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Abstract 21 

This study evaluated the storage stability and palatability of imported ultra-high 22 

temperature (UHT) milks during prolonged ambient storage (4–9 mon), compared with 23 

domestic high temperature short time (HTST) milk stored under refrigeration for 1 wk. HTST 24 

milk, produced within 7 d, was purchased from a local market and stored under refrigeration 25 

as a control. UHT milks produced 3 mon prior from Australia (UHT-A), Germany (UHT-G), 26 

and Poland (UHT-P) were stored at 25 ± 2℃ in a temperature-controlled incubator. All milks 27 

had a comparable amount of total solids, with fat (3.4–3.5 g/100 g), protein (3.0–3.3 g/100 g), 28 

and carbohydrate (4.7–5.0 g/100 g) contents. UHT milks consistently exhibited higher 29 

thiobarbituric acid reactive substances values than HTST milk throughout storage (p < 0.05), 30 

although all values remained below the safety threshold for consumption. Protein degradation 31 

was observed in all UHT milks during storage (p < 0.05), except for αs-casein (p > 0.05). β-32 

casein gradually decreased in UHT-A and UHT-G from 4 to 9 mon (p < 0.001), while κ-casein 33 

decreased in UHT-A and UHT-P over the same period (p < 0.001). Sensory evaluation by 34 

trained panelists showed that HTST milk had a stronger milky flavor than all UHT milks, 35 

regardless of the storage period (p < 0.001). In contrast, all UHT milks had greater cooked 36 

and cheesy flavors than HTST milk (p < 0.001), likely due to exposure to higher temperatures. 37 

Rancid aromatic flavor increased during storage in UHT-A and UHT-P milks (p < 0.001). In 38 

addition, all UHT milks showed higher viscosity and astringency scores than HTST milk 39 

throughout storage (p < 0.001). Overall, prolonged ambient storage of imported UHT milk 40 

induced persistent physicochemical changes, including lipid oxidation and protein 41 

degradation, ultimately leading to a gradual decline in palatability, a critical determinant of 42 

consumer acceptability.  43 

Keywords: Ultra-high temperature milk, Storage stability, Lipid oxidation, Protein 44 

degradation, Sensory quality 45 

46 
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INTRODUCTION 47 

The dynamics of consumer purchasing behavior have shifted substantially in response to 48 

socio-demographic and environmental changes. These changes are characterized by 49 

increasing urbanization, a rising prevalence of smaller or single-person households, and the 50 

global impact of the coronavirus disease 2019 pandemic, which has resulted in heightened 51 

consumer priorities regarding food safety, quality, and convenience [1,2,3]. In addition, these 52 

evolving consumer demands have also impacted on the dairy industry, with a considerable 53 

increase in preference for shelf-stable dairy products, particularly ultra-high temperature 54 

(UHT) milk [4,5]. The global UHT milk market, which was valued at $77.5 billion in 2024, is 55 

projected to expand at a compound annual growth rate (CAGR) of 8.34%, reaching $159.4 56 

billion by 2033 [5]. Asia Pacific is estimated to have the highest growth, with the South 57 

Korean UHT milk market projected to reach $2,722 million by 2030, expanding at a CAGR 58 

of 8.9% from 2025 to 2030 [4]. However, in the Korean market, the price of domestically 59 

produced milk is gradually rising because of increasing production costs, which are driven by 60 

higher feed, labor, and energy expenses, as well as changes in climate conditions [6]. As a 61 

result, price-conscious consumers are increasingly seeking more affordable alternatives, thus 62 

leading to a growing reliance on imported UHT milk from countries, such as Poland, 63 

Germany, and Australia, which are comparatively cheaper than domestic HTST and UHT 64 

milk [6].  65 

UHT milk undergoes processing at temperatures of 135–150℃ for 1–10 s, in accordance 66 

with domestic standards of heating to 135℃ or higher for 2–5 s, and is then aseptically 67 

packaged into sterile containers. However, high temperature short time (HTST) processing 68 

involves heating raw milk to at least 72℃ for 15 s, and the shelf life of HTST milk is 69 

generally 2–3 wk under refrigerated conditions. This method is the most widely used method 70 

for pasteurization and is designed to preserve the taste and nutritional values [7]. From a 71 
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microbial perspective, both HTST and UHT treatments effectively enhance food safety; 72 

however, the processing conditions of UHT milk not only effectively eliminate potentially 73 

pathogenic bacteria, such as Salmonella spp., Listeria monocytogenes, and pathogenic 74 

