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ABSTRACT 1 

The most widely used whey protein ingredient in infant formula (IF) is whey protein concentrate (WPC). 2 

The processing steps used in manufacturing both powdered IF and WPC introduce protein modifications 3 

that may decrease nutritional quality. A gently processed whey protein ingredient (serum protein 4 

concentrate; SPC) was manufactured and used for production of a powdered IF. The SPC and SPC-based 5 

IF were compared to a WPC and a powdered WPC-based IF. Structural protein modifications were 6 

evaluated and Maillard reaction products, covering furosine, α-dicarbonyls, furans and advanced 7 

glycation ends products (AGEs), were quantified in the IFs and their protein ingredients. IF processing 8 

was responsible for higher levels of protein modifications than levels observed in SPC and WPC. 9 

Furosine levels and aggregation were most pronounced in WPC, but SPC contained a high level of 10 

methylglyoxal, revealing that other processing factors should be considered in addition to thermal 11 

processing. 12 

 13 
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INTRODUCTION 16 

Various processing steps are used in the manufacturing of powdered infant formula (IF), and high 17 

temperature treatments are usually included to ensure microbiological safety, which is crucial for the 18 

infant. However, this can also induce protein modifications, such as those formed by the Maillard 19 

reaction, also referred to as protein glycation or non-enzymatic browning. The Maillard reaction is 20 

initiated by the condensation of a reducing sugar, such as lactose, with an amino group on a protein, 21 

peptide or amino acid to form a Schiff base. Further re-arrangements and condensation reactions lead to 22 

a wide range of Maillard reaction products, which affect product quality and possibly also human health. 23 

5-Hydroxymethylfurfural (HMF) and α-dicarbonyls are both reactive Maillard reaction intermediates, 24 

where α-dicarbonyls in particular may pose negative health consequences.1–4 Numerous studies have 25 

been conducted in order to investigate possible health implications of advanced glycation end products 26 

(AGEs), but it is still not understood to which degree dietary AGEs impact human health.5,6 Also, AGEs 27 

may not be fully absorbed by the intestine, where unabsorbed Nε-carboxymethyl-lysine (CML) and 28 

pyrraline have been shown to be a source of nutrition for the human gut microbiota.7 Due to its 29 

abundance, CML is one of the most studied AGEs, is often used as marker for AGEs, and can be found 30 

at 100-fold higher levels in IF compared to human breastmilk.8 However, several other AGEs have been 31 

quantified in dairy products such as IF, where some have been shown to differ in digestion and 32 

absorption.5 Therefore, quantification of AGEs has to be broader than analysis of CML exclusively.  33 

The majority of AGEs formed in dairy foods are protein-bound and may therefore affect protein 34 

structure.9 In addition, thermal processing is known to induce protein denaturation and aggregation of 35 

especially whey proteins. Depending on the severity, denaturation and aggregation can affect 36 

digestibility.10 Lanthionine (LAN) and lysinoalanine (LAL) are non-reducible protein crosslinks that are 37 
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associated with processed foods and should be considered in IF since their formation may result in 38 

decreased protein digestibility or impaired nutritional quality.11 Caseins are rich in phosphoserine 39 

residues and whey proteins have high levels of cysteine. Both residues can undergo β-elimination to form 40 

dehydroalanine during thermal processing. Dehydroalanine can react with lysine or cysteine to form LAL 41 

or LAN, respectively. Overall, thermal processing can result in loss of essential amino acids, leading to 42 

a decrease in nutritional quality.  43 

To mimic the composition of human breastmilk, IF has a whey protein to casein ratio around 44 

60:40. The majority of the protein fraction in IF thus consists of whey proteins. The most common source 45 

of whey protein in IF is whey protein concentrate (WPC), originating from cheese/sweet whey. WPC 46 

undergoes various processing steps such as thermal treatments which may be unfavorable from a 47 

nutritional point of view.12 Indeed, reduced thermal processing of WPC has shown to benefit intestinal 48 

integrity in pre-term and near-term piglets.13 High levels of protein modifications have been observed in 49 

whey protein ingredient when compared to the final formulation,14 but large variation in whey protein 50 

ingredients used for IF has also been observed.15 51 

The present study aims to evaluate how the processing history of ingredients would impact the 52 

extent and type of protein modification in the final IF. A gently processed whey protein ingredient (serum 53 

protein concentrate; SPC) was manufactured and compared with WPC, and both ingredients were used 54 

in manufacturing of generic powdered IFs. Furthermore, casein ingredients from both manufacturing 55 

lines were included to account for possible differences in protein modifications. In total, 27 Maillard 56 

reaction products were quantified using liquid chromatography with UV or MS/MS detection to cover 57 

early, intermediate and advanced stages of the Maillard reaction. Protein cross-linking and aggregation 58 

were characterized by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and size 59 

exclusion chromatography (SEC). In addition, LAL and LAN were quantified.  60 
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 61 

MATERIALS AND METHODS 62 

Chemicals. HMF (99%), 5-methyl-2-furaldehyde (MF, ≥98.5%), 2-furylmethylketone (FMC, 63 

≥98.5%), glyoxal (40 % (w/w) in H2O), 2-methylglyoxal (40 % (w/w) in H2O), glucosone (≥97%), L-64 

lysine (≥98%), L-arginine (≥98%), d4-lysine (≥98%), trifluoroacetic acid (TFA), DL-LAN (≥98%), 65 

bovine serum albumin (≥96%), lactoferrin (∼90%), α-lactalbumin (α-LA, type III, calcium depleted, 66 

≥85%), β-lactoglobulin (β-LG, ≥90%), αs-casein (≥70%), β-casein (≥98%) and  κ-casein (≥70%) were 67 

purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Caseinoglycomacropeptide (cGMP, ≥79%) 68 

was obtained from Arla Foods Ingredients P/S (Viby, Denmark). 3,4-Dideoxyglucosone-3-ene (3,4-69 

DGE, ≥98%) and 2-(2′,3′,4′-trihydroxybutyl)quinoxaline (3-DG quinoxaline, ≥97%) were purchased 70 

from Carbosynth Ltd (Berkshire, UK). NuPAGETM 3-(N-morpholino)propanesulfonic acid (MOPS) SDS 71 

running buffer 20X and NuPAGETM lithium dodedycyl sulphate (LDS) sample buffer 4X were purchased 72 

from Thermo Fisher Scientific (Carlsbad, CA, USA). Diacetyl (≥97%) and furfural (≥98%) were 73 

purchased from Merck KGaA (Darmstadt, Germany). The following standards and internal standards 74 

were purchased from Iris Biotech GmbH (Marktredwirtz, Germany), with net weight values given as 75 

percentage: N-ε-Carboxyethyl-lysine (CEL, 89.6%), CML (95.5%), glyoxal-lysine dimer TFA salt 76 

(GOLD, 94.1%), methylglyoxal-hydroimidazolone 3 TFA salt (MG-H3, 50.5%), glyoxal-77 

hydroimidazolone 1 (GO-H1, 80.7%), MG-H1-d3 acetate salt (90.5%), furosine HCl salt (72.7%), LAL 78 

HCl salt (mixture of two diastereoisomers, 62.7%), CEL-d4 (94.4%), CML-d4 (94.4%), MOLD-15N2 79 

acetic acid salt (88.9%), furosine-d4 HCl salt (52.8%), glyoxal-lysine-amide HCL salt (GOLA, 56.9%), 80 

glycolic acid-lysine-amide (GALA, 96.2%), argpyrimidine TFA salt (51.3%) and pyrraline (98%). Net 81 

weight values were not provided by the company for the following standards and internal standards (% 82 
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values given in brackets are chromatographic purities of the AGE compound): methylglyoxal-lysine 83 

dimer acetate salt (MOLD, ≥95%), pentosidine TFA salt (≥97%), GO-H1-13C2 (≥95%) and GOLD-15N2 84 

acetic acid salt (≥92%); consequently MOLD and pentosidine could only be determined qualitatively, 85 

but GO-H1-13C2 and GOLD-15N2 could still be used as internal standards. Deionized water was obtained 86 

from a Milli-Q water system (Millipore Corporation, Bedford, MA, USA,) and used for all solutions. 87 

Production of Samples. All IFs and ingredients, with the exception of skim milk (SM), were 88 

produced by Arla Foods Ingredients Group P/S (Viby, Denmark) in three independent batches. Powdered 89 

