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Abstract 16 

Protein modifications in liquid infant formula (IF) have been widely studied, but distinguishing 17 

between heat- and storage-induced structural changes remains challenging. A generic liquid IF was 18 

subjected to direct or indirect UHT treatment and stored at 40 °C up to 180 days. Colour changes and 19 

pH were monitored and structural changes were characterised by dynamic light scattering, SDS-20 

PAGE and centrifugal field-flow fractionation (FFF) coupled with multi-angle light scattering 21 

(MALS) and UV detectors to evaluate whether heat-induced differences would level out during 22 

storage. Both direct- and indirect UHT treatment led to structural changes, where the higher heat load 23 

of the indirect UHT treatment caused more pronounced changes. Indications were that storage-24 

induced changes in pH, browning and non-reducible cross-links were not dependent on UHT 25 

treatment. However, FFF-MALS-UV analysis allowed characterisation of complex aggregates, where 26 

structural changes continued to be most pronounced in indirect UHT treated samples, and different 27 

storage-induced aggregation behaviour was observed.   28 

 29 

Keywords 30 
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1 Introduction 33 

When breastmilk is not an option, infants rely on fulfilling their nutritional needs by infant formula 34 

(IF), and thus IF must be of high nutritional quality. Due to the sensitive gut health and immune 35 

system of infants (Martin et al., 2010), it also becomes crucial to ensure high microbiological safety, 36 

which is commonly achieved by high temperature treatments or spray drying. IFs are commercially 37 

available as powder or liquid. A benefit of liquid IF is its convenience and lack of hygienic 38 

requirements when preparing it for consumption, whereas powder IF needs to be dissolved in water. 39 

Ultra-high temperature (UHT) treatments are commonly used when producing liquid IF, since it 40 

ensures good microbial safety and prolonged shelf life at ambient temperatures. However, UHT 41 

treatments are known to promote protein modifications and cause formation of Maillard reaction 42 

products (Zhang et al., 2019), which are formed by reactions between nucleophilic groups on proteins 43 

and reducing sugars (Pischetsrieder & Henle, 2012). This leads to formation of advanced glycation 44 

end products (AGEs), which may have negative health consequences especially in premature infants 45 

(reviewed by Šebeková, Klenovics, & Šebeková, 2014). IF is adapted to mimic the composition of 46 

human breastmilk, therefore often consisting around 7% lactose, 3.5% fat and 1.5% protein with a 47 

whey protein to casein ratio of 60:40. The combination of high heat load and abundance of proteins 48 

and lactose causes IF to be more prone to heat-induced protein modifications, when compared to 49 

bovine milk (Birlouez-Aragon et al., 2004; Pischetsrieder & Henle, 2012).  50 

 51 

Protein modifications may also cover structural changes such as denaturation and aggregation, which 52 

have shown to both improve protein digestibility or lead to decreased nutritional value (reviewed by 53 

Lieshout, Lambers, Bragt, & Hettinga, 2019). Therefore, it becomes relevant to characterise and 54 

differentiate structural changes that takes place during UHT processing and storage of liquid IF. There 55 

are two approaches to a UHT treatment: direct or indirect heating. The temperature and holding time 56 
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can be equivalent, but due to different heat transfer mechanisms the overall heat load will differ 57 

significantly. For direct UHT systems, heat is transferred directly to the product by steam, which 58 

ensures rapid heating and cooling. For indirect systems, heat is transferred through a conducting 59 

material, giving longer heating and cooling rates. When compared to direct UHT, the higher heat load 60 

of indirect UHT has shown to cause increased levels of denatured whey proteins (Gaur, Schalk, & 61 

Anema, 2018; Kelleher et al., 2019) and Maillard reaction products (reviewed by Datta, Elliott, 62 

Perkins, & Deeth, 2002). However, direct UHT requires higher energy consumption, causing indirect 63 

heating systems to be more commercially widespread.  64 

 65 

The protein modifications initiated by the UHT treatment, will continue to take place during storage. 66 

Liquid IFs are often transported overseas in containers at temperatures ranging up to 60 °C (Deeth & 67 

Lewis, 2017). This is of importance since storage conditions determines type and quantity of protein 68 

modifications, and elevated temperatures have been shown to promote formation of protein 69 

modifications in indirect UHT milk (Al-Saadi & Deeth, 2008; Zhang et al., 2019). Commercially 70 

available liquid IFs vary in composition and levels of protein modifications due to different 71 

manufacturing processes (Cattaneo, Masotti & Pellegrino, 2009). Therefore, in the present study, a 72 

generic liquid IF was formulated to understand isolated effects of heat load during direct and indirect 73 

UHT processing and prolonged storage at 40 °C, by comparison with a low pasteurised unstored 74 

control sample. It was hypothesised that both UHT treatments would lead to structural changes of 75 

proteins, where increased heat load in the indirect UHT treated samples would result in more 76 

pronounced structural changes. To evaluate whether differences initiated by the UHT treatments 77 

would level out during storage, samples were stored at 40 °C up to 180 days in order to mimic 78 

temperature conditions observed during overseas transportation and in countries with high ambient 79 

temperatures (Deeth & Lewis, 2017). Structural changes may also be affected by pH, which was 80 
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therefore monitored along with colour development, since browning is linked to the presence of 81 

advanced Maillard reaction products. Particle size distributions were obtained by dynamic light 82 

scattering (DLS) and protein cross-links were evaluated by sodium dodecyl sulphate polyacrylamide 83 

gel electrophoresis (SDS-PAGE). Lastly, aggregated protein material was characterised by 84 

centrifugal field-flow fractionation (FFF) coupled with multi-angle light scattering (MALS) and 85 

ultraviolet (UV) detectors. 86 

 87 

2 Materials and methods 88 

2.1 Chemicals 89 

Ultrapure sodium dodecyl sulphate (SDS) was obtained from AppliChem GmbH (Darmstadt, 90 

