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Abstract

This study evaluated the storage stability and palatability of imported ultra-high
temperature (UHT) milks during prolonged ambient storage (4-9 mon), compared with
domestic high temperature short time (HTST) milk stored under refrigeration for 1 wk. HTST
milk, produced within 7 d, was purchased from a local market and stored under refrigeration
as a control. UHT milks produced 3 mon prior from Australia (UHT-A), Germany (UHT-G),
and Poland (UHT-P) were stored at 25 + 2°C in a temperature-controlled incubator. All milks
had a comparable amount of total solids, with fat (3.4-3.5 g/100 g), protein (3.0-3.3 g/100 g),
and carbohydrate (4.7-5.0 g/100 g) contents. UHT milks consistently exhibited higher
thiobarbituric acid reactive substances values than HTST milk throughout storage (p < 0.05),
although all values remained below the safety threshold for consumption. Protein degradation
was observed in all UHT milks during storage (p < 0.05), except for as-casein (p > 0.05). B-
casein gradually decreased in UHT-A and UHT-G from 4 to 9 mon (p < 0.001), while «k-casein
decreased in UHT-A and UHT-P over the same period (p < 0.001). Sensory evaluation by
trained panelists showed that HTST milk had a stronger milky flavor than all UHT milks,
regardless of the storage period (p < 0.001). In contrast, all UHT milks had greater cooked
and cheesy flavors than HTST milk (p < 0.001), likely due to exposure to higher temperatures.
Rancid aromatic flavor increased during storage in UHT-A and UHT-P milks (p < 0.001). In
addition, all UHT milks showed higher viscosity and astringency scores than HTST milk
throughout storage (p < 0.001). Overall, prolonged ambient storage of imported UHT milk
induced persistent physicochemical changes, including lipid oxidation and protein
degradation, ultimately leading to a gradual decline in palatability, a critical determinant of
consumer acceptability.

Keywords: Ultra-high temperature milk, Storage stability, Lipid oxidation, Protein

degradation, Sensory quality
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INTRODUCTION

The dynamics of consumer purchasing behavior have shifted substantially in response to
socio-demographic and environmental changes. These changes are characterized by
increasing urbanization, a rising prevalence of smaller or single-person households, and the
global impact of the coronavirus disease 2019 pandemic, which has resulted in heightened
consumer priorities regarding food safety, quality, and convenience [1,2,3]. In addition, these
evolving consumer demands have also impacted on the dairy industry, with a considerable
increase in preference for shelf-stable dairy products, particularly ultra-high temperature
(UHT) milk [4,5]. The global UHT milk market, which was valued at $77.5 billion in 2024, is
projected to expand at a compound annual growth rate (CAGR) of 8.34%, reaching $159.4
billion by 2033 [5]. Asia Pacific is estimated to have the highest growth, with the South
Korean UHT milk market projected to reach $2,722 million by 2030, expanding at a CAGR
of 8.9% from 2025 to 2030 [4]. However, in the Korean market, the price of domestically
produced milk is gradually rising because of increasing production costs, which are driven by
higher feed, labor, and energy expenses, as well as changes in climate conditions [6]. As a
result, price-conscious consumers are increasingly seeking more affordable alternatives, thus
leading to a growing reliance on imported UHT milk from countries, such as Poland,
Germany, and Australia, which are comparatively cheaper than domestic HTST and UHT
milk [6].

UHT milk undergoes processing at temperatures of 135-150°C for 1-10 s, in accordance
with domestic standards of heating to 135°C or higher for 2-5 s, and is then aseptically
packaged into sterile containers. However, high temperature short time (HTST) processing
involves heating raw milk to at least 72°C for 15 s, and the shelf life of HTST milk is
generally 2-3 wk under refrigerated conditions. This method is the most widely used method

for pasteurization and is designed to preserve the taste and nutritional values [7]. From a