Escherichia coli, but also inactivate thermoresistant spores and enzymes [8,9]. This allows 75 

UHT milk to be stored at ambient temperatures for 9–12 mon without the need for cold chain 76 

transportation and refrigeration [10]. Thus, UHT milk generally has a significantly longer 77 

shelf life; however, the severe heat treatment applied during UHT processing and the 78 

subsequent extended ambient storage can induce continuous chemical and physical changes, 79 

including protein denaturation and lipid oxidation, which may affect the overall quality and 80 

consumer preferences [10]. It is well recognized that severe heat effects cause greater 81 

disruption of milk fat globules and proteins compared to pasteurization processing, leading to 82 

noticeable differences in flavor and taste [10]. In contrast, the timing and extent of quality 83 

deterioration during storage remain variable, with noticeable physicochemical changes have 84 

been reported after 3–6 mon depending on temperature conditions [11]. This issue is relevant 85 

in the Korean market, where imported UHT milk typically reaches consumers approximately 86 

three mon after production due to import and customs clearance procedures, and consumers 87 

often purchase products in bundles produced 3–9 mon priors from online markets. 88 

Consequently, consumers store these products for extended periods before consumption, 89 

increasing the likelihood of quality deterioration during long-term storage. However, there is 90 

a notable lack of research regarding changes in the physicochemical and sensory quality traits 91 

that occur during its storage period after production, despite the continuous increase in 92 

consumption of imported UHT milk in Korea. Therefore, the objective of this study was to 93 

investigate the storage stability and organoleptic characteristics of various imported UHT 94 

milks stored under ambient condition for 4 to 9 mon.  95 

 96 
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MATERIALS AND METHODS 97 

Milk materials 98 

A total of nine domestic HTST milks (Seoul Milk, Seoul Dairy Cooperative; produced 99 

from Holstein-Friesians; HTST treated at 75℃ for 15 s) were purchased from a local market, 100 

immediately refrigerated at 4℃ in the dark. All HTST milks remain unopened until analysis 101 

on 7th d post-production. UHT milks from three different countries that were 4 mon post-102 

production were sourced from a local market and categorized based on their country of origin: 103 

UHT-A (Australia’s Own, Noumi Limited, Australia; UHT treated at 135℃ for 4 s), UHT-G 104 

(Oldenburger Dairy, DMK Group, Germany; UHT treated at 130–140℃ for 2–4 s), and UHT-105 

P (Mlekovita 3.5%, Mlekovita, Poland; UHT treated at 130–145℃ for 3 s). All UHT milks 106 

were produced from pasture-raised dairy cows. The storage conditions and comparison 107 

criteria among the milks were not equivalent in this study; however, HTST milk was included 108 

as a control to provide insight into the extent of quality changes in imported milk during 109 

storage under realistic conditions.  110 

According to the information provided by the manufacturers, all milks had a similar 111 

amount of total solids, with a fat content ranging from 3.4–3.5 g/100 g, a protein content 112 

ranging from 3.0–3.3 g/100 g, and a carbohydrate content ranging from 4.7–5.0 g/100 g. 113 

Eighteen milk samples from each group were stored in a precisely temperature-controlled 114 

incubator at 25 ± 2℃. Six samples per each group were then randomly selected for analysis at 115 

4, 6, or 9 mon post-production (total 3 groups; 6 samples × 3 periods × 3 replicates = 54 116 

samples). No additional preparation steps, such as centrifugation, were performed before 117 

analysis. During each period, three samples per each group were collected in 50-mL conical 118 

tubes and stored at –80℃ for subsequent evaluation of thiobarbituric acid reactive substances 119 

(TBARs) and protein compositions. The remaining three samples per each group were used 120 

for sensory quality evaluation.  121 
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 122 

Lipid oxidation  123 

Lipid oxidation during storage was assessed using the TBARs assay as previously 124 

described by Buege and Aust [12]. In brief, 2 mL of the milk sample was mixed with 0.2% 125 

butylated hydroxytoluene and 10% trichloroacetic acid and then centrifuged at 1,700 g for 15 126 

min. The supernatant (2 mL) was collected and centrifuged again at 12,000 rpm for 10 min. 127 