Germany). Brilliant Blue G acid blue 90, dithiothreitol (DTT) were obtained from Sigma-Aldrich 91 

Biochemie GmbH (Steinheim, Germany). NuPAGETM 3-(N-morpholino)propanesulfonic acid 92 

(MOPS) SDS running buffer 20X and NuPAGETM lithium dodedycyl sulphate (LDS) sample buffer 93 

4X were obtained from Thermo Fisher Scientific (Carlsbad, CA, USA). Sodium chloride, sodium 94 

dihydrogen phosphate monohydrate and di-sodium hydrogen phosphate dodecahydrate were obtained 95 

from Merck KGaA (Darmstadt, Germany). All chemicals were of analytical grade. Deionized water 96 

was obtained from a Milli-Q pure water system (Millipore Corporation, Bedford, MA, USA,) and 97 

was used for all solutions. 98 

 99 

2.2 Preparation and storage of samples 100 

Complete generic liquid bovine-based IF was produced at Arla Foods Ingredients (Viby, Denmark), 101 

and was composed of 71% water, 16% skimmed milk, 4.7% lactose, 3.5% vegetable oil blend, 1.7% 102 

whey protein concentrate (WPC) and 0.04% lecithin. The remaining 3% consisted of a proprietary 103 

blend of vitamins, minerals and carbohydrates including galactooligosaccharides (GOS) and 104 
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fructooligosaccharides (FOS). This gave a generic liquid bovine-based IF consisting of 6.5% 105 

carbohydrates (of which > 95% was lactose), 3.5% fat and 1.5% protein (of which > 60% was whey 106 

proteins). The WPC solids consisted of 50% protein and levels of aggregated α-lactalbumin and β-107 

lactoglobulin were estimated to be 41% and 39%, respectively (see supplementary information). All 108 

IF samples were subjected to homogenisation (180 bar) and low pasteurisation (72 °C, 10 sec) before 109 

undergoing a UHT treatment (143 °C, 6 sec) either by direct steam injection (DI-UHT) or indirect 110 

tubular heating (IN-UHT), followed by cooling and down-stream homogenisation (80 °C, 180 bar). 111 

See Figure 1 for an overview of the production. All samples were packed aseptically at 21 °C in 500 112 

mL clear polyethylene terephthalate bottles. DI-UHT and IN-UHT samples were stored at 40 °C up 113 

to 180 days in a dark incubation cabinet (Binder, Tuttlingen, Germany). On each sampling day, one 114 

500 mL bottle were shaken and divided into smaller aliquots and kept at -60 °C until analysis. Low 115 

pasteurised (LP) IF was included as control together with unstored DI-UHT and IN-UHT and kept at 116 

-60 °C until analysis.  117 

 118 

2.3 Determination of protein composition by RP-HPLC-UV 119 

Samples were prepared and analysed according to published methods (Bonfatti, Grigoletto, 120 

Cecchinato, Gallo, & Carnier, 2008; Rauh et al., 2014) with the following modifications. Aliquots of 121 

0.55 mL IF were mixed with 1 mL reduction buffer (7.5 M urea, 0.12 M tri-sodium citrate and 0.03 122 

M DTT) and left on a rocking table at 30 °C for 1 hour. After centrifugation (8,000 g, 10 min, 4 °C) 123 

samples were filtered (0.22 µm) and injected (20 µL) into a reversed phase (RP) HPLC-UV system. 124 

Separation was performed using the following gradient: 15-31% B in 4 min, 31-39% in 3.5 min, 39-125 

41% in 0.1 min and 41-46% in 9.4 min at a flow rate of 0.8 mL/min. The following standards of 126 

bovine origin were used for quantification: bovine serum albumin (≥ 96%), α-lactalbumin (type III, 127 

calcium depleted, ≥ 85%), β-lactoglobulin genetic variant A (≥ 90%), β-lactoglobulin genetic variant 128 
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B (≥ 90%), αs-casein (≥ 70%), β-casein (≥ 98%) and κ-casein (≥ 70%) (Sigma-Aldrich Co., St. Louis, 129 

MO, USA), as well as caseinoglycomacropeptide (cGMP) (≥ 79%), which was obtained from Arla 130 

Foods Ingredients P/S (Videbæk, Denmark).  131 

 132 

2.4 Colour and pH measurements 133 

Prior to freezing of IF samples, CIELab colour values were measured in triplicates at three different 134 

positions on a petri dish covered with plastic wrap by a spectro2guide spectrophotometer (BYK-135 

Gardner GmbH, Geretsried, Germany). The total colour difference (ΔE*) was calculated relative to 136 

LP and relative to the unstored (day 0) sample of DI-UHT and IN-UHT in order to differentiate colour 137 

difference caused by UHT treatment and storage (eq. 1) 138 

∆E∗ = √(∆L∗)2 + (∆a∗)2 + (∆b∗)2    [1] 139 

Aliquots of frozen (-60 °C) samples were thawed in a water bath (25 °C, 1 hour) and pH was measured 140 

in triplicates. 141 

 142 

2.5 Particle size analysis 143 

Particle size distributions were determined by static light scattering using Mastersizer 3000 equipped 144 

with a Hydro MV sample dispersion unit (Malvern Instruments Co. Ltd., Worcestershire, UK). 145 

Samples were dispersed in Milli-Q water until 9.8-10.5% obscuration and measured at room 146 

temperature with 1500 rpm stirring speed. Particle- and dispersant refractive index were set at 1.46 147 

and 1.33, respectively, and particle absorption index was set at 0.001. The median diameter (D50) was 148 

calculated using the Mastersizer 3000 software (version 3.72). Samples were analysed in triplicates, 149 

with three measurements within 2 minutes for each.  150 

 151 
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2.6 SDS-PAGE 152 

SDS-PAGE was performed in order to evaluate the presence of disulphide-linked aggregates and non-153 

reducible cross-links. Loading samples were prepared by first diluting IF samples in 5% SDS (1:1) 154 

in order to increase protein solubility. Then, 12 µL of SDS-diluted IF, 7.5 µL LDS sample buffer and 155 

