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UHT hydrolysed-lactose milk (HLM) is prone to chemical changes, giving rise to off-flavours in the
product. To investigate this better, headspace solid-phase micro-extraction gas chromatography (HS-
SPME/GC—MS) was applied to monitor the volatiles profile of HLM during production and shelf-life.
Optimum extraction conditions for volatiles were explored, focussing on compounds affecting milk
aroma. This study is the first investigating industrial scale manufacturing under controlled conditions,
allowing direct associations between specific reactions and changes in milk volatiles. The effect of UHT
treatment on milk flavour was shown, while the lactase, potentially containing undesirable proteases and
odours, did not alter the milk “volatilome” after addition. Commercial samples exhibited different trends
in the volatiles along the shelf-life due to differences in production systems, lactase purity and packaging.
Merging all results, HS-SPME/GC—MS successfully mapped the phenomena causing modifications in the

volatiles profile of UHT HLM at each step of the product life-cycle.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Lactose is the most abundant carbohydrate found in milk
(Ingram, Mulcare, Itan, Thomas, & Swallow, 2009) and its proper
digestion depends on the presence of lactase (B-1,4-galactosidase)
in the human gut. If not hydrolysed into glucose and galactose,
lactose passes through the gastrointestinal tract inducing the pro-
duction of metabolites (e.g., methane, carbon dioxide and
hydrogen) that likely cause diarrhoea, stomach pain, flatulence and
constipation (Corgneau et al., 2017; Leonardi, Gerbault, Thomas, &
Burger, 2012). As a result, dairy industries increased the launch of
low lactose milk products, as they represent a simple and handy
solution against lactose malabsorption (Troise et al., 2016).
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Addition of free soluble lactase in the milk is the most popular
process applied in industry for the production of hydrolysed lactose
milk (HLM) (Jelen & Tossavainen, 2003). Alternative processes
include acid hydrolysis, membrane reactors, immobilised systems
for enzymatic hydrolysis, and cellular extract from lactobacilli
(Harju, Kallioinen, & Tossavainen, 2012). The addition of free sol-
uble lactase into the milk can be performed at refrigerated condi-
tions before the ultra-high temperature (UHT) treatment, namely
following the “in batch” production system (Troise et al., 2016). The
process ascertains that the lactase is inactivated before the product
is sold (Dekker, Koenders, & Bruins, 2019). On the other hand, it
exposes glucose and galactose, which are more sensitive to Maillard
reaction than lactose (Evangelisti, Calcagno, Nardi, & Zunin, 1999),
to high temperature. Recently, a more versatile technology in which
the lactase is added in each milk package aseptically after the
thermal treatment (“in pack” production system) has been devel-
oped (Harju et al, 2012; Troise et al., 2016). This allows the
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employment of lower concentrations of lactase, reducing the
overall costs of production (Troise et al., 2016). UHT HLM produced
by “in batch” and “in pack” technology have many features in
common, but differ mainly by the presence of active lactase during
the shelf-life of the latter. This aspect is of particular interest
because, when the lactase is purified from microorganisms, some
secondary proteases are conveyed into the final preparation
resulting in commercial lactases having different purity (Nielsen
et al.,, 2018).

This proteolytic side activity favours the release of free amino
acids and peptides in the milk, which may push the proceeding of
the Maillard reaction and the development of off-flavours during
storage (Jansson et al., 2014c; Troise et al., 2016). When the lactase
is added “in batch”, these defects can be modulated as proteolytic
side activity is partially or totally annulled by the UHT treatment
(Dekker et al., 2019; Tossavainen & Kallioinen, 2007). In contrast,
when the lactase is added “in pack”, no thermal inactivation takes
place, proteolysis and off-flavour development can therefore pro-
ceed and, if not properly controlled, the final product quality can
deteriorate faster (Nielsen et al., 2018; Troise et al., 2016).

For the assessment of chemical modifications that may occur
during the shelf-life of milk, analysis of the volatile organic com-
pounds (VOCs) profile is an attractive approach. VOCs can reveal
chemical modifications at early stages before the concentration of
the developed compounds reach the human perception threshold,
thus tainting the product. Among the available analytical tech-
niques, headspace solid phase micro-extraction (HS-SPME) coupled
to gas chromatography-mass spectrometry (GC—MS) has been
applied for detecting the volatile profiles of many dairy products
such as fermented milk, cheese and butter (Aprea et al., 2016;
Condurso, Verzera, Romeo, Ziino, & Conte, 2008; Endrizzi et al.,
2012; Povolo & Contarini, 2003). HS-SPME is a simple solvent-
free method, which is less time-consuming and requires less
sample handling compared with other extraction techniques
applied in food science (Gonzdlez-Cordova & Vallejo-Cordoba,
2001; Vazquez-Landaverde, Velazquez, Torres, & Qian, 2005).