Thereafter, 1 mL of the resulting supernatant was then combined with the 2-thiobarbituric 128 

acid reagent. This mixture was heated at 85°C for 45 min in a water bath and then cooled in 129 

cold water. Absorbance was measured at 532 nm, and results were expressed as mg 130 

malondialdehyde (MDA) per kg of sample. 131 

 132 

Protein composition analysis 133 

The protein profiles were analyzed using sodium dodecyl sulfate polyacrylamide gel 134 

electrophoresis (SDS-PAGE). For each storage period, 40 μL of UHT milk samples were 135 

mixed with 960 μL of sample buffer and diluted in a Tris-HCl sample buffer (0.1% SDS in 136 

0.5 M Tris-HCl buffer at pH 6.8). To reduce the disulfide bonds, 20 μL of 2-mercaptoethanol 137 

was added to each sample, and the sample mixtures were heated at 95°C for 5 min. All 138 

samples from each milk group were loaded onto a single gel (12% resolving; 4% stacking), 139 

and the SDS-PAGE was conducted using a Mini-PROTEAN system (Bio-Rad Laboratory 140 

Inc., Richmond, CA, USA) at 120 V, according to previously described methods [13,14]. 141 

After electrophoresis, the gels were stained with Coomassie Brilliant Blue R-205 (Sigma-142 

Aldrich, Deisenhofen, Germany) and destained with 5% acetic acid. The protein band 143 

intensity was analyzed using one-dimensional image analysis software (Eastman Kodak Co., 144 

Rochester, NY, USA), and the intensity of each band in HTST milk stored for 1 wk after 145 

manufacturing was used as the standard for normalization. All experiments were repeated six 146 
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times. 147 

 148 

Sensory quality evaluation 149 

For sensory quality evaluation, a total of 36 milk samples (27 UHT and 9 HTST milk 150 

samples) were used during nine sessions (4 samples per session). Before each session, the 151 

milk samples were moved to the refrigerator until they reached 4℃, and the organoleptic 152 

characteristics were evaluated using a 9-point hedonic scale (low–high; 1–9). These 153 

characteristics included six flavor attributes (milky flavor, cooked milk flavor, cheesy flavor, 154 

sweet flavor, rancid aromatic flavor, and grassy flavor), four taste attributes (sweetness, 155 

saltiness, sourness, and fattiness), and four texture attributes (mouth coating, amount of 156 

perceptible residue, viscosity, and astringency). The assessments were performed by trained 157 

panelists (six women and five men; 25–46 years old), following a previously described 158 

method [15]. All training and sensory evaluations were performed at Kyungpook National 159 

University (KNU), and human ethics approval was granted by the Bioethics Committee of 160 

KNU (protocol number: 2019-0027, renewed annually). The panelists were provided with 161 

water and salt-free crackers to cleanse their palates between samples, except for the flavor 162 

evaluation.  163 

 164 

Statistical analysis 165 

Data were analyzed using the general linear model procedure in SAS software (SAS 166 

Institute, Cary, NC). Storage stability and protein composition assessments were conducted 167 

using a linear mixed model with the milk types and storage periods as fixed effects and the 168 

replicates as random effects. For sensory evaluation, a linear mixed model was applied, with 169 

the UHT milk types and storage period as fixed effects and the panelists and replications as 170 

random effects. Significant differences in the least-square means of the measured parameters 171 

ACCEPTED



across the groups were determined using the probability difference option at a significant 172 

level of p < 0.05 and were presented with standard errors. 173 

 174 

RESULTS 175 

Comparison of lipid oxidation among HTST and imported UHT milks  176 

Fig. 1 compares the TBARs levels of different UHT milk samples during the various 177 

storage periods with those of domestic HTST milk stored for 1 wk. HTST milk exhibited the 178 

lowest TBARs value compared to UHT milks across all storage periods (p < 0.001). All UHT 179 

milks sourced from different countries tended to show a significant increase in TBARs values 180 

from 4 to 9 mon of ambient storage after manufacturing (p < 0.001). Notably, the TBARs 181 

levels at 6 mon were significantly higher than those at 4 mon in each UHT group (p < 0.001). 182 

However, a decrease in TBARs values was observed between the 6 and 9 mon of storage in 183 

the UHT-A (0.29 vs. 0.21 mg MDA/kg, p < 0.001) and UHT-P groups (0.19 vs. 0.16 mg 184 

