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Maillard reaction products and amino acid cross-links in liquid infant 
formula: Effects of UHT treatment and storage 
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A B S T R A C T   

The formation of Maillard reaction products, including Amadori compounds (determined as furosine), advanced 
glycation end products (AGEs), α-dicarbonyl and furfural compounds, as well as amino acid cross-links (lysi-
noalanine and lanthionine) was investigated in direct (DI) and indirect (IN) UHT-treated experimental liquid 
infant formula (IF) during storage at 40 ◦C. IN-IF had higher concentrations of all investigated compounds 
compared to DI-IF and low pasteurized IF. IN UHT treatment induced significantly higher concentrations of 
α-dicarbonyl compounds (glyoxal, methylglyoxal, 3-deoxyglucosone and 3-deoxygalactosone) compared to DI, 
which facilitated increased formation of AGEs (N-Ɛ-(carboxymethyl)lysine, methylglyoxal- and glyoxal-derived 
hydroimidazolones) in unstored IFs. During storage for 6 months, concentrations of furosine and AGEs 
increased while α-dicarbonyl compounds decreased. Principal component analysis indicated that differences 
between IN-IF and DI-IF disappeared after 2 months of storage. IN-IF had higher concentrations of lysinoalanine 
and lanthionine and lower concentrations of available lysine and arginine than DI-IF indicating higher loss of 
protein quality in IN-IF.   

1. Introduction 

Infant formula (IF) is a dairy product specifically designed to fulfill 
the nutritional requirements for infants. In order to adapt the formula to 
the needs of the infants, the composition is adjusted to mimic the 
composition of human milk (Nasirpour, Scher, & Desobry, 2006). When 
producing IF, milk derived constituents are subjected to heat treatment 
throughout the processing at several stages, such as pasteurization or 
sterilization, to ensure microbiological quality and appropriate shelf life. 
IFs are commercially available as powdered and liquid products. Liquid 
IFs have the advantage of being ready-to-use without further prepara-
tion requirements, and therefore have a wide use in hospitals and in 
places where access to clean water is limited. For the production of 

liquid ready-to-use IFs, two approaches to ultrahigh temperature (UHT) 
treatment are used. In direct UHT treatment, heat is applied by injection 
of steam directly in the products whereas indirect UHT treatment is 
applied through a conducting material such as a plate heat exchanger 
(Burton, 1994). 

During processing, due to the specific composition of the product 
(high carbohydrate to protein ratio) combined with extensive heat 
processing, infant formulas are very prone to protein damage and for-
mation of unwanted thermal degradation products (Pischetsrieder & 
Henle, 2012). Protein denaturation, aggregation and cross-linking are 
some results of heat treatment, which alter the structure of the protein 
and thereby affect the bioactivity and digestibility (Ye et al., 2022). 
Carbohydrate degradation and the Maillard reaction are the two major 
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chemical reactions occurring during heat processing of IF. The Maillard 
reaction takes place between carbonyl groups of reducing carbohydrates 
and nucleophilic residues of proteins, peptides and amino acids and 
results in the formation of a variety of products, generally referred to as 
Maillard reaction products (MRPs) or glycation products (Fig. 1). The 
first stable product of the Maillard reaction is the Amadori compound, 
namely protein-bound lactulosyllysine for dairy products, which is 
formed by the condensation of lactose and lysine residues. With exten-
sive heat treatment or prolonged storage, degradation of Amadori 
compounds results in α-dicarbonyl compounds, which are highly reac-
tive towards nucleophilic groups, such as amino, guanidino, and thiol 
groups of amino acid residues. α-Dicarbonyl compounds, such as 
glyoxal, methylglyoxal, 3-deoxyglucosone and 3-deoxygalactosone may 
also be formed directly through sugar degradation, but the presence of 
amines catalyzes their formation (Hollnagel & Kroh, 1998). Once 
α-dicarbonyls are formed, they readily react with proteins and result in 
the formation of so-called advanced glycation end products (AGEs), such 
as N-Ɛ-(carboxymethyl)lysine (CML), N-Ɛ-(carboxyethyl)lysine (CEL), 
pyrraline, methylglyoxal-derived hydrolimidazolones (MG-Hs), glyoxal- 
derived hydroimidazolones (GO-Hs), methylglyoxal lysine dimer 
(MOLD), glyoxal lysine dimer (GOLD), pentosidine, and argpyrimidine. 
Lysinoalanine (LAL) and lanthionine (LAN) are cross-linked amino acid 
products, formed by the reaction of lysine and cysteine, respectively, 
with dehydroalanine (Fig. 2), which is formed by beta-elimination of 
cysteine and serine residues during heat treatment (Rombouts, Lam-
brecht, Carpentier, & Delcour, 2016). 

Modification of the protein structure caused by AGEs formation as 
well as the formation of crosslinks may lead to nutritional loss; i) 
bioactivity of the protein is changed, ii) digestibility of the protein may 
be decreased due to lowered susceptibility to enzymatic hydrolysis, and 
iii) essential amino acids are lost. In addition, upon digestion, some 
AGEs might be absorbed into the circulation (Šebeková, Simon Kle-
novics, & Brouder Šebeková, 2014). Although the physiological conse-
quences of dietary AGEs remain to be unclear, it is important to preserve 
the protein quality in infant formulas due to the sensitivity of the 

digestive and immunological systems of newborns. The nutritional 
quality of IF is of utmost importance since it is the sole nutrition source 
for infants when breast-feeding is not possible. 