In this context, the aim of the present work was to set the
optimal extraction parameters for a HS-SPME/GC—MS methodol-
ogy and apply it to study the volatile profiles of HLM. The optimised
method was applied in two case studies, namely the formation of
VOCs during production of UHT HLM by “in batch” system and
monitoring the evolution of the VOCs in different commercial UHT
HLMs during storage. To the best of our knowledge, this is the first
work in which a HS-SPME/GC—MS methodology is optimised and
applied for the assessment of the VOCs profiles of HLMs along
production and during storage.

2. Material and methods
2.1. Chemicals

Sodium chloride, 4-methyl-2-pentanone (internal standard
with purity > 99%), 2-methylbutanal (purity > 95%) and 3-

Table 1

methylbutanal (purity > 97%) were from

Sigma—Aldrich (Steinheim, Germany).

purchased

2.2. Ultra-high temperature (UHT) hydrolysed-lactose milk samples

For the validation of the optimised HS-SPME conditions, the
VOCs profiles of different UHT HLM samples were analysed. An
overview of the milk samples is reported in Table 1. Samples pro-
duced by “in batch” technology were collected at the following
production steps: before addition of the lactase (preH), at the end of
the lactose hydrolysis (postH) and after the direct UHT processing
(postUHT). Production details were as reported by Troise et al.
(2016) for the “in batch” production system. Samples were taken
from three consecutive batches of production, all performed under
the same operating conditions, as an estimation of the initial milk
variability. The same commercial lactase preparation was used for
production: according to the technical sheet provided by the sup-
plier, the lactase was extracted from Kluyveromyces lactis and had
an average enzymatic activity >5000 NLU g~

For the shelf-life simulation study, three different semi-
skimmed UHT HLM (HLM1, HLM2, HLM3), were purchased from
supermarkets in February 2018. A 4-month (120 days) storage was
then performed, keeping the samples in a climate chamber at room
temperature (20 °C) under controlled conditions. Samples were
taken out from the climate chamber every 30 days and stored
at —80 °C until analysis. The time zero of the study was established
within one week after the production date. At the moment of the
purchase, however, the production date of HLM3 was different
from that of HLM1 and HLM2 and it was not possible to sample
HLM3 from the beginning of the shelf-life. To deal with this dif-
ference, sampling of HLM3 started after 30 days of storage. The
commercial UHT HLMs differed in terms of packaging and system of
production used by producers (Table 1).

2.3. Selection of SPME coating phase and optimisation of the
extraction parameters

Based on literature and previous experience (Aprea, Gasperi,
Betta, Sani, & Cantini, 2018) a three-phasic (DVB-Carboxen-
PDMS) SPME fibre was selected to grant the widest coverage of
analytes. A 23 full factorial design with one centred point was
applied to investigate the effect of sample size (5—10 mL), extrac-
tion time (30—90 min) and addition of salts (0%—30%, w/w, NaCl) on
the amount of VOCs extracted by the SPME fibre. Full factorial
design is an orthogonal experimental design method in which all
the factors are combined simultaneously (Aprea et al.,, 2011). A
central point is often included in the design to represent the
average between the low and high level of the combined factors. In
our case, the central point was 7.5 mL sample size, 60 min extrac-
tion time, 15% (w/w) NaCl. Temperature of the incubation and
extraction were fixed at 40 °C as a compromise to favour the vol-
atilisation of the VOCs without inducing chemical modification of
the milk during the analysis. For the optimisation of the procedure,

Overview of the milk samples analysed for the validation of the developed HS-SPME/GC—MS methodology”.

