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ABSTRACT

Milk flavor varies greatly due to oxidative stress dur-
ing storage. Several studies have documented the use of
volatile biomarkers for determining milk oxidation, but
only a few have focused on the development of inline
procedures enabling the monitoring of milk oxidative
stress. In this work, oxidative stress was induced in
pasteurized milk samples by spiking increasing concen-
trations of copper ions (from 0 to 32 mg-L™"). During
storage (4°C), hexanal evolution was monitored by a
proton transfer reaction mass spectrometer. The mass
fragment m/z 83 was selected as a biomarker for hexanal
determination. Its intensity evolved with a sigmoidal
trend, showing a maximum rate proportional to the
Cu®" content in milk. The proposed approach is simple,
fast (up to 120 sample/h), sensitive (8.8 pg-m* per pM
hexanal in the sample), with low limit of detection (0.5
pM, determined as 3 times the standard deviation di-
vided by the slope of a calibration line), precise (<6%),
with good recovery (99-104%), and noninvasive. The
method can be used for laboratory screening of milk
susceptibility toward oxidation or for quality control in
the processing line.

Key words: milk oxidation, copper, hexanal, proton
transfer reaction mass spectrometer

INTRODUCTION

Milk flavor varies greatly depending on its oxidative
state. Oxidation of milk can cause oxidized flavor for
several reasons, such as the oxidation of unsaturated
lipids induced by metal ions, or even initiated by the
presence of active oxygen species, light, or enzymes
(Amamcharla and Metzger, 2014).

Metal ions are well known to catalyze lipid peroxi-
dation and induce oxidative stress (Berton-Carabin et
al., 2014; Scheidegger et al., 2016). These events cause
several drawbacks such as shorter shelf life, off-flavor
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development, and altered nutritional values (Havemose
et al., 2007). Copper, as well as other metal ions, can
catalyze such events through the formation of hydro-
peroxides that are precursors of secondary oxidation
products, such as aldehydes, hydrocarbons, and ketones
(Jenq et al., 1988; Buettner and Jurkiewicz, 1996;
Havemose et al., 2006). Among these, hexanal is one of
the most studied volatile biomarkers for milk oxidative
stress. Several studies have reported that it evolves dur-
ing the oxidation of UFA, such as CLA (Sanches-Silva
et al., 2004; Garcia-Llatas et al., 2007; Panseri et al.,
2011; Correddu et al., 2015).

Several sensory and analytical methods have been
developed for detecting one or more members of the
aldehyde family. These include sensory analysis (Hede-
gaard et al., 2006), olfactometry (d’Acampora Zellner
et al., 2008), and gas chromatography (Havemose et
al., 2007). However, due to their complexity, time of
analysis, and costs, implementation of these methods
in food industries for quality control is often limited.
Instead, there is a great interest in rapid, specific, and
highly sensitive methods able to detect or monitor the
evolution of oxidation phenomena in milk and dairy
products (Fabris et al., 2010).

Recently, proton transfer reaction mass spectrometry
(PTR-MS) has been proposed as an innovative ana-
lytical instrument for food quality control (Biasioli et
al., 2011; Cappellin et al., 2013). Proton transfer reac-
tion mass spectrometry belongs to the so-called soft
ionization methods, where a very limited fragmentation
of the product ion is generated, ideally limited by the
nominal mass. Proton transfer reaction mass spectrom-
etry is based on the direct injection of volatile organic
compounds (VOC) into a drift tube, where protonated
water (H;O") reacts with VOC under soft ionization
conditions. Air is generally used as the carrier gas. The
subsequent detection signal is related to the amount of
protonated molecules (Lindinger et al., 1998) as follows:

H,0" + VOC — VOC-H* + H,0. 1]

The advantages of this instrument over traditional gas
chromatography techniques is the limited sample han-
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dling. Proton transfer reaction mass spectrometry is
easy to operate, very fast, highly sensitive, and nonde-
structive. Also, no sample preparation is necessary be-
cause the headspace of a sample is simply and directly
injected into the detector.