WPC80 (WPC) was produced from sweet whey derived from cheese processing. The whey was 90 

pasteurized (72 °C for 15 s) followed by concentration by ultrafiltration with diafiltration to reduce the 91 

lactose and mineral contents in order to obtain ~80% protein on dry matter basis. The retentate was 92 

concentrated by reverse-osmosis and spray-dried using standard drying conditions. Liquid milk protein 93 

concentrate (MPC) and serum protein concentrate (SPC) were produced by milk fractionation. 94 

Pasteurized skim milk (72 °C for 15 s) was concentrated by ultrafiltration to reduce the contents of lactose 95 

and minerals. The retentate stream (MPC) was further subjected to microfiltration to separate caseins 96 

from serum proteins.16 The permeate from the microfiltration (SPC), which contained serum proteins, 97 

was subsequently concentrated to remove water and minerals to obtain ∼22% protein on dry matter basis. 98 

The resulting SPC stream was then demineralized and subjected to a heat treatment at 65 °C for 15 s. 99 

Three packages of organic unhomogenized pasteurized SM from different manufacturing dates (Arla 100 

Foods amba, Slagelse, Denmark) were purchased at a local supermarket. 101 

Two powdered IFs were produced at Arla Foods Ingredients Group P/S (Viby, Denmark), where 102 

lactose was mixed with protein ingredients to reach the desired lactose content and a whey protein to 103 

casein ratio of 60:40. A vegetable oil blend, minerals, vitamins, galactooligosaccharides (GOS) and 104 

fructooligosaccharides (FOS) were added to the mix before processing into final IF powders, using a 105 
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standard IF process comprising sequential direct steam injection pasteurization, evaporation and spray 106 

drying. Different whey protein and casein ingredients were used for the two IFs. For WPC-IF, the protein 107 

ingredients consisted of powdered WPC described above dissolved in pasteurized skim milk (72 °C for 108 

15 s), and for SPC-IF, the protein ingredients consisted of liquid SPC and liquid MPC described above. 109 

Powders were vacuum sealed and liquid samples were kept in small aliquots at -60 ºC to avoid repeated 110 

thawing/freezing cycles. The composition of samples was analyzed using standard methods (Table 1).17–111 

20 In order to compare samples, all results were normalized to the protein content of the sample, as 112 

ingredients were added to the liquid IF stream based on their protein content. If not further specified, 113 

solutions of resuspended powder were freshly prepared prior to analysis by dissolving the powder in 114 

Milli-Q water with stirring for 1 h at room temperature before final volume adjustment. 115 

Color and pH. Samples were diluted or dissolved in Milli-Q water to 35 mg protein/mL, and 116 

pH and CIELAB values were measured according to a previous approach.21 Total color (E*) was 117 

calculated using equation 1. 118 

𝐄∗ = √(𝐋∗)𝟐 + (𝐚∗)𝟐 + (𝐛∗)𝟐   [1] 119 

Protein Composition. Protein composition of the samples was determined by reversed phase 120 

(RP) liquid chromatography with UV detection. Samples were prepared and analyzed as previously 121 

described21 with the following modifications. Ten µL was used as injection volume. The gradient was 122 

modified to: 0-4 min 15-31% B, 4-9 min 31-39% B, 9-10 min 39% B, 10-11 min 39-41% B, 11-14 min 123 

41% B, 14-18 min 41-44% B and 18-22 min 44% B. Quantification was achieved by use of external 124 

calibration curves of cGMP, κ-casein, αs-casein, lactoferrin, β-casein, bovine serum albumin, α-LA and 125 

β-LG, ranging from 0.07-1.2 mg/mL with coefficients of determination (r2) ≥ 0.9947. Chromatogram of 126 

standards is shown in Supplementary materials, Figure S1. Individual standard dilutions were used for 127 
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each calibration curve. Each protein content was quantified as a percentage of the total area under the 128 

curves of the chromatogram, where unidentified protein was described as unexplained. 129 

Quantification of free and total Furans. Four furans (HMF, furfural, FMC and MF) were 130 

analyzed by RP-HPLC and UV detection. Samples were prepared in order to quantify free and total 131 

furans according to previously described methodology22 with some modifications. For quantification of 132 

total furan, 1 mL of dissolved powder (0.02-0.07 mg protein/mL) or liquid sample was mixed by vortex 133 

with 200 µL freshly prepared 0.6 M oxalic acid and heated in a water bath (90 °C, 25 min). For free 134 

furans, oxalic acid was replaced by Milli-Q water and the heating step was omitted. After cooling on ice, 135 

300 µL cold 75% (v/w) trichloroacetic acid (TCA) was added and mixed by vortex. For the IFs, a higher 136 

concentration of TCA was needed in order to disrupt the emulsion. Therefore, 500 µL was mixed with 137 

100 µL 0.6 M oxalic acid or Milli-Q water and 300 µL 75% (v/w) TCA was added. Samples were 138 

centrifuged (22,000 g, 10 min, 4 °C) and compact stable pellets were observed in all samples. The 139 

supernatant was filtered (0.22 µm) and samples were injected (20 µL) on the same UHPLC system as 140 

described above equipped with a Zorbax SB-C18 (4.6 × 12.5 mm, 5 μm) guard column and Zorbax 141 

Eclipse XDB-C18 column (4.6 × 150 mm, 5 μm) (Agilent Technologies, Santa Clara, USA). Isocratic 142 

separation (22 min) was carried out at 25 °C at 1 mL/min using 5% ACN as mobile phase in order to 143 

obtain baseline separation (see Supplementary materials, Figure S2). Furans were detected at their UV 144 

max: 284 nm (HMF), 276 nm (furfural), 274 nm (FMC) and 291 nm (MF). External calibration curves 145 

in the range 10-1400 ng/mL were used for quantification, with coefficients of determination (r2) ≥ 0.9999. 146 

Standards were prepared in the same manner as samples (with and without heating with oxalic acid), 147 

since presence of oxalic acid caused the intercept of the calibration curve to increase slightly. 148 

Quantification of α-Dicarbonyls. α-Dicarbonyls were converted to their respective 149 

quinoxalines by derivatisation with o-phenylenediamine (OPD),23 and analyzed by RP-HPLC-MS/MS. 150 
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Samples were dissolved or diluted in Milli-Q water to ∼40 mg protein/mL, and derivatised as described 151 

previously24 with the following modifications.  Aliquots of 800 µL sample and centrifugation speed of 152 

22,000 g were used for protein precipitation. These derivatisation conditions (37 °C, 1 h, in the dark) 153 

have previously been validated for glucosone, 3-DG, methylglyoxal, glyoxal and diacetyl,25 where 154 

similar conditions at 37 °C for 2 h have been validated for 3,4-DGE.26 3,4-DGE was derivatised at 37 °C 155 

for 1 and 2 h with no significant differences observed for the quantified level of the quinoxaline of 3,4-156 

DGE. Thus, derivatisation at 37 °C for 1 h was found to be sufficient for quantification of 3,4-DGE. Five 157 

µL of filtered (0.22 µm) sample was injected on a Dionex Ultimate 3000 LC system coupled with a 158 

ThermoScientific OrbiTrap Q Exactive mass spectrometer (Thermo Fisher Scientific Inc., Waltham, 159 

USA) with an ACQUITY UPLCTM BEH Phenyl (2.1 × 100 mm, 1.7 µm) column (Waters, Eschborn, 160 

Germany). Electrospray ionization was operated in positive mode (3.5 kV spray voltage, 320 °C capillary 161 

temperature, sheath gas flow rate 30 arbitrary units, auxiliary gas flow rate 10 arbitrary units, sweep gas 162 

flow rate 2.13 arbitrary units, 55% S-lens RF levels. Separation was carried out at 55 °C with a flow rate 163 

of 0.350 mL/min by the following gradient: 0-9.7 min 3-25% B, 9.7-11.5 min 25-50% B, 11.5-11.6 min 164 

50-80% B and 11.6-13.3 min 80% B using 0.2% formic acid in Milli-Q water (mobile phase A) and 165 

100% methanol (mobile phase B). The gradient had been optimized to allow separation and 166 

quantification of 11 different α-dicarbonyls, including galactosone, glucosone, 1-deoxyglucosone (1-167 

DG), 3-DG, 3-deoxygalactosone (3-DGal), 1-deoxypentosulose/1-deoxypentosone (1-DPs), 3-168 

deoxypentosulose/3-deoxypentosone (3-DPs), glyoxal, 3,4-DGE, methylglyoxal and diacetyl 169 