10.5 µL MilliQ-water were vortexed. For reduced samples, 3 µL of MilliQ-water was replaced by 3 156 

µL 1 M DTT. The loading samples were heated (80 °C, 10 min) and 3 µL of sample was loaded to 157 

NuPAGETM 12% Bis-Tris Gel (Thermo Fisher Scientific, Carlsbad, CA, USA). Three µL of 158 

PageRulerTM Unstained Protein Ladder (Thermo Fisher Scientific, Vilnius, Lithuania) was added to 159 

each gel. Following electrophoresis, using MOPS running buffer, the gels were stained overnight 160 

with Coomassie Brilliant Blue and destained with Milli-Q water. All samples were analysed in 161 

duplicates as a minimum.  162 

 163 

2.7 FFF-MALS-UV 164 

FFF was used to separate aggregates according to their size and density, whilst using MALS and UV 165 

detectors to monitor changes in protein concentration and size. Based on results from SDS-PAGE 166 

and particle size analysis only selected samples (0, 10, 20, 30, 60 and 180 days) were chosen for FFF 167 

analysis. Aliquots of 1 mL sample were centrifuged (3,000 g, 5 min, 4 °C) and 225 µl of supernatant 168 

was removed from below the fat layer and mixed with 75 µL mobile phase (10 mM phosphate buffer 169 

with 30 mM sodium chloride, pH 6.8). Ten µL of prepared sample was injected to a CF2000 170 

centrifugal FFF (Postnova Analytics GmbH, Germany), equipped with a PN7140 Solvent Organizer, 171 

PN7520 Solvent Degasser, PN1130 Isocratic Pump and a PN5300 Autosampler, coupled in series to 172 

a PN3621 MALS detector and a SPD-20A prominence UV/VIS detector. The separation was carried 173 

out at a flow of 0.75 mL/min for 126.3 minutes. UV detector signal was measured at 214 nm and 174 

MALS was detected at 21 scattering angles in the range of 7-164°. The CF2000 control software 175 
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(version 1.0.2.7.) was used to calculate radius of gyration based on MALS data from 19 scattering 176 

angles (20-164°). When evaluating Debye plots, the Debye formalism provided the best fits of protein 177 

material eluting within the void peak and of protein material eluting directly after the void peak of 178 

selected IN-UHT samples. Based on the size of molecules, a sixth-order polynomial was required 179 

(Podzimek, 2011). For UV peaks at 31-62 minutes, radius of protein material eluting within ± 2 180 

minutes of UV peak maximum was calculated using an extrapolation method suited for spheres. The 181 

extinction coefficient was calculated to be 16.62 mL/(g×cm) according to Kuipers and Gruppen 182 

(2007). All samples were prepared fresh and kept at 4 °C until injection, and were analysed in 183 

duplicates as a minimum. 184 

 185 

2.8 Statistical data analysis 186 

Data are presented as mean values ± standard deviations. Significant difference at p < 0.05 was 187 

calculated in Microsoft Excel 2016 for all pairwise comparisons using the Tukey’s honest significant 188 

difference (HSD) test. 189 

 190 

3 Results 191 

3.1 Changes in physical appearance, colour and pH 192 

During storage of DI-UHT and IN-UHT, fat accumulation at the surface and formation of a compact 193 

bottom layer, known as creaming and sedimentation, respectively, were observed. Throughout the 194 

storage period, visual inspection suggested that sedimentation was most pronounced in IN-UHT, 195 

whereas creaming seemed to be most pronounced for DI-UHT. Even though sedimentation became 196 

more difficult to resuspend during storage, it was possible to obtain homogenous samples after 5-10 197 

minutes of shaking. Both UHT treatment and storage had a significant impact on changes in colour 198 

and pH (Figure 2). The increase in brown colour was clearly visible after 3 days of storage in IN-199 
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UHT, and severe browning was observed in DI-UHT and IN-UHT samples after 180 days of storage 200 

(see supplementary Figure S1). Both UHT treatments resulted in an increase in brown colour in day 201 

0 samples, causing ΔE* to increase when compared to LP (Figure 2A insert). The indirect UHT 202 

treatment gave a 5-fold higher increase in ΔE* compared to direct UHT. Direct UHT had limited 203 

impact on ΔE* on day 0, but resulted in significant increases of red- (a*) and yellow colour (b*) when 204 

compared to LP (see supplementary Figure S2). Throughout storage, IN-UHT samples continued to 205 

have highest ΔE* value and thereby the highest formation of brown colour when compared to LP. 206 

When calculating ΔE* relative to the unstored samples (day 0) of DI-UHT or IN-UHT, it is possible 207 

to evaluate the impact of storage on colour formation independently of the given UHT treatment. An 208 

increased formation of brown colour was observed in DI-UHT and IN-UHT during storage, however 209 

a more rapid increase was observed in IN-UHT during the first 30 days of storage, where this 210 

difference seemed to be levelled out after 45 days (Figure 2B). When evaluating changes in pH of 211 

unstored samples, IN-UHT resulted in a significantly lower pH when compared to DI-UHT (Figure 212 

2C). The pH of IN-UHT and DI-UHT samples decreased during storage, where pH remained lowest 213 

for IN-UHT for the majority of the storage time.  214 

 215 

3.2 Particle size distribution 216 

Analysis of particle size distributions of entire samples revealed a median diameter (D50) of 262 ± 7 217 

nm for LP, 268 ± 5 nm for IN-UHT samples and 335 ± 10 nm for DI-UHT samples, with no significant 218 

impact of storage. However, during storage large (≥ 2000 nm) particles were formed in DI-UHT and 219 