Case study Sample acronym Sample description Process of production Packaging Lactose content (g 100 mL~! milk)
I preH Pasteurised milk sampled before lactose hydrolysis In-batch - Nd

I postH Pasteurised HLM sampled after lactose hydrolysis In-batch — <0.1

I postUHT UHT HLM sampled after heat sterilisation In-batch - <0.1

Il HLM1 Commercial UHT HLM In-batch Cardboard carton  <0.1

Il HLM2 Commercial UHT HLM In-batch HDPE <0.1

Il HLM3 Commercial UHT HLM In-pack Cardboard carton  <0.1

2 Case studies are those in which VOCs were evaluated (1) at different steps (preH, before lactose hydrolysis; postH, after lactose hydrolysis; postUHT, after UHT treatment)
during the “in batch” production system and (II) in three different commercial samples (HLM1, HLM2, and HLM3; all semi-skimmed) stored at 20 °C for 120 days.
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we considered as target the total area of the identified integrated
peaks. The sample used during the optimisation steps was a com-
mercial UHT HLM having 66 days of shelf-life.

2.4. Sample analysis

Once the optimal conditions for the HS-SPME were defined, the
VOCs profiles of different UHT HLM during “in batch” production
and storage were determined. The analysis was performed ac-
cording to Bergamaschi et al. (2015). Measurements were per-
formed using 20 mL glass vials with 4-methyl-2-pentanone as
internal standard. For the aim of the present research absolute
quantification by calibration curves was not necessary, thus the
internal standard was used also to normalise the data (semi-
quantitative results).

Frozen HLM samples were thawed at room temperature. Vola-
tile compounds were first extracted at 40 °C with the 2 cm DVB-
Carboxen—PDMS SPME fibre and then desorbed at 250 °C in the
injector port of a GC interfaced with a mass detector operating in an
electron ionisation mode (internal ionisation source; 70 eV) with a
scan range from 33 to 300 m/z (GC Clarus 500, PerkinElmer, Nor-
walk, CT, USA). Procedure phases were automatically managed
using an auto-sampling system (CTC combiPAL, CTC Analysis AG,
Zwingen, Switzerland). Separation was achieved on a HP-Innowax
fused-silica capillary column (30 m, 0.32 mm inner diameter,
0.5 pum film thickness; Agilent Technologies, Palo Alto, CA, USA).
The temperature program was set progressively as follows: 40 °C
for 3 min, 180 °C for 6 min at 4 °C min ", 220 °C for 3 min at 3 °C
min~'. Helium (flow rate equal to 2 mL min~!) was chosen as car-
rier gas. The transfer line temperature was kept at 220 °C. Linear
retention indices (LRI) were calculated under the same chromato-
graphic conditions, injecting C7—C30 n-alkane series (Supelco,
Bellefonte, PA, USA). Compounds were identified using the mass
spectra matching the NIST-2014/Wiley 7.0 libraries and comparing
the calculated LRI with those available from literature.

2.5. Data analysis

For optimising the HS-SPME conditions, the total peak area of
the identified and verified volatile compounds was considered.
Differences in the volatile profiles were investigated by analysis of
the variance (ANOVA), and Tukey post-hoc test. A P < 0.05 was
chosen as threshold for significant differences. Principal compo-
nent analysis (PCA) was performed, on the log-transformed GC data
scaled to unit variance, to explore the spatial distribution of the
samples in both case studies. Statistical analysis of the results was
performed with the software package STATISTICA 13.3 (StatSoft,
Inc., Tulsa, OK, USA) and the R packages (version 3.3.3) FactoMineR
and factoextra.

3. Results and discussion

3.1. Optimisation of headspace solid-phase microextraction (HS-
SPME) conditions

The effect of each tested parameter by means of the 23 full
factorial design was reported in the form of a Pareto chart in Fig. 1a,
whereas Fig. 1b profiles the surface plot of the outcome as function
of extraction time and sample size. In the Pareto chart, the impact of
the investigated variables on a response is displayed in the form of a
bar chart. The lengths of the bars are proportional to the relative
standardised effect. If a bar exceeds the vertical line (corresponding
to the 95% confidence interval) the effect can be considered sta-
tistically significant. From Fig. 1a, addition of 30% (w/w) NaCl was
the most significant factor and affected negatively the HS-SPME

performance. The combination of this parameter with the sample
size (volume of milk in 20 mL vials) was also significant, even
though at much lower extent.

In gas chromatography, salting out effect is widely exploited to
improve the extraction efficiency in the headspace (Yang &
Peppard, 1994). Addition of monovalent and bivalent salts in-
creases the ionic strength of the solution with a consequent
decrease of solubility of those non-polar compounds, which tend to
be pushed towards the headspace (Fiorini, Pacetti, Gabbianelli,
Gabrielli, & Ballini, 2015). The salting out effect has been previ-
ously employed for better extraction of volatiles from milk
(Gonzdlez-Cérdova & Vallejo-Cordoba, 2001; Marsili, 1999).
Gonzdlez-Coérdova & Vallejo-Cordoba, 2001 reported higher levels
of acids extraction depending on the solubility of the compounds.