Several attempts have been reported to apply PTR-
MS technique in dairy products. Examples include the
classification of butter and butter oil (Van Ruth et al.,
2008), the identification of the geographical origin of
butter (Macatelli et al., 2009), and the monitoring of
the effect of photo-oxidation of milk (Beauchamp et
al., 2014). Further works have focused on the moni-
toring of VOC during milk light exposure (Zardin et
al., 2016), milk storage (Silcock et al., 2014), lactic
fermentation (Soukoulis et al., 2010), yogurt starters
(Gallardo-Escamilla et al., 2005), and finally, cheese
aging (Aprea et al., 2007). However, to date no studies
have been carried out to evaluate the application of
PTR-MS technique to monitor the autoxidation of milk
during storage.

The aim of this work was to set up a method based
on PTR-MS to determine hexanal content in pasteur-
ized milk samples and to monitor its content on milk
having different oxidative states. For such a purpose,
pasteurized milk samples were spiked with increasing
concentrations of copper to induce increasing oxida-
tive stress. The resulting evolution profile of hexanal
was determined by PTR-MS during storage conditions
(4°C) and the resulting experimental observations fit-
ted with a modified Gompertz model (Cuenca et al.,
2016) to compare the effect of the increasing oxidative
stress of milk on the resulting evolution of hexanal.
Overall, the present work provides evidence of the use-
fulness of PTR-MS to evaluate the oxidation state of
milk samples.

MATERIALS AND METHODS
Materials

The materials used were hexanal standard (Sigma-
Aldrich, Germany), copper (II) sulfate (Sigma-Aldrich,
Hamburg, Germany), milli-Q water (Merck Millipore,
UK), and pasteurized whole milk, skim milk (0.3%
fat), and partial skim milk (1.8% fat; Mila Stdtirol,
Bolzano, Italy).

Milk Sample Preparation

Fresh chilled pasteurized whole milk (3.5% fat and
3.8% protein) was received from a local producer
(Mila Siidtirol) and analyzed by a local milk fed-
eration (Sennereiverband Siidtirol, Bolzano, Italy) that
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declared a copper content below 0.2 mg-L~'. To this
milk sample, copper (II) sulfate was added to reach
a final concentration of 2, 4, 8, 16, and 32 mg-L ™" of
copper ions (Cu®"). For each concentration, 18 samples
were prepared by transferring 2 mL of milk sample in
40-mL glass vials fitted with polyterafluoroethylene
screw-cap septa (VILEP, Milan, Ttaly). All the samples
were stored at 4.0 + 0.3°C for 10 d. The headspace was
analyzed at 0, 2, 4, 6, 8, and 10 d of storage.

Headspace Volatile Analysis Using PTR-MS

The headspace analysis was performed by using a
commercial high-sensitivity PTR-MS (Ionicon, Analy-
tik GmbH, Innsbruck, Austria). The sample were first
incubated in vials at 30°C for 30 min. Then, the vial
headspace was then transferred at a flow rate of 45
mL-min~' through a heated (80°C) capillary inlet sys-
tem (1/16", outer diameter) directly into the drift tube
of the PTR-MS. The headspace was replaced by clean
air by passing through an activated charcoal filter.

The instrument was operated in mass scan mode over
an m/z range of 21 to 200 with a dwell time of 100 ms
per m/z, which resulted in total scan time of about 20
s per cycle. The PTR-MS drift tube was maintained at
550 V, 2.03 x 10° Pa, and 80°C. The signals recorded
by PTR-MS are count rate (cpsHH+ ) over the m/z range.

Count rates are normalized with respect to the m/z 21,
which arises from the 'O substituted isotopologue of
hydronium (H;07). Because the natural ratio between
m/z 19 [H'° O'] and m/z 21 [H;"®*0"] is about 500:1,
the m/z 21 signal was multiplied by 500 to estimate the
abundance of hydronium ions (cpstlso N ) To calculate

the VOC concentration (pg-m™*) from count rate (cps),
the following equation was used (Lindinger et al., 1998):

_ Ppyr 100 K T 1 2]

(7] :
ppby CpSH3180+ 500 k P t

where ps, i 1 the count per second of the ionized

analyte (RH+) and cps, . Is the count rate for the
3

m/z21; K is Boltzmann constant; & is the rate constant
(2 x 107" em®s™") of the protonation reaction; T, P,
and t are, respectively, the temperature (353 K), pres-
sure (2.03 x 10% Pa), and average reaction time (85 ps)
in the drift tube; and 10° is a conversion factor to ex-
press the result in pg-m °.