MDA/kg, p < 0.001), while no difference was detected in the UHT-G group (0.18 vs. 0.16 mg 185 

MDA/kg, p > 0.05). There was no difference among the UHT groups at 4 mon of storage (p > 186 

0.05); however, after 9 mon of storage, UHT-A milk showed a higher value compared to the 187 

other UHT milks (p < 0.05). 188 

 189 

Comparison of protein degradation among HTST and imported UHT milks 190 

Fig. 2 shows the protein degradation in the UHT milk samples throughout the 9-mon 191 

storage period and in the HTST milk stored for 1 wk. No significant difference in the αs-192 

casein level was observed in the HTST and UHT milk samples during the storage period (p > 193 

0.05). In contrast, other milk proteins, including β-casein, κ-casein, and β-lactoglobulin, 194 

exhibited significant differences between the groups (p < 0.05). In terms of β-casein content, 195 

the UHT-G milk group at 4 mon of storage showed the highest level compared to the other 196 
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groups at 4 mon (p < 0.001). There was no difference in the β-casein level between HTST 197 

milk at 1 wk and UHT-A milk at 4 mon (1.00 vs. 1.00, p > 0.05); however, the UHT-A group 198 

at 9 mon exhibited a lower protein level (0.41, p < 0.001) compared to the UHT-A group at 4 199 

mon. No difference was observed in the κ-casein content between HTST milk and UHT-A 200 

milk at 4 mon (1.00 vs. 1.00, p > 0.05), although all imported UHT milks at 9 mon showed 201 

lower levels than HTST milk at 1 wk (p < 0.001). Similar to that of β-casein, UHT-G milk 202 

stored for 4 mon exhibited a higher β-lactoglobulin level compared to HTST milk at 1 wk and 203 

other UHT milks at all measured storage periods (p < 0.001). Moreover, UHT-G milk at 9 204 

mon exhibited a higher level of β-lactoglobulin compared to UHT-A and UHT-P milks at 9 205 

mon (1.01 vs. 0.40 and 0.80, p < 0.001).  206 

 207 

Comparison of sensory flavor attributes among HTST and imported UHT milks 208 

To analyze the changes of sensory flavor attributes during ambient storage of the 209 

imported UHT milks, a sensory evaluation was conducted by trained panelists, and significant 210 

differences were observed in all flavor attributes among the milk groups (p < 0.001; Fig. 3). 211 

The HTST milk group exhibited the highest milky flavor score compared to all UHT milk 212 

groups, regardless of their storage duration (p < 0.001). The milk flavor score of each UHT 213 

milk group at 9 mon of storage was lower than that of each milk group at 4-mon storage (p < 214 

0.001), and no difference was observed among the UHT-A, UHT-G, and UHT-P groups at 9 215 

mon of storage (4.60, 5.00, and 5.20, p > 0.05). As expected, the UHT milk samples, 216 

regardless of storage period, exhibited higher scores of cooked flavor and cheesy flavor 217 

compared to HTST milk at 1 wk (p < 0.001). The cooked flavor value of imported UHT milks 218 

showed a tendency to decrease as the storage period extended from 4 to 9 mon. UHT-G milk 219 

at 9 mon had a lower cheesy flavor value compared to that at 4 mon (5.25 vs. 7.62, p < 0.001), 220 

and no difference was observed in UHT-A milk across the different storage periods (p > 0.05). 221 
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In terms of sweet flavor score, UHT milks at 4 mon had a higher value compared to HTST 222 

milk (p < 0.001), although there was no significant difference between HTST milk at 1 wk 223 

and UHT milks at 9 mon (p > 0.05). The rancid aromatic flavor of HTST milk did not differ 224 

significantly from that of UHT-A and UHT-P milks (1.15 vs. 1.14 and 1.36, p > 0.05); 225 

however, UHT-G milk after 9 mon of storage had a lower value compared to UHT-A and 226 

UHT-P milks after the same storage period (1.40 vs. 2.40 and 2.60, p < 0.001). After 4 mon of 227 

storage, a similar intensity of grassy flavor was observed between UHT-G and UHT-P milks 228 

(1.21 and 1.14, p > 0.05). Although no significant change in grassy flavor was observed in the 229 