This finding was in line with our results: when 90 min of
extraction time was applied, the addition of 30% (w/w) NaCl in the
samples ended up in an increase of octanoic acid detection up to
92%. Also decanoic acid extraction increased but at lower extent,
due to its relative lower solubility in water compared with octanoic
acid (Supplementary material Fig. S1). Nevertheless, VOCs with
different polarity behaved differently in response to the HS-SPME
conditions, an aspect particularly relevant when performing VOCs
profiling analysis. For examples, in our study the addition of salts
suppressed the extraction of some compounds of interest for UHT
HLMs, such as ketones and dimethyl disulphide (DMDS).

Methyl ketones and DMDS give a strong contribution to the
overall sensory profile of UHT milk (Valero, Villamiel, Miralles,
Sanz, & Martinez-Castro, 2001) and, therefore, an adequate sensi-
tivity of the extraction step is necessary. In particular, DMDS un-
derlies secondary pathways of Maillard reaction, which occur more
extensively in UHT HLM than regular UHT milk. Thus, for further
investigation of the optimum, salt was removed from the experi-
mental design before constructing the surface plot (Fig. 1b). Our
approach differed from some previous publications substantially by
the way how the impact of the VOCs on the milk aroma was
considered. Authors working on similar products (e.g., regular
pasteurised and UHT milk) preferred an optimisation of the SPME
performance focused only on a sole class of molecules related to a
specific sensory defect; an example is the work published by
Gonzalez-Cordova and Vallejo-Cordoba (2001) where only short-
chain fatty acids extraction was considered.

In UHT HLM sensory defects can arise from a multitude of fac-
tors, which make it reasonable to extend the investigation of the
optimum to a broader range of VOCs. A similar strategy was
employed by Vazquez-Landaverde et al. (2005) for raw, pasteurised
and UHT milk, although the addition of NaCl was not considered in
the optimisation step of the SPME fibre. In Fig. 1b. The best con-
ditions for the extraction by the HS-SPME fibre are displayed by the
dark red region of the plot, which corresponds to a total area count
of the peaks higher than 1.9 x 108. Optimal conditions for each class
of compounds (ketones, aldehydes, organic acids, phenolic com-
pounds, aromatic compounds, sulphur compounds and lactones)
are reported in Supplementary material Table S2. All these condi-
tions should be considered valid solely in the tested range when
performing a semi-quantitative profile analysis of the VOCs in HLM.

Removing salt from the design resulted also in an absence of
significant factors in the ranges we considered here, allowing a
flexible rearrangement of the conditions. Accordingly, 60 min of
extraction time was chosen as best compromise to align the SPME
method with the GC—MS run and to shorten the total time of
analysis. Next, the selected conditions (sample size 5 mL; extraction
time 60 min; 0%, w/w, NaCl) were applied to evaluate the formation
of VOCs in different steps of “in batch” production as well as to spot
different VOCs profiles in commercial UHT HLMs stored at 20 °C for
120 days.
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Fig. 1. Standardised Pareto chart (a) showing (1) addition of NaCl, (2) sample size, (3) extraction time and combinations of the parameters (1by2, 1by3, 2by3) and surface plot (b) for
total peak area as function of extraction time and sample volume. NaCl was set as 0% (w/w).

3.2. Volatiles profile of UHT HLM during “in batch” production
system

A total of 17 compounds were identified and semi-quantified
from the headspace of the HLM samples taken during “in batch”
production (Table 2). PCA was applied to reveal pattern in the
dataset. In Fig. 2, the bi-plot of the 1st and the 2nd principal
component (Dim1 and Dim2, accounting respectively for 39.0% and
16.6% of the total variance) are plotted. The postUHT samples were
characterised by positive values for Dim1, which clearly separate
them from the rest of the samples. According to the loadings, dif-
ferences in methyl-ketones concentrations were responsible for the
separation of the postUHTs. Such indication was further validated
by the analysis of the variance, where most of the methyl-ketones
were significantly higher in the postUHTs. An opposite trend was
shown by 2-butanone, which registered lower values after the UHT
sterilisation. Explanations of the observation might come from the

Table 2
Volatile compound profile of preH, postH and postUHT in the three consecutive
replicates of production from which the samples were collected.”