72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

microbial perspective, both HTST and UHT treatments effectively enhance food safety;
however, the processing conditions of UHT milk not only effectively eliminate potentially
pathogenic bacteria, such as Salmonella spp., Listeria monocytogenes, and pathogenic
Escherichia coli, but also inactivate thermoresistant spores and enzymes [8,9]. This allows
UHT milk to be stored at ambient temperatures for 9-12 mon without the need for cold chain
transportation and refrigeration [10]. Thus, UHT milk generally has a significantly longer
shelf life; however, the severe heat treatment applied during UHT processing and the
subsequent extended ambient storage can induce continuous chemical and physical changes,
including protein denaturation and lipid oxidation, which may affect the overall quality and
consumer preferences [10]. It is well recognized that severe heat effects cause greater
disruption of milk fat globules and proteins compared to pasteurization processing, leading to
noticeable differences in flavor and taste [10]. In contrast, the timing and extent of quality
deterioration during storage remain variable, with noticeable physicochemical changes have
been reported after 3-6 mon depending on temperature conditions [11]. This issue is relevant
in the Korean market, where imported UHT milk typically reaches consumers approximately
three mon after production due to import and customs clearance procedures, and consumers
often purchase products in bundles produced 3—9 mon priors from online markets.
Consequently, consumers store these products for extended periods before consumption,
increasing the likelihood of quality deterioration during long-term storage. However, there is
a notable lack of research regarding changes in the physicochemical and sensory quality traits
that occur during its storage period after production, despite the continuous increase in
consumption of imported UHT milk in Korea. Therefore, the objective of this study was to
investigate the storage stability and organoleptic characteristics of various imported UHT

milks stored under ambient condition for 4 to 9 mon.
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MATERIALS AND METHODS

Milk materials

A total of nine domestic HTST milks (Seoul Milk, Seoul Dairy Cooperative; produced
from Holstein-Friesians; HTST treated at 75°C for 15 s) were purchased from a local market,
immediately refrigerated at 4°C in the dark. All HTST milks remain unopened until analysis
on 7th d post-production. UHT milks from three different countries that were 4 mon post-
production were sourced from a local market and categorized based on their country of origin:
UHT-A (Australia’s Own, Noumi Limited, Australia; UHT treated at 135°C for 4 s), UHT-G
(Oldenburger Dairy, DMK Group, Germany; UHT treated at 130-140°C for 2-4 s), and UHT-
P (Mlekovita 3.5%, Mlekovita, Poland; UHT treated at 130-145°C for 3's). All UHT milks
were produced from pasture-raised dairy cows. The storage conditions and comparison
criteria among the milks were not equivalent in this study; however, HTST milk was included
as a control to provide insight into the extent of quality changes in imported milk during
storage under realistic conditions.

According to the information provided by the manufacturers, all milks had a similar
amount of total solids, with a fat content ranging from 3.4-3.5 g/100 g, a protein content
ranging from 3.0-3.3 g/100 g, and a carbohydrate content ranging from 4.7-5.0 g/100 g.
Eighteen milk samples from each group were stored in a precisely temperature-controlled
incubator at 25 + 2°C. Six samples per each group were then randomly selected for analysis at
4, 6, or 9 mon post-production (total 3 groups; 6 samples x 3 periods x 3 replicates = 54
samples). No additional preparation steps, such as centrifugation, were performed before
analysis. During each period, three samples per each group were collected in 50-mL conical
tubes and stored at —80°C for subsequent evaluation of thiobarbituric acid reactive substances
(TBARS) and protein compositions. The remaining three samples per each group were used

for sensory quality evaluation.



122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

Lipid oxidation

Lipid oxidation during storage was assessed using the TBARs assay as previously
described by Buege and Aust [12]. In brief, 2 mL of the milk sample was mixed with 0.2%
butylated hydroxytoluene and 10% trichloroacetic acid and then centrifuged at 1,700 g for 15
min. The supernatant (2 mL) was collected and centrifuged again at 12,000 rpm for 10 min.
Thereafter, 1 mL of the resulting supernatant was then combined with the 2-thiobarbituric
acid reagent. This mixture was heated at 85°C for 45 min in a water bath and then cooled in
cold water. Absorbance was measured at 532 nm, and results were expressed as mg

malondialdehyde (MDA) per kg of sample.