IN-UHT samples, but comprised less than 1% of the total volume density (Figure 3). Indications were 220 

therefore, that aggregation behaviour during storage differed as a result of the UHT treatment. 221 

 222 
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3.3 Reducible- and non-reducible cross-links 223 

Variations were observed between reduced replicates stored for more than 30 days regarding level of 224 

smear and placement of faint bands in SDS-PAGE gels, presumably caused by high quantities of 225 

large protein aggregates. However, it was apparent from the gels that significant levels of non-226 

reducible cross-linked protein aggregates were formed during storage. 227 

 228 

Under non-reducing conditions (Figure 4A and 4B), high molecular weight (HMW) smears (> 70 229 

kDa) were observed in unstored (day 0) DI-UHT and IN-UHT samples, which were not present in 230 

LP. Reducing conditions were obtained by addition of DTT, which cleaves disulphide bonds (Figure 231 

4C and 4D). Under reducing conditions the smears disappeared, suggesting that the UHT treatments 232 

caused formation of large disulphide-linked aggregates. Overall, no pronounced differences were 233 

observed between DI-UHT and IN-UHT during storage under non-reducing conditions. However, 234 

protein bands and smears seemed fainter in IN-UHT samples, indicating a higher degree of protein 235 

aggregates that were too large to enter the gel. When evaluating unstored samples under reducing 236 

conditions, no distinct differences were observed between LP and DI-UHT, while an overall smear 237 

and lack of clear protein bands were observed for IN-UHT. The presence of smearing, which did not 238 

disappear under reducing conditions, indicates formation of non-reducible cross-links as a result of 239 

the indirect UHT treatment. No difference in casein, β-lactoglobulin or α-lactalbumin bands were 240 

observed between LP and unstored DI-UHT. These were remarkably diminished in unstored IN-241 

UHT, but after 10 days of storage no difference was observed between DI-UHT and IN-UHT, 242 

indicating that non-reducible cross-linking of casein took place during indirect UHT and storage. In 243 

general, all proteins bands continued to disappear during storage, with no pronounced difference in 244 

DI-UHT and IN-UHT after 10 days. In addition, smearing increased throughout the lane of the gel. 245 
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After 90 days of storage, the smear seemed less intense in IN-UHT, indicating a higher presence of 246 

large non-reducible cross-linked aggregates when compared to DI-UHT. 247 

 248 

3.4 Characterisation of protein aggregates 249 

Further characterisation of protein aggregates was first attempted using size exclusion 250 

chromatography (SEC) coupled with a UV detector. Due to high amounts of cross-linked protein, 251 

samples were treated under non-reducing and reducing conditions, corresponding to the preparation 252 

of loading samples for SDS-PAGE analysis. However, after centrifugation (8,000 g, 30 min) it was 253 

not possible to filter unstored DI-UHT and IN-UHT samples through a 0.22 µm syringe filter, which 254 

was required prior to injection of samples for SEC analysis. A more comprehensive sample 255 

preparation was then attempted on unstored samples. Samples were centrifuged (21,000 g, 15 min, 4 256 

°C) and fat-free supernatants were treated under non-reducing and reducing conditions. The 257 

resuspended pellets were treated similarly, but with addition of EDTA to dissociate casein micelles 258 

followed by centrifugation (8,000 g, 30 min). The LP fractions could be filtered (0.22 µm), but the 259 

non-reduced supernatant fraction of DI-UHT needed pre-filtration first (0.45 µm). It was not possible 260 

to filter (0.45 µm) the non-reduced supernatant and pellet fractions of IN-UHT, and therefore they 261 

could not be analysed by SEC. Centrifugal FFF was therefore used for characterisation of the protein 262 

aggregates, since this technique did not require filtration of samples. Aggregates were characterised 263 

by centrifugal FFF, where coupling with a MALS detector allowed for more detailed characterisation. 264 

UV absorbance at 214 nm was included to monitor changes in protein concentration during FFF. 265 

Light scattering from particles eluting at higher retention times contributed to apparent UV 266 

absorbance at 214 nm signal. Therefore, absorbance at 214 nm could not be used as a measure of 267 

protein concentration, since it would result in overestimation, and consequently overestimate 268 

molecular weight estimates, especially of the late eluting protein material. The UV signal could still 269 
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provide useful information when comparing samples, but it was not possible to compare integrated 270 

peak areas within a spectrum or use UV and MALS data to estimate the molecular weight of eluting 271 

particles. During sample preparation, small pellets were observed in all samples after centrifugation 272 

(3,000 g, 5 min) and thus entire protein fractions were not included. Furthermore, the pellet increased 273 

in size according to storage, but no visible differences were detected between DI-UHT and IN-UHT 274 

samples. 275 

 276 

It is possible to compare UV intensities at a specific retention time to evaluate relative differences 277 

between samples in amount of eluted protein material. The void peak contains non-separated protein 278 

material, and eluted within 14-21 minutes with a peak maximum at 15.6 minutes (Figure 5A and 5B). 279 

The direct UHT treatment caused a small decrease in UV intensity of the void peak, when compared 280 

to LP. However, no decrease was observed due to storage and the peak shape remained somewhat 281 

unchanged (Figure 5A). The indirect UHT treatment caused a more pronounced decrease in UV 282 

intensity of the void peak, and the intensity continued to decrease up to 30 days of storage (Figure 283 