Volatile compound RI PreH PostH PostUHT
2-Butanone 909 13.44° + 474  1292*+196 1.28°+0.36
2-Pentanone 987 0.79 + 0.14 0.68 +0.11 0.78 + 0.13
Dimethyldisulphide 1085 nd nd 0.41° + 0.49
Hexanal 1099 8.76 + 7.66 3.94 + 2.64 3.55+3.13
Ethyl-benzene 1131 0.18* + 0.07 0.11* + 0.03 2.02° +1.33
2-Heptanone 1193 469*°+272 416+ 2.63 732°+1.78
2-Nonanone 1397  1.09 + 0.66 1.18* + 0.83 211+ 0.18
Benzaldehyde 1533 nd nd 0.23° + 0.04
2-Undecanone 1607 0.26° +0.14 0.25% + 0.15 043" +0.11
Butyrolactone 1637  0.15 +0.03 0.14 + 0.03 0.16 + 0.02
2-Tridecanone 1819  0.02% + 0.02 0.02* + 0.02 0.09" + 0.03
Hexanoic acid 1900 1.12% + 0.40 1.06% + 0.39 0.63" + 0.22
Dimethyl sulphone 1910 2.96° + 0.64 3.02% + 1.66 1.57° + 0.34
Phenol 2020 0.24 £ 0.05 0.23 + 0.06 0.26 + 0.04
Octanoic acid 2144 1.75% + 0.68 1.75% + 0.44 1.08° + 0.33
Nonanoic acid 2215 0.18 £ 0.22 0.19 + 0.16 0.36 + 0.40
Decanoic acid 2307 0.89 +0.28 092 +0.33 1.03 + 0.37

@ Abbreviations: RI, linear retention index; preH, postH, postUHT, the production
steps at which the milk was sampled along the “in batch” production system,
namely before lactose hydrolysis, after lactose hydrolysis and after UHT treatment,
respectively. Compounds were tentatively identified matching the NIST-2014/Wiley
7.0 libraries. Values (jg IS L') are means + standard deviation (nd, not detected);
means within a row with different superscript letters differ significantly (P < 0.05).

high volatility of the compound resulting in its stripping during
degassing of the UHT process (Contarini et al., 1997).

Methyl-ketones are a thermal-induced class of compounds,
whose formation is related to both B-oxidation of fatty acids and
decarboxylation of B-keto acids (Jansson et al., 2014a). In this
context, our study gave further confirmation about the increase of
methyl-ketones in milk upon heating, previously reported by
Contarini et al. (1997). Furthermore, focusing on the preH and
postH samples, absence of significant differences in the VOCs pro-
files was reported. Accordingly, VOCs were not produced in sig-
nificant amounts when lactase was added into the milk and during
the hydrolysis of lactose that, according to the “in batch” produc-
tion protocol, occurs at refrigerated conditions and lasts approxi-
mately in one day (Dekker et al., 2019; Troise et al., 2016).

3.3. Volatiles profile during storage of commercial HLMs at 20 °C

HS-SPME/GC—MS analysis was further conducted on three
different commercial samples stored for 120 days at 20 °C and
sampled every 30 days. In total, 28 VOCs were identified. The range
of concentration (expressed as equivalent of internal standard) was
between <0.01 and 14.85 pg L~! milk and the profiles were similar
to those previously determined by other authors working on the
topic (Jansson et al., 2014b; Troise et al., 2016). PCA was again
performed. The first three principal components (PC1, PC2 and PC3)
explained the 51.50% of the total variance and the best visualisation
was achieved plotting the PC1 and the PC2 (Fig. 3). Separation of the
three hydrolysed-lactose milks was observed (Fig. 3b) and different
concentrations of ketones, aldehydes and organic acids seemed to
be the main responsible for the separation (Fig. 3a).

HLM3 was well described by 2-pentanone, 2-heptanone, 2-
nonanone, 2-undecanone, 2-tridecanone, benzaldehyde and
hexanal, whereas 2-methylbutanal, butanoic acid, hexanoic acid,
octanoic acid, decanoic acid, ethyl-benzene and 2-propanone
differentiated HLM2 from the other two commercial milk sam-
ples. The different technology employed for the manufacturing (“in
batch” for HLM1 and HLM2, “in pack” for HLM3) can partially
explain the results. Some information about the analysed UHT
HLMs were, however, unavailable. For example, we did not know
the type and the purity of the lactase preparation used by suppliers.

