipases may be produced during milk
storage and processing. This can lead to organoleptic changes
in the corresponding dairy products. Thus, monitoring of li-
pase activity in milk is desirable. Turbidity of milk prevents a
direct photometric measurement of lipase activity using
chromophore- or fluorophore-based assays. Laborious pre-
treatments or alternative analytical methods normally have
to be used. With the method for the determination of lipolytic
activity (MeDeLi) proposed here, it is possible to measure
lipase activity directly in the natural milk utilizing tailored
fluorometric substrates. Only a defatting step is carried out
initially for the MeDeLi. Then, the conversion of added lipase
substrate is carried out in the unmodified milk without addi-
tion of any solutions or any enzyme extraction procedure
which may influence the enzyme activity. Thereafter, the milk
sample is treated with two solutions to remove the turbidity of
milk by dissolution. A valid and sensitive fluorometric mea-
surement is then possible. The applicability of the MeDeLi
was demonstrated in comparison with tests published previ-
ously: The limit of detection for lipolytic activity measured by
MeDeLi was the lowest, with 41 pkat/mL. Raw milk, milk
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products, and spoiled milk samples were also investigated
with the MeDeLi.

Keywords Milk - Lipase - Test system - Clarification -
Enzyme activity - Milk analysis - Biotechnology

Introduction

The hydrolysis of milk triacylglycerols (lipolysis) by lipases
generates not only desirable flavors but also off-flavors. In
general, short-chain fatty acids (SCFAs, C4:0 to C8:0) give
sharp flavors, while medium-chain fatty acids (MCFAs, C10:0
and C12:0) give a soapy taste and long-chain fatty acids
(LCFAs, C14:0 to C18:0) are not flavor intensive (Chen
et al. 2003). Additionally, free fatty acids (FFAs) also serve
as precursors for other flavor compounds, such as 3-keto
acids, methyl ketones, esters, and lactones (Chen et al.
2003). Off-flavors, such as rancid, bitter, soapy, and astrin-
gent, can be caused by lipolysis of the milk fat (Fox 2006).
An increased concentration of FFAs produced by lipases is
recognized as a rancid taste (Antonelli et al. 2002). Bovine
milk contains 37 to 41 g/L lipids (Jensen et al. 1991). The
threshold levels tolerated for MCFA and SCFA are about
8 mg/L (lauric acid) to 25 mg/L (butyric acid) (Chen et al.
2003). Since lipases in milk are responsible for an increased
FFA concentration, the lipase activity is directly correlated to
the sensory quality and the storage stability of milk (Muir
1996). Natural, indigenous milk lipase and endogenous li-
pases of microbial origin can cause lipolysis of milk
(Antonelli et al. 2002; Blake et al. 1996). The indigenous milk
lipase activity is almost inactivated by the heating process, but
heat-resistant microbial lipases from psychrotrophic bacteria
may resist pasteurization and ultra-high temperature (UHT)
treatment (Antonelli et al. 2002). Even low remaining lipase
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activities can cause off-flavors in milk products (Blake et al.
1996). A study by Celestino et al. (1997), for example,
showed that milk powder from stored raw milk (4 °C, 48 h)
had a higher amount of FFA than that from freshly produced
raw milk.

One way to determine lipolysis is the measurement of the
FFAs released. The routine analysis is the determination of FFAs
in milk by solvent extraction methods and subsequent titrative
measurements (Verband Deutscher Landwirtschaftlicher
Untersuchungs- und Forschungsanstalten (VDLUFA) 1985;
Bulletin of the IDF No. 265/1991 1991). The recoveries of
FFAs by these methods are not ideal, which leads to an under-
estimation of the actual levels of FFAs, especially for SCFAs
(Bulletin of the IDF No. 265/1991 1991), and, therefore, an
underestimation of lipase activity by calculations from the
FFA content also occurs. The determination of FFAs by gas
chromatography is also used but has the limitations that the
FFAs have to be extracted and derivatized before measurement
and the laboratory has to be equipped with the device to do this
(Deeth et al. 1983). A further approach for the estimation of
lipase activity in milk is the turnover of chromogenic (Humbert
et al. 1997; Shirai et al. 1982) or fluorogenic substrates (Stead
1984). Most of these assays include a laborious sample prepa-
ration with several experimental steps for the determination of
lipase activity from complex samples, such as milk. Moreover,
most assays reported harbor the problem of interference with
milk lipids during the assay procedure (Blake et al. 1996). In
order to prevent this, a complete removal of the fat has to be
carried out before determination of the lipase activity.

A reliable test system for the determination of the lipase
activity is desirable to monitor and guarantee the quality of
milk products. This is becoming more and more relevant,
since storage periods of raw milk are increasing due to the
centralization of the dairy industry and the demand for milk
products with extended shelf life (Stepaniak 2002).