(Supplementary materials, Figure S3).  170 

Parallel reaction monitoring (PRM) was used for quantification at resolution of 35,000, 171 

automatic gain control target of 1e6, maximum injection time of 128 ms and with optimized normalized 172 

collision energies to give highest signal of selected product ion (see Table 2). Glucosone, 3-DG, glyoxal, 173 
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3,4-DGE, methylglyoxal and diacetyl were commercially available, where methylglyoxal, glyoxal and 174 

3-DG also were available as their quinoxalines. Quinoxaline and 2-methylquinoxaline, which are 175 

quinoxalines of glyoxal and methylglyoxal, have been used to quantify glyoxal and methylglyoxal in 176 

various sample types.24,25,27,28 Standards were derivatised in the same manner as samples, where glyoxal, 177 

methylglyoxal and 3-DG were compared to quinoxaline, 2-methylquinoxaline and 3-DG quinoxaline, 178 

respectively, to evaluate the most suited approach for quantification of these α-dicarbonyls. Small signal 179 

intensity differences were observed between derivatised glyoxal and quinoxaline and between derivatised 180 

methylglyoxal and 2-methylquinoxaline. Derivatised glyoxal and methylglyoxal were used for 181 

quantification, since they were derivatised in the same manner as glyoxal and methylglyoxal present in 182 

the samples. Derivatised 3-DG resulted in a lower signal than 3-DG quinoxaline, which was ascribed to 183 

the low purity of 3-DG (≥75%), implying overestimation of 3-DG in samples if using derivatised 3-DG 184 

for preparation of calibration curve. Consequently, 3-DG quinoxaline was used for quantification. 185 

Galactosone, 1-DG, 3-DGal, 1-DPs and 3-DPs were not commercially available, so glucosone was used 186 

to quantify galactosone and 3-DG quinoxaline was used to quantify 1-DG, 3-DGal, 1-DPs and 3-DPs. 187 

Identification of galactosone, 1-DG, 3-DGal, 1-DPs and 3-DPs were based on their elution order and MS 188 

spectra.25,29,30 Quantification was achieved based on external calibration curves, ranging from 1-200 189 

ng/mL and 5-2500 ng/mL for 3-DG quinoxaline, with coefficients of determination (r2) ≥ 0.9902. 190 

Samples and standards were all included in the same sequence and a standard was included for every 10th 191 

run to monitor variation in instrument response, where a variation of ≤10% was allowed. 192 

Quantification of AGEs, Furosine, LAN and LAL by HILIC-MS/MS. Eleven different 193 

AGEs (pyrraline, argpyrimidine, GOLA, MG-H1/2/3, GO-H1/2/3, CEL, pentosidine, CML, GOLA, 194 

GOLD and MOLD), LAN, LAL and furosine were separated by HILIC and detected by MS/MS. Two 195 

different approaches were required for protein hydrolysis. MG-H1/2/3, GO-H1/2/3, CEL, pentosidine, 196 



11 

 

GOLD, MOLD, LAN, LAN and furosine were quantified after acid hydrolysis, while enzymatic 197 

hydrolysis was used for pyrraline, argpyrimidine, GOLA and GALA since they are not stabile in acid. 198 

Furthermore, CML was quantified in the enzymatic hydrolysates, since acidic hydrolysis may cause 199 

artifactual formation of CML and thus an overestimation. 200 

Acidic hydrolysis. Samples were diluted or dissolved in Milli-Q water to 5 mg protein/mL and 201 

hydrolyzed with HCl using Biotage Initiatior+ microwave synthesizer (Biotage, Uppsala, Sweden) as 202 

previously described.31  203 

Enzymatic hydrolysis. Samples were diluted or dissolved in 0.02 M HCl to 3 mg protein/mL 204 

and enzymatic hydrolysis was carried out according to a method described elsewhere.32 Enzymatically 205 

hydrolyzed samples were centrifuged (15,000 g, 5 min, 4 °C) in order to precipitate undigested protein. 206 

HILIC-MS/MS. The method previously described33 was used with the following modifications. 207 

ACN:Milli-Q water (65:35) was used for needle wash to match solvent composition while still being 208 

polar enough to remove analytes.  Injection volume of 20 µL was used. This is a high injection volume 209 

for HILIC, and peak broadening was observed for early eluting analytes when standards of the highest 210 

concentrations were analyzed. However, since no difference in linearity of the calibration curves were 211 

observed, 20 µL injection was chosen since this allowed for better detection of analytes in low 212 

concentrations. The gradient was optimized in order to separate and detect all internal standards and 213 

analytes within a single run (see Figure 1): 90% B 0-1 min, 90-75% B 1-4 min, 75-60% B 4-5 min, 60% 214 

B 5-6 min, 60-50% B 6-7 min and 50% B 7-10 min, using 5 mM ammonium formate in Milli-Q water 215 

(solvent A) and in 94.6% ACN (solvent B), both adjusted to pH 2.5 with formic acid. Cleaning and re-216 

equilibration were carried out at increased flow in order to allow for a total run time of 16.5 min. 217 

PRM was used as described previously with optimized normalized collision energies (NCE) to 218 

give highest signal of selected product ion (see Table 3). Quantification was based on internal standard 219 
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calibration (80 ng/mL internal standard, except 320 ng/mL furosine-d4), with calibration curves ranging 220 

from 2-150 ng/mL and 20-3000 ng/mL for furosine, with coefficients of determination (r2) ≥ 0.9964, 221 

based on the net weight values of standards. Because isotopically labelled standards for pyrraline, 222 

argpyrimidine, GALA, LAN, pentosidine, GOLA and LAL were not available, an internal standard was 223 

chosen based on retention time to ensure that matrix effects on ionization could be accounted for. Since 224 

the method did not allow for separation of GO-H isomers and MG-H isomers, these isomers were 225 

quantified as GO-H1 equivalents as suggested by others.33 MG-H1 is the major isomer formed in foods, 226 

but has been found to rearrange into MG-H3 under acidic conditions.33,34 Consequently, MG-H isomers 227 

were quantified as MG-H3 equivalents. 228 

Quantification of Unmodified Lysine and Arginine. Unmodified lysine and arginine were 229 

quantified in acid hydrolysates using the same approach as for AGEs with the following modifications. 230 

Hydrolysates were diluted to 0.05 mg protein/mL in ACN:Milli-Q water (75:25). Five µL of sample was 231 

injected and isocratic separation was carried out at 0.400 mL/min with 65% B within 7 min, using 10 232 

mM ammonium formate in Milli-Q water at pH 4.5 (mobile phase A) and 100% ACN (mobile phase B). 233 

PRM was used for each analyte and normalized collision energy was optimized to give the highest signal 234 

of selected product ion (see Table 4). Quantification was based on internal standard calibration (300 235 

ng/mL lysine-d4), with calibration curves ranging from 100-10000 ng/mL for lysine and 100-6000 ng/mL 236 

for arginine, with coefficients of determination (r2) ≥ 0.9962. 237 

SDS-PAGE. Samples were diluted or dissolved in 5% (w/v) SDS to a protein concentration of 238 

12.5 mg/mL, mixed by vortex and left at room temperature on a rocking table for ∼1 h to enhance 239 

protein solubilization. Preparation of loading samples, electrophoresis and staining with Coomassie 240 

Brilliant Blue was performed as previously described apart from minor modifications.21 Electrophoresis 241 

was initially run at 100 V until all protein material had entered the gel (6 min), followed by a stepwise 242 



13 

 

increase to 150 V for 6 min until 200 V was reached and the electrophoresis was then continued for 58 243 

min. This promoted separation into clear protein bands when analyzing samples with large protein 244 

aggregates.  245 

SEC. Powdered samples were dissolved in Milli-Q water to 20-60 mg protein/mL. Liquid 246 

samples and dissolved powdered samples were diluted with mobile phase (100 mM phosphate buffer, 247 

pH 7.0) to 1 mg protein/mL prior to centrifugation (8,000 g, 10 min, 4 °C). The supernatant was filtered 248 

(0.22 µm) and samples were injected (10 µL) on the same UHPLC system as described above equipped 249 

with a Bio SEC-5 guard column (7.8 × 50 mm, 500 Å, 5 µm) and Bio SEC-5 column (7.8 × 300 mm, 250 