The signal of each sample is determined as average of
5 consecutive scan cycles, a part of the first cycle that
was always disregarded. Each sample measurement was

repeated in triplicate.
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Data Analysis

The limit of detection (LOD) was determined as
LOD = 3 s/b, where b is the slope of the calibration
line obtained with at least 6 increasing concentrations
of hexanal and s is the standard deviation of the cali-
bration line (Olivieri et al., 2006). The precision of the
method was expressed as relative standard deviation
predicted from 10 replicate measurements at 3 concen-
trations (1, 5, and 10 pM) of hexanal. The accuracy was
estimated as the recovery from known concentrations of
hexanal solutions (0.4 pg-g '). A modified Gompertz
model was applied to describe the evolution of hexanal
([R]) during milk storage:

'[Lmlll?e

7. - R “]’ ’

where [R], is the initial signal intensity, [R], is the
maximum signal intensity, pi,,,, iS the maximum rate
of volatile formation, A is the lag time, ¢ is the time of
reaction, and e is the Euler number.

X exp |—exp

) (A—t)

Software

The conversion of signal intensities to parts per bil-
lion by volume (ppbv) was conducted using R version
3.2.0 (The R Foundation for Statistical Computing,
Vienna, Austria). Data normalization and expression of
the results were performed by Microsoft Excel (version
2013, Microsoft Corporation, Redmond, WA).

RESULTS

Determination of Hexanal in Milk
by Headspace-PTR-MS

Proton transfer reaction mass spectrometry is a soft
ionization technique that is generally used to quickly
analyze the VOC contained in the headspace of sample
vials. Ideally, the fragmentation of the precursor ion is
absent (Lindinger et al., 1998). Instead, Figure 1 shows
that the mass spectra of hexanal (C¢H;,O-H") in milk
exhibit 3 main fragments: m/z 55(100), 83(48), and
101(3), where the values in parentheses correspond to
the relative percentage intensity respect the most abun-
dant peak (base peak). The base peak has assigned a
value of 100% and all other masses are indicated as a
percentage of the base peak. Although the intensities
depend on the instrumental settings, the fragmenta-
tion pattern is consistent with those reported elsewhere
(Pang, 2015).
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Figure 1. Mass spectra from headspace analysis of milk spiked
with hexanal (5 pM). Also shown (inset) are the resulting mass spectra
obtained after the subtraction of the milk spectra obtained before the
addition of hexanal.

Among these fragments, the mass ion m/z 83
(CsHy(O-H") was selected as the biomarker for milk
oxidative stress. This fragment comes from the loss of a
water molecule from the protonated molecular ion. Its
choice as biomarker has several advantages. First, its
signal intensity is almost negligible in freshly prepared
pasteurized milk samples, whereas its intensity starts
increasing during storage. Then, the intensity ratio
between the isotopes m/z 83 and 84 results in 100:6.7,
which perfectly matches the theoretical value obtained
from the isotopic rule of carbon abundances. Both these
observations confirm the absence of interferences.

Instead, the mass ion m/z 101, corresponding to
the precursor ion of hexanal (CgH;,0-H"), showed the
lowest intensity and was not useful for quantification.
Finally, the fragment m/z 55 (C,Hs-H"), although its
highest intensity (58 x 10% cps), was not used for quan-
tification as its signal was affected by interferences. In-
terferences of this signal were observed by applying the
isotopic rule of carbon abundances to this fragment.
Theoretically, the intensity ratio between m/z 55 and
56 isotopes should be 100:4.4. Instead, when hexanal
was spiked in water samples, a ratio of 100:5.6 was
found. A larger deviation was observed when hexanal
was spiked in milk sample (100:6.8). These deviations
suggest the concomitant presence of other volatile com-
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ponents contributing to the signal at m/z 55 and in
part attributed to the water cluster HsO™(H,0) that
is isobaric with the product ion m/z 55 (Pang, 2015).
These clusters are typically formed with the PTR-MS
when water vapor concentration in the drift tube is
too high. A detailed description of this phenomena is
reported elsewhere (Jobson and McCoskey, 2010).