The aim of this study was the development of a fast, robust,
and valid assay for the direct determination of lipase activity in
milk and milk products. It is of utmost importance that the
measurement of lipolytic activity is carried out in the original
milk environment and not in modified systems which might
influence the enzyme activity. Therefore, in contrast to other
assays, the method for determination of lipolytic activity
(MeDeLi) proposed should allow the direct determination of
lipase activity in milk samples with a limited number of pro-
cedure steps by the utilization of standard lab equipment.

Materials and Methods
Chemicals, Samples, and Enzymes

All chemicals were of analytical grade or higher. Chemicals
were purchased from AppliChem (Darmstadt, Germany), Carl

Roth (Karlsruhe, Germany), Merck (Darmstadt, Germany),
Santa Cruz Biotechnology (Dallas, TX, USA), or Sigma-
Aldrich (St. Louis, MO, USA).

Raw cow’s milk was obtained from the university-
owned Agricultural Experiment Station. Commercial
milk from cows or goats was obtained from a local
supermarket: 1.5 % fat, MF (pasteurized, homogenized,
microfiltered milk with 1.5 % fat; Frische Weidemilch,
Schwarzwaldmilch, Freiburg, Germany); 1.5 % fat, UHT
(homogenized, UHT treated milk with 1.5 % fat;
Haltbare Alpenmilch, Molkerei Weihenstephan, Freising,
Germany); 3.5 % fat, UHT (homogenized, UHT treated milk
with 3.5 % fat; Haltbare Alpenmilch, Molkerei
Weihenstephan, Freising, Germany); 3.8 % fat, MF (pasteur-
ized, homogenized, microfiltered milk with 3.8 % fat; Frische
Bio-Vollmilch, Schwarzwaldmilch, Freiburg, Germany);
0.3 % UHT (homogenized, UHT treated milk with 0.3 % fat;
EDKA, Hamburg, Germany); and 1.5 % goat UHT (homog-
enized, UHT treated goat’s milk with 1.5 % fat (Haltbare
Ziegenmilch, Andechser Molkerei Scheitz, Andechs,
Germany).

Preparations of Burkholderia cepacia lipase (BcL),
Pseudomonas fluorescens lipase (PfL), and Candida
antarctica lipase B (CalLB) were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Preparations of secretory li-
pases from Stenotrophomonas chelatiphaga (ScL) and
Pseudomonas panacis (PpL) were prepared by cultivating
these microorganisms, which had been previously isolated
from raw milk (von Neubeck et al. 2015). Cultivation was
carried out in 100 mL of 10 %(v/v) milk in baffled shaking
flasks (500 mL) at 30 °C and 120 rpm (TR-250, Infors,
Bottmingen, Switzerland) for 2 days. The supernatant contain-
ing lipase was obtained by centrifugation (8000g, at 4 °C for
20 min).

MeDeLi in Original Milk Composition of Solutions

Three distinct solutions were necessary for the MeDeLi. A
stop and a neutralizing solution were prepared to clarify the
milk. The stop solution was composed of guanidine hydro-
chloride (8 M; carbamimidoylazanium chloride, GuHCI) and
HCI (1 M) in water. For dissolution of GuHCI, the solution
was kept at 40 °C for 30 min prior to the addition of HCI. The
neutralizing solution was composed of Bis-tris (1 M;
bis(2-hydroxyethyl)amino-tris(hydroxymethyl)methan),
NaOH (850 mM), and EDTA disodium salt (250 mM;
ethylenediaminetetraacetic acid disodium salt) in water.
The synthetic substrates 4-methylumbelliferyl butyrate
(4-methyl-2-ox0-2H-chromen-7-yl butyrate, 4-MUB)
and 4-methylumbelliferyl laurate (4-methyl-2-oxo0-2H-
chromen-7-yl dodecanoate, 4-MUL) were dissolved at
a concentration of 10 mM in 2-propanol for the mea-
surement of lipase activity.
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Experimental Procedure for the MeDeLi

The MeDeLi includes the following steps (Fig. 1): First,
the milk sample (1.2 mL) was centrifuged at 20,000g at
4 °C for 10 min to remove the milk fat. From this
sample, 250 pL defatted milk (bottom phase) was pipet-
ted into a new reaction tube. Afterward, the original
defatted milk sample was preincubated at 800 rpm at
40 °C in a ThermoMixer (Eppendorf, Hamburg,
Germany) for 5 min. The measurement of lipase activity
was started by the addition of 25 pL substrate solution.
After a defined time period (5 min if not stated other-
wise), the reaction was stopped by the addition of
150 uL stop solution. After a short mixing, the solution
was neutralized and clarified by the addition of 100 puL neu-
tralizing solution. Next, the fluorescence released was deter-
mined at the excitation at 355 nm and emission at 460 nm for