Bioscience companies sell lactases having different purities with
respect to the level of residual proteolytic activity and (in some
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cases) residual arysulphatase activity in the preparation. Lactase
purity was previously reviewed as crucial for defining the quality
and the stability of UHT HLM (Nielsen et al., 2018; Troise et al.,
2016). In particular, Troise et al. (2016) emphasised the impor-
tance of this aspect when performing “in pack” production.
Although a direct comparison of the “in batch” and “in pack” pro-
duction system has not been published yet, researchers believe that
the quality of “in batch” UHT HLM is independent from the purity of
lactase. Interestingly, HLM1 and HLM2 were clearly separated in
Fig. 3b, although both were produced by “in batch” system. In this

, HLM2; a, HLM3) during storage at 20 °C. The progressive increase in

case, the different packaging material (paperboard carton for HLM1
and HDPE for HLM2) may have contributed to the pattern. Overall,
the different VOCs profiles of HLM1, HLM2 and HLM3 showed by
the explorative PCA were the results of several variables (e.g.,
production system, lactase purity and packaging). Nevertheless, we
can conclude that the chosen SPME conditions were appropriate for
a sensitive detection of the VOCs independently from the sources of
the variation.

Table 3 reports the quantification of the identified VOCs: results
are semi-quantitative and must be considered to highlight trends



Table 3
Volatile compound profiles of HLM1, HLM2 and HLM3 as a function of storage time®.

Volatile compound RI HLM1 Trend HLM2 Trend HLM3 Trend
0 30 60 90 120 0 30 60 90 120 0 30 60 90 120
Ketones
2-Propanone 822 nd nd nd nd nd nd? 529>  723¢ 3829 3944 1 nm  nd nd nd nd
2-Butanone 909 378  nd® 1.86¢ 4779 3927 284 2367 1.09°  3.26° 2957 nm  6.01° 474  370° 5.74%
2-Pentanone 987 2.99 239 2.88 245 3.27 047 134> 133> 172> 295¢ 1 nm 233" 2897 5.87° 7.85¢ 1
2-Heptanone 1193 244* 565" 763> 7.84° 10.14¢ 1 338 693> 711° 857  961P 1 nm 807 1105 13617  1485° 1
2-Nonanone 1397 117 1.09 1.67 245 217 1.10 1.14 1.13 1.73 1.49 nm 185 2.10 2.60 235
2-Undecanone 1607 022 023 033* 038> 033° 025° 025 026* 039" 0317 nm 037 0.34 1.25 0.42
Acetophenone 1660 nd? 0.23° nd? nd? 0.61¢ 1 nd? 0.37° nd? nd? 0.16° nm nd? nd? 0.74° nd?
2-Tridecanone 1819 nd nd nd nd nd nd nd nd nd nd nm 0.10° 0.142 1.07° 0.57° 1
Aldehydes
2-Methylbutanal 914 nd nd nd nd nd nd? 0.16°>  017° 020> 022° 1 nm  nd? nd? nd? 0.15° 1
Hexanal 1099  1.10 1.83 0.89 144 2.54 1.49 1.63 0.98 0.99 1.73 nm 170 230 2.66 3.27
Nonanal 1403  0.88 0.94 1.25 0.71 0.70 0.67 0.82 0.98 1.21 1.13 nm  nd? 1.42° 1.44° 1.59° 1
Benzaldehyde 1533 046  0.90° 1.05% 144> 1.04° 0.65 1.23 0.61 1.19 0.98 nm 094 1.16 1.13 1.28
Sulphides
Dimethyldisulphide ~ 1085  nd 0.02 0.02 0.04 0.04 0.01 0.02 0.01 0.04 0.04 nm 003 0.03 0.02 0.03
Dimethylsulfone 1910 096  0.60* 090° 146> 087° 1.41 0.86 1.92 0.84 1.89 nm 229 1.34 0.99 2.18
Carboxylic acids
Butanoic acid? 1689 nd? nd nd nd nd nd? 0.21% 0.60° 0.19% nd? nm nd nd nd nd
Hexanoic acid 1900 035 0.34 0.87 0.72 0.35 0.72 0.92 127 0.64 0.78 nm  0.80 1.00 1.90 051
Octanoic acid 2144 069  093*®  085° 175" 098 1 1.38 2.10 1.64 1.39 1.55 nm 112 1.50 1.85 1.04
Nonanoic acid 2215  0.69 0.96 1.09 1.20 0.92 1.57 1.41 0.48 0.83 1.30 nm 093 0.85 0.98 0.49
Decanoic acid 2307 041> 063* 079 077 1.21¢ 1 0.68 0.98 1.10 1.04 2.09 nm  0.86 0.74 0.65 0.86
Others
Butyl-cyclohexane 1081 nd nd nd nd nd nd nd nd nd nd nm 0.72 0.79 0.91 0.93
Ethyl-benzene 1136 nd nd nd nd nd nd? nd? nd? nd? 0.90° 1 nm nd nd nd nd
pL-Limonene 1210 nd nd nd 4.46 0.26 nd? nd? nd? nd? 2.42° i nm nd nd nd nd
Junipene 1568  nd? 0.22° 023> 025" 023° nd nd nd nd nd nm  091° nd° 0.69° 0.93?
Butyrolactone 1637  033*  141° 039°  042°  0.88° 0.40°  1.89° 053  039* 068 nm 063 0.42 0.99 0.33
Phenol 2020 021 0.17 0.22 0.23 0.18 0.19 0.23 0.20 0.17 0.22 nm  030° 0.26° 0.15° 0.23?
p-Cresol 2095  0.10 0.06 0.12 0.11 0.08 009 008  nd® nd® nd® ! nm  nd? 0.12° nd? nd?
m-Cresol 2104 047 0.29 0.47 0.50 0.39 0.37 0.40 0.42 0.41 0.45 nm  0.60 0.55 0.45 0.56
d-Decalactone 2199 nd? 0.15° 0.12° 009  o0.10° 0.10*° 023> 013* 0077 0.08% nm  024° 018 0.13? 0.05° !