500 Å, 5 µm) from Agilent Technologies. Isocratic elution was carried out at room temperature at a flow 251 

rate of 1 mL/min with a run time of 20 min with detection at 214 nm. Based on a protein standard mix 252 

15-600 kDa (Sigma-Aldrich, Schnelldorf, Germany) and individual standards of α-LA and β-LG, 253 

chromatograms were divided into three areas describing protein material larger than 670 kDa, around 254 

150 kDa and below 45 kDa (Figure 2). 255 

Statistical Analysis and Determination of Limit of Detection and Quantification. Each 256 

sample was produced in three independent batches, and each batch was analyzed in technical duplicates, 257 

since variation in technical duplicates was minor. For each sample, quantified values are given as mean 258 

values with standard deviation. Significant difference at p < 0.05 was calculated for all pairwise 259 

comparisons using the Tukey’s honest significant difference (HSD) test. Limit of detection (LOD) and 260 

limit of quantification (LOQ) were calculated based on standard error of y-intercepts and slope of the 261 

full calibration curve. 262 

 263 

RESULTS AND DISCUSSION 264 
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Protein Composition and Unmodified Lysine and Arginine. Protein composition was 265 

determined by an HPLC method with UV detection at 214 nm (Figure 3). The relative abundance of α-266 

LA and β-LG were higher in SPC compared to WPC, which can be explained by the absence of cGMP 267 

in SPC. With the applied sample preparation, cGMP will not elute as a single peak due to phosphorylation 268 

and glycosylation (see Figure S1 in Supplementary). Protein material with the same elution time as the 269 

cGMP standard was detected in SPC and SPC-IF, but the elution profile differed significantly and 270 

therefore this protein material (∼2%) was categorized as unexplained. β-CN was observed in SPC, and 271 

has been previously been observed to follow the retentate stream during membrane filtration of skim 272 

milk at 50 °C.35 Approximately 31% of the protein material in WPC could not be identified, whereas 273 

only ∼14% of unexplained protein material was observed in SPC. The unexplained part is expected to 274 

cover proteins and peptides, which were not targeted and quantified with the employed method in 275 

addition to modified and non-native proteins. Higher levels of α-LA and β-LG were quantified in SPC-276 

IF compared to WPC-IF, but no difference was observed in unexplained protein material. No major 277 

differences in protein composition were observed between MPC and SM, supporting that observed 278 

differences in protein compositions of IFs is caused by differences in the SPC and WPC.  279 

Lysine and arginine are essential and conditionally essential amino acids, respectively, and are 280 

precursors of several AGEs. A decrease in the content of these amino acid residues can result in decreased 281 

nutritional value. Unmodified lysine and arginine were quantified in all samples (Figure 4). It should be 282 

noted that these results cannot be evaluated as available lysine and arginine, since nutritionally 283 

unavailable derivatives can revert back during acid hydrolysis.36 Furthermore, the absorption of lysine 284 

and arginine in the small intestine should also be considered if evaluating the availability of unmodified 285 

lysine and arginine. Caseins contain more arginine than whey proteins, which explains the high content 286 
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of arginine in MPC and SM (Figure 4A). Furthermore, unmodified arginine levels were significantly 287 

higher in WPC than SPC, which also were observed for IFs. The content of unmodified lysine was 288 

significantly higher in SPC than WPC, but no significant difference was observed between IFs (Figure 289 

4B). The decreased lysine content may be related to process-induced modification of WPC, but could 290 

also be a result of differences in composition since α-LA and β-LG are more rich in lysine than cGMP. 291 

It was not possible to calculate the theoretical level of lysine and arginine based on the protein 292 

composition of the different ingredients and IFs due to the large amount of unexplained protein material 293 

in especially WPC and IFs. 294 

The intermediate stage of the Maillard reaction can be accompanied by a decrease in pH, and 295 

this pH decrease may influence structural changes. Of the ingredients, MPC and SM had highest pH 296 

(6.7±0.1 and 6.6±0, respectively), while WPC (6.4±0.1) and SPC (6.0±0.1) had significantly lower pH 297 

values. No significant difference was observed between pH of SPC-IF (6.6±0.1) and WPC-IF (6.7±0.2). 298 

Quantification of Advanced Maillard Reaction Products. Previous studies have found that 299 

the majority of AGEs in dairy products are protein-bound.24,37 CML can be formed by multiple pathways, 300 

such as reaction of lysine with glyoxal or from oxidation of Amadori products.38 CML was the most 301 

abundant AGE of the 11 investigated AGEs and could be quantified in all samples (Table 5). The lowest 302 

CML levels were detected in casein ingredients, with no difference between MPC and SM. These levels 303 

were at comparable levels as detected by others in pasteurized semi-skimmed milk.39 Higher levels of 304 

CML were detected in the whey protein ingredients, which correlates with their higher lysine content. 305 

CML concentration was significantly higher in SPC when compared to WPC, which was surprising since 306 

increased thermal processing is known to promote CML formation. The IF processing caused CML levels 307 

to increase significantly. However, the choice of whey protein ingredient had no significant impact on 308 

CML levels in the IFs. Other studies have reported CML levels of 26-140 ng/mg protein in powdered 309 
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IFs, where acid hydrolysis with reduction has been used as sample preparation.39,40 Comparison of CML 310 

results obtained by different hydrolysis approaches should be done with care, but comparable levels have 311 

been found for enzymatic hydrolysis and acid hydrolysis with the use of a reduction step.37  312 

CEL is formed from the reaction between lysine and methylglyoxal and was detected in all 313 

samples, but could only be quantified in IFs. No significant differences were observed between the two 314 

IFs, and similar values have been detected in liquid infant milk.41 Pyrraline is also a lysine-derived AGE, 315 

formed from reaction of lysine and 3-deoxyosone. Pyrraline was quantified in whey protein ingredients 316 

(12-14 ng/mg protein), but was below LOD in casein ingredients. IF processing caused significant 317 

formation of pyrraline (30-39 ng/mg protein), and WPC-IF contained significantly higher pyrraline levels 318 

than SPC-IF even though no significant difference was observed between WPC and SPC ingredients. 319 

GALA, GOLA and GOLD originate from cross-linking of lysine and glyoxal, but were not detected in 320 

any of the samples. MOLD is formed by cross-linking of two lysine residues by reaction with 321 

methylglyoxal, but was also not detected in any of the samples. The higher level of lysine-derived AGEs 322 

in SPC when compared to WPC, does not correlate with the low level of unmodified lysine in WPC, 323 

indicating the differences in unmodified lysine is related to differences in protein composition.  324 

Of the arginine-derived AGEs, only GO-H and MG-H isomers were quantified, and pentosidine 325 

and argpyrimidine were not detected in any of the samples. GO-H isomers are formed by reaction of 326 

glyoxal and arginine and were quantified as GO-H1 equivalents as described previously.33 Of the protein 327 

ingredients, GO-H isomers were only quantified in SPC, whereas levels were below LOQ in casein 328 

ingredients and not detected in WPC. As with the other AGEs, levels increased significantly during IF 329 

processing, but the choice of whey protein ingredient had no impact on GO-H isomer formation and no 330 

significant difference was observed between the two IFs. MG-H isomers are formed by reaction of 331 

methylglyoxal and arginine, and were quantified as MG-H3 equivalents.33 As for CML and GO-H 332 
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isomers, the highest level of MG-H isomers in the ingredients was observed in SPC, while the levels 333 

were below LOQ in WPC and MPC, but was quantifiable in SM. IF processing resulted in significant 334 

formation of MG-H isomers, and WPC-IF had a significantly higher level of MG-H isomers than SPC-335 

IF. The conversion of MG-H1 to MG-H3 during acid hydrolysis34 may depend on sample type and has 336 

been shown to be affected by hydrolysis conditions,33 which should be considered when comparing MG-337 

H isomer levels with other studies. Furthermore, the difference in response of MG-H1 and MG-H3 may 338 

result in overestimation of MG-H isomers, if MG-H3 is the dominant isomer, but quantified as MG-H1. 339 

The levels of arginine-derived AGEs (GO-H and MG-H isomers) in ingredients did not reflect the levels 340 

of unmodified arginine, where SPC had significantly lower arginine concentration than WPC and almost 341 

half the levels as for MPC and SM (Figure 4A). Overall, pyrraline, GO-H and MG-H isomers indicated 342 

a higher degree of Maillard reaction in WPC when compared to SPC. IF processing was responsible for 343 

formation of five AGEs with levels found in the following order: CML >> pyrraline = MG-H > GO-H > 344 