Fig. 1 Workflow of the test
procedure for the method for
determination of lipolytic activity
(MeDelLi) in milk: Milk fat is
removed by centrifugation to
avoid competing lipase
substrates. Conversion is carried
out in genuine milk using
synthetic substrates. After adding
stop solution and neutralizing
solution, the concentration of the
fluorophore released is

the two substrates (4-MUB and 4-MUL). For this,
105 pL of the clarified test sample was transferred into
a microtiter plate and measured with a fluorimeter
(Fluoroskan Ascent, Thermo Fisher Scientific, Waltham,
MA, USA). For milk samples containing an initial fat content
higher than 1.5 %, a residual turbidity after addition of the
neutralizing solution occurred. In this case, a second centrifu-
gation step (20,000g at 4 °C for 3 min) was carried out to
clarify the sample.

The measurement of blank values in the assay was
achieved by adding the stopping solution to the milk sample
before adding the substrate to the tube.

A calibration curve at concentrations between 0 and
110 uM 4-methylumbelliferone (7-hydroxy-4-methyl-2H-
chromen-2-one, 4-MU) in clarified milk was prepared to cal-
culate the enzyme activity. One katal lipase activity is defined
as the release of 1 mol 4-MU within [ s.

milk
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y
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determined 5 min preincubation at 40 °C
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Y
conversion by potential lipolytic enzymes
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Comparative Assays for the Measurement of Lipase
Activity

Lipase Measurement by 4-Methylumbelliferyl Esters
(Biochemical 4-MU Reference Assay)

Assays published previously also utilized 4-MUB and 4-
MUL for the measurement of lipase activity in defined
buffer systems (De Monpezat et al. 1990; Jacks and
Kircher 1967; Roberts 1985). Milk samples cannot be
measured directly with these assays. For this reference
assay, the substrates 4-MUB and 4-MUL were prepared
as 10 mM stock solutions in 2-propanol. The assay was
carried out in microtiter plates. An amount of 80 uL
MU buffer (250 mM MOPS (3-morpholinopropane-1-sulfon-
ic acid), 100 mM NacCl, and 10 % (w/v) Triton X-100 (O-[4-(1,
1,3,3-tetramethylbutyl)phenoxy]polyethoxyethanol); pH 6.7)
were added to 100 puL lipase sample and preincubated in the
temperature-controlled fluorimeter at 40 °C for 5 min. The
reaction was started by the addition of 20 puL substrate solu-
tion. Fluorescence was recorded continuously at an excitation
of 355 nm and emission at 460 nm for 10 min. The blank
values were measured by replacing the enzyme sample with
MU buffer.

A calibration curve at concentrations between 0 and
110 uM 4-MU in MU buffer was prepared for the calculation
of the enzyme activity. Therefore, one katal lipase activity is
defined as the release of 1 mol 4-MU within 1 s.

Lipase Measurement by Tributyrin Hydrolysis (pH-stat
Procedure)

The titrative pH-stat procedure is well established for lipase
measurements (Cherry and Crandall 1932; Hoppe and
Theimer 1996). An emulsion of tributyrin (1,3-
di(butanoyloxy)propan-2-yl butanoate) was prepared for this
assay. During continuous stirring of 50 mL water, 1.0 g gum
arabic and 2.5 mL tributyrin were mixed. Thereafter, emulsi-
fication was carried out by mixing at 9500 rpm for 7 min
utilizing an Ultraturrax (T25, S 25 N - 18 G, IKA-
Werke, Staufen, Germany). The emulsion was continu-
ously stirred and 20 mL was used for one enzyme ac-
tivity measurement. For this assay, 100 uL of enzyme
solution was added to the prepared substrate emulsion,
and the pH was kept constant at pH 6.7 by automatic titration
of 10 mM NaOH via a pH-stat titrator (TitroLine alpha,
Schott-Gerite, Hotheim am Taunus, Germany) at 22 °C over
a time span of 5 min.

The lipase activity was calculated by determination of the
amount of NaOH which was necessary to neutralize the bu-
tyric acid released. One katal is defined as the release of 1 mol
butyric acid per 1 s.