UHT treated IFs have a long shelf life at ambient temperature. 
However studies show that during storage, IFs undergo several changes 
including physical and chemical reactions resulting in decreased prod-
uct quality (Cattaneo, Masotti, & Pellegrino, 2009; Pischetsrieder & 
Henle, 2012; Šebeková et al., 2014). Until now, most studies have 
focused on powdered products (Chávez-Servín, Castellote, & López- 
Sabater, 2006; Sabater et al., 2018), whereas only a few studies have 
investigated liquid IF (Cattaneo et al., 2009). To the best of our 
knowledge, the present study is the first to investigate how different 
UHT treatments and subsequent storage affect the progress of the 
Maillard reaction by analyzing an extensive range of MRPs (Amadori 
compounds determined as furosine, AGEs, α-dicarbonyl compounds and 
furfural compounds) as well as amino acid cross-links in order to eval-
uate protein damage in liquid experimental IF. During transportation of 
liquid IFs over long distances, the temperature in the shipping con-
tainers may reach up to 60 ◦C (Deeth & Lewis, 2017). Therefore, the aim 
of the present study was to investigate how UHT treatment and storage 
at an elevated temperature would affect the Maillard reaction and pro-
tein cross-links. We hypothesized that storage at 40 ◦C would even out 
the differences in the IF samples introduced by the UHT treatments. The 
storage period of six months at 40 ◦C applied in the present study is not 
typical for storage of liquid IF, but the long storage period was included 
in order to test our hypothesis. 

2. Materials and methods 

2.1. Chemicals and consumables 

L-Lysine (≥98 %), L-arginine (≥98 %), DL-LAN (≥98 %) and d4-lysine 
(98 %) were purchased from Sigma Aldrich, Copenhagen, Denmark. All 
other standards and internal standards were purchased from Iris Biotech 
GmbH (Marktredwitz, Germany), with net weight values given in 

Fig. 1. Overview of the formation of Maillard reaction products in IF. The reactions and products are not limited to what is indicated here. R = protein, R′= H for 
glucose and galactose, R′= galactose for lactose. 
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brackets; CEL (89.6 %), CML (95.5 %), GOLD TFA salt (94.1 %), GOLA 
HCl salt (56.9 %), GALA (96.2 %), MG-H isomers [MG-H1 TFA salt (88 
%), MG-H2 (72.9 %), MG-H3 TFA salt, (50.5 %)], GO-H isomers [G-H1 
(80.7 %), G-H2 (88.7 %), G-H3 TFA salt (48.6 %)], argpyrimidine TFA 
salt (51.3 %), furosine HCl (72.7 %), LAL HCl salt (mixture of two di-
astereoisomers, 62.7 %), MG-H1-d3 (90.5 %), CEL-d4 (78.3 %), MOLD- 
15 N2 acetate salt (88.9 %), furosine-d4 HCl (52.8 %), and CML-d4 
(94.4 %). In addition, MOLD acetate salt (≥96 %), pentosidine TFA 
salt (≥99 %), GO-H1-13C2 (≥97 %) and GOLD-15 N2 acetate salt (≥96 
%) were also obtained from Iris Biotech GmbH; no net weight values 
were available from the supplier for these standards, so chromato-
graphic purities are given in brackets. Glyoxal solution (40 % in water), 
methylglyoxal solution (40 % in water), dimethylglyoxal (≥97 %), and 
2-keto-D-glucose (D-glucosone, ≥98 %) were purchased from Sigma 
Aldrich (Copenhagen, Denmark), while 2-(2′, 3′, 4′-trihydroxybutyl) 
quinoxaline (quinoxaline form of 3-deoxyglucosone) was obtained from 
Biosynth Carbosynth (UK). LC–MS grade acetonitrile, methanol and 
ammonium formate (99.995 %) were purchased from Sigma Aldrich 
(Copenhagen, Denmark). Formic acid (≥99 %) was obtained from VWR 
Chemicals (Denmark). Orthophenilene diamine (OPD, 98 %), dieth-
ylenetriaminepentaacetic acid (DETAPAC, ≥99 %), 5-(hydroxymethyl) 
furfural (HMF) (99.5 %), 2-furaldehyde (≥98 %), 5-methylfurfural 
(≥98.5 %) and 2-furyl methyl ketone (≥98.5) were purchased from 
Sigma-Aldrich Chemie GmBh (Steinheim, Germany). Milli-Q water was 
produced from a Millipore purification system (Millipore Corporation, 
Billerica, MA, USA). 

2.2. Preparation and storage of liquid infant formula samples 

Liquid IF samples were produced at Arla Foods Ingredients (Viby, 
Denmark) as a complete generic liquid bovine-based IF. The full details 
of production of IF samples are described in (Lund, Nielsen, Nielsen, 
Ray, & Lund, 2021). Briefly, the IF was composed of 71 % water, 16 % 
skimmed milk, 4.7 % lactose, 3.5 % vegetable oil blend, 1.7 % whey 
protein concentrate (WPC) and 0.04 % lecithin and blends of vitamins, 
minerals and carbohydrates containing galacto- and fructo- 
oligosaccharides. This resulted in a generic composition of 6.5 % car-
bohydrates (of which more than 95 % was lactose), 3.5 % fat and 1.5 % 
protein (of which more than 60 % was whey proteins). The UHT treat-
ment (143 ◦C for 6 s) was conducted either by direct steam injection (DI- 
UHT) or indirect tubular heating (IN-UHT). This resulted in a higher 
heat load of the IN-UHT samples than what is typically used to secure a 
sterile product, but was used in order to ensure the same holding tem-
perature and time during the two UHT treatments. After cooling, all 
samples were aseptically packed in clear polyethylene terephthalate 
bottles (500 mL). DI-UHT and IN-UHT samples were stored at 40 ◦C for 
up to 180 days in a dark incubation cabinet (Binder, Tuttlingen, Ger-
many). One bottle of sample was taken from the incubation cabinet on 
every sampling day, mixed well, and transferred into several plastic 

tubes. These tubes were kept at − 60 ◦C until analysis. Low pasteurized 
(72 ◦C, 10 s) sample (LP-IF) without UHT treatment was also frozen as a 
control sample. 