5B). Furthermore, an increased width of the void peak was observed in unstored IN-UHT (see arrow 284 

in Figure 5B), indicating that the higher heat load of the indirect UHT treatment resulted in formation 285 

of aggregated protein material. The increased peak width was not observed in unstored DI-UHT. The 286 

width of the void peak in IN-UHT samples decreased after 10 and 20 days of storage, however a 287 

protein material that could be separated from the void peak was observed at 18-24 minutes. After 30 288 

and 60 days, the UV intensity of this protein material had decreased significantly, and the material 289 

was not observed after 180 days of storage.  290 

 291 

When analysing pasteurised skim milk, the entire protein population eluted non-separated as the void 292 

peak (see supplementary Figure S3). However, for all IF samples, a broad peak was observed within 293 
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31-62 minutes. No significant difference in UV intensity of the broad peak was observed for LP and 294 

DI-UHT samples stored up to 60 days (Figure 5A). After 60 and 180 days of storage, the UV intensity 295 

increased along with a minor change in UV peak shape, but no shift in UV peak maximum. The 296 

indirect UHT treatment resulted in a broad peak with significantly increased UV intensity, both when 297 

compared to LP and stored DI-UHT samples (Figure 5B). During storage, the UV intensity of the 298 

broad peak in IN-UHT samples remained somewhat unchanged. When compared to LP and DI-UHT 299 

samples, the UV peak maximum of IN-UHT samples stored up to 30 days had increased ∼1.7 300 

minutes. The shift then further increased ∼4.2 and ∼6.3 minutes after 60 and 180 days of storage, 301 

respectively. Since protein material were separated according to size, density and conformation, the 302 

increase in UV peak maximum illustrated that aggregates formed during the indirect UHT treatment, 303 

and eluting within the broad peak, were not stable during storage. 304 

 305 

Due to protein denaturation and/or aggregation, 70% of the total protein fraction could be quantified 306 

by RP-HPLC-UV. The protein composition consisted of 45% β-lactoglobulin, 30% caseins 307 

(consisting of 43% β-, 33% αs1-, 13% κ- and 10% αs2-casein), 15% cGMP and 10% α-lactalbumin, 308 

and was used to calculate the extinction coefficient of the generic IF. Along with suited extrapolation 309 

method, radius of gyration of eluted protein material was calculated at specific areas of the 310 

fractograms, based on UV intensity. The void peak of pasteurised skim milk had an estimated radius 311 

of 50 nm (see supplementary Figure S3). However, since the void peak consists of non-separated 312 

protein material the calculated radius will be intensity-weighted, where large particles will contribute 313 

to significantly more light scattering than e.g. monomer native serum proteins. Consequently, the 314 

calculated radius of the void peak may be overestimated, whereas well-separated protein material can 315 

be considered as absolute sizes. The void peak of LP had an estimated radius of 55-65 nm, where the 316 

direct- and indirect UHT treatment caused radius to increase to approximately 90 and 98 nm, 317 
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respectively (Figure 5A and 5B). During storage, radius remained constant in IN-UHT samples, 318 

whereas storage caused radius to increase to 91-95 nm in DI-UHT samples. Radius of the protein 319 

material which caused an increased width of the void peak in unstored IN-UHT was not determined, 320 

since it could not be separated from the void peak. After 10-60 days of storage, the protein material 321 

eluted separately from the void peak, and had an estimated radius of ∼102 nm at a retention time of 322 

19.8-21.6 minutes. An extrapolation method suited for spheres provided the best fit of protein material 323 

eluting within the broad peak in all samples. This suggests that, independently of UHT treatment and 324 

storage, the separated protein material may be represented by a spherical conformation. Furthermore, 325 

a dynamic light scattering (DLS) detector was coupled to the system for selected samples, which 326 

confirmed the calculated radii within the displayed area. The radii of protein material eluting within 327 

the broad peak was determined ± 2 minutes of UV peak maximum, where the majority of the protein 328 

material eluted, and therefore LP and DI-UHT samples were calculated within the same area of the 329 

fractograms (Figure 5A). Radii of the broad peak of IN-UHT samples were calculated at higher 330 

retention times, due to the increased UV peak maximum (Figure 5B). The direct UHT treatment 331 

caused a significant increase in radius from 86-105 nm to 99-120 nm, when compared to LP (Figure 332 

5A). No changes in radii was observed at 10-30 days of storage, whereas 60 and 180 days caused 333 

radii to increase to 133-146 nm and 155-167 nm, respectively. The indirect UHT treatment resulted 334 

in formation of protein material with a radius of 153-160 nm, which was significantly higher than 335 

what was observed for LP and unstored DI-UHT (Figure 5B). Radius continued to increase 336 

throughout storage, however no significant difference was observed between IN-UHT stored for 30 337 

and 60 days.   338 

 339 
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4 Discussion 340 

4.1 Characterisation of complex protein aggregates in UHT treated and stored IF 341 

In pasteurised skim milk, all protein material eluted within the void peak, justifying that any protein 342 

material eluting at larger retention times in IF samples can be identified as aggregates. Low 343 

pasteurisation is in general considered to be a mild heat treatment, however large amounts of 344 

aggregates were observed even in LP, and thereby prior to the UHT treatments. The IF was 345 

manufactured using WPC, where ∼40% of α-lactalbumin and β-lactoglobulin were aggregated. WPC 346 

is an ingredient that undergoes several processing steps during manufacturing, and has been shown 347 

to contribute with high levels of protein modifications in the final formulation (Cattaneo, Masotti, & 348 

Pellegrino, 2009; Contreras-Calderón, Guerra-Hernández, & García-Villanova, 2008). Therefore, the 349 

large amount of aggregates in LP could originate from the whey protein ingredient. The IF samples 350 

were also more prone to heat-induced modifications when compared to skim milk, due to the 351 

increased lactose- and whey protein content.  352 

 353 

In bovine milk, the largest protein particles consist of casein micelles, which have an average radius 354 

of 60 nm (Fox, Uniacke-Lowe, McSweeney, & O’Mahony, 2015). Based on the analysis of 355 

pasteurised skim milk (see supplementary Figure S3), it is suggested that the void peak of IF samples 356 

were mainly composed of casein micelles, but also containing native whey proteins and small 357 

aggregates. Both UHT treatments caused the amount of casein micelles to decrease, where this 358 

decrease only continued throughout storage for IN-UHT samples. In addition, the increase in radius 359 

suggests increased casein micelle size, which seemed to follow the heat load applied and thereby 360 

resulting in larger size or density increases for unstored IN-UHT than unstored DI-UHT. Glantz, 361 