Titrimetric Measurement of Free Fatty Acids in Milk (Method
Afier Deeth)

A method for the determination of FFA is the discontinuous
titration method after Deeth (Verband Deutscher
Landwirtschaftlicher Untersuchungs- und
Forschungsanstalten (VDLUFA) 1985). The method is widely
used in milk analysis. In this study, the titrimetric method has
been adapted to measure lipase activity. For the measurement
of FFA, a milk sample (5 mL) was mixed with 10 mL of a
mixture of 2-propanol/petroleum benzine/sulphuric acid
(40:10:1), 6 mL petroleum benzine (30-60 °C), and 4 mL
water. The mixture was shaken for 15 s and stored for
15 min to achieve a phase separation. An amount of 5 mL
from the upper phase was transferred into an Erlenmeyer
flask. To the latter, 1 mL 2-propanol and three drops of a
methanolic phenol red (4,4-(3H-2,1-benzoxathiol-3-
yliden)bisphenol-1,1-dioxid) solution were added prior to ti-
tration with 10 mM KOH in ethanol. Titration was stopped
when the indicator turned a pink color.

The enzyme conversions were carried out before titrative
FFA measurement for the adapted lipase activity measure-
ment. Lipase preparation was added to a 5 mL milk sample.
This milk sample was incubated at 40 °C for a reaction time of
5 min. Thereafter, the reaction was stopped by the addition of
a mixture of 2-propanol/petroleum benzine/sulphuric acid,
and fatty acid extraction was carried out (see above).

Similar to the activity definition for the pH-stat method,
one katal is defined as the release of 1 mol of fatty acid within 1 s.

Statistics and Estimation of the LOD and LOQ

All enzymatic assays and analytic measurements were per-
formed in triplicate, at least. The limit of detection (LOD)
and the limit of quantification (LOQ) were evaluated accord-
ing to DIN ISO 5725-2 and DIN 32646 (Gey 2008). Thus, the
LOD of'the assay is defined as six times the standard deviation
of'the blank values. The LOQ was calculated by the nine times
the standard deviation of the blank values. Statistic analyses,
calculations, and visualizations were carried out using
SigmaPlot 12 (Systat Software, San Jose, CA, USA) or
Microsoft Office Excel 2007 (Microsoft Corporation,
Redmond, WA, USA).

Results and Discussion
Method for the Determination of Lipolytic Activity
in Milk by the Conversion of Fluorogenic Substrates

and Milk Clarification

A method for the determination of lipolytic activity in milk
samples (MeDeLi) was developed. Therefore, the conversion
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of specific fluorogenic substrates (4-MUB and 4-MUL) was
carried out in unmodified milk. This was followed by a clar-
ification process, which was the essential step for spectropho-
tometrical determination of the lipolytic activity.

In the development of MeDelLi, it was considered that for
every enzyme activity measurement it is indispensable to take
account of environmental effects influencing the measured
activity. The enzyme activity is dependent on the matrix
which may inhibit or activate enzymes by the presence of
divalent ions, other proteins, pH, or substrates or products
present. Therefore, the MeDeLi was designed in such a way
that the enzymatic conversion is carried out in the unmodified
milk sample without any enzyme extraction procedure. This
has the advantage that the lipolytic activity is measured under
natural matrix conditions and not in clean biochemical buffer
systems, which would create a synthetic environment which
may manipulate the lipase performance. The matrix effects are
enzyme-specific (Gupta et al. 2004) and unpredictable.

A centrifugal removal of fat is the first step of the MeDeLi
(Fig. 1). This step is essential for obtaining valid lipolytic
activities, because persisting milk fat would compete with
the 4-MUX substrates added and, thus, result in apparently
lower lipase activity. The utilization of 4-MUX substrates,
which are commercially available with several different fatty
acids of various chain lengths (De Monpezat et al. 1990; Jacks
and Kircher 1967), allows the adaptation of the MeDeLi to
lipases with different substrate spectra. Within this study, 4-
MUB (C4) and 4-MUL (C12) were shown to be suitable.

The temperature of the lipase assay was set at 40 °C, which
is a compromise between exaggerated enzyme activity and
potential inactivation of the enzymes at increased temperature.
Thus, the mesophilic temperature may contribute to a sensi-
tive lipase activity measurement.