CEL. Formation of AGEs were affected differently by the IF processing, which emphasizes the relevance 345 

of quantifying several AGEs, especially when their possible implications on health are not fully 346 

understood. CML levels of IFs were ∼4-fold higher than pyrraline, which was the second most abundant 347 

AGE, making CML the quantitatively most relevant AGE. 348 

Melanoidins are formed in the final stage of the Maillard reaction and are observed as browning, 349 

which was evaluated by measuring CIELAB color values (Table 6). No difference in E* was observed 350 

for casein ingredients even though differences were detected in a* and b* values. Significant color 351 

difference was observed between SPC and WPC, where high b* was measured for SPC, which is 352 

expected to relate to the high lactose content of SPC, giving it a pronounced yellow color. IFs had similar 353 

lactose levels and are therefore more comparable than whey protein ingredients. Significant higher E* 354 

was observed for WPC-IF, indicating increased formation of melanoidins. 355 
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Quantification of Intermediate Maillard Reaction Products. Furans such as HMF, furfural, 356 

MF and FMC are intermediate Maillard reaction products, found as free (not protein-bound) compounds, 357 

where HMF in particular has been used as an indicator of heat damage in dairy products. When heating 358 

in the presence of oxalic acid, furans are generated from precursors, predominantly Amadori product but 359 

also other Maillard reaction intermediates.42 The value obtained after oxalic acid treatment is referred to 360 

as ‘total’, covering precursors and free furan. MF and FMC were not detected in any samples, which is 361 

in agreement with other studies and not surprising since these furans are associated with high heat 362 

loads.43,44 Free furfural was not detected in any of the samples and precursors of furfural were only 363 

detected in SPC and IFs (Table 7). The IF processing caused furfural precursors to increase, with no 364 

significant difference between SPC-IF and WPC-IF. HMF was the only furan detected in free form, and 365 

was quantified in IFs with no significant difference between SPC-IF and WPC-IF. In addition to 366 

formation of free HMF, IF processing induced a significant increase in HMF precursors. HMF precursors 367 

were present in WPC but not SPC, which could be explained by the increased processing of WPC. 368 

However, difference in content of HMF precursors in whey protein ingredients had no impact on the 369 

levels detected in IFs. Another study did not detect HMF precursors in raw milk and reported levels of 370 

6-9 ng/mg protein in pasteurized whey.43 A wide range of HMF levels have been reported in powdered 371 

IFs, and are in general lower than the values reported in the present study with values ranging from 2.6-372 

7.7 ng/mg protein for HMF, 13.3-45.2 ng/mg protein for total HMF and 2.2-14.2 ng/mg protein for total 373 

furfural.43–45 However, a higher level of HMF (∼31 ng/mg protein) has been reported in powdered IFs 374 

with added GOS and FOS,46 and a higher level of total HMF has been reported in a commercial liquid 375 

IF (253 ng/mg protein), where free furfural was also found.47 376 
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α-Dicarbonyls are generated from carbohydrates either by the Maillard reaction, the Wolff 377 

pathway (oxidation of carbohydrates) or sugar condensation. α-Dicarbonyls are reactive and can further 378 

degrade or react with amino acid residues to form advanced Maillard reaction products. The α-379 

dicarbonyls that are usually detected in dairy foods are formed by re-arrangement and dehydration of 380 

glucose (glucosone, 1-DG and 3-DG) and galactose (galactosone and 3-DGal) with 3,4-DGE as an 381 

intermediate between 3-DG and 3-DGal. Small α-dicarbonyls (glyoxal, methylglyoxal and diacetyl) can 382 

be formed by fragmentation of 1-DG or isomerization and subsequent retro-aldolization of e.g. glucose.48  383 

SPC had ∼6-fold higher methylglyoxal content than that of WPC, which was surprising since 384 

no harsh heat treatments were applied during production of SPC. No significant increase was observed 385 

when comparing SPC and SPC-IF, whereas methylglyoxal increased when comparing WPC and WPC-386 

IF (Table 8). Methylglyoxal levels somewhat reflected the levels of methylglyoxal-derived AGEs (CEL 387 

and MG-H isomers). However, even though the methylglyoxal content of SPC was higher than of WPC, 388 

the levels of MG-H isomers were significantly higher in WPC-IF than SPC-IF, indicating increased 389 

potential for MG-H formation in WPC. During processing, SPC and WPC undergo different filtration 390 

steps, where SPC was derived from a permeate stream and WPC originated from a retentate stream, 391 

where diafiltration had been applied. Consequently, molecules smaller than the pore size of the 392 

membrane would be concentrated in SPC, but diluted in WPC. The lactose content was reduced during 393 

filtration of WPC, whereas SPC contained significant amounts of lactose. The molecular weights of α-394 

dicarbonyls are similar to or smaller than that of lactose. It is therefore suggested that α-dicarbonyls 395 

followed the lactose stream during the filtration steps of WPC manufacturing. Furthermore, it is proposed 396 

that the high level of methylglyoxal in SPC was related to its high lactose content, since α-dicarbonyls 397 

may be formed via lactose degradation in the absence of proteins. Consequently, it may not be appropriate 398 
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to normalize quantified α-dicarbonyls to the protein content when comparing protein ingredients with 399 

different lactose to protein ratios. 400 

Glyoxal was only quantified in IFs, where SPC-IF had a significantly higher level than WPC-401 

IF. In terms of glyoxal-derived AGEs, no significant difference in CML or GO-H isomers was observed 402 

for IFs, but both AGEs were most abundant in SPC compared to WPC. A significant increase in diacetyl 403 

was observed for SPC and SPC-IF, whereas a decrease was observed when comparing WPC and WPC-404 

IF. The diacetyl content of WPC could be attributed to the presence of lactic acid bacteria during cheese 405 

production.49 Diacetyl has shown to be formed from methylglyoxal at pH 5.50 SPC-IF had pH ~6.6, but 406 

it could be speculated that the diacetyl formation during processing was related to the high methylglyoxal 407 

content of SPC.   408 

Both WPC and SPC were manufactured from skim milk with no addition of other carbohydrates. 409 

Therefore, it was unexpected that SPC and WPC differed in levels of galactosone and glucosone. 410 

However, presence of lactic acid bacteria during cheese production has shown to cause accumulation of 411 

galactose in the cheese whey,51 which would explain why significantly higher galactosone levels were 412 

observed in WPC. Galactosone and glucosone were not detected in casein ingredients. During IF 413 

processing, significant levels of glucosone and galactosone were formed, where glucosone was 414 

significantly higher in SPC-IF. SPC and WPC differed in 3-DG and 3-DGal levels similarly to what was 415 

observed for glucosone and galactosone. IF processing caused significant formation of these 3-416 

deoxyosones, with more than a 50-fold increase for 3-DG. As mentioned, CML can be formed from both 417 

glyoxal and 3-deoxyosones. Comparison of low glyoxal levels and high levels of 3-DG and 3-DGal 418 

suggests that formation of CML from 3-deoxyosones was the pronounced pathway during IF processing. 419 

3,4-DGE is an intermediate between 3-DG and 3-DGal, and can lead to formation of HMF by 420 

dehydration.1 In the ingredients, 3,4-DGE was only quantified in WPC, where levels exceeded that of 3-421 
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DG and 3-DGal. No increase was observed when comparing WPC and WPC-IF, whereas 3,4-DGE 422 

formation was significantly increased in SPC-IF as compared to SPC. No differences in total HMF were 423 

observed between IFs (Table 7), which is in agreement with 3-DG and 3-DGal levels. However, the 424 

significantly higher level of 3,4-DGE in WPC-IF did not result in significantly higher level of total HMF. 425 

Pyrraline can be formed from 3-DG, and WPC-IF had significantly higher pyrraline levels than SPC-IF 426 

(Table 5), but no significant differences were observed for 3-DG levels in the IFs (Table 8), which 427 

indicated that 3,4-DGE levels also affected pyrraline formation. All samples had pH < 7, where 1,2-428 

enolisation is favored resulting in higher 3-DG formation than 1-DG, which is consistent with the 429 

observed results.  430 

3-DPs have been suggested to be formed from α-1,4 glucans,52 such as GOS and FOS, which 431 

were present in the IFs. Therefore, it was not surprising that 1-DPs and 3-DPs were formed during IF 432 

processing. The highest level of 3-DPs was observed in SPC, which was surprising since SPC only 433 

contained lactose and had been subjected to less processing than WPC. However, 1-DPs and 3-DPs have 434 

been quantified in heated solutions of lysine and glucose.53 In summary, ten α-dicarbonyls were 435 

quantified in the IFs in the following order: 3-DG >>3-DGal > glucosone > 1-DPs > galactosone = 3,4-436 