2 Storage (0—120 days) was at 20 °C in a climate chamber under controlled conditions. RI, linear retention index. Compounds tentatively identified matching the NIST-2014/Wiley 7.0 libraries. Values (ug IS L'!) reported as
mean of three measurements (n = 3; nd, not detected; nm, not measured); means within each commercial UHT HLM samples with different superscript letters differ significantly (P < 0.05). Arrows indicate significant trends (P <
0.05) between either 0 days (for HLM1, HLM2) or 30 days (for HLM3) and 120 days of storage: 1, increase; |, decrease.
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(increase/decrease) in the volatile profiles. The results showed
temporal changes of some VOCs during storage (Fig. 4). As previ-
ously reported for UHT milk, ketones were the most abundant class
in terms of number of identified compounds (Dursun, Giiler, &
Sekerli, 2017). The increase of methyl-ketones in UHT HLM was
previously associated with “cooked taste” and “stale flavour”
(Troise et al., 2016). In our study, a significant increase of methyl-
ketones concentration over time was registered in line with pre-
vious literature (Jansson et al., 2014a). 2-Heptanone was present at
the highest concentrations, ranging from 9.61 pug IS L~! to 14.85 ug
ISL~! at the end of the storage depending on the sample. Moreover,
the results showed different concentrations of methyl-ketones in
the three commercial samples at the different time of measure-
ment. Remarkably, HLM3 (the sample produced by “in pack” pro-
duction system) was the commercial hydrolysed-lactose milk
significantly richer in 2-butanone (Fig. 4a), 2-pentanone (Fig. 4b)
and 2-heptanone (Fig. 4c) after 120 days of storage.

Lactones tended to decrease during storage, for all three sam-
ples. The results of the ANOVA showed a significant temporal
decrease of d-decalactone between 30 and 120 days of storage in
HLM3. Reasonably, the formation of lactones is considered an index
of the heating applied during processing, and the decrease of d-
decalactone during storage was expected because of the polymer-
isation during milk storage (Loney & Bassette, 1971). Some alde-
hydes increased during storage, while others did not. The
concentration of benzaldehyde remained constant in all the three
samples, in agreement with previous reports (Jansson et al., 2014c;
Troise et al., 2016).

10,00

R.00

00

4,00

Z-butanone (ug 15 L)

00

- k1] B afy 120

20,00
16,00
1300

BO0 -

2-heptanone (1g 15 L)

4,00

EL] G0 o0 120

Days of storage

Fig. 4. HS SPME/GC—MS results of (a) 2-butanone, (b) 2-pentanone, (c) 2-heptanone, (d) 2-methylbutanal in the three commercial UHT HLM analysed (

, HLM3) during storage at 20 °C for 120 days.