The enzymatic conversion of the substrates (4-MUB and 4-
MUL) in the milk sample was terminated by the addition of
the stop solution at a defined time span (Fig. 1). The stop
solution shifts the pH of the milk sample to a pH<2. The shift
of the pH and the chaotropic effect of GuHCI lead to a dena-
turation of lipases and, thus, a stopping of the enzyme conver-
sion at the time of the addition of the stop solution. The shift of
the pH does not destroy the reaction product 4-MU, which is
the fluorophore measured later. Constant fluorescence values
were recorded for 50 min (fluorescence constant in the range
of +4 %) in milk with added stop solution. The substrate (4-
MUL) was also stable against acidic hydrolysis. The initial
background fluorescence increased by about 10 % within
10 min, at 40 °C. This allowed a series of conversions to be
carried out in parallel before adding the neutralizing solution.
The neutralizing solution leads to clarification and a shift to a
buffered pH of 6.5 (by Bis-tris). Obtaining a constant pH is
important, since the fluorescence of the 4-MU released is
strongly dependent on the surrounding pH (Jacks and
Kircher 1967). At pH 6.5, the product (4-MU) fluorescence
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is acceptable and nonenzymatic hydrolysis of the substrate is
not described (Al-Kady et al. 2011; Jacks and Kircher 1967).
This behavior was also observed in the MeDeLi. The substrate
4-MUL showed no increasing fluorescence at the adjusted pH
of 6.5 for at least 180 min (fluorescence constant in the range
of £1 %). The hydrolysis product 4-MU formed was stable for
at least 360 min (fluorescence constant in the range of +4 %)
in the neutralized, clarified milk samples. This indicates that
the termination of the enzymatic conversion is sufficient under
the assay conditions and that neither excess substrate nor con-
version products formed are destroyed by the procedure. The
stability of the clarified solution observed at pH 6.5 allows
handling of a large number of samples during enzymatic con-
version and gives sufficient time to read a series of samples.

In addition to the stopping of the enzymatic conversion and
ensuring a stable pH value, the stop and neutralizing solutions
serve synergistically as a clarifying solution. A clarification of
the milk samples is necessary for a valid fluorometric mea-
surement. If turbidity of milk is not removed, the presence of
scatterers and absorbers would affect the fluorescence of the
fluorophore (4-MU) released and, therefore, hinder the quan-
titative determination (Chen et al. 2013). The turbidity of milk
is caused by emulsified micelles of phosphocaseinate and
emulsified fat (Fox 2002). During the MeDeLi, the milk fat
is removed by centrifugation (Fig. 1), leaving the casein mi-
celles as turbidity-causing agent. The clarification of the milk
is not achieved by separation, precipitation, extraction, or fil-
tration, similar to some protocols for milk examination
(Humbert et al. 2006). It is driven by solubilization of milk
proteins by GuHCI (Bobe et al. 1998) in the stop solution and
the synergistic action of EDTA in the neutralizing solution by
complexing the calcium, which destabilizes the casein mi-
celles (Humbert et al. 1995; Humbert et al. 1997). The advan-
tage of this experimental setup is that time-consuming, pre-
liminary steps mentioned previously are replaced by the addi-
tion of two solutions. The dilution of the initial milk sample
during MeDeLi, which affects the sensitivity of the assay, is
reasonably low with a factor of 2.1. Moreover, a loss of
formed analyte (4-MU) before measurement, as may occur
during extraction steps, is impossible.

As an alternative to the fluorometric measurement, the uti-
lization of chromogenic substrates, such as p-nitrophenol es-
ters which have been described for lipase measurements
(Beisson et al. 2000; Hasan et al. 2009; Stoytcheva et al.
2012; Thomson et al. 1999), might be possible when adapting
the protocol. Moreover, the measurement of other milk-
inherent enzyme activities, such as alkaline phosphatase, V-
acetyl-/3-glucosaminidase, or lactoperoxidase, which are used
as markers for milk quality (Blel et al. 2001; Humbert et al.
1995), with chromogenic substrates, may be possible due to
the clarification during MeDeLi. Principally, MeDeLi is also
applicable to measure endopeptidase activity in milk samples.
However, well-established assays like the o-phthaldialdehyde
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(OPA) assay (Nielsen et al. 2001) may be preferable to mea-
sure an increase of free amino groups over time. In this assay,
the milk protein may serve as a natural substrate. The reaction
is terminated by acid precipitation of unhydrolyzed protein.
Thereafter, soluble peptides are derivatized by OPA and spec-
trophotometrical measurement is carried out in the obtained
supernatant.

The robustness of the clarification procedure included in
MeDeLi of various homogenized milk products was investi-
gated by measuring the absorbance (A) of clarified milk sam-
ples. This was carried out at 860 nm (indicating the turbidity
according to DIN/EN 27027, ISO 7027), 355 nm (the excita-
tion wavelength for fluorometric measurement), and 460 nm
(the emission wavelength measured during fluorometric mea-
surement). The clarification procedure is visualized in Fig. 2a.
It was possible to clarify cow’s and goat’s milk with the
MeDelLi since the turbidity was reduced from Aggg nm >3.0
(3.8 % fat UHT milk sample diluted with H,O instead of the
clarification solutions) to absorbance values smaller than
Agso nm0.27 (3.5 % UHT milk sample after MeDeLi). The
absorbance at the excitation and emission wavelength was
consistently reduced to a level allowing fluorescence measure-
ments in the clarified samples. In detail, milk samples with a
fat content of 0.1, 0.3, and 1.5 % were clarified after the

defatted milk

stopped +
neutralized
clarified

centrifuged

Agsonm: 0.18 018 0.27 0.20 0.09 0.11
Azssom: 123 1.58 231 145 050 1.40
Asonm: 0.67 0.80 1.20 0.76 0.22 0.71