DGE > methylglyoxal > glyoxal = 3-DPs > diacetyl. IF processing caused an increase in the majority of 437 

these α-dicarbonyls as compared to the ingredients. Other studies have found 3-DG to be the most 438 

abundant α-dicarbonyl in UHT and infant milk, but at lower levels than reported here.24,27,41 To our 439 

knowledge this is the first time α-dicarbonyls have been quantified in IF.       440 

Quantification of Early Maillard Reaction Products. Amadori products are early Maillard 441 

reactions products, which are converted into furosine during acid hydrolysis. Increased furosine levels 442 

are observed with increasing thermal processing of dairy products.54 WPC contained 972±246 ng 443 
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furosine/mg protein, which was significantly higher than SPC, which contained 107±5 ng/mg protein 444 

(Figure 5). The high furosine content of WPC indicated that the low level of unmodified lysine in WPC 445 

(Figure 4B) was in fact related to increased processing, and not solely due to lower levels of α-LA and 446 

β-LG in WPC as discussed above. Interestingly, different trends were observed in furosine and α-447 

dicarbonyl levels of WPC and SPC, with furosine levels being highest in WPC and -dicarbonyl levels 448 

being highest in SPC (apart from 3,4-DGE, 3-DGal, galactosone and diacetyl) indicating that different 449 

pathways are favored in the two whey ingredients. No significant difference in furosine levels were 450 

observed between MPC and SM (Figure 5).  Despite a higher level of MG-H isomers and methylglyoxal 451 

in SM, quantification of Maillard reaction products suggests negligible differences in processing of the 452 

casein ingredients and further supports that differences in IFs were related to whey protein ingredients.  453 

The IF processing resulted in increased furosine levels, and the significant difference observed 454 

between whey protein ingredients was still present when comparing IFs, with furosine levels of 455 

2571±222 and 3238±276 ng/mg protein for SPC-IF and WPC-IF, respectively. These levels are in 456 

agreement with previous studies, where furosine levels of 1700-14600 ng/mg protein have been found in 457 

powdered IFs.39,46,55–57 Similar levels have also been found in liquid IFs, ranging from 1910 to 9740 458 

ng/mg protein, where increasing heat load has been correlated to increased furosine.14,41,47 The increased 459 

levels of pyrraline and MG-H isomers in WPC-IF correlated with the increased furosine levels, when 460 

compared to SPC-IF. Overall, the high furosine content of WPC could explain the significant formation 461 

of MG-H and GO-H isomers in WPC-IF since methylglyoxal and glyoxal were only observed in lower 462 

levels when compared to SPC and were therefore not clearly linked to MG-H and GO-H isomer 463 

formation. This further supports that other processing parameters apart from the applied heat load should 464 

be evaluated in order to understand Maillard-derived protein modifications in IF, as well as the relevance 465 
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of quantifying early-, intermediate- and advanced Maillard reaction products. During storage, the 466 

Maillard reaction will proceed, with the rate and extent being dependent on storage conditions.43,47 The 467 

higher furosine level in WPC-IF, compared to SPC-IF, could indicate increased potential for formation 468 

of Maillard reaction products during storage.  469 

Evaluation of Structural Protein Modifications. Disulfide- and non-reducible crosslinks were 470 

evaluated by SDS-PAGE (Figure 6). A high molecular weight (HMW) smear was observed in all batches 471 

of WPC under non-reduced conditions (Figure 6A), where only a faint HMW smear could be observed 472 

under reduced conditions (Figure 6B). This suggests the presence of large disulfide-linked aggregates 473 

and some non-reducible crosslinks in WPC, whereas no pronounced HMW smears could be observed in 474 

SPC under both non-reduced and reduced conditions. Furthermore, a smear above β-LG was observed 475 

in WPC, which was not observed for SPC. This smear was present on gels run under both reducing and 476 

non-reducing conditions, but was more pronounced under non-reduced conditions, indicating both 477 

disulfide- and non-reducible crosslinks of proteins and/or peptides with β-LG in WPC. No obvious 478 

differences were observed between MPC and SM on the SDS-PAGE gels. In both IFs, significant 479 

formation of large disulfide-linked aggregates were observed (comparison between reduced and non-480 

reduced conditions; Figure 6C). Despite clear differences between the whey protein ingredients, no clear 481 

differences in amount of aggregated material were observed between SPC-IF and WPC-IF. This could 482 

be linked to differences in protein composition. When compared to WPC-IF, SPC-IF had a higher α-LA 483 

and β-LG content due to the absence of cGMP. Consequently, the protein composition of SPC-IF may 484 

make it more prone to heat-induced modifications, since cGMP does not contain cysteine and therefore 485 

cannot take part in heat-induced thiol-disulfide exchange reactions like α-LA and β-LG. It was evident 486 

that large aggregates were formed by disulfide crosslinking during IF processing regardless of whether 487 

the whey protein ingredient was SPC or WPC. 488 
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LAL and LAN are non-reducible crosslinks derived from lysine and cysteine, respectively. LAL 489 

was quantified in all samples (Figure 7A). LAN was only quantified in whey protein ingredients (Figure 490 

7B), were below LOQ (10 ng/mg protein) in IFs and not detected in casein ingredients. No significant 491 

difference in LAL was observed between the casein ingredients. WPC contained significantly higher 492 

levels of LAL and LAN when compared to SPC, which can be explained by the increased processing of 493 

WPC. This significant difference was also evident when evaluating LAL content of the two IFs. 494 

Apparently, IF processing did not contribute with substantial formation of LAL or LAN, since IFs had 495 

lower levels of LAL and LAN than the whey protein ingredients. Previous studies have shown that LAL 496 

levels were lower in powdered IFs than in liquid IFs, but large variations in commercial products have 497 

been observed, indicating great impact of process parameters within production of powdered or liquid 498 

IFs.39,58,59 In liquid IFs, up to 20% of LAL was found to originate from the whey protein ingredient.14 499 

This is contradictory to what was observed in the present study, but indicates that processing steps 500 

involved in the production of liquid IF can cause increased formation of LAL when compared to 501 

processing steps of powdered IF. Lastly, alkaline conditions in liquid IF promote formation of LAL.14 502 

Consequently, the neutral pH of SPC-IF and WPC-IF (pH ∼6.7) may be a contributing cause for limited 503 

formation of LAL during processing. The quantified levels of LAN and LAL by MS/MS showed the 504 

same trend as the SDS-PAGE results, where non-reducible crosslinks were most abundant in WPC 505 

compared to SPC under reduced conditions (Figure 6B and C).  506 

Hydrophobic interactions also contribute to protein aggregation, but are disrupted in SDS-507 

PAGE analyses. SEC was therefore used to assess possible differences in aggregation of ingredients and 508 

IFs (Figure 8). SEC requires a minimum of sample preparation, and it thus allows for analysis of intact 509 

protein material, but centrifugation and filtration of samples could not be omitted. A small pellet was 510 

observed in WPC after centrifugation, and large pellets were observed in IFs, with no difference between 511 
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SPC-IF and WPC-IF. This means that large aggregates present in WPC and IFs were not included in the 512 

SEC analysis. This is visually evident as a lower total area in WPC and IFs samples when compared to 513 

SPC (Figure 8B). Removal of large aggregates during SEC sample preparation has also been seen when 514 

heating WPC at increasing holding times.60 Furthermore, pellet formation correlated with unexplained 515 

protein material in Figure 3. No significant differences in protein aggregation were observed between 516 

MPC and SM. A lower total area in MPC and SM was assumed to relate to large casein micelles being 517 

removed during filtration even though no clear pellet could be seen during centrifugation. 518 

When comparing SPC and WPC, large soluble aggregates were only present in WPC (marked 519 

by ⋆ in Figure 8A) while both ingredients contained protein material which eluted around 150 kDa. 520 

Compared to SPC, WPC had a significant lower area representing protein material smaller than 45 kDa 521 

(Figure 8B), which correlated with decreased α-LA and β-LG peaks (Figure 8A). Absorbance was also 522 

measured at 280 nm, which confirmed the presence of cGMP in WPC (arrow in Figure 8A). Overall, 523 