2-Methylbutanal followed particular trends depending on the
commercial HLM sample. It is important to mention that, with the
polar phase we used for the chromatographic separation, 2-
methylbutanal and 3-methylbutanal peaks are not completely
resolved (their retention indices are 914 + 8 and 918 + 7 respec-
tively according to MS-NIST library). Consequently, external stan-
dards were injected to distinguish the two peaks. This analysis
confirmed the presence of solely the 2-methylbutanal. As illus-
trated in Fig. 4d, in HLM1 2-methylbutanal was not detected
throughout storage. In contrast, it appeared in HLM3 after 120 days,
while its tendency in HLM2 was to progressively increase over time.
While the trend of the 2-methylbutanal in HLM3 (produced by “in
pack” system and packed in paperboard carton) was previously
reported (Troise et al., 2016) on other commercial samples manu-
factured with the same method, the presence of 2-methylbutanal
already after 30 days of storage in HLM2 (produced by “in batch”
system and packed in HDPE) was difficult to interpret. A possible
explanation could be the milk variability existing between the
tested commercial samples.

Dimethyl disulphide (DMDS) was detected in low concentra-
tion and at comparable level in all the three HLMs. The absence of
significant changes in concentration of dimethyl sulfone, which
can be originated from the oxidation of dimethyl disulphide,
confirmed the results (Al-Attabi, D'Arcy, & Deeth, 2009). The re-
sults are in agreement with Jansson et al. (2017). Volatile sulphur
compounds contribute to cooked/sulphurous flavour of UHT milk,
but their estimation is extremely challenging due to low con-
centration and high volatility (Al-Attabi, D'Arcy, & Deeth, 2014).

12.00
inod o b
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The three mentioned aldehydes (benzaldehyde, 2-methylbutanal
and DMDS) are compounds formed by the Strecker degradation, a
reaction pathway previously associated to the proteolytic side
activity of the lactase in the milk during storage (Jansson et al.,
2019; Troise et al., 2016). As Maillard reaction creates the pre-
cursors (Rizzi, 1999), the detection of these compounds might
indicate its progress in the analysed samples. Benzaldehyde is
formed by oxidation of phenylacetaldehyde (a Strecker aldehyde
coming from phenylalanine), 2-methylbutanal is a degradation
product of isoleucine, whereas DMDS is produced from methio-
nine (Al-Attabi et al., 2014; Fong & Yaylayan, 2008; Jansson et al.,
2017). In this context, the different evolution of in 2-
methylbutanal in the commercial HLMs during storage further
indicated that the applied HS SPME methodology was capable to
reveal reaction pathways important for the definition of the final
sensory quality of hydrolysed-lactose milk.

4. Conclusions

The present study supported the application of the HS-SPME/
GC—MS technique as handy and efficient tool for extracting vola-
tiles from HLMs in different scenarios. Applying a 2> full factorial
design, optimised SPME conditions were selected and successfully
applied to explore possible differences in the volatile profiles of
three commercial UHT HLM, as well as among three typical steps of
HLM manufacturing.

Since UHT HLM manufactured for this study were produced
under controlled processing conditions, the observed differences
can be attributed to specific factors. HLMs were discriminated
based on their relative VOCs content both during production and
storage. Hydrolysis of lactose during “in batch” production did
not affect the product profile significantly, while most of the
volatiles were formed after UHT treatment. This result is of
particular interest if we think that backside enzymatic activity
may not be the only unwanted characteristic of the commercial
lactase. Lactase preparations contain also different levels of vol-
atiles compounds (unpublished data). Interestingly, the results
showed that when lactase was added into the milk tank, any
volatile possibly present in the preparation was covered by the
“volatilome” of the milk, probably due to a dilution effect.
Because of a lack of technical information about the lactase
preparation employed, the discussion of this particular aspect is,
however, limited.

The causes determining the differentiation of the three com-
mercial HLMs over storage were several. Looking at the intensity
and the temporal evolution of specific compounds, stronger
development of VOCs occurred in HLM3, which was produced by
the “in pack” system. Nevertheless, additional variables (e.g.,
lactase purity, packaging, batch variability) may have participated
to the encountered results and deserves more attention in future
studies. Overall, HS-SPME provided excellent extraction perfor-
mance. Semi-quantitative analysis highlighted methyl-ketones and
Strecker aldehydes as markers differentiating the commercial UHT
HLM samples. Eventually, following the changes in the VOCs pro-
files of UHT HLM during production and shelf-life was proved
useful to investigate the reaction pathways underlining the final
product quality.
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