Protein composition analysis

The protein profiles were analyzed using sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). For each storage period, 40 uL of UHT milk samples were
mixed with 960 uL of sample buffer and diluted in a Tris-HCI sample buffer (0.1% SDS in
0.5 M Tris-HCI buffer at pH 6.8). To reduce the disulfide bonds, 20 uL of 2-mercaptoethanol
was added to each sample, and the sample mixtures were heated at 95°C for 5 min. All
samples from each milk group were loaded onto a single gel (12% resolving; 4% stacking),
and the SDS-PAGE was conducted using a Mini-PROTEAN system (Bio-Rad Laboratory
Inc., Richmond, CA, USA) at 120 V, according to previously described methods [13,14].
After electrophoresis, the gels were stained with Coomassie Brilliant Blue R-205 (Sigma-
Aldrich, Deisenhofen, Germany) and destained with 5% acetic acid. The protein band
intensity was analyzed using one-dimensional image analysis software (Eastman Kodak Co.,
Rochester, NY, USA), and the intensity of each band in HTST milk stored for 1 wk after

manufacturing was used as the standard for normalization. All experiments were repeated six
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Sensory quality evaluation

For sensory quality evaluation, a total of 36 milk samples (27 UHT and 9 HTST milk
samples) were used during nine sessions (4 samples per session). Before each session, the
milk samples were moved to the refrigerator until they reached 4°C, and the organoleptic
characteristics were evaluated using a 9-point hedonic scale (low-high; 1-9). These
characteristics included six flavor attributes (milky flavor, cooked milk flavor, cheesy flavor,
sweet flavor, rancid aromatic flavor, and grassy flavor), four taste attributes (sweetness,
saltiness, sourness, and fattiness), and four texture attributes (mouth coating, amount of
perceptible residue, viscosity, and astringency). The assessments were performed by trained
panelists (six women and five men; 25-46 years old), following a previously described
method [15]. All training and sensory evaluations were performed at Kyungpook National
University (KNU), and human ethics approval was granted by the Bioethics Committee of
KNU (protocol number: 2019-0027, renewed annually). The panelists were provided with
water and salt-free crackers to cleanse their palates between samples, except for the flavor

evaluation.

Statistical analysis

Data were analyzed using the general linear model procedure in SAS software (SAS
Institute, Cary, NC). Storage stability and protein composition assessments were conducted
using a linear mixed model with the milk types and storage periods as fixed effects and the
replicates as random effects. For sensory evaluation, a linear mixed model was applied, with
the UHT milk types and storage period as fixed effects and the panelists and replications as

random effects. Significant differences in the least-square means of the measured parameters
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across the groups were determined using the probability difference option at a significant

level of p < 0.05 and were presented with standard errors.

RESULTS

Comparison of lipid oxidation among HTST and imported UHT milks

Fig. 1 compares the TBARSs levels of different UHT milk samples during the various
storage periods with those of domestic HTST milk stored for 1 wk. HTST milk exhibited the
lowest TBARs value compared to UHT milks across all storage periods (p < 0.001). All UHT
milks sourced from different countries tended to show a significant increase in TBARs values
from 4 to 9 mon of ambient storage after manufacturing (p < 0.001). Notably, the TBARs
levels at 6 mon were significantly higher than those at 4 mon in each UHT group (p < 0.001).
However, a decrease in TBARS values was observed between the 6 and 9 mon of storage in
the UHT-A (0.29 vs. 0.21 mg MDA/kg, p < 0.001) and UHT-P groups (0.19 vs. 0.16 mg
MDAV/kg, p < 0.001), while no difference was detected in the UHT-G group (0.18 vs. 0.16 mg
MDA/Kg, p > 0.05). There was no difference among the UHT groups at 4 mon of storage (p >
0.05); however, after 9 mon of storage, UHT-A milk showed a higher value compared to the

other UHT milks (p < 0.05).

Comparison of protein degradation among HTST and imported UHT milks

Fig. 2 shows the protein degradation in the UHT milk samples throughout the 9-mon
storage period and in the HTST milk stored for 1 wk. No significant difference in the os-
casein level was observed in the HTST and UHT milk samples during the storage period (p >
0.05). In contrast, other milk proteins, including B-casein, k-casein, and 3-lactoglobulin,
exhibited significant differences between the groups (p < 0.05). In terms of p-casein content,