UHT-A group during storage (p > 0.05), the UHT-G and UHT-P groups showed an increased 230 

intensity over the storage period (p < 0.001). 231 

 232 

Comparison of sensory taste and texture attributes among HTST and imported 233 

UHT milks 234 

The organoleptic taste and texture characteristics of HTST milk stored for 1 wk and the 235 

imported UHT milks during the storage periods are presented in Fig. 4. In terms of taste 236 

attributes, HTST milk exhibited a lower sweetness score compared to all UHT milks (p < 237 

0.001), except for UHT-G milk after 9 mon of storage, where the difference was not 238 

statistically significant (p > 0.05). A significant decline in sweetness score was observed in the 239 

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 240 

6 mon of storage, with no further changes detected between 6 and 9 mon (p > 0.05). On the 241 

other hand, there were no differences in saltiness, sourness, and fattiness among the milk 242 

groups, regardless of the storage period (p > 0.05).  243 

Regarding the texture characteristics, milk from the pasteurization processing showed a 244 

lower score in the amount of perceptible residue compared to milks from the UHT processing 245 

across all storage periods (p < 0.001). The UHT-P group exhibited a lower score at 4 mon 246 
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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 247 

did not induce a change in the amount of perceptible residue in the UHT-A and UHT-G 248 

groups (p > 0.05). HTST milk exhibited the lowest viscosity score compared to all imported 249 

UHT milks, independent of the storage period (p < 0.001). Although the UHT-G group 250 

exhibited similar viscosity scores irrespective of storage duration (p > 0.05), the UHT-A (6.00 251 

vs. 7.00, p < 0.001) and UHT-P (5.57 vs. 6.14, p < 0.001) groups had increased scores as the 252 

storage duration increased from 4 to 6 mon. A similar tendency was observed for the sensory 253 

astringency, with HTST milk scoring significantly lower than the UHT groups, regardless of 254 

storage period (p < 0.001). Samples from the UHT-A group showed a higher astringency 255 

score at 9-mon storage than those at 4-mon storage (7.40 vs. 6.43, p < 0.001), whereas the 256 

UHT-G and UHT-P groups did not change throughout the storage period (p > 0.05). 257 

 258 

DISCUSSION 259 

Thermal processing is a fundamental step in the dairy industry and is primarily 260 

performed to ensure the microbiological safety of dairy products by eliminating pathogenic 261 

microorganisms [16]. Milk classification based on thermal processing methods is primarily 262 

distinguished as either pasteurization or sterilization, with HTST pasteurization and UHT 263 

sterilization being the most widely employed efficient processes [16]. Despite the 264 

effectiveness of heat treatments and the inherent structural integrity of milk, which includes 265 

natural defenses against oxidation, certain thermoresistant microbial species and enzymes 266 

may survive and remain active, leading to modification in the physicochemical properties of 267 

milk during storage before consumption by the consumer [17–19]. These continuous changes 268 

during storage result in the gradual quality deterioration and include: i) chemical oxidation, 269 

either via enzyme-catalyzed reactions or the initiation of free radical formation; ii) 270 

denaturation of whey proteins; iii) aggregation of κ-casein depleted casein micelles, often 271 
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mediated by interactions with denatured whey proteins; iv) the Maillard reaction that induces 272 

lactose isomerization; and v) the formation of brown pigments and off-flavors through the 273 

accumulation of increasing Maillard reaction products [10,20–22]. Thus, to ensure milk 274 

quality, HTST-treated milk is typically assigned a code date ranging from 14 to 18 d under 275 

refrigeration conditions, based on microbiological safety and hygiene standards [17]. The 276 

extent of quality deterioration depends on the microbial counts after treatment and storage 277 

temperature [17]. However, while UHT milk offers an extended shelf life, it undergoes 278 

ongoing physicochemical changes during storage at ambient temperature, which can result in 279 

a decline in consumer preferences [23]. 280 

Among the physicochemical modifications that occur in milk during storage, lipid 281 

oxidation is an important factor that determines quality deterioration [24]. The primary targets 282 

of lipid oxidation are unsaturated fatty acids, which react with oxygen to form free radicals 283 

that produce hydroperoxides and are considered the main oxidation products [24]. 284 

Subsequently, these hydroperoxides subsequently decompose into secondary products, such as 285 

aldehydes, ketones, and hydrocarbons [25]. Thus, the extent of lipid oxidation is commonly 286 

assessed by measuring the peroxide values as an indicator of primary oxidation and aldehydes, 287 

such as hexanal and MDA, for secondary oxidation to determine oxidative stability [26]. 288 