2.3. Analysis of furosine, AGEs, amino acid cross-links and lysine and 
arginine 

Furosine, CEL, MG-Hs, GO-Hs, GOLD, MOLD, LAL, LAN, lysine and 
arginine content of samples was analysed by using a previously vali-
dated and published method (Akillioglu & Lund, 2022). Briefly, after 
thawing the samples, 200 µL of IF (containing 3 mg protein) was 
transferred into microwave vials and 1300 µL Milli-Q water was added. 
Then, 1.5 mL concentrated HCl was added and tubes were flushed with 
nitrogen and tightly sealed. Samples were hydrolyzed by microwave 
heating at 150 ◦C for 1 min followed by 10 min at 165 ◦C using a Biotage 
Initiator + microwave synthesizer (Biotage, Uppsala, Sweden). Hydro-
lysate (500 µL) was evaporated to dryness by using a centrifugal vacuum 
concentrator (Savant® SPD131DDA SpeedVac Concentrator, Thermo 
Fisher Scientific Inc., Waltham, USA). The residue was dissolved in equal 
volume of Milli-Q water, mixed vigorously with a vortex mixer and 
filtered through 0.22 µm nylon filters. Clear filtrate was used for the 
analysis after proper dilutions. Dilutions and addition of internal stan-
dards were prepared so that the final sample solvent was acetonitrile: 
water (50:50, v/v). Five µL of sample was injected into the Dionex Ul-
tiMate 3000 LC system (Thermo Fisher Scientific Inc., Waltham, USA) 
equipped with a Syncronis HILIC column (100 mm length × 2.1 mm 
internal diameter × 1.7 µm particle size, Thermo Fisher Scientific Inc., 
USA) maintained at 40 ◦C. Gradient conditions and mass spectrometric 
parameters are given elsewhere (Akillioglu & Lund, 2022). Each analyte 
was quantified based on internal standard calibration by using a stable 
isotopically labeled internal standard. 

Analysis of CML was performed according to Akillioglu and Gökmen 
(2014) with some minor modifications. Briefly, samples were reduced 
by using 1 M sodium borohydride (in 0.1 M NaOH) and hydrolyzed 
afterwards by using 6 M HCl in the same microwave oven as described 
above. After evaporation of acid, the residue was dissolved in water and 
filtered through 0.22 µm syringe filters. Following appropriate dilution 
with water, CML-d4 was added as an internal standard (500 ng/mL). The 
sample was then passed through an Oasis Prime HLB cartridge (Waters, 
Taastrup, Denmark) and the eluent was collected into a UHPLC vial. The 
sample (10 µL) was injected into the same LC-MS system as described 
above equipped with an Acquity UPLC HSS T3 column (2.1 × 100 mm, 
1.7 µm) at 30 ◦C. Chromatographic separation was performed by using a 
gradient system of water (A) and acetonitrile (B), both containing 0.1 % 
formic acid, at a flow rate of 0.200 mL/min. The gradient program was 
as follows: 100 % A, 5–10 min; 100 % to 70 % A, 10–15 min; 70 % A, 
15–16 min; 70 % to 100 % A, 16–20 min; 100 % A. The MS settings were 
as follows: spray voltage: 3.5 kV; capillary temperature: 320 ◦C; sheath 
gas flow rate: 35 arbitrary units; auxiliary gas flow rate: 10 arbitrary 

Fig. 2. Overview of the formation of LAL and LAN in IF.  
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units; sweep gas flow rate: 0 arbitrary units; S-lens RF level: 50 %. The 
full MS scans were acquired from 50 to 230 m/z at a resolution of 17,500 
FWHM. PRM was used for identification of the analytes at resolving 
power of 17,500 FWHM, AGC target of 2e5, maximum injection time of 
64 ms and with NCE of 33. Acquisition was performed by monitoring m/ 
z ratios of 205.1183 and 209.1434 for CML and CML-d4, and of 
130.0871, 84.0818 and 134.1117, 88.1067 for fragment ions of CML 
and CML-d4, respectively. Quantification was performed based on in-
ternal standard calibration. 

2.4. Analysis of α-dicarbonyl compounds 

Analysis of α-dicarbonyl compounds was performed according to 
Degen, Hellwig, and Henle (2012) and Kocadaǧli and Gökmen (2016) 
with some modifications. IF (800 µL) was mixed with 1000 µL of ice-cold 
methanol by using a vortex mixer and the mixture was incubated at 
− 20 ◦C for 1 h. Afterwards, the contents were centrifuged at 15,000g for 
15 min at 4 ◦C. The supernatant (500 µL) was mixed with 150 µL 
phosphate buffer (0.5 M, pH 7.0) and 150 µL OPD solution (0.2 %, w/v) 
containing 18.5 mM DETAPAC. The contents were filtered immediately 
through 0.22 µm filters into UHPLC vials and incubated at 37 ◦C for 2 h 
in the dark for derivatization of the α-dicarbonyl compounds. The qui-
noxaline derivatives of glucosone, galactosone, 3-deoxyglucosone, 3- 
deoxygalactosone, glyoxal, methylglyoxal, dimethylglyoxal were 
determined by LC–MS. Ten µL was injected into the same LC–MS system 
as described above equipped with an Acquity UPLC BEH Phenyl column 
(2.1 × 100 mm, 1.7 µm) at 55 ◦C. Chromatographic separation was 
performed by using a gradient mixture of 0.2 % formic acid in water (A) 
and 100 % methanol (B) at a flow rate of 0.25 mL/min. The gradient 
program was as follows: 0–5 min, 3 % B; 5–19 min, 39 % B; 19–20 min, 
100 % B; 20–25 min, 100 % B, 25–26 min, 3 % B; 26–30 min, 3 % B. The 
electrospray source had the following settings: spray voltage: 3.5 kV; 
source temperature: 320 ◦C, sheath gas flow rate: 30 arbitrary units; 
auxiliary gas flow rate: 10 arbitrary units; sweep gas flow rate: 2 arbi-
trary units; S-lens RF level: 55 %. Full MS data were acquired in the 
positive mode and α-dicarbonyl compounds were identified by SIM 
mode. The [M + H]+ ions were as follows for quinoxaline forms of 
glucosone: 251; 3-deoxyglucosone: 235; dimethylglyoxal: 159; methyl-
glyoxal: 145; and glyoxal: 131. 