the UHT-G milk group at 4 mon of storage showed the highest level compared to the other
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groups at 4 mon (p < 0.001). There was no difference in the B-casein level between HTST
milk at 1 wk and UHT-A milk at 4 mon (1.00 vs. 1.00, p > 0.05); however, the UHT-A group
at 9 mon exhibited a lower protein level (0.41, p < 0.001) compared to the UHT-A group at 4
mon. No difference was observed in the k-casein content between HTST milk and UHT-A
milk at 4 mon (1.00 vs. 1.00, p > 0.05), although all imported UHT milks at 9 mon showed
lower levels than HTST milk at 1 wk (p < 0.001). Similar to that of B-casein, UHT-G milk
stored for 4 mon exhibited a higher B-lactoglobulin level compared to HTST milk at 1 wk and
other UHT milks at all measured storage periods (p < 0.001). Moreover, UHT-G milk at 9
mon exhibited a higher level of B-lactoglobulin compared to UHT-A and UHT-P milks at 9

mon (1.01 vs. 0.40 and 0.80, p < 0.001).

Comparison of sensory flavor attributesamong HTST and imported UHT milks

To analyze the changes of sensory flavor attributes during ambient storage of the
imported UHT milks, a sensory evaluation was conducted by trained panelists, and significant
differences were observed in all flavor attributes among the milk groups (p < 0.001; Fig. 3).
The HTST milk group exhibited the highest milky flavor score compared to all UHT milk
groups, regardless of their storage duration (p < 0.001). The milk flavor score of each UHT
milk group at 9 mon of storage was lower than that of each milk group at 4-mon storage (p <
0.001), and no difference was observed among the UHT-A, UHT-G, and UHT-P groups at 9
mon of storage (4.60, 5.00, and 5.20, p > 0.05). As expected, the UHT milk samples,
regardless of storage period, exhibited higher scores of cooked flavor and cheesy flavor
compared to HTST milk at 1 wk (p < 0.001). The cooked flavor value of imported UHT milks
showed a tendency to decrease as the storage period extended from 4 to 9 mon. UHT-G milk
at 9 mon had a lower cheesy flavor value compared to that at 4 mon (5.25 vs. 7.62, p < 0.001),

and no difference was observed in UHT-A milk across the different storage periods (p > 0.05).
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In terms of sweet flavor score, UHT milks at 4 mon had a higher value compared to HTST
milk (p < 0.001), although there was no significant difference between HTST milk at 1 wk
and UHT milks at 9 mon (p > 0.05). The rancid aromatic flavor of HTST milk did not differ
significantly from that of UHT-A and UHT-P milks (1.15 vs. 1.14 and 1.36, p > 0.05);
however, UHT-G milk after 9 mon of storage had a lower value compared to UHT-A and
UHT-P milks after the same storage period (1.40 vs. 2.40 and 2.60, p < 0.001). After 4 mon of
storage, a similar intensity of grassy flavor was observed between UHT-G and UHT-P milks
(1.21 and 1.14, p > 0.05). Although no significant change in grassy flavor was observed in the
UHT-A group during storage (p > 0.05), the UHT-G and UHT-P groups showed an increased

intensity over the storage period (p < 0.001).

Comparison of sensory taste and texture attributes among HTST and imported
UHT milks

The organoleptic taste and texture characteristics of HTST milk stored for 1 wk and the
imported UHT milks during the storage periods are presented in Fig. 4. In terms of taste
attributes, HTST milk exhibited a lower sweetness score compared to all UHT milks (p <
0.001), except for UHT-G milk after 9 mon of storage, where the difference was not
statistically significant (p > 0.05). A significant decline in sweetness score was observed in the
UHT-A (7.26 vs. 6.50, p < 0.001) and UHT-G (6.57 vs. 5.85, p < 0.001) groups between 4 and
6 mon of storage, with no further changes detected between 6 and 9 mon (p > 0.05). On the
other hand, there were no differences in saltiness, sourness, and fattiness among the milk
groups, regardless of the storage period (p > 0.05).