Fig. 2 Various cows’ milk samples and one goat’s milk sample during
the clarification process (a). The stop and the neutralizing solutions were
replaced by water in the control sample. The samples after a first
centrifugation step (fop) for the removal of fat, the addition of the stop
and neutralizing solutions (middle), and after the optional second
centrifugation step (bottom) are illustrated. Clarification has been

addition of the stop and neutralizing solutions, which served
synergistically as clarifying reagents (A4g0 nm <0.80 after the
clarification). Milk treatments (UHT or microfiltered (MF))
had only minor effects on the clarification process. Also, with
goat’s milk (1.5 % fat, UHT) it was possible to obtain a clear
solution after the clarification procedure (A460 nm0.22 after
clarification). Cow’s milk containing 3.5 and 3.8 % fat
showed a residual turbidity after the addition of the stop and
neutralizing solutions. This turbidity was observed in UHT
and MF milk as well as in raw milk. The residual turbidity
was reduced further (A40nm <1.20) by using a second centri-
fugation step (Fig. 1).

In conclusion, it was possible to render a turbid cow’s or
goat’s milk sample to a clarified sample which should have an
adequately low turbidity to allow spectrophotometrical mea-
surements. In order to proof this, the fluorophore 4-MU was
added in several concentrations into the clarified samples with
the highest residual turbidity (3.5 % UHT milk (1) in Fig. 2)
and the sample with the lowest residual turbidity (0.3 % UHT
milk (2) in Fig. 2), as well as to a control sample (3.8 % MF
milk, unclarified). The correlation between the 4-MU concen-
tration added and the fluorescence measured in the clarified
samples is shown in Fig. 2b. In both cases, a linear correlation,
which is a precondition for valid enzyme activity

3.8%

control

clarified UHTmilk (3.5 % fat)

®

&
Q, y =21.03x +105.24
T R? = 0.9915
s 0o 2 40 60 80 100
3 4-MU [uM]
T
s
S clarified UHTmilk (0.3 % fat)
®

y = 15.003x + 82.875
R? = 0.989

80 100

0 20 40 60
4-MU [uM]

achieved in all samples besides the control after the clarification
procedure. A linear correlation between the concentration of
fluorophore (4-MU) added and the fluorescence signal measured is
plotted exemplarily for an UHT milk sample of 3.5 % fat (/) and an
UHT milk sample of 0.3 % fat (2) (b). Fat content is indicated as stated
by the dairy company. MF microfiltered, UHT ultra high temperature
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measurements, was observed. No linear correlation was ob-
served during the measurement of the unclarified control milk
sample (graph not shown). As also seen here, it is commonly
reported that turbidity destroys the linear correlation between
concentrations of fluorophores and their fluorescence mea-
surements (Chen et al. 2013). These findings emphasize the
applicability of the MeDeLi for lipase activity measurements
in milk samples.

Nevertheless, due to the high concentrations of compounds
in the stop and neutralizing solutions, it is recommended to
check the calibration curve for 4-MU concentrations after pre-
paring new batches of the solutions. It is also necessary to
prepare a new calibration curve for different types of milk,
since the clarification is dependent on the milk sample
(Fig. 2a). As a result, linear correlation between the
fluorophore added and fluorescence signal measured with dif-
ferent slopes was observed in all clarified samples (Fig. 2b). In
addition to the residual turbidity, which was reduced to an
adequately low level by the clarification process, the back-
ground fluorescence in the clarified samples was also ade-
quately low (22-31 RFU) for the preparation of calibration
curves. Thus, lipase activity measurement is facilitated.

Fig. 3 Correlation of added a
lipase activities (150+36, 300+
42, 450+72, 500+24 pkat/
mLy, ) measured with reference
assay in biochemical 4-MU buffer
(x-axis) and the lipase activity
measured with the proposed
method for determination of
lipolytic activity (MeDeLi) in
milk (y-axis). a B. cepacia lipase;
b P. fluorescens lipase; ¢

C. antarctica lipase B; d

~

a

o
L

[+2]

o

o
1

450 1

300 1

150 1

lipase activity (MeDeLi) [pkat/mL]

Evaluation of the MeDeLi by the 4-MU Reference Assay

The MeDeLi was evaluated by the addition of known lipase
activities to MF milk, 1.5 % fat. Commercial preparations of
B. cepacia lipase, P. fluorescens lipase, and C. antarctica li-
pase B as well as a self-made preparation of
Stenotrophomonas chelatiphaga lipases were used. The added
lipase activity was measured with the 4-MU reference assay in
biochemical 4-MU buffer. The activity in the milk was mea-
sured by carrying out the MeDeLi procedure. The results are
shown in Fig. 3. Theoretically, if the milk (in which the con-
version of the lipase substrates is carried out) did not influence
the lipase activity, about 100 % retrieval of the added lipase
activity would be expected. This would result in a graph with
the slope of one (indicated as TG in Fig. 3a).