Håkansson, Lindmark Månsson, Paulsson and Nilsson (2010) observed that the majority of casein 362 

micelles had a spherical structure, but low concentrations of larger elongated casein micelle clusters 363 
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were also present in various milk samples. As mentioned, large particles within the void peak will 364 

have a great impact on the estimated radius, due to their large contribution to light scattering. 365 

Consequently, the increased radius of DI-UHT and IN-UHT samples, may only be representative of 366 

relatively few casein micelles. Radius of gyration of an elongated structure is somewhat equivalent 367 

to its length rather than the width. Therefore, if spherical casein micelles would clot together to form 368 

threadlike clusters it would result in increased radius of gyration, even though the size of individual 369 

casein micelles would remain constant. However, if the size of individual casein micelles were to 370 

increase this would also be observed as an increased radius of gyration.  371 

 372 

Denatured β-lactoglobulin has been shown to associate with κ-casein at the casein micelle surface 373 

through disulphide bonds during heating of milk systems. However, at pH > 6.7 denatured β-374 

lactoglobulin and κ-casein complexes will not be located on the surface of casein micelles, but found 375 

in the serum phase, where increased levels of denatured β-lactoglobulin would result in increased 376 

levels of dissociated κ-casein (Anema & Klostermeyer, 1997; Anema & Li, 2000; Creamer, Berry, & 377 

Matheson, 1978; Singh, Roberts, Munro, & Teo, 1996). The generic IF had pH = 6.8, which is 378 

expected since it was altered to mimic breastmilk, indicating that the increased radius of the void 379 

peak in unstored DI-UHT and IN-UHT was not related to denatured β-lactoglobulin association to 380 

the casein micelle surface. However, κ-casein dissociation would take place during the UHT 381 

treatment, where increased dissociation could be observed in unstored IN-UHT due to increased 382 

levels of denatured β-lactoglobulin, when compared to unstored DI-UHT, since indirect heating 383 

systems have shown to result in a larger denaturation degree of β-lactoglobulin when compared to 384 

direct heating (Anema, 2014, 2017; Gaur et al., 2018; Kelleher et al., 2019). Dissociation of κ-casein 385 

during heating of model IFs has also been observed by Joyce, Brodkorb, Kelly and O’Mahony (2017). 386 

Casein micelles are mainly composed of α- and β-casein associated through hydrophobic interactions 387 
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and interaction of Ca2+ with phosphoserine residues, but are stabilised by κ-casein located on the 388 

surface of the casein micelle. Consequently, κ-casein content is inversely proportional to the size of 389 

casein micelles, although a lack of κ-casein could also cause clustering or aggregation of casein 390 

micelles. The generic IF contained natural levels of lactoferrin (Figure 4), which is a minor whey 391 

protein in bovine milk, but are found in 10-200 times higher quantities in human milk (Chatterton, 392 

Nguyen, Bering, & Sangild, 2013). Halabi, Deglaire, Hamon, et al. (2020) observed that 393 

approximately half of the lactoferrin was bound to casein micelles in heated liquid model IFs. In 394 

addition, the authors observed that casein micelle surface bounded lactoferrin could interact with 395 

denatured β-lactoglobulin, causing tendrils of β-lactoglobulin and/or whey protein aggregates to lead 396 

to increased casein micelles size in heated liquid model IFs (Halabi, Deglaire, Hennetier, et al., 2020). 397 

The structural changes were evaluated by asymmetrical FFF-MALS, where radius of gyration of the 398 

casein micelles ranged from 121-157 nm, which is significantly lower than what was observed in the 399 

present study. However, this may be caused by differences in extinction coefficient and other 400 

processing parameters of the MALS data. It is hypothesised that the increased radii of void peaks in 401 

unstored DI-UHT and IN-UHT were related to denatured β-lactoglobulin and lactoferrin binding at 402 

the surface of the casein micelle. In addition, denatured β-lactoglobulin induced κ-casein dissociation 403 

could result in clustering of casein micelles to elongated structures and/or increased size of spherical 404 

casein micelles. The radius remained unchanged in IN-UHT samples during storage, whereas a small 405 

increase was observed after 10 days of storage in DI-UHT samples. A drop in pH below 6.7 was 406 

observed after 3 days of storage in IN-UHT samples and after 10 days of storage for DI-UHT samples, 407 

which is suggested to affect changes in radius of the void peak. No decrease in UV intensity of the 408 

void peak was observed for DI-UHT samples, whereas the intensity decreased after 10 and 30 days 409 

of storage in IN-UHT samples. It is assumed, that decreased UV intensity of the void peak in IN-410 

UHT samples was related to aggregation of casein micelles during storage. Furthermore, it is 411 
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suggested that decreased levels of denatured β-lactoglobulin in unstored DI-UHT, resulting in more 412 

stabilised casein micelles due to less κ-casein dissociation, was the reason for not observing this trend 413 

during storage of DI-UHT samples. Sedimentation in direct- and indirect UHT treated milk has 414 

previously been shown to consist of κ-casein depleted casein micelles (Gaur et al., 2018; Malmgren 415 

et al., 2017), which supports the assumption that increased levels of β-lactoglobulin in IF could result 416 

in increased κ-casein dissociation, ultimately leading to aggregation of casein micelles and increased 417 

sedimentation in IN-UHT samples, when compared to DI-UHT. However, during storage no 418 

significant decrease in casein micelles was observed for DI-UHT samples, even though sedimentation 419 

was observed. Sedimentation has been found to be more pronounced in direct UHT milk than in 420 

indirect UHT milk (reviewed by Anema, 2019), which is an opposite trend of what was observed in 421 

the present study. Gaur et al. (2018) investigated sedimentation in direct- and indirect UHT milk at 422 

pH < 6.7, and suggested that increased levels of denatured β-lactoglobulin in indirect UHT milk had 423 

a stabilising effect on the casein micelles, being the reasoning behind less sedimentation. It is 424 

therefore proposed that pH being above or below 6.7 is what determines if increased levels of 425 

denatured β-lactoglobulin will promote or decrease sedimentation of κ-casein depleted casein 426 

micelles during storage, when assuming that the buffering capacity of IF and milk is comparable. 427 