Working solutions of glyoxal, methylglyoxal, dimethylglyoxal and 
glucosone in the range of 10–200 ng/mL were derivatized and analyzed 
as described above to build the external calibration curve of quinoxa-
line, 2-methylquinoxaline and 2,3-dimethylquinoxaline, and glucosone 
quinoxaline forms, respectively. Quantification of 3-DG was based on an 
external calibration curve prepared with 2-(2′, 3′, 4′-trihydroxybutyl) 
quinoxaline in Milli-Q water at a concentration range of 10–1000 ng/ 
mL. It was not possible to obtain the standards of galactosone or 3-deox-
ygalactosone or their quinoxaline forms, therefore, their concentrations 
were determined based on the standard curves of glucosone and 3-deox-
yglucosone, respectively, after confirming their identity with LC-MS. 

2.5. Analysis of furfural compounds 

IF sample (1000 µL) was clarified by mixing with 50 µL Carrez I 
solution (potassium hexacyanoferrate) and 50 µL Carrez II solution (zinc 
sulfate). The tubes were mixed on an orbital shaker for 1 h. Thereafter, 
mixtures were centrifuged at 10,000 g for 5 min. The clear supernatant 
was filtered through 0.22 µm filters and transferred to injection vials. 
Ten µL was injected into a Dionex UltiMate 3000 HPLC system (Thermo 
Fisher Scientific Inc., Waltham, USA) coupled to a quaternary pump. 
Chromatographic separation was performed on a Zorbax Eclipse XDB- 
C18 column (4.6 × 150 mm, 5 µm) maintained at 40 ◦C and with iso-
cratic flow of 20 % acetonitrile at 0.5 mL/min. HMF (retention time 
(RT): 4.197), furfural (RT: 6.783), 2-furylmethyl ketone (RT: 8.587) and 
5-methylfurfural (RT: 10.807) were monitored at 285 nm, 277 nm, 274 
nm and 293 nm, respectively. External calibration curves were 

constructed ranging from 5 to 5000 ng/mL by using authentic standards 
of HMF and other furfural compounds. Limit of detection (LOD) and 
limit of quantification (LOQ) values for HMF were 0.53 ng/mL and 1.77 
ng/mL, respectively, whereas it was found to be 1.56 and 5.2 ng/mL for 
furfural, 0.96 and 3.20 ng/mL for 2-furylmethyl ketone, 1.86 and 6.20 
ng/mL for 5-methylfurfural, respectively. LOD and LOQ were calculated 
at signal-to-noise ratios of 3 and 10, respectively. 

Statistical analysis: All measurements were performed at least in du-
plicates. All data were presented as mean values ± standard deviations. 
Statistical analysis were performed with OriginPro 2020 and the dif-
ferences between samples was analysed by ANOVA, Tukey test where p- 
values < 0.05 were considered to be significantly different. Principal 
component analysis (PCA) was perfomed with R studio 1.2.5042. 

3. Results and discussion 

3.1. Furosine, AGEs and amino acid cross-links 

Furosine, is an acid derivative of Amadori compounds and a marker 
of early stage of the Maillard reaction. Higher concentrations of furosine 
were found in IN-IF (42 µg/mL; 2800 µg/g protein) compared to DI-IF 
(30 µg/mL; ca. 2000 µg/g protein) and LP-IF (27 µg/mL; ca. 1800 µg/ 
g protein) on day 0 (Fig. 3). This is due to the higher heat load applied to 
IN-IF during production; although the time × temperature parameters 
are equal, direct UHT treatment allows a faster heating and cooling. The 
furosine values obtained in the present study are in accordance with 
levels reported for liquid infant formulas by Birlouez-Aragon et al. 
(2004) and lower than the values reported by Cattaneo et al. (2009). Due 
to the high lactose concentration in IF compared to other dairy products, 
high levels of lactulosyllysine (determined as furosine) were expected. 
LP-IF had similar furosine concentration as DI-IF, indicating that the 
ingredients used for the IF had already been modified to certain extent 
before the UHT treatment as also discussed in Lund et al. (2021). WPC 
used in IF production undergoes several processing steps where heat is 
applied, thereby leading to several physical and chemical modifications 
of the protein (Lund et al., 2021). In fact, as shown by Contreras- 
Calderón, Guerra-Hernández, and García-Villanova (2008), the raw 
material used in the production of IF has a determining role in the final 
extent of modifications in the product. Recently Lund, Bechshøft, Ray, & 
Lund (2022) also showed that WPC had higher concentrations of Ama-
dori compound (determined as furosine) compared to another whey 
protein ingredient (serum protein concentrate), which was produced 
with a more gentle process. During storage, furosine levels continued to 
increase in both DI-IF and IN-IF samples. There was no significant dif-
ference in the overall time course of furosine formation between the two 
IF samples, except the initial rate of formation (within the first 30 days). 
The formation of furosine in DI-IF was faster than in IN-IF and the 
concentration reached its maximal value of 96 ± 4 µg/mL (6420 ± 281 
µg/g protein) at day 150 and decreased to 89 ± 3 µg/mL (5940 ± 233 
µg/g protein) at day 180. In IN-IF, the furosine content reached 92 ± 8 
µg/mL (5985 ± 532 µg/g protein) at day 180. The lower initial rate of 
formation of Amadori compounds (determined as furosine) in IN-IF 
could be due to the fact that there was already a higher concentration 
of Amadori compounds in IN-IF on day 0. 