Regarding the texture characteristics, milk from the pasteurization processing showed a
lower score in the amount of perceptible residue compared to milks from the UHT processing

across all storage periods (p < 0.001). The UHT-P group exhibited a lower score at 4 mon
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compared to 6 and 9 mon (5.50 vs. 6.36 and 6.86, p < 0.001). In contrast, the storage period
did not induce a change in the amount of perceptible residue in the UHT-A and UHT-G
groups (p > 0.05). HTST milk exhibited the lowest viscosity score compared to all imported
UHT milks, independent of the storage period (p < 0.001). Although the UHT-G group
exhibited similar viscosity scores irrespective of storage duration (p > 0.05), the UHT-A (6.00
vs. 7.00, p <0.001) and UHT-P (5.57 vs. 6.14, p < 0.001) groups had increased scores as the
storage duration increased from 4 to 6 mon. A similar tendency was observed for the sensory
astringency, with HTST milk scoring significantly lower than the UHT groups, regardless of
storage period (p < 0.001). Samples from the UHT-A group showed a higher astringency
score at 9-mon storage than those at 4-mon storage (7.40 vs. 6.43, p < 0.001), whereas the

UHT-G and UHT-P groups did not change throughout the storage period (p > 0.05).

DISCUSSION

Thermal processing is a fundamental step in the dairy industry and is primarily
performed to ensure the microbiological safety of dairy products by eliminating pathogenic
microorganisms [16]. Milk classification based on thermal processing methods is primarily
distinguished as either pasteurization or sterilization, with HTST pasteurization and UHT
sterilization being the most widely employed efficient processes [16]. Despite the
effectiveness of heat treatments and the inherent structural integrity of milk, which includes
natural defenses against oxidation, certain thermoresistant microbial species and enzymes
may survive and remain active, leading to modification in the physicochemical properties of
milk during storage before consumption by the consumer [17-19]. These continuous changes
during storage result in the gradual quality deterioration and include: i) chemical oxidation,
either via enzyme-catalyzed reactions or the initiation of free radical formation; ii)

denaturation of whey proteins; iii) aggregation of k-casein depleted casein micelles, often
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mediated by interactions with denatured whey proteins; iv) the Maillard reaction that induces
lactose isomerization; and v) the formation of brown pigments and off-flavors through the
accumulation of increasing Maillard reaction products [10,20-22]. Thus, to ensure milk
quality, HTST-treated milk is typically assigned a code date ranging from 14 to 18 d under
refrigeration conditions, based on microbiological safety and hygiene standards [17]. The
extent of quality deterioration depends on the microbial counts after treatment and storage
temperature [17]. However, while UHT milk offers an extended shelf life, it undergoes
ongoing physicochemical changes during storage at ambient temperature, which can result in
a decline in consumer preferences [23].

Among the physicochemical modifications that occur.in milk during storage, lipid
oxidation is an important factor that determines quality deterioration [24]. The primary targets
of lipid oxidation are unsaturated fatty acids, which react with oxygen to form free radicals
that produce hydroperoxides and are considered the main oxidation products [24].
Subsequently, these hydroperoxides subsequently decompose into secondary products, such as
aldehydes, ketones, and hydrocarbons [25]. Thus, the extent of lipid oxidation is commonly
assessed by measuring the peroxide values as an indicator of primary oxidation and aldehydes,
such as hexanal and MDA, for secondary oxidation to determine oxidative stability [26].
Additionally, milk proteins, including amino acids, peptides, caseins, and whey proteins, are
susceptible to rapid free radical-mediated oxidation, and aldehydes that are produced during
lipid oxidation can induce cross-linking in milk casein proteins, which leads to structural
modification of the proteins [25]. Consequently, considering these changes in lipid and
protein oxidation, a key indicator of oxidative stability in milk is the TBARs value, which
reflects the extent of lipid peroxidation through the quantification of MDA [26]. Panfil-
Kuncewicz et al. [27] reported that the TBARs values of UHT milk gradually increased from

0 to 6 mon of storage regardless of storage temperature. In addition, the storage temperature
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significantly affected the TBARs values of milk, and milk stored at 23°C exhibited higher
values compared to UHT milk stored at 4°C after 3 and 6 mon [27], which aligns with the
other observations of oxidative progression during storage [28-30]. In the present study, the
TBARSs values of the imported UHT milk groups remained below the critical threshold levels
for oxidation (1.0 mg MDA/kg) throughout the 9-mon storage period under ambient condition,
thus indicating that oxidative stability was maintained under these conditions. The TBARs
values in all UHT milks, which were higher than those in HTST milk, significantly increased
from 4 to 6 mon or from 4 to 9 mon of storage (p < 0.001). However, there was a somewhat
limited effect on the TBARSs value between 6 and 9 mon of storage (p > 0.05). These results
were similar to a previous study [30], which reported that TBARs levels in UHT milks
showed a statistical increase from 3 to 12 mon, although significant differences were not
observed between 6 to 9 mon or 9 to 12 mon within each storage temperature group. This may
be explained by the reaction of MDA with the amino groups in milk proteins, especially
lysine residues, that form Schiff bases, which reduce measurable TBARs despite the ongoing
oxidation processes [31]. Therefore, while UHT milk can be stored under ambient conditions
for 9 mon and maintain storage stability for consumption, continuous lipid oxidation changes
have been observed.