Effect of Equilibration Time

Once the sample is introduced into the vial and the
vial is sealed, volatile components contained in the
sample diffuse into the gas phase until the headspace
has reached a state of equilibrium. For quantitative
analysis, the time required to pass from a transient
to equilibrium state is of great importance. Figure 2
shows the headspace analysis of water or milk spiked
with hexanal (5 pM) at different equilibration times (at
30°C). The signal intensity of the mass fragment m/z
83 increased with the holding time, until about 30 min.
Afterward, the signal intensity reached a plateau value
that remained constant even for a longer holding time.
However, holding time should be lower than 60 min
to minimize potential oxidation of the sample and the
formation of volatiles from other reactions. This means
that 30 min is the optimal time required to efficiently
partition hexanal into the headspace and it was used in
all further experiments.

100
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©
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8 [, - = = Water matrix
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O 25 |
0 i 1 1 L L 1 L L L L 1 1 1 L L 1
0 20 40 60
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Figure 2. Headspace equilibrium time obtained at 30°C. Error bars
correspond to SD (n = 2).
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Sampling Rate

Figure 3 shows the transient abundance of the frag-
ment m/z 83 in relation to milk samples spiked with
increasing concentrations of hexanal (from 0-10 pM).
A constant flow of dry air (45 mL-min ') is passing
continuously through the headspace of the sample, as
shown in Figure 3A. As the injection port is opened,
the headspace of the sample reaches the mass analyzer
in less than 2.5 s (time from the injection to the detec-
tion). Consequently, the signal intensity rises sharply to
form a peak. The time required to reach the maximum
peak intensity takes about 22.5 s from the opening
of the injection port. Then, the signal fades down as
the headspace of the sample becomes depleted. The
resulting skewness profile of the signal is typical of a
convective dispersion process. Here, this phenomenon is
emphasized because of the short residence time. Over-
all, the time of analysis is 30 s; after that, a further
readout can be taken, which allows a rate of analysis
up to 120 samples/h.

Analytical Performance

Figure 3B shows the raw signal intensities (peak
height) obtained during the headspace analysis of milk
samples spiked with different concentration of hexanal
(1-10 pM). The samples were measured in triplicate
from low to high concentrations and then the order
was reversed. From the comparison of the forward and
backward analysis, no carryover effect was detected.
The results showed that the maximum peak was lin-
early dependent on the hexanal concentration of the
sample (R* = 0.999), with sensitivity of 8.8 + 0.4
pgm? per pM hexanal in the sample (determined as
slope of the calibration curve) and LOD below 0.5 p M.
The repeatability was determined at 3 concentrations
(1, 5, and 10 pM hexanal in milk), and expressed as
relative standard deviation of 10 milk samples. The
results were always below 6.5%.

Table 1 compares the analytical performance above
with those obtained when hexanal was spiked in water.
The comparison of the results shows no significant dif-
ferences for the coefficients of determination and the
precision values. The main difference, instead, regarded
the sensitivity values. When hexanal was dissolved in
milk samples, the sensitivity halved. Apparently, matrix
components co-eluting with hexanal alter the ionization
efficiency, resulting in reduced sensitivity.

In addition to the ionization suppression, some com-
ponents in milk samples can decrease the partition
coefficient of hexanal as a result of interactions with
milk fats (Kersiene et al., 2008). This was observed

Journal of Dairy Science Vol. 100 No. 3, 2017
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Figure 3. (A) Manifold for detection of hexanal from the milk sample headspace, where volatile organic compounds carried out by air are
protonated by H;O" ions and analyzed by proton transfer reaction mass spectrometer. (B) The left side output shows the transient signal of m/z
83 in relation to the hexanal concentration. The middle shows the calibration run for the series of hexanal standard in a range of 1 to 10 pM,
and the right shows 10 repetitive signal intensities for a solution containing 5 pM hexanal.

experimentally by comparing the sensitivity obtained
by spiking increasing concentration of hexanal (from 1
to 10 pM) into water and pasteurized skim milk (0.3%
fat), partial skim milk (1.8% fat), and whole milk (3.5%
fat). The sensitivity values obtained from the slopes
of the calibration curves showed the trend: water (19)
> skim (18) > partial skim (16) > whole pasteurized
milk (9). The value in parentheses is the slope value in
pg-m ° per pM hexanal in the sample. As anticipated,
the higher fat content reduces the sensitivity of the
mass ion m/z 83.