SEC results were consistent with the SDS-PAGE results showing that WPC contained more aggregated 524 

material. In addition, it has previously been shown that heating WPI with increasing temperatures caused 525 

α-LA and β-LG peaks to decrease and peaks belonging to large aggregates to increase.61  526 

The IF processing had a significant impact on aggregation behavior. In addition to the large 527 

precipitated aggregates, a significant increase in large soluble aggregates (> 670 kDa) was observed in 528 

both IFs, whereas protein material with a molecular weight below 45 kDa decreased (Figure 8B). 529 

However, when comparing the low molecular weight (< 45 kDa) part of the chromatograms (Figure 8A), 530 

visual differences were detected between the two IFs. In addition to the presence of cGMP in WPC-IF 531 

(arrow in Figure 8A), lower α-LA and β-LG peaks were also observed, corresponding to decreased levels 532 

of monomeric α-LA and β-LG. However, it should be kept in mind that WPC-IF had lower levels of α-533 

LA and β-LG when compared to SPC-IF (Figure 3). Batch differences were observed for WPC-IF, where 534 



26 

 

batch 2 had significantly lower levels of large soluble aggregates (> 670 kDa). Only large soluble 535 

aggregates or monomeric proteins were observed in IFs, with a lack of 150 kDa intermediates which 536 

were present in ingredients. However, this trend has also been observed previously when heating whey 537 

proteins at increased temperatures.62,63 538 

Differences in Formation of Maillard-Related and Structural Protein Modifications. Only 539 

minor differences in Maillard-related and structural protein modifications were observed between the 540 

casein ingredients, and the observed differences between the IFs could be explained by the choice of 541 

whey protein ingredient. The processing differences between the whey protein ingredients had some 542 

impact on protein modifications in the final IF, but the differences between ingredients were in general 543 

minor when compared to protein modification levels of the final IFs. Our study shows that if reduced 544 

levels of protein modifications are to be achieved in powdered IF, it is necessary to consider processing 545 

parameters in addition to heat load in the production of whey protein ingredients as well as optimization 546 

of the IF process during manufacture.  547 

Different trends were observed when evaluating protein modifications related to the Maillard 548 

reaction versus structural changes. The increased processing of WPC led to increased levels of disulfide-549 

linked aggregates, LAN, LAL and large soluble aggregates. However, the choice of whey protein 550 

ingredient only had minor impact on structural changes of the IF, where the only significant difference 551 

was increased levels of LAL in WPC-IF. Furosine formation followed the same trend as for structural 552 

changes, which was in agreement with the hypothesis that increased thermal processing of WPC would 553 

led to increased levels of Maillard reaction product in the whey protein ingredient and final IF. WPC-IF 554 

(∼3200 ng/ mg protein) had a significantly higher furosine level than SPC-IF (∼2600 ng/mg protein). 555 

High levels of α-dicarbonyls were observed in SPC, when compared to WPC, which was suggested to 556 

be linked to the high lactose content of SPC. This was unexpected when considering the gentle thermal 557 
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processing of SPC, when compared to WPC, but quantification of α-dicarbonyls suggests that differences 558 

in lactose to protein ratios are essential to consider when evaluating protein modifications in ingredients. 559 

Process-induced α-dicarbonyls levels in IF varied, but 3-DG formation was by far the most dominant -560 

dicarbonyl. Interestingly, SPC also contained higher levels of AGEs when compared to WPC, while 561 

WPC-IF contained the highest AGE levels when compared to SPC-IF.  562 
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 568 

ABBREVIATIONS USED 569 

acetonitrile (ACN), α-lactalbumin (α-LA), β-lactoglobulin (β-LG), N-ε-carboxyethyl-lysine (CEL), 570 

caseinoglycomacropeptide (cGMP), N-ε-carboxymethyl-lysine (CML), pentetic acid (DETAPAC), 1-571 

deoxyglucosone (1-DG), 3-deoxyglucosone (3-DG), 3-deoxygalactosone (3-DGal), 3,4-572 

dideoxyglucosone-3-ene (3,4-DGE), 2-(2,3,4-trihydroxybutyl)-benzo[g]quinoxaline (3-DG 573 

quinoxaline), 1-deoxypentosulose/1-deoxypentosone (1-DPs), 3-deoxypentosulose/3-deoxypentosone 574 

(3-DPs), dithiothreitol (DTT), 2-furylmethylketone (FMC), fructooligosaccharides (FOS), glycolic acid-575 

lysine-amide (GALA), glyoxal-hydroimidazolone 1 (GO-H1), glyoxal-lysine-amide (GOLA), glyoxal-576 

lysine dimer (GOLD), galactooligosaccharides (GOS), high molecular weight (HMW),  5-577 

hydroxymethylfurfural (HMF), infant formula (IF), lanthionine (LAN), lysinoalanine (LAL), limit of 578 

detection (LOD), limit of quantification (LOQ), 5-methyl-2-furaldehyde (MF), methylglyoxal-579 
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hydroimidazolone 1 and 3 (MG-H1 and MG-H3), methylglyoxal-lysine dimer (MOLD), milk protein 580 

concentrate (MPC), normalized collision energy (NCE), o-phenylenediamine (OPD), parallel reaction 581 

monitoring (PRM), serum protein concentrate (SPC), sodium dodecyl sulfate polyacrylamide gel 582 

electrophoresis (SDS-PAGE), size exclusion chromatography (SEC), pasteurized skim milk (SM), 583 

trichloroacetic acid (TCA), trifluoroacetic acid (TFA), whey protein concentrate (WPC). 584 
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FIGURE CAPTIONS 797 

Figure 1. Extracted ion chromatograms of quantified AGEs, LAN and LAL and furosine, from 798 

enzymatic (dotted grey) or acid hydrolysate (solid black). 799 

Figure 2. Size exclusion chromatogram of β-LG (green), α-LA (blue) and a protein standard mix (grey), 800 

including areas described as > 670 kDa, ∼ 150 kDa and < 45 kDa. 801 

Figure 3. Protein composition calculated as percentage of total protein, where “unexplained” covers 802 

unidentified protein material. 803 

Figure 4. Quantified unmodified arginine (A) and lysine (B), where different letters indicate significant 804 

difference (Tukey’s HSD, p < 0.05).  805 

Figure 5. Quantified furosine as an indirect measure of Amadori products. Different letters indicate 806 

significant difference (Tukey’s HSD, p < 0.05). 807 

Figure 6. Representative SDS-PAGE gels of ingredients under non-reduced (A) and reduced conditions 808 

(B), and of infant formulas under non-reduced and reduced conditions (C). A molecular mass marker 809 

(M) and bands belonging to caseins (CN), β-lactoglobulin (β-LG) and α-lactalbumin (α-LA) are included 810 

for reference. 811 

Figure 7. Quantified lysinoalanine (LAL, A) and lanthionine (LAN, B). Different letters indicate 812 

significant difference (Tukey’s HSD, p < 0.05). 813 

Figure 8. Representative size exclusion chromatograms measured at 214 nm (A), where ⋆ indicates 814 

large soluble aggregates in WPC and arrows indicates cGMP in WPC and WPC-IF. The chromatograms 815 

have been divided into areas described as < 45 kDa, ∼ 150 kDa and > 670 kDa protein material (B).  816 
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TABLES 817 

Table 1. Sample composition [% w/w]. *The lactose and fat content of SM was from the packaging 818 

label. 819 

  Form Batch Dry matter Protein Lactose Fat 

W
h

ey
 p

ro
te

in
 

in
g

re
d

ie
n

t 

SPC 

(serum protein concentrate) 

Liquid 1 20.66 3.95 15.29 
Low, not 

determined 
2 20.84 3.96 15.98 

3 20.57 3.90 15.18 

WPC 

(whey protein concentrate) 

Powder 1 94.90 77.50 7.80 5.50 

2 95.00 76.90 8.00 5.00 

3 95.14 76.80 8.00 5.50 

C
as

ei
n

 

in
g

re
d

ie
n

t 

MPC 

(milk protein concentrate) 

Liquid 1 14.10 8.10 4.67 0.10 

2 14.28 8.08 4.68 0.11 

3 14.13 8.06 4.69 0.12 

SM 

(pasteurized skim milk) 

Liquid 1 9.17 3.49 4.70* 0.10* 

2 8.77 3.51 4.70* 0.10* 

3 9.24 3.62 4.70* 0.10* 

In
fa

n
t 

fo
rm

u
la

 