However, due to differences in casein content and other components the pH of above mentioned 428 

phenomena may differ in liquid IF. 429 

 430 

The light scattering signal of large aggregates fitted well with a spherical conformation and showed 431 

radii of 86-105 nm in LP. Therefore, these aggregates were already present in IF samples prior to 432 

UHT treatment. The direct UHT treatment did not significantly increase the quantity of large 433 

aggregates, but caused radii of gyration to increase by approximately 14 nm. The conformation and 434 

quantity of aggregates were unaffected by storage up until 60 and 180 days, where both quantity and 435 
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radius increased. The increased aggregate quantity after 60 and 180 days was not accompanied by a 436 

decrease in casein micelles, observed as decreased void peak UV intensity, and the increase is 437 

therefore suggested to relate to severe whey protein aggregation. Even though increased levels of 438 

aggregates were present in DI-UHT after 180 days of storage, it was still lower than the quantity of 439 

aggregates in unstored IN-UHT. However, no significant increase in aggregates was observed in IN-440 

UHT during storage. The indirect UHT treatment resulted in aggregates with radii of 153-160 nm, 441 

where the conformation of aggregates changed during storage causing increased radii, which is 442 

suggested to be the reasoning behind observed increase in UV peak maximum. However, increased 443 

aggregate density would also cause UV peak maximum to shift to increased retention time. Overall, 444 

indications were that protein material eluting within the broad peak differed in composition and 445 

conformity in DI-UHT and IN-UHT samples, explaining different storage-induced aggregation 446 

behaviour.    447 

 448 

The indirect UHT treatment also resulted in formation of protein material, observed as an increased 449 

width of the void peak. The conformation of the material changed during 10 days of storage, enabling 450 

it to elute separated from the void peak, and had a radius of ∼102 nm during 10-60 days of storage. 451 

There was no significant difference in radius of the void peak and this protein material for the selected 452 

IN-UHT samples. However, the protein material could be separated from the void peak, suggesting 453 

a changed conformation and/or increased density. The UV intensity of the peak decreased after 10 454 

days, and no protein material was detected after 180 days of storage, indicating that the material 455 

degraded or became part of larger aggregates. A significant increase in non-reducible aggregates (> 456 

200 kDa) was observed for IN-UHT stored at 10 days, compared to unstored IN-UHT (Figure 4D). 457 

However, additional experiments is needed to determine the composition of the protein material, as 458 

well as understanding the mechanism behind formation and degradation during storage. 459 



 

 

21 

 

 460 

4.2. Formation of non-reducible cross-links in UHT treated and stored IF 461 

When categorising HMW smears on SDS-PAGE gels as aggregates, both UHT treatments caused 462 

formation of reducible disulphide-linked aggregates, while non-reducible aggregates were formed 463 

during indirect UHT treatment and during storage of DI-UHT and IN-UHT samples. This is consistent 464 

with Holland, Gupta, Deeth and Alewood (2011), where storage at 40 °C caused higher levels of non-465 

reducible cross-links than an indirect UHT treatment of milk. Previous SDS-PAGE results revealed 466 

no formation of non-reducible HMW smears (> 116 kDa) in a whey protein isolate solution after 467 

extensive heating at 90 °C (see supplementary Figure S4). In addition, Halabi, Deglaire, Hennetier, 468 

et al. (2020) did not observe non-reducible HMW smears in liquid model IFs after heating (67.5 °C, 469 

200 min and 80 °C, 7 min). Overall, it seems that formation of non-reducible protein aggregates were 470 

due to presence of lactose, casein or other constituents of the IF samples in addition to the high heat 471 

load of the indirect UHT treatment. 472 

 473 

Colour development can be used to evaluate the advanced stage of the Maillard reaction and general 474 

heat-induced chemical changes, while the intermediate stage may be accompanied by a decrease in 475 

pH (reviewed by O’Mahony, Drapala, Mulcahy, & Mulvihill, 2017). When evaluating changes in pH 476 

of liquid dairy products the concentration of caseins should be considered, since they impact the 477 

buffering capacity of the system. In addition, when heating milk systems above 100 °C, lactose 478 

degradation, formation of insoluble calcium phosphate and dephosphorylation of caseins will also be 479 

responsible for a drop in pH (Fox et al., 2015). The indirect UHT treatment had a greater impact on 480 

colour development and pH decrease than the direct treatment, but the greatest impact on colour and 481 

pH was caused by storage. The faster colour formation observed during initial storage of IN-UHT as 482 

compared to DI-UHT (Figure 2B), shows that the increased heat load of IN-UHT resulted in an 483 
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increased potential for formation of advanced Maillard reaction products, and that this difference due 484 

to UHT treatment seemed to level out during storage. Zhang et al. (2019) studied indirect UHT milk 485 

during storage at 40 °C up to 1 year and observed a similar increase in ΔE* as in this study 486 

accompanied by formation of advanced glycation end products, such as N--(carboxymethyl)lysine 487 

and methylglyoxal-derived hydroimidazolones, but no significant increase in Maillard-derived 488 

crosslinks (e.g. glyoxal-lysine dimer and pentosidine) was observed. This tendency is also supported 489 

by Ferrer, Alegría, Farré, Clemente and Calvo (2005) who observed increased browning, but no 490 

significant changes in Maillard-derived crosslinks during storage at 37 °C up to 2 years of powdered 491 