A linear correlation of added lipase activity with the
retained lipase activity measured by the MeDeLi was ob-
served in all milk samples (regression coefficient 0.973—
0.997). This was demonstrated in an activity range from 150
up to 500 pkaty vux/MLvu pusrer With all four lipase prepara-
tions (Fig. 3). Nevertheless, the total, volumetric enzyme ac-
tivity observed differed between the biochemical reference
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assay and MeDelLi, as can be deduced from the slopes. The
reason for this is most probably the influence of the milk
components (e.g., ions and proteins) on the enzyme perfor-
mance. About 1.5 times higher lipase activity (Fig. 3c) was
measured by MeDelLi for C. antarctica lipase B. Only about
0.3 times of the enzyme activity was measured for the
S. chelatiphaga lipases (Fig. 3d).

The substrates utilized, whether it was 4-MUL (Fig. 3a, b, d)
or 4-MUB (Fig. 3¢), had no negative contribution to the validity
of the MeDelLi since a linear regression occurred in all cases.

The LOD and LOQ for the MeDeLi were determined. The
LOD was determined to be 41.0 pkaty.nur/mLyix and the
LOQ 63.0 pkaty iy /mL i in 45 independent measurements
of the milk examined.

Estimation of LOD and LOQ of Alternative Methods

For comparison, two well-known tests for lipase measure-
ment, the pH-stat method (Cherry and Crandall 1932; Hoppe
and Theimer 1996) and the titrimetric method after Deeth
(Verband Deutscher Landwirtschaftlicher Untersuchungs-
und Forschungsanstalten (VDLUFA) 1985), were performed.

The pH-stat titration was carried out by measuring a
P. fluorescens lipase solution at an added activity of
150 nkaty_nur/mLymu busrer (determined by biochemical ref-
erence assay). This ~300 times higher activity than used in
MeDeLi (Fig. 3b) was added to achieve a lipase activity great-
er than the LOQ of the pH-stat method. The measurement of
the lipase sample in the tributyrin emulsion kept at pH 6.7
gave an activity of 245+40 nkatiputyrin/MLemulsion- The
LOD and LOQ were evaluated to be 14.3 and
21.5 nkatyipytyrin/MLemulsion, Tespectively.

P, fluorescens lipase was also utilized for the titrimetric
lipase measurement after Deeth. Therefore, 50 nkaty_\ur/
mLy My puffer (determined by biochemical reference assay)
was added to milk. Conversions of the original substrate, milk
fat, were carried out at 40 °C for 5 min. A volumetric activity
of 6.6 nkat,j f./mLy; Was evaluated from the amount of
KOH (0.01 M) which was necessary to neutralize the liberated
FFA. A corresponding LOD of 0.89 nkat, . f/mLy; and a
LOQ of 1.3 nkatjj fa/mL i Were calculated.

Comparing the limits obtained for the different methods
directly (Table 1), one can see that the values for the
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Fig. 4 Time course of 4-MU liberation in UHT milk spoiled with
P. panacis lipase (filled symbols) and untreated raw milk (open
symbols). Values of unmodified ultra-high temperature (UHT) treated
milk did not exceed the limit of quantification (LOQ) within the time
investigated. The LOQ, determined in nine independent measurements,
is indicated by a dashed line

MeDeLi with the substrate 4-MUL in milk are comparatively
low. With a LOD of 41.0 pkat/mL and a LOQ of 63.0 pkat/
mL, the limits of MeDeLi are ~22 times lower compared to
the evaluated limits for the titration method. Compared to the
pH-stat method, the LOD and LOQ are ~349 times lower. The
MeDeLi only has a higher LOD and LOQ in the comparison
of MeDeLi and the biochemical 4-MU reference assay
(Table 1). Nevertheless, differences in the absolute values oc-
cur, since different assay types are compared with each other.
In the MeDeLi and the reference standard assay, the substrate
was the same, 4-MUL, but the matrix was different: milk in
the MeDeLi and buffer in the reference assay. Milk was also
used as the assay matrix for the titration method, but here, the
substrate was different, since the milk-inherent fat was used.
The pH-stat assay is different in both substrate (tributyrin) and
matrix (unbuffered emulsion) from the other assays.
Therefore, it is difficult to compare values directly.
However, by comparing the applied lipase activities (deter-
mined by the biochemical 4-MU reference assay) in the
MeDelLi evaluation with the enzyme activities applied in the
other measurement allowing direct lipase activity measure-
ment in milk (titration after Deeth), it is obvious that the sen-
sitivity to lipase activity measurement in milk was higher for