Milk protein is highly sensitive to heat and undergoes more significant alterations during
UHT processing compared to other processing methods due to the intense heat treatment
involved [24]. Furthermore, while this intense heat treatment effectively inactivates most
harmful proteolytic enzymes that are responsible for milk deterioration, some indigenous
enzymes remain partially active during extended storage [32,33]. In addition, heat-stable
exogenous enzymes produced by some psychrotrophic bacteria can remain active during
storage [32,33]. Furthermore, casein breakdown caused by enzymes, such as plasmin and

bacterial proteases, leads to the gelation and sedimentation of UHT milk during storage [34].
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These changes are major factors that limit its shelf life and cause sensory quality deterioration
[34]. The remaining enzymes after UHT processing primarily act on -casein and, to a lesser
extent, as-casein, although they do not hydrolyze k-casein and whey proteins [34]. Exogenous
enzymes can sequentially break down k-casein, B-casein, and as-casein [35]. On the other
hand, non-enzymatic protein hydrolysis during storage involves considerable protein
modifications, such as denaturation and aggregation, along with chemical alterations in the
amino acids [36]. Additionally, intense heat treatment can induce protein linkages, such as the
formation of B-lactoglobulin—k-casein complexes, which result in a three-dimensional protein
gel matrix [23]. In this study, there was no significant degradation in the as-casein content
between HTST milk stored refrigerated for 1 wk and imported UHT milks at any storage
period (p > 0.05), as this protein was less susceptible to enzymatic hydrolysis compared to the
other caseins [34]. However, the level of 3-casein, which is most susceptible to enzymatic
reactions by plasmin, gradually decreased as the storage period increased in UHT milks from
4 to 9 mon (p < 0.001), except for UHT-P.milk (p > 0.05). The degradation of k-casein, which
Is associated with the activity of exogenous proteases, was observed in the UHT-A and UHT-P
groups from 4 to 9 mon of storage (p <0.001). As the storage period increased, the intensity
of B-lactoglobulin, a whey protein, gradually degraded in all UHT milks (p < 0.001). Thus,
imported UHT milks stored under ambient conditions during 9 mon of storage exhibited
continuous degradation of various milk proteins, which may be related to organoleptic
characteristic changes.

The organoleptic quality attributes of milk, such as flavor, taste, and texture, are crucial
factors that influence consumer purchasing and repurchasing decisions and develops through
a series of complex reactions [19]. Among these attributes, milk flavor is a key factor for
consumer acceptability and is shaped by a balance of various compounds that are formed

through physicochemical reactions during the heating process and further altered throughout
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storage [24]. HTST milk, which undergoes mild heat treatment, retains a fresher and more
authentic milk flavor compared to sterilized milk due to the treatment conditions [7], as milk
flavor appears immediately after processing and is often accompanied by a sulfurous flavor
from volatile sulfur compounds, which typically dissipates within 7 to 10 d [20]. A similar
trend was observed in this study, where HTST milk at 7 d showed a stronger milky flavor
compared to UHT milks stored for 4 mon (p < 0.001). In all UHT milks, this flavor gradually
diminished as the storage period increased from 4 to 9 mon (p < 0.001). Sterilized milk is
known to develop more pronounced cooked and cheesy flavors than HTST milk due to the
formation of sulfur volatiles and Maillard-derived compounds generated at higher
temperatures [23]. Thus, sensory panelists can be distinguished in sensory traits between
HTST and UHT milks even though their storage conditions, such as storage temperature and
period, were the same [37]. Lee et al. [37] reported that UHT milk showed higher cooked and
sulfur flavors compared to HTST milk at 3 and 14 d post-production due to severe heat
treatment. In this study, all UHT milks, regardless of storage period, exhibited higher scores
of cooked and cheesy flavor scores compared to HTST milk stored for 7 d (p < 0.001).
However, these flavors tended to decrease as the storage period increased from 4 to 9 mon (p
< 0.001). It is explained that aroma-active volatiles from Maillard reaction are highly unstable
and tend to dissipate over time due to volatilization, oxidation, or participation in secondary
reactions [21,34]. In addition, during prolonged storage period, UHT milk can slowly yet
persistently develop a rancid flavor, primarily because of lipid oxidation. This process
involves the breakdown of unsaturated fatty acids and oxidative conversion of free fatty acids
to ketones aldehydes, and esters, resulting in the formation of off-flavor compounds [38].
Thus, similar to the TBARSs result, the intensity of rancid aromatic flavor was not strong in all
the milks evaluated in this study, but it tended to increase from 4 to 9 (p < 0.001), except for