SPC-IF 

(SPC- and MPC-based infant formula) 

Powder 1 97.74 11.15 51.00 26.61 

2 97.89 10.29 48.95 29.29 

3 97.85 11.42 49.60 27.95 

WPC-IF 

(WPC- and SM-based infant formula) 

Powder 1 97.63 11.84 48.75 28.47 

2 97.76 11.69 49.05 28.00 

3 97.47 11.63 48.95 27.97 

 820 

  821 
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Table 2. Mass spectrometry parameters for α-dicarbonyls. 822 

Analyte Retention Time [min] Precursor Ion NCE [V] Product Ion 

Galactosone 4.75 251.1026 35 173.0710 

Glucosone 5.05 251.1026 35 173.0710 

1-DG 6.70 235.1077 40 199.0867 

3-DG 7.13 235.1077 40 199.0867 

3-DGal 7.38 235.1077 40 199.0867 

1-DPs 8.11 205.0972 35 187.0867 

3-DPs 8.31 205.0972 35 187.0867 

Glyoxal 8.59 131.0606 120 95.0497 

3,4-DGE 11.11 217.0971 35 169.0761 

Methylglyoxal 11.34 145.0761 110 95.0497 

Diacetyl 12.83 159.0918 110 95.0497 

  823 
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Table 3. Mass spectrometry parameters for analytes detected by MS/MS. 824 

 Analyte Retention 

Time [min] 

Precursor Ion NCE [V] Product Ion Internal 

standard 

Standards Pyrraline 5.33 255.1343 10 175.1232 MG-H1-d3 

Argpyrimidine 6.84 255.1452 33 140.0821 MG-H1-d3 

GALA 6.98 205.1183 28 142.0865 MG-H1-d3 

Furosine 7.53 255.1339 33 84.0814 Furosine-d4 

MG-H1/2/3 7.56 229.1295 33 114.0666 MG-H1-d3 

GO-H1/2/3 7.75 215.1139 33 152.0819 GO-H1-13C2 

LAN 8.13 209.0591 20 120.0119 CEL-d4 

CEL 8.25 219.1339 25 130.0865 CEL-d4 

Pentosidine 8.48 380.2166 25 379.2088 CML-d4 

CML 8.42 205.1182 28 130.0864 CML-d4 

GOLA 8.65 333.2133 33 169.0978 CML-d4 

LAL 8.68 234.1448 33 130.0866 CML-d4 

MOLD 8.77 342.2261 30 341.2183 MOLD-15N2 

GOLD 8.85 328.2105 30 327.2026 GOLD-15N2 

Internal 

standards 

Furosine-d4 7.53 259.1590 33 88.1064 - 

MG-H1-d3 7.57 232.1484 37 117.0855 - 

GO-H1-13C2 7.75 217.1206 33 154.0888 - 

CEL-d4 8.26 223.1593 33 88.1064 - 

CML-d4 8.41 209.1434 20 134.1117 - 

MOLD-15N2 8.77 344.2202 33 343.2134 - 

GOLD-15N2 8.86 330.2046 33 329.1986 - 

 825 

Table 4. Mass spectrometry parameters for lysine and arginine. 826 

 Analyte Retention 

Time [min] 

Product Ion Precursor Ion NCE [V] Internal 

standard 

Standards Arginine 3.79 70.0657 175.1190 45 Lysine-d4 

Lysine 4.17 84.0813 147.1128 40 Lysine-d4 

Internal standard Lysine-d4 4.16 88.1065 151.1379 33 - 
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Table 5. Quantified AGEs [ng/mg protein], where n.d. indicates not detected. Different letters indicate 827 

significant differences within a column (Tukey’s HSD, p < 0.05).  828 

 CML CEL Pyrraline GO-H1 eqv. MG-H3 eqv. 

SPC 29.7 ± 1.5a < LOQ 12.4 ± 3.2a 14.8 ± 0.8a 12.9 ± 0.5a 

WPC 22.0 ± 2.9b < LOD 13.7 ± 2.1a n.d. < LOQ 

MPC 13.5 ± 1.5c < LOD < LOD < LOQ < LOQ 

SM 13.7 ± 1.4c < LOD < LOD < LOQ 4.53 ± 0.22b 

SPC-IF 139 ± 12d 9.16 ± 0.54a 28.2 ± 8.4b 17.7 ± 2.1b 19.3 ± 1.4c 

WPC-IF 143 ± 15d 8.99 ± 1.93a 36.2 ± 2.9c 17.8 ± 1.2b 25.0 ± 1.7d 

LOD  / LOQ 1.89 / 6.21 2.35 / 7.83 2.44 / 8.12 1.51 / 5.02 0.90 / 3.01 

 829 

Table 6. CIELAB color values (L*, a* and b*) measured at 35 mg protein/mL with calculated total color 830 

(E*). Different letters indicate significant differences within a column (Tukey’s HSD, p < 0.05).  831 

 L* a* b* E* 

SPC 53.8 ± 2.2a -2.97 ± 0.79a 30.8 ± 1.3a 62.1 ± 2.6a 

WPC 52.3 ± 1.5b -2.41 ± 0.13b -2.92 ± 0.41b 52.4 ± 1.3b 

MPC 79.6 ± 0.3c -4.78 ± 0.26c -3.31 ± 0.58b 79.9 ± 0.3c 

SM 79.2 ± 0.1c -5.26 ± 0.10d -2.17 ± 0.03c 79.4 ± 0.3c 

SPC-IF 86.9 ± 0.7d 0.338 ± 0.749e 11.8 ± 1.4d 87.7 ± 0.8d 

WPC-IF 87.9 ± 0.3e -1.65 ± 0.10f 13.7 ± 0.9e 88.9 ± 0.5e 

  832 
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Table 7. Quantified furfural and 5-hydromethylfurfural (HMF) [ng/mg protein], both as total 833 

(determined after heat treatment in oxalic acid) and free compound (no oxalic acid treatment). Total 834 

furfural was < LOQ (0.75 ng/mg protein) in SPC and n.d. indicates not detected. Different letters indicate 835 

significant difference (Tukey’s HSD, p < 0.05).  836 

 Total Furfural Total HMF Free HMF 

SPC < LOQ n.d. n.d. 

WPC n.d. 1.3 ± 0.5a n.d. 

MPC n.d. n.d. n.d. 

SM n.d. n.d. n.d. 

SPC-IF 6.5 ± 0.2a 73 ± 21c 21 ± 12b 

WPC-IF 5.0 ± 0.4a 77 ± 15c 26 ± 10b 

 837 
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Table 8. Quantified -dicarbonyls [ng/mg protein], where n.d. indicates not detected. Different letters indicate significant 838 

differences within a column (Tukey’s HSD, p < 0.05).  839 

 Methylglyoxal Glyoxal Diacetyl Glucosone Galactosone 3-DG 3,4-DGE 3-DGal 1-DPs 3-DPs 

SPC 6.0 ± 1.2a < LOD < LOD 0.66 ± 0.06a < LOQ 3.1 ± 0.6a < LOD < LOD < LOQ 6.2 ± 2.9a 

WPC 1.0 ± 0.2b < LOQ 0.62 ± 0.08a < LOQ 0.75 ± 0.15a < LOQ 10 ± 2ab 2.3 ± 0.7a < LOD < LOD 

MPC 1.7 ± 0.3c < LOD < LOD n.d. n.d. < LOD n.d. n.d. < LOD < LOQ 

SM 2.6 ± 0.6d < LOD < LOD n.d. n.d. < LOQ < LOD < LOD < LOD 2.0 ± 0.6b 

SPC-IF 6.4 ± 0.7a 3.9 ± 0.5a 0.69 ± 0.06b 22 ± 2b 11 ± 1b 165 ± 51b 8.5 ± 1.2a 24 ± 9b 20 ± 2a 4.2 ± 0.3c 

WPC-IF 6.1 ± 0.5a 2.5 ± 0.4b < LOQ 16 ± 2c 11 ± 1b 157 ± 18b 13 ± 6b 25 ± 3b 14 ± 2b 3.3 ± 0.2c 

LOD / LOQ 0.26 / 0.85 0.54 / 1.8 0.16 / 0.55 0.11 / 0.36 0.11 / 0.36 0.43 / 1.4 0.41 / 1.4 0.43 / 1.4 0.43 / 1.4 0.43 / 1.4 

 840 
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