CML is one of the most abundant AGEs found in food products and it 
has been used to assess the progression of advanced stages of the 
Maillard reaction in dairy products (Fenaille et al., 2006). LP, DI-0 and 
IN-0 samples were found to contain CML in concentrations of 563 ng/mL 
(38 µg/g protein), 1306 ng/mL (87 µg/g protein) and 3635 ng/mL (242 
µg/g protein), respectively. There was no statistical difference between 
LP and DI-0 samples, whereas the difference was found statistically 
significant for IN-0. The initial concentrations found for LP-IF and DI-IF 
were in agreement with the values reported previously (Fenaille et al., 
2006), but higher for IN-IF. At the end of the 6 months storage period, 
CML levels increased 4 and 9 times and reached 15.6 µg/mL (1036 µg/g 
protein) and 11.9 µg/mL (792 µg/g protein) in IN-IF and DI-IF, 

H.G. Akıllıoğlu et al.                                                                                                                                                                                                                           



Food Chemistry 396 (2022) 133687

5

respectively. The CML concentrations were always lower in DI-IF than 
IN-IF, highlighting the importance of the difference in the initial heat 
treatment. The Maillard reaction is a cascade of complex reactions, 
involving condensation, degradation, and elimination reactions. Many 
of these reactions occur simultaneously. CML formation takes place via 
two routes: Oxidation of the Amadori compound (Hodge pathway) or 
direct reaction of glyoxal with the Ɛ-amino group of lysine (Namiki 
pathway). The difference in the extent of CML formation during storage 
for 6 months between DI-IF and IN-IF could be due to the difference in 
glyoxal concentrations formed in the samples. 

CEL is formed by the reaction between methylglyoxal and lysine 
residues. No significant difference in CEL levels was found between day 
0 samples. During storage, CEL levels increased by a factor of 3 for both 
DI-IF and IN-IF (Fig. 3), but were 3–4 times lower compared to CML 
concentrations. To the best of our knowledge, CEL has not been quan-
tified in liquid IF before, but CML has generally been reported in higher 
values than CEL in many food products (Akillioglu & Lund, 2022; Troise, 
Fiore, Wiltafsky, & Fogliano, 2015; Zhang, Poojary, et al., 2019), which 
is in agreement with the CEL and CML levels detected in the present 
study. 

Arginine residues are the other amino acid target for the 

modification by α-dicarbonyl compounds. Reaction of methylglyoxal 
with arginine results in the formation of methylglyoxal derived hydro-
imidazolone isomers (MG-Hs). Recent publications show that MG-H is 
another important AGE formed in food products (Akillioglu & Lund, 
2022; Scheijen et al., 2016). In our previous study, we have shown that 
acid hydrolysis, used as a pre-treatment prior to LC-MS analysis, leads to 
the conversion of MG-H1 to MG-H3 (Akillioglu & Lund, 2022). Quan-
tification of MG-Hs was therefore performed based on MG-H3 and re-
ported as MG-H3 equivalents (eqv.) representing the three isomers (MG- 
H1, MG-H2 and MG-H3). LP, DI-0 and IN-0 contained 1.0 µg MG-H3 
eqv./mL (64 µg/g protein), 0.9 (62 µg/g protein) and 1.7 µg MG-H3 
eqv./mL (113 µg/g protein), respectively, and at the end of the stor-
age period the concentrations increased to 3.4 (224 µg/g protein) and 
3.8 µg MG-H3 eqv./mL (253 µg/g protein) for DI-IF and IN-IF, respec-
tively. It seems that after 60 days of storage, the rate of formation 
decreased significantly for both IF samples, especially in DI-IF. Glyoxal 
reacting with arginine residues results in the formation of glyoxal 
derived hydroimidazolone isomers (GO-Hs). Quantification of GO-Hs 
was based on GO-H1 and the concentration of GO-Hs were reported as 
GO-H1 eqv., as discussed in Akillioglu and Lund (2022). GO-Hs were not 
detected in LP and DI-0, but 0.2 µg GO-H1 eqv./mL (10.7 µg/g protein) 

Fig. 3. Concentrations (µg/mL IF) of furosine, AGEs, amino acid cross-links, and available lysine and arginine during storage of liquid IF at 40 ◦C. Insert graphs show 
initial concentrations in the fresh LP, DI-IF and IN-IF. Grey bar: LP, black bar: DI-0, red bar: IN-0. Different letters in the insert graphs represent statistical difference 
at p < 0.05. CML: carboxymethyl lysine, CEL: carboxyethyl lysine, LAL: lysinoalanine, LAN: lanthionine, MG-H3: methylglyoxal derived hydroimidazolone isomer 3, 
GO-H1: glyoxal derived hydroimidazolone 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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was found in IN-0. Storage at 40 ◦C led to an increase in GO-Hs levels in 
both IF samples but the concentration reached a plateau value around 1 
µg GO-H1 eqv./mL (66 µg/g protein) at day 60 for DI-IF. Although there 
was a decrease at day 60 for IN-IF, the concentration tended to increase 
and reached 1.7 µg GO-H1 eqv./mL (113 µg/g protein) at the end of 6 
months of storage. Overall, the concentration of lysine-derived AGEs 
(CML and CEL) was higher than of arginine-derived AGEs (MG-Hs and 
GO-Hs). 

Formation of LAL and LAN has been shown to result in lower protein 
digestibility and reduced amino acid bioavailability (Friedman, 1999). 
LP, DI-0 and IN-0 were found to have LAL concentrations of 3.9 µg/mL 
(260 µg/g protein), 2.6 µg/mL (174 µg/g protein) and 3.0 µg/mL (198 
µg/g protein), respectively, and no statistical difference was found 
among the samples. Concentrations of LAN in day 0 IFs were much lower 
(0.2–0.4 µg/mL) than for LAL. This could be ascribed to the lower 
concentration of cysteine compared to lysine in whey protein, which is 
the main source of protein in IF. LAL concentrations have been reported 
to vary depending on the product type, and liquid IF has been demon-
strated to be more susceptible to the formation of LAL compared to 
powdered IFs (D’Agostina, Boschin, Rinaldi, & Arnoldi, 2003). Our re-
sults were in agreement with the previously published studies showing a 
wide variation in LAL concentration in different formula types (Cattaneo 
et al., 2009; D’Agostina et al., 2003; Fenaille et al., 2006). The results of 
our study show that even in the low pasteurized sample, there was a 
significant amount of LAL present, which is likely to come from the whey 