UHT-G milk (p > 0.05). Moreover, all imported UHT milks stored for 6 and 9 mon had a
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higher grassy flavor intensity compared to domestic HTST milk (p < 0.001), likely due to
pasture-based feeding and lipid oxidation [39].

Among the four taste characteristics analyzed in this study, three traits (saltiness,
sourness, and fattiness) did not show significant differences (p > 0.05). However, HTST milk
tended to exhibit weaker values of sweet flavor and taste compared to UHT samples, as the
Maillard reaction under severe heat treatment generates lactulose and other reducing sugars,
thus further intensifying the sweet taste and sweet flavor perception compared to mild heat
treatment [40]. In UHT milks, sweetness statistically decreased over storage time (p < 0.01),
except for UHT-P milk, due to the breakdown of milk sugars and changes in flavor
compounds as the product ages [41]. For the texture attributes, there was no difference in
mouth coating among the milk groups (p > 0.05), as the fat content in all milks was similar.
On the other hand, all UHT milks, regardless of storage period, had a higher amount of
perceptible residue after consumption compared to HTST milk (p < 0.001). This may be
because UHT processing causes an increased extent of whey protein denaturation and thermal
decomposition, and denatured whey proteins can then form complexes with various
components, including other whey proteins, caseins, and fat globules [23]. Furthermore,
proteolysis by indigenous and exogenous enzymes in UHT milk during long-term storage
leads to the accumulation of hydrophobic peptides and protein aggregates, which are closely
linked to the development of bitter flavor, astringency, and viscosity, and these attributes are
related to the presence of residual milk in the oral cavity after consumption [21]. Li et al. [21]
reported that HTST milk exhibited lower astringency and viscosity scores than those of
sterilized milk stored for over 8 wk, despite there being no significant differences in the
mechanical viscosity. These findings are consistent with the present study, where prolonged
storage of UHT milk was linked to increased astringency and viscosity (p < 0.001). Therefore,

continuous changes in the organoleptic characteristics of UHT milk during extended storage
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at ambient temperature were attributed to lipid oxidation and protein degradation, which were

potentially mediated by both endogenous and exogenous enzymes.

CONCLUSION

In response to the recent global inflation and economic downturns, consumers are
prioritizing price as a key criterion when purchasing food, and repurchase decisions are
largely influenced by the sensory experience of the product [42]. In Korea, the import and
consumption of UHT milk have increased because of its affordable price, long shelf life, and
suitability for storage and distribution under ambient conditions without the requiring
refrigeration. In the current study, imported UHT milks that have been stored for over 6 mon
at ambient temperature exhibited continuous physicochemical changes of the various milk
components. Due to these changes, the eating gquality of all UHT milks tended to gradually
decline from 4 to 9 mon, which allowed panelists to clearly distinguish their flavor and

texture characteristics from those of HTST milk stored under refrigerated conditions for 1 wk.
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Fig. 1. Comparison of lipid oxidation in the imported ultra-high temperature (UHT) milks
stored for 4 to 9 mon under ambient conditions versus domestic high temperature short time
(HTST) milk stored at 4°C for 1 wk. Bars indicate standard errors of least square means.
Different letters denote significant differences (p < 0.05). Abbreviations: TBARS, 2-
thiobarbituric acid reaction substances; MDA, malondialdehyde; HTST, high temperature
short time; UHT-A, imported UHT milk from Australia; UHT-G, imported UHT milk from