Additionally, milk proteins, including amino acids, peptides, caseins, and whey proteins, are 289 

susceptible to rapid free radical-mediated oxidation, and aldehydes that are produced during 290 

lipid oxidation can induce cross-linking in milk casein proteins, which leads to structural 291 

modification of the proteins [25]. Consequently, considering these changes in lipid and 292 

protein oxidation, a key indicator of oxidative stability in milk is the TBARs value, which 293 

reflects the extent of lipid peroxidation through the quantification of MDA [26]. Panfil-294 

Kuncewicz et al. [27] reported that the TBARs values of UHT milk gradually increased from 295 

0 to 6 mon of storage regardless of storage temperature. In addition, the storage temperature 296 
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significantly affected the TBARs values of milk, and milk stored at 23℃ exhibited higher 297 

values compared to UHT milk stored at 4℃ after 3 and 6 mon [27], which aligns with the 298 

other observations of oxidative progression during storage [28–30]. In the present study, the 299 

TBARs values of the imported UHT milk groups remained below the critical threshold levels 300 

for oxidation (1.0 mg MDA/kg) throughout the 9-mon storage period under ambient condition, 301 

thus indicating that oxidative stability was maintained under these conditions. The TBARs 302 

values in all UHT milks, which were higher than those in HTST milk, significantly increased 303 

from 4 to 6 mon or from 4 to 9 mon of storage (p < 0.001). However, there was a somewhat 304 

limited effect on the TBARs value between 6 and 9 mon of storage (p > 0.05). These results 305 

were similar to a previous study [30], which reported that TBARs levels in UHT milks 306 

showed a statistical increase from 3 to 12 mon, although significant differences were not 307 

observed between 6 to 9 mon or 9 to 12 mon within each storage temperature group. This may 308 

be explained by the reaction of MDA with the amino groups in milk proteins, especially 309 

lysine residues, that form Schiff bases, which reduce measurable TBARs despite the ongoing 310 

oxidation processes [31]. Therefore, while UHT milk can be stored under ambient conditions 311 

for 9 mon and maintain storage stability for consumption, continuous lipid oxidation changes 312 

have been observed.  313 

Milk protein is highly sensitive to heat and undergoes more significant alterations during 314 

UHT processing compared to other processing methods due to the intense heat treatment 315 

involved [24]. Furthermore, while this intense heat treatment effectively inactivates most 316 

harmful proteolytic enzymes that are responsible for milk deterioration, some indigenous 317 

enzymes remain partially active during extended storage [32,33]. In addition, heat-stable 318 

exogenous enzymes produced by some psychrotrophic bacteria can remain active during 319 

storage [32,33]. Furthermore, casein breakdown caused by enzymes, such as plasmin and 320 

bacterial proteases, leads to the gelation and sedimentation of UHT milk during storage [34]. 321 
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These changes are major factors that limit its shelf life and cause sensory quality deterioration 322 

[34]. The remaining enzymes after UHT processing primarily act on β-casein and, to a lesser 323 

extent, αs-casein, although they do not hydrolyze κ-casein and whey proteins [34]. Exogenous 324 

enzymes can sequentially break down κ-casein, β-casein, and αs-casein [35]. On the other 325 

hand, non-enzymatic protein hydrolysis during storage involves considerable protein 326 

modifications, such as denaturation and aggregation, along with chemical alterations in the 327 

amino acids [36]. Additionally, intense heat treatment can induce protein linkages, such as the 328 

formation of β-lactoglobulin–κ-casein complexes, which result in a three-dimensional protein 329 

gel matrix [23]. In this study, there was no significant degradation in the αs-casein content 330 

between HTST milk stored refrigerated for 1 wk and imported UHT milks at any storage 331 

period (p > 0.05), as this protein was less susceptible to enzymatic hydrolysis compared to the 332 

other caseins [34]. However, the level of β-casein, which is most susceptible to enzymatic 333 

reactions by plasmin, gradually decreased as the storage period increased in UHT milks from 334 