ingredient. In fact, Lund et al. (2021) showed that the same LP-IF 
sample, as used in the present study, had a large amount of protein 
aggregates as determined by centrifugal field flow fractionation-multi 
angle light scattering (FFF-MALS). The aggregates were larger in size 
in DI-IF and IN-IF. These aggregates were suggested to be formed by 
reducible and non-reducible cross-links, as concluded from SDS-PAGE 
analysis. A high amount of non-reducible cross-links was formed espe-
cially following storage of DI-IF and IN-IF (Lund et al., 2021). These 
findings are in agreement with the LAL and LAN formation, which are 
both non-reducible cross-links. During storage, LAL and LAN concen-
trations increased gradually both in DI-IF and IN-IF (Fig. 3). After 4 
months of storage, the rate of formation slowed down for LAL and LAN, 
but a continued accumulation was observed. At the end of the storage, 
the LAL concentration was approximately 5-fold increased. Cattaneo 
et al. (2009) also found a similar trend in stored IF samples, showing that 
storage increased LAL concentrations up to 5 times. LAN concentrations, 
on the other hand, increased 3-fold for both DI-IF and IN-IF at the end of 
the storage compared to initial levels and the values were 2-fold higher 
in IN-IF compared to DI-IF. There are no other studies reporting LAN 
levels in IF for comparison. 

3.2. α-Dicarbonyl compounds 

α-Dicarbonyl compounds are reactive intermediates of the Maillard 
reaction. They can be formed via fragmentation of Amadori (or Heyns) 

Fig. 4. Concentrations (ng/mL IF) of α-dicarbonyl compounds during storage of liquid IF at 40 ◦C. Insert graphs show initial concentrations in the fresh LP, DI-IF and 
IN-IF. Grey bar: LP, black bar: DI-0, red bar: IN-0. Different letters in the insert graphs represent statistical difference at p < 0.05. 3-DG: 3-deoxyglucosone, 3-DGal: 3- 
deoxygalactosone. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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products, but also degradation of carbohydrate molecules (lactose, 
glucose and galactose in case of dairy products) yields α-dicarbonyl 
compounds (as shown in Fig. 1). 3-DG and 3-DGal were found to be the 
most abundant α-dicarbonyl compounds in the IF samples, followed by 
glucosone and galactosone (Fig. 4). This result is in agreement with 
other studies showing the α-dicarbonyl composition in different food 
products (Aktağ, Hamzalıoğlu, & Gökmen, 2019; Degen et al., 2012; 
Kocadaǧli & Gökmen, 2014; Maasen et al., 2021). UHT treatment of IF 
induced significant formation of 3-DG, as can be seen in the insert in 
Fig. 4, and the difference between samples was statistically significant. 
IN-IF had 5.5 µg/mL 3-DG, while DI-IF and LP-IF had 1.7 and 0.9 µg/mL, 
respectively, at day 0. To the best of our knowledge, this is the first study 
to quantify α-dicarbonyl compounds in bovine-based IF. Aktağ et al. 
(2019) reported that infant UHT milk (follow-on formula) had 4.6–40.4 
mg/L and 0.5–2.7 mg/L 3-DG and 3-DGal, respectively. In our study, 3- 
DGal concentrations were almost half of the concentrations of 3-DG, 
except for IN-0. There was no statistical differences between 3-DGal 
concentrations of DI-0 and IN-0, but LP had significantly lower con-
centration of 3-DGal. During storage for 6 months, both 3-DG and 3- 
DGal concentrations in IN-IF decreased, but increased in DI-IF. This 
indicates that, even though the composition of the IFs was identical, the 
UHT treatments affected the chemical modifications occurring during 
storage in a different manner in these matrices. From a kinetic point of 
view, the two UHT treated IFs were clearly different; the rates of for-
mation and degradation of 3-DG and 3-DGal in the two samples were 
different, leading to the observed profile of the concentrations during 
storage. This difference between the samples could be due to the initial 
effect of heat treatment, which leads to accumulation of degradation 
products of lactose. It is possible that more lactose degradation could 
have led to the formation of glucose and galactose monomers in IN-IF, 
which then fragmented to 3-DG and 3-DGal and finally over storage 
further reacted with proteins and amino acids (Fig. 1). On the other 
hand, in DI-IF, less lactose degradation could have occurred upon UHT 
treatment, which would explain the accumulation of 3-DG and 3-DGal 
during storage. However, it is not possible to comment further on this 
without performing a thorough kinetic investigation. Different trends in 
formation of α-dicarbonyl compounds have been observed in different 
kinetic studies (Göncüoğlu Taş & Gökmen, 2017; Kocadaǧli & Gökmen, 
2016). Zhang, Poojary et al. (2019), Zhang, Ray et al. (2019) investi-
gated MRPs in UHT milk over storage for one year and observed an 
increase in 3-DG concentration in conventional and lactose hydrolyzed 
UHT milk. The decrease in 3-DG concentration observed in the present 
study for IN-IF could be attributed to the reactive nature of this com-
pound, owing to its carbonyl groups in the structure. Therefore it can 
further react with amino acid residues on proteins leading to formation 
of AGEs, such as pyrraline, 3-DG derived hydroimidazolones or 3-deox-
yglucosone lysine dimer (DOLD) (Thornalley, Langborg, & Minhas, 
1999), but 3-DG can also degrade to smaller α-dicarbonyl compounds 
(such as GO, MGO) or HMF. 