IFs. Thermal processing of milk systems may also result in formation of lysinoalanine (LAL) or 492 

lanthionine (LAN), which are crosslinks formed from lysine or cysteine residues, respectively, with 493 

dehydroalanine (DHA) that is formed by β-elimination of phosphoserine residues in casein micelles. 494 

LAL and LAN have shown to be responsible for non-reducible cross-links formed in stored indirect 495 

UHT milk (Al-Saadi & Deeth, 2008; Grewal, Chandrapala, Donkor, Apostolopoulos, & Vasiljevic, 496 

2017). Overall, the observed non-reducible aggregates in IF samples may be related to Maillard-497 

derived protein crosslinks, such as GOLD or pentosidine, but they are suggested to be derived mainly 498 

from LAL and LAN. 499 

 500 

4.3 Stabilisation of fat droplets in UHT treated and stored IF 501 

Based on IF sample composition (3.5% fat and 1.5% protein), it is reasonable to assume that the 502 

particle size distributions were related to the distribution and size of fat droplets. In addition, direct- 503 

and indirect UHT treatments had no significant impact on particle size of 4% protein-enriched skim 504 

milk (Kelleher et al., 2019), indicating that the whey proteins alone cannot be responsible for the 505 

observed difference in particle size distribution of IF samples. In order to mimic the composition of 506 

breastmilk, IF commonly contains a blend of vegetable oils, existing as fat droplets ranging from 300 507 
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to 800 nm, and stabilised by emulsifiers and proteins (Lopez, Cauty, & Guyomarc’h, 2015). Increased 508 

creaming was observed in DI-UHT samples, which is consistent with the increased average particle 509 

size when compared to IN-UHT samples, since increased fat droplet size will cause a more unstable 510 

product during storage. Indirect heating results in increased levels of denatured whey protein when 511 

compared to direct (Anema, 2014, 2017; Gaur et al., 2018; Kelleher et al., 2019), which is speculated 512 

to be the cause behind the observed difference between DI-UHT and IN-UHT samples. The denatured 513 

whey proteins would have a more stabilising effect on fat droplets, thereby resulting in smaller and 514 

more stable fat droplets of the IN-UHT samples. Further evaluation would be required in order to 515 

comment on the amount of whey proteins located on the surface of fat droplets. 516 

 517 

5 Conclusion 518 

Compared to low pasteurisation, the direct- and indirect UHT treatment both led to significant 519 

structural changes of proteins in the generic liquid IF, where the higher heat load of the indirect UHT 520 

treatment caused more pronounced changes. During storage at 40 °C for 180 days, pH decreased and 521 

browning increased and non-reducible protein aggregates increased in quantity, independently of the 522 

UHT treatment, which indicated that the higher heat load did not generate increased potential for 523 

storage-induced changes. However, FFF-MALS-UV analysis revealed that storage-induced 524 

aggregation differed due to the UHT treatment. Large spherical protein aggregates were observed in 525 

all samples, but differed depending on the UHT treatment. A protein material characterised as casein 526 

micelles was destabilised by the indirect UHT treatment, and suggested to cause the observed 527 

increased sedimentation. Lastly, the indirect UHT also resulted in formation of unstable aggregates, 528 

which was not observed in direct UHT treated samples. The particle size distributions mainly 529 

illustrated distributions of fat particles, where the direct UHT treatment was found to have highest 530 

impact. However, this demonstrated the relevance of including structural changes at the fat-to-liquid 531 
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interface if evaluating protein modifications in liquid IF. Overall, it was concluded that the identified 532 

structural changes initiated by the UHT treatments were not levelled out during prolonged storage at 533 

40 °C. 534 
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 669 

Figure 1. Overview of process flow chart and storage conditions for low pasteurised (LP), direct- 670 

(DI-UHT) and indirect UHT (IN-UHT) treated infant formula. 671 
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 674 

Figure 2. Changes in total colour difference (ΔE*) (A, B) and pH (C) of liquid infant formula 675 

subjected to low pasteurisation (LP, ■), direct- (DI-UHT, ⚫) or indirect UHT (IN-UHT, ▲), unstored 676 

(day 0) and stored at 40 °C for 3-180 days. Error bars denote standard deviations (n = 3) and means 677 

with different letters are significant different (Tukey’s HSD, p < 0.05). 678 
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 680 

Figure 3. Representative particle size distributions of selected dispersions of liquid infant formula 681 

subjected to (A) direct UHT (DI) or (B) indirect UHT (IN), unstored (0) and stored at 40 °C for 10-682 

180 days. Low pasteurised infant formula (LP) is included as control.  683 
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686 

Figure 4. Representative non-reduced- (A, B) and reduced SDS-PAGE gels (C, D) of liquid infant 687 

formula subjected to low pasteurisation (LP), direct- (DI-UHT) (A, C) or indirect UHT (IN-UHT) (B, 688 

D), unstored (0) and stored at 40 °C for 3-180 days. A molecular mass marker (M) and bands 689 

belonging to lactoferrin (LF), caseins (CN), β-lactoglobulin (β-LG) and α-lactalbumin (α-LA) are 690 

included for reference. 691 
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 694 

Figure 5. Typical fractograms of UV detector signal at 214 nm (solid) and calculated radius of 695 

gyration (dotted) of selected liquid infant formula subjected to (A) direct- (DI) or (B) indirect UHT 696 

(IN), unstored (0) and stored at 40 °C for 10-180 days. Low pasteurised infant formula (LP) is 697 

included as control and the arrow indicates increased width of void peak in IN-0.  698 