4 to 9 mon (p < 0.001), except for UHT-P milk (p > 0.05). The degradation of κ-casein, which 335 

is associated with the activity of exogenous proteases, was observed in the UHT-A and UHT-P 336 

groups from 4 to 9 mon of storage (p < 0.001). As the storage period increased, the intensity 337 

of β-lactoglobulin, a whey protein, gradually degraded in all UHT milks (p < 0.001). Thus, 338 

imported UHT milks stored under ambient conditions during 9 mon of storage exhibited 339 

continuous degradation of various milk proteins, which may be related to organoleptic 340 

characteristic changes. 341 

The organoleptic quality attributes of milk, such as flavor, taste, and texture, are crucial 342 

factors that influence consumer purchasing and repurchasing decisions and develops through 343 

a series of complex reactions [19]. Among these attributes, milk flavor is a key factor for 344 

consumer acceptability and is shaped by a balance of various compounds that are formed 345 

through physicochemical reactions during the heating process and further altered throughout 346 
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storage [24]. HTST milk, which undergoes mild heat treatment, retains a fresher and more 347 

authentic milk flavor compared to sterilized milk due to the treatment conditions [7], as milk 348 

flavor appears immediately after processing and is often accompanied by a sulfurous flavor 349 

from volatile sulfur compounds, which typically dissipates within 7 to 10 d [20]. A similar 350 

trend was observed in this study, where HTST milk at 7 d showed a stronger milky flavor 351 

compared to UHT milks stored for 4 mon (p < 0.001). In all UHT milks, this flavor gradually 352 

diminished as the storage period increased from 4 to 9 mon (p < 0.001). Sterilized milk is 353 

known to develop more pronounced cooked and cheesy flavors than HTST milk due to the 354 

formation of sulfur volatiles and Maillard-derived compounds generated at higher 355 

temperatures [23]. Thus, sensory panelists can be distinguished in sensory traits between 356 

HTST and UHT milks even though their storage conditions, such as storage temperature and 357 

period, were the same [37]. Lee et al. [37] reported that UHT milk showed higher cooked and 358 

sulfur flavors compared to HTST milk at 3 and 14 d post-production due to severe heat 359 

treatment. In this study, all UHT milks, regardless of storage period, exhibited higher scores 360 

of cooked and cheesy flavor scores compared to HTST milk stored for 7 d (p < 0.001). 361 

However, these flavors tended to decrease as the storage period increased from 4 to 9 mon (p 362 

< 0.001). It is explained that aroma-active volatiles from Maillard reaction are highly unstable 363 

and tend to dissipate over time due to volatilization, oxidation, or participation in secondary 364 

reactions [21,34]. In addition, during prolonged storage period, UHT milk can slowly yet 365 

persistently develop a rancid flavor, primarily because of lipid oxidation. This process 366 

involves the breakdown of unsaturated fatty acids and oxidative conversion of free fatty acids 367 

to ketones aldehydes, and esters, resulting in the formation of off-flavor compounds [38]. 368 

Thus, similar to the TBARs result, the intensity of rancid aromatic flavor was not strong in all 369 

the milks evaluated in this study, but it tended to increase from 4 to 9 (p < 0.001), except for 370 

UHT-G milk (p > 0.05). Moreover, all imported UHT milks stored for 6 and 9 mon had a 371 
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higher grassy flavor intensity compared to domestic HTST milk (p < 0.001), likely due to 372 

pasture-based feeding and lipid oxidation [39]. 373 

Among the four taste characteristics analyzed in this study, three traits (saltiness, 374 

sourness, and fattiness) did not show significant differences (p > 0.05). However, HTST milk 375 

tended to exhibit weaker values of sweet flavor and taste compared to UHT samples, as the 376 

Maillard reaction under severe heat treatment generates lactulose and other reducing sugars, 377 

thus further intensifying the sweet taste and sweet flavor perception compared to mild heat 378 

treatment [40]. In UHT milks, sweetness statistically decreased over storage time (p < 0.01), 379 

except for UHT-P milk, due to the breakdown of milk sugars and changes in flavor 380 

compounds as the product ages [41]. For the texture attributes, there was no difference in 381 

mouth coating among the milk groups (p > 0.05), as the fat content in all milks was similar. 382 