The initial concentration of glyoxal in IN-IF (574 ng/mL) was found 
to be significantly higher than in DI-IF (235 ng/mL) and LP (177 ng/ 
mL), while there was no significant difference between LP and DI-0. The 
initial levels of glyoxal found in the present study are lower than the 
values reported by Aktağ et al. (2019) for follow-up UHT infant milk 
(0.88–1.90 mg/L). Hellwig, Degen, and Henle (2010) investigated 
α-dicarbonyls in dairy products and glyoxal was not detected in infant 
milk sample. As can be seen in Fig. 4, glyoxal concentration decreased 
rapidly in both DI-IF and IN-IF, showing that it further reacted during 
storage. The decrease in glyoxal concentration was found to be faster in 
IN-IF than in DI-IF and was found to be in good agreement with the 
increase in concentrations of glyoxal-derived AGEs (CML and GO-Hs) 
(Fig. 3). It is also clear from Fig. 4 that, after 2 months of storage, a 
steady-state concentration was reached for glyoxal, indicating that for-
mation and consumption of glyoxal in further reactions were in equi-
librium. Another important α-dicarbonyl compound, methylglyoxal, 
showed the same trend as glyoxal during storage (Fig. 4). The initial 

concentration of methylglyoxal in IN-IF (333 ng/mL) was significantly 
higher than for DI-IF and LP. Following storage, the concentration of 
methylglyoxal decreased very rapidly in IN-IF, while it was constant 
during storage of DI-IF. Nevertheless, the formation of increased con-
centrations of methylglyoxal-derived AGEs (CEL and MG-Hs) during 
storage (Fig. 3) indicates that there was a continuous formation of 
methylglyoxal contributing to the formation of AGEs, even though the 
methylglyoxal concentration determined after two months of storage 
was a steady-state concentration. 

It is known that methylglyoxal and glyoxal are more reactive than C- 
6 α-dicarbonyl compounds, such as 3-DG and 3-DGal; 3-DG has 200-fold 
lower reactivity than glyoxal and methylglyoxal towards lysine residues 
(Thornalley et al., 1999). Glucosone and galactosone, oxidation prod-
ucts of glucose and galactose, respectively, were detected in similar 
concentrations as glyoxal and methylglyoxal and showed similar trends 
over storage (Fig. 4). It was found that the initial heat treatment had an 
impact on the formation of both glucosone and galactosone, and the 
levels were significantly different among the IF samples at day 0 (p <
0.05). During storage, concentrations of glucosone and galactosone were 
likely to decrease either by degradation to smaller fragments or by 
further reaction with amino acid residues, or even via both pathways. 

3.3. Furfural compounds 

IFs were found to contain 207–227 ng/mL HMF and 6.6–15.2 ng/mL 
furfural initially, without storage (Fig. 5), while 2-furylmethyl ketone 
and 5-methylfurfural were not detected in the IFs at any time during 
storage. The HMF concentration of IN-0 was statistically different from 
LP, but not from DI-0. Furfural concentrations, on the other hand, were 
all statistically different among day 0 samples. HMF concentrations 
detected in the present study were higher than the values reported 
previously for liquid infant milk (Albalá-Hurtado, Veciana-Nogués, 
Mariné-Font, & Vidal-Carou, 1998). The higher HMF concentration is 
likely due to the fact that the samples from the present study contained 
higher levels of precursors for HMF formation. HMF can be formed 
through the Maillard reaction or directly from sugar dehydration via 3- 
deoxyosones, such as 3-DG and 3-DGal, which were the most abundant 
α-dicarbonyls detected in the present study (Fig. 4). The infant milk 
sample used in the study of Albalá-Hurtado et al. (1998) contained 4.7 % 
lactose, whereas IFs of the present study had higher (6.5 %) carbohy-
drate content of which 95 % was lactose. Moreover, fructo- and galacto- 
oligosaccharides added in the IFs could lead to HMF formation as shown 
for in UHT milk and casein model systems (Sabater et al., 2018; Zhang, 
Ray, et al., 2019). HMF concentrations decreased in both DI-IF and IN-IF 
during storage, which is different from what has previously been re-
ported in the literature. The majority of the studies investigating the 
formation of furfural compounds during storage has been performed 
with powdered IF and an increase in HMF concentration has been re-
ported (Albalá-Hurtado et al., 1998; Chávez-Servín et al., 2006). The 
discrepancy between the present and previous studies can be explained 
by the fact that the lower water activity of powdered IF, as compared to 
liquid IF, will favor HMF formation through dehydration of carbohy-
drates. HMF formation is dependent on temperature and water activity 
(Ameur, Mathieu, Lalanne, Trystram, & Birlouez-Aragon, 2007), and 
thus storage lead to increased HMF concentrations in powdered samples. 
Only Sabater et al. (2018) found no changes in HMF concentrations 
during storage of IF, except for one IF enriched with fructo- 
oligosaccharides. The decrease in HMF concentration during storage 
in our study could be explained by the degradation of HMF to other 
compounds or by the reactivity of HMF towards amino acid residues or 
free amino acids in IF (Hamzalıoğlu & Gökmen, 2018; Nikolov & Yay-
layan, 2011). Contrary to HMF, a continuous increase in furfural con-
centrations was observed (Fig. 5). At the end of the 6-months storage 
period, furfural contents increased 13- and 22-fold for IN-IF and DI-IF, 
respectively. Furfural can be formed from pentose sugars, following 
the same route as HMF formation and its formation is likely derived from 
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the vegetable oil used for the IFs as this contained palm oil, which is 
known to be a source of pentose sugars, such as xylose, ribose and 
arabinose (Loi, Boo, Mohammed, & Ariffin, 2011). HMF degradation 
could also lead to furfural formation to some extent (Kroh, 1994). 
However, there are not many kinetic studies investigating the formation 
of furfural compounds in IF. 

3.4. PCA analysis 

The PCA plot in Fig. 6 shows that most of the variation (60.5 %) 
among the samples is explained by principal component (PC) 1, which 
seems to separate samples according to storage time. Day 0 samples LP, 
DI-0 and IN-0 were separated by PC2 (with 19.3 % explained variance) 
in the bi-plot indicating that PC2 explains variation associated with the 
initial heat treatment. IN-0 samples were placed very far from LP and DI- 
0 samples in the plot, which is not surprising since IN-0 generally con-
tained high concentrations of all the analytes compared to LP and DI-0. 
The PCA analysis shows that direct UHT treatment resulted in an IF with 
similar characteristics as IF produced by low pasteurization. However, 
with the increase in storage time, the difference between indirect and 
direct UHT treated IFs became smaller. In terms of the investigated 
changes during storage at 40 ◦C, 60 days of storage seems to be critical 
for the quality changes. The difference between direct and indirect UHT 
treatments diminished after this storage time. 