Analysis of Hexanal in Milk Samples Under
Different Oxidation States

To test the suitability of the mass ion m/z 83 as a bio-
marker for evaluating milk oxidative stress, pasteurized
milk samples were spiked with an increasing concentra-
tion of copper ions (from 0 to 32 mg-L™") to induce an
increasing oxidation state. The PTR-MS was applied to
monitor the evolution of the ion m/z 83 during different
times of storage, with the samples maintained at the
same temperature (4°C). Figure 4 shows the resulting

Table 1. Analytical parameters for hexanal spiked into water or milk’

Sensitivity Linearity LOD Precision Recovery
Matrix (hgm ™ /pM) (R?) (nM) (%) (%)
Water 18.5 £ 04 0.999 0.2 4.8 £ 0.6 99
Milk 8.8 +0.4 0.999 0.5 6.5+ 0.8 104

'Sensitivity was determined as the slope of the calibration curve. The limit of detection (LOD) was determined
as signal to noise ratio of 3, where the noise was derived from the standard deviation of the calibration plot.
Precision is the relative standard deviation % average of 3 series of n. Ten repetitions each, at 1, 5, and 10 p M
of hexanal. Recovery is determined as relative difference between the milk sample before and after fortification

with 2 and 4 pM of hexanal standard solution.

Journal of Dairy Science Vol. 100 No. 3, 2017
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Table 2. Fitting parameters of the Gompertz function®

Cuz+ [R]U . [R]oo Homaz

(wM)  (pgm™)  (pgm”’)  (pgmd'/pM) A () R’
0 3.70 111 1.06 367 0.85
2 3.70 3.58 2.06 362 0.86
4 3.70 9.47 2.46 1.92 091
8 3.70 22.97 3.50 1.04 097
16 3.70 43.66 6.44 048  0.96
32 3.70 56.83 8.70 0.38  0.96

'[R], is the initial signal intensity, [R]., is the maximum signal inten-
sity, and A is the lag time.

evolution profile, where each point is the average signal
intensity of 3 independent samples. When copper was
not used, the headspace of the milk sample provides a
signal with negligible intensity. Instead, when copper
was present, the signal intensity increased with an al-
most sigmoidal trend. For instance, when copper was 32
mg-L~", after 6 d of storage (at 4°C), the signal reached
a maximum value of ~60 pg-m . The experimental
points show a sigmoidal profile that was described by
a Gompertz fitting function (see equation [3]). Table 2
reports the fitting parameters of the Gompertz function
(N, [R]s, and py.). The values of these parameters
reflect the copper content in milk, and thus, its oxi-
dation state. For instance, at higher oxidation states
(i.e., higher concentration of Cu®"), the time needed to

& | o Blank
| e2mg L™
| 04 mg L™
— | ¢8mg L™
£ 50 [ 416mgL™
= m32mgL
=
Frd
‘»
c
825
i
0 1
0 5 10
Storage days

Figure 4. Evolution of hexanal in oxidized milk with different con-
centration of added Cu’" and storage at 4°C (m/z 83). Error bars
correspond to SD (n = 3).
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observe the initial raise of the signal intensity (A, lag
time) is reduced, the maximum peak intensity ([R].)
is increased, together with the rate of formation (fi,,4,)-
These parameters have practical utility especially for
quality control procedures where their monitoring can
be used to evaluate the susceptibility of milk to oxida-
tion.

CONCLUSIONS

The early detection of oxidation in milk is important
in the dairy industry. The formation of hexanal due to
oxidative change in milk can be monitored using the
PTR-MS signal related to hexanal at m/z 83. Addition
of Cu®", as expected from its catalytic effect, showed
a positive effect on the oxidation process, which is in-
dicated by the shorter lag time, and the higher rate
and greater intensity of signal related to hexanal forma-
tion. Overall, this work has demonstrated the utility
of PTR-MS technique to determine hexanal content in
pasteurized milk samples and to monitor its content on
milk having different oxidative states.
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