On the other hand, all UHT milks, regardless of storage period, had a higher amount of 383 

perceptible residue after consumption compared to HTST milk (p < 0.001). This may be 384 

because UHT processing causes an increased extent of whey protein denaturation and thermal 385 

decomposition, and denatured whey proteins can then form complexes with various 386 

components, including other whey proteins, caseins, and fat globules [23]. Furthermore, 387 

proteolysis by indigenous and exogenous enzymes in UHT milk during long-term storage 388 

leads to the accumulation of hydrophobic peptides and protein aggregates, which are closely 389 

linked to the development of bitter flavor, astringency, and viscosity, and these attributes are 390 

related to the presence of residual milk in the oral cavity after consumption [21]. Li et al. [21] 391 

reported that HTST milk exhibited lower astringency and viscosity scores than those of 392 

sterilized milk stored for over 8 wk, despite there being no significant differences in the 393 

mechanical viscosity. These findings are consistent with the present study, where prolonged 394 

storage of UHT milk was linked to increased astringency and viscosity (p < 0.001). Therefore, 395 

continuous changes in the organoleptic characteristics of UHT milk during extended storage 396 
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at ambient temperature were attributed to lipid oxidation and protein degradation, which were 397 

potentially mediated by both endogenous and exogenous enzymes.  398 

 399 

CONCLUSION 400 

In response to the recent global inflation and economic downturns, consumers are 401 

prioritizing price as a key criterion when purchasing food, and repurchase decisions are 402 

largely influenced by the sensory experience of the product [42]. In Korea, the import and 403 

consumption of UHT milk have increased because of its affordable price, long shelf life, and 404 

suitability for storage and distribution under ambient conditions without the requiring 405 

refrigeration. In the current study, imported UHT milks that have been stored for over 6 mon 406 

at ambient temperature exhibited continuous physicochemical changes of the various milk 407 

components. Due to these changes, the eating quality of all UHT milks tended to gradually 408 

decline from 4 to 9 mon, which allowed panelists to clearly distinguish their flavor and 409 

texture characteristics from those of HTST milk stored under refrigerated conditions for 1 wk.  410 

 411 

412 
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Fig. 1. 543 

 544 

Fig. 1. Comparison of lipid oxidation in the imported ultra-high temperature (UHT) milks 545 

stored for 4 to 9 mon under ambient conditions versus domestic high temperature short time 546 

(HTST) milk stored at 4℃ for 1 wk. Bars indicate standard errors of least square means. 547 

Different letters denote significant differences (p < 0.05). Abbreviations: TBARs, 2-548 

thiobarbituric acid reaction substances; MDA, malondialdehyde; HTST, high temperature 549 

short time; UHT-A, imported UHT milk from Australia; UHT-G, imported UHT milk from 550 

Germany; UHT-P, imported UHT milk from Poland. 551 

 552 
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 554 

 555 

Fig. 2. SDS-PAGE images (A) and relative protein intensities (B) of the imported ultra-high 556 

temperature (UHT) milks stored for 4 to 9 mon under ambient conditions versus domestic 557 

high temperature short time (HTST) milk stored at 4℃ for 1 wk. Bars indicate standard errors 558 

of least square means. Different letters denote significant differences (p < 0.05). 559 

Abbreviations: HTST, high temperature short time; UHT-A, imported UHT milk from 560 

Australia; UHT-G, imported UHT milk from Germany; UHT-P, imported UHT milk from 561 

Poland. 562 
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Fig. 3. 565 

 566 

Fig. 3. Comparison of sensory flavor attributes in the imported ultra-high temperature (UHT) 567 

milks stored for 4 to 9 mon under ambient conditions versus domestic high temperature short 568 

time (HTST) milk stored at 4℃ for 1 wk. Sensory flavor evaluation was conducted by trained 569 

panelists and was assessed using a 9-point scale (low to high; 1 to 9). Bars indicate standard 570 

errors of least square means. Different letters denote significant differences (p < 0.05). 571 

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

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

Poland. 574 

 575 
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Fig. 4. 579 

 580 

 581 
 582 
 583 
 584 
 585 
 586 
 587 
 588 
 589 
 590 
 591 
 592 
 593 
 594 
 595 
 596 
 597 
 598 
 599 
 600 
 601 
 602 
 603 

 604 
 605 
Fig. 4. Comparison of sensory taste and texture attributes in the imported ultra-high temperature (UHT) milks stored for 4 to 9 mon under 606 
ambient conditions versus domestic high temperature short time (HTST) milk stored at 4℃ for 1 wk. Sensory taste and texture evaluations 607 
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. 608 
Different letters denote significant differences (p < 0.05). Abbreviations: HTST, high temperature short time; UHT-A, imported UHT milk from 609 
Australia; UHT-G, imported UHT milk from Germany; UHT-P, imported UHT milk from Poland. 610 
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