Table 1 Comparison of the

demonstrated methods for lipase Method Matrix Substrate LOD* LOQ"
activity determination
MeDeLi Milk 4-MUL 41.0 pkat/mL 63.0 pkat/mL
Reference assay 4-MU buffer 4-MUL 0.07 pkat/mL 0.10 pkat/mL
pH-stat Emulsion Tributyrin 14.3 nkat/mL 21.5 nkat/mL
Titration Milk Milk fat 0.89 nkat/mL 1.33 nkat/mL

 Limit of detection (LOD) is calculated by six times the standard deviation of the blank
® Limit of quantification (LOQ) is calculated by nine times the standard deviation of the blank

@ Springer



654

Food Anal. Methods (2016) 9:646—655

the MeDeLi. The sensitivity was higher even compared with
the pH-stat titration, which does not allow the direct measure-
ment of lipase activity in milk. A more reliable conclusion of
applicability of MeDeLi can be obtained from the measure-
ment of the genuine raw milk sample.

Measurements of Genuine Milk Samples

The lipase activity in three genuine milk samples was evalu-
ated with the proposed MeDeLi. First, untreated raw milk was
tested for lipase activity. Second, a milk sample spoiled by
lipases produced by P. panacis was examined. P. panacis
has been isolated from raw milk, and it has been shown that
secretory enzymes can cause enzymatic deterioration of milk
if this strain was present in raw milk (Baur et al. 2015). Third,
a commercial UHT milk sample was measured. In all three
samples, the hydrolysis of 4-MUL over time was investigated
(Fig. 4). A linear behavior of the MeDeLi was demonstrated
for original milk samples up to 90 min.

A lipase activity of 19.2 pkat,_njur/mL,,i Was measured in
the raw milk sample. This activity is most probably related to
the lipoprotein lipase (Deeth 2006; Jensen and Pitas 1976)
which is inherent in raw milk. The comparison of reported
lipoprotein lipase activities is difficult due to the different
utilized assays. The measured 19.2 pkaty pur/mLynie (by
MeDeLi) was in the same order of magnitude as reported
values. However, Deeth (2006) reported about a lipoprotein
lipase activity measured with a LCFA emulsion at pH 7 and
37 °C with added lipase activators of 260 pkat; cpa/ML¢ream. A
somewhat higher activity of 6.9 nkatyerfa/MLmiic Was report-
ed by Anderson (1982).

Measurement of the lipase activity from P. panacis in milk
(spoiled milk sample) by the MeDeLi resulted in an activity of
261.2 pkaty pur/mLy. Furthermore, the repeatability was
examined with this milk sample by analyzing the same sample
12 times, each in triplicate. The overall coefficient of varia-
tion, consisting of the error occurring in enzymatic conver-
sion, clarification, and the fluorometric measurement, was sat-
isfactory with 8.8 %.

Values measured after 30-min (raw milk) and after 5-min
(spoiled milk) conversion time were above LOQ and, there-
fore, allowed lipase activity measurement (Fig. 4). No lipase
activity was measured in a commercial UHT milk sample,
which served as the control, since the 4-MU concentration
did not exaggerate the LOQ after 90 min of conversion.

Conclusion
The MeDeLi proposed for the measurement of lipase activity

in milk may be used to monitor the quality of milk and main-
tain the quality of milk products. Raw milk-inherent lipase

@ Springer

activities as well as activities caused by bacterial contaminants
can be assayed directly in the milk sample.

In comparison to other protocols published previously, the
MeDelLi proposed is sensitive, reliable, and time saving. The
main advantage of the test procedure protocol is the limited
number of experimental steps and necessary solutions. This
results in a lower LOQ and an easier procedure compared to
standard protocols, such as titrative FFA measurement
(Cherry and Crandall 1932; Verband Deutscher
Landwirtschaftlicher Untersuchungs- und
Forschungsanstalten (VDLUFA) 1985; Hoppe and Theimer
1996), or clarification protocols published (Humbert et al.
2006; Manzano et al. 2005; Nakai and Le 1970). Besides
centrifugation and incubation, there are no other experimental
steps, such as extraction, separation, or filtration. The demand
of apparatus is also limited to a centrifuge and a fluorimeter.
The MeDeLi has an adequate sensitivity to measure raw milk
and spoiled samples. Moreover, it shows a good robustness.
Therefore, we think that the method can be easily automated
and used routinely in dairy laboratories.
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