Germany; UHT-P, imported UHT milk from Poland.
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Fig. 2. SDS-PAGE images (A) and relative protein intensities (B) of the imported ultra-high
temperature (UHT) milks stored for 4 to 9 mon under ambient conditions versus domestic
high temperature short time (HTST) milk stored at 4°C for 1 wk. Bars indicate standard errors
of least square means. Different letters denote significant differences (p < 0.05).
Abbreviations: HTST, high temperature short time; UHT-A, imported UHT milk from
Australia; UHT-G, imported UHT milk from Germany; UHT-P, imported UHT milk from

Poland.
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567  Fig. 3. Comparison of sensory flavor attributes in the imported ultra-high temperature (UHT)
568  milks stored for 4 to 9 mon under ambient conditions versus domestic high temperature short
569  time (HTST) milk stored at 4°C for 1 wk. Sensory flavor evaluation was conducted by trained
570  panelists and was assessed using a 9-point scale (low to high; 1 to 9). Bars indicate standard
571 errors of least square means. Different letters denote significant differences (p < 0.05).

572 Abbreviations: HTST, high temperature short time; UHT-A, imported UHT milk from

573  Australia; UHT-G, imported UHT milk from Germany; UHT-P, imported UHT milk from

574  Poland.

575

576

577
578

28



579  Fig. 4.

580

Sweetness
Saltiness
Sourness
Fattiness

-3

Viscosity
=

Astringency

Mouth coating

Amount of perceptible residue

PAS UHT-A UHT-G UHT-P PAS  UHT-A UHT-G UHT-P PAS  UHT-A UHT-G UHT-P PAS  UHT-A UHT-G 16'U§

604
605
606  Fig. 4. Comparison of sensory taste and texture attributes in the imported ultra-high temperature (UHT) milks stored for 4 to 9 mon under

607  ambient conditions versus domestic high temperature short time (HTST) milk stored at 4°C for 1 wk. Sensory taste and texture evaluations
608  conducted by trained panelists were assessed on a 9-point scale (low to high; 1 to 9). Bars indicate standard errors of least square means.
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	Lipid oxidation
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	Protein composition analysis
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	To analyze the changes of sensory flavor attributes during ambient storage of the imported UHT milks, a sensory evaluation was conducted by trained panelists, and significant differences were observed in all flavor attributes among the milk groups (p ...
	The organoleptic taste and texture characteristics of HTST milk stored for 1 wk and the imported UHT milks during the storage periods are presented in Fig. 4. In terms of taste attributes, HTST milk exhibited a lower sweetness score compared to all UH...
	Regarding the texture characteristics, milk from the pasteurization processing showed a lower score in the amount of perceptible residue compared to milks from the UHT processing across all storage periods (p < 0.001). The UHT-P group exhibited a lowe...
	Thermal processing is a fundamental step in the dairy industry and is primarily performed to ensure the microbiological safety of dairy products by eliminating pathogenic microorganisms [16]. Milk classification based on thermal processing methods is ...
	Among the physicochemical modifications that occur in milk during storage, lipid oxidation is an important factor that determines quality deterioration [24]. The primary targets of lipid oxidation are unsaturated fatty acids, which react with oxygen t...
	Milk protein is highly sensitive to heat and undergoes more significant alterations during UHT processing compared to other processing methods due to the intense heat treatment involved [24]. Furthermore, while this intense heat treatment effectively ...
	The organoleptic quality attributes of milk, such as flavor, taste, and texture, are crucial factors that influence consumer purchasing and repurchasing decisions and develops through a series of complex reactions [19]. Among these attributes, milk fl...
	Among the four taste characteristics analyzed in this study, three traits (saltiness, sourness, and fattiness) did not show significant differences (p > 0.05). However, HTST milk tended to exhibit weaker values of sweet flavor and taste compared to UH...
	CONCLUSION
	In response to the recent global inflation and economic downturns, consumers are prioritizing price as a key criterion when purchasing food, and repurchase decisions are largely influenced by the sensory experience of the product [42]. In Korea, the i...
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