3.5. Nutritional evaluation 

Since IF is the sole source of nutrition for infants, it is very important 
that it contains all the necessary nutrients in the required amounts. 
Dietary protein requirements are at their highest between birth and 
weaning to support both maintenance and the high rates of tissue for-
mation (Dupont, 2003). Not only the protein amount but also the source 
of the protein and amino acid composition are regulated by authorities 
to provide the best IF for non-breastfed infants. Lysine and arginine are 
essential amino acids for infants; however they are very susceptible to 
modification by the Maillard reaction. The available lysine and arginine 
concentrations are given in Fig. 3, showing that during storage there was 
a decrease in both amino acid residues in IN-IF and DI-IF, but to different 
extents. The concentration of furosine has been used to assess the heat 
damage in dairy products because it is an indirect indicator of lysine 
blockage (Mehta & Deeth, 2016). Blocked lysine can be calculated by 
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during storage at 40 ◦C. Scores are shown in boxes and loadings without boxes. 
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equation 1 (Mehta & Deeth, 2016). 

Blocked lysine(%) =
3.1 × [furosine]

[lysine] + 1.87 × [furosine]
× 100 (1) 

LP was found to have 5.9 % blocked lysine, while DI-0 and IN-0 had 
6.5 % and 8.8 % blocked lysine, respectively. After storage for 6 months 
at 40 ◦C, the values increased to 19.7 % and 21.6 % for DI-IF and IN-IF, 
respectively. These values are in accordance with the wide range of 
blocked lysine values reported for IFs (Birlouez-Aragon et al., 2004; 
Mehta & Deeth, 2016). Arginine is a key element in the urea cycle, 
which is necessary for the excretion of ammonia (Klein, 2002). In the 
present study, 10 % and 18 % decrease in available arginine levels were 
found following storage of DI-IF and IN-IF, respectively. 

Liquid IF is also susceptible to LAL and LAN formation. We have 
documented here that especially after storage, the concentrations of LAL 
and LAN increased substantially. The formation of inter- or intra- 
molecular LAL and LAN results in reduced digestibility and amino 
acid bioavailability (Rombouts et al., 2016). Our previous study 
demonstrated lowered in vitro digestibility of the non-reducible protein 
aggregates formed in stored IFs, which were the same IF samples as 
those investigated in the present study (Ye et al., 2022). Furthermore, 
LAL has been shown to provoke lesions in rat kidney cells and is believed 
to be toxic for the kidneys, leading to nephropathology (Friedman, 
1999). Although there are no direct studies with humans, it is recom-
mended that the LAL levels should be kept below 200 µg/g protein in IFs 
(Friedman, 1999). Our findings show that even the LP IF sample had LAL 
concentration above this level (260 µg/g protein), while the levels in the 
UHT treated IF was found to be similar to LP at day 0 (Fig. 3). If the 
storage conditions cannot be controlled, the level of LAL is expected to 
increase as observed in the present study, which could potentially pose a 
health risk for infants. It should be noted that the storage temperature 
used in the present study is high compared to most storage conditions 
used in the Western World, but it is relevant for liquid IF transported 
overseas in containers with poor temperature control. 

Overall the formation of MRPs, AGEs, α-dicarbonyl compounds and 
furfural compounds, may pose nutritional consequences for infants. 
Although there is still no consensus on the effects of dietary AGEs on 
human health, infants are more vulnerable due to their less mature 
defense systems. Compromised infants of low birth weight fed IF have a 
higher risk of feeding intolerance, gut dysfunctions and necrotizing 
enterocolitis (NEC) than those receiving breast milk (Quigley & 
McGuire, 2014). Plasma levels and urinary excretion rate of MRPs have 
been shown to be significantly higher in IF-fed infants than breast-milk- 
fed infants (Šebeková et al., 2014). However, so far there is no study 
showing the physiological consequences of MRPs in IF on infant health. 
The effects of MRPs in compromised infants with low birth weight as 
well as their long-term effects in infants in general, remain unclear. 

4. Conclusion 

This is the first study reporting the effects of UHT treatment and 
subsequent storage at 40 ◦C on the formation of MRPs and amino acid- 
cross-links in liquid IF. No significant difference was found between 
unstored LP and DI-IF for many of the analyzed compounds, which was 
confirmed by PCA analysis of all the variables (AGEs, α-dicarbonyl 
compounds, furfurals, amino acid cross-links, and available lysine/ 
arginine). However, with an increase in storage time at 40 ◦C, MRPs 
progressed significantly. After 2 months of storage, the difference be-
tween DI-IF and IN-IF disappeared. Although UHT treated liquid IF have 
a long shelf life, storage of the products at elevated temperatures lead to 
deterioration of the product quality. Storage of liquid IF at 40 ◦C is not 
recommended and transportation of IF should ideally be performed in 
containers with temperature control. The consequences of feeding 
newborns with IF rich in protein modifications, in particular MRPs, are 
largely unknown. Nevertheless, the levels of protein modifications 
should be kept as low as possible to avoid loss of nutritional value, e.g. 

loss of lysine and arginine. There is a need for comprehensive studies 
involving chemical characterization of the compounds present in IF, 
applying relevant in vivo models and investigating relevant physiolog-
ical end points. Currently, severe thermal treatments are applied during 
IF manufacturing to ensure microbiological safety and for technological 
aspects. As a result of this, the occurrence of dietary AGEs is relatively 
high in IF compared to other dairy products. Therefore, alternative 
technologies that could lower the heat load throughout the IF produc-
tion are required to ensure the best possible IF quality for infants. 
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