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Abstract  1 

An analytical method was developed and validated for simultaneous identification and quantification of 2 

advanced glycation end products (AGEs), amino acid cross-links, lysine and arginine in foodstuffs based on 3 

acid hydrolysis, hydrophilic interaction chromatography and high-resolution mass spectrometry. The 4 

method proved to be sensitive, reproducible and accurate for furosine, N-Ɛ-(carboxymethyl)lysine, N-Ɛ-5 

(carboxyethyl)lysine, methylglyoxal and glyoxal derived hydroimidazolones (MG-H and GO-H isomers, 6 

respectively), glyoxal lysine dimer, lysinoalanine, lanthionine, lysine and arginine. LOD and LOQ values in 7 

water were found to be 0.9-15.5 ng/mL and 2.8-47 ng/mL, respectively, and increased to 1.4-60 ng/mL and 8 

4.4-182 ng/mL in liquid infant formula. Recovery values ranged from 76-118% in four different food 9 

matrices. Microwave-assisted hydrolysis for 11 min had similar efficiency as conventional hydrolysis, which 10 

requires overnight incubation. Acid stability of each compound was determined during microwave and 11 

conventional hydrolysis, and showed that the MG-H1 isomer is partially converted to the MG-H3 isomer 12 

during acid hydrolysis.  13 

 14 

Keywords: Advanced glycation end products, hydrophilic interaction liquid chromatography, high 15 

resolution mass spectrometry, amino acid crosslinks, acid stability 16 

 17 

Chemical compounds studied in this article 18 

Lysine (PubChem CID: 5962); arginine (PubChem CID: 6322); furosine (PubChem CID: 123889); N-Ɛ-19 

(carboxymethyl)lysine (PubChem CID: 123800); N-Ɛ-(carboxyethyl)lysine (PubChem CID: 23400779); 20 

lysinoalanine (PubChem CID: 29269); lanthionine (PubChem CID: 98504); N(delta)-(5-methyl-4-oxo-2-21 

imidazolin-2-yl)ornithine (PubChem CID: 135625302). 22 

 23 
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1. Introduction 24 

Advanced glycation end products (AGEs) is a term used to describe a heterogeneous group of 25 

compounds resulting from a series of non-enzymatic reactions, the Maillard reaction. This series of 26 

reactions starts with the condensation of an amino group on a protein, peptide or an amino acid with a 27 

carbonyl group of a reducing sugar. The covalent attachment results in the formation of an imine product 28 

called Schiff base and then rearrangement into Amadori product (or Heyns product, in the case of ketoses). 29 

Amadori products can also undergo degradation to form -dicarbonyl compounds, which are highly 30 

reactive towards nucleophilic groups; such as amino, guanidino, and thiol groups of amino acid residues. 31 

Thus, once they are formed, they readily react with proteins and result in the formation of so-called AGEs, 32 

such as N-Ɛ-(carboxymethyl)lysine (CML), N-Ɛ-(carboxyethyl)lysine (CEL), pyrraline, methylglyoxal derived 33 

hydroimidazolone isomers (MG-Hs), glyoxal derived hydroimidazolone isomers (GO-Hs), methylglyoxal 34 

lysine dimer (MOLD), glyoxal lysine dimer (GOLD), pentosidine, and argpyrimidine. Several reviews have 35 

been published in recent years covering the formation mechanisms of AGEs and their occurrence in 36 

different food and biological matrices (Hellwig, Humpf, Hengstler, Mally, Vieths & Henle, 2019; Nowotny, 37 

Schröter, Schreiner & Grune, 2018; Poulsen et al., 2013). 38 

Formation of AGEs has been of interest for both food and medical sciences since this cascade of 39 

reactions occurs not only during heat treatment and storage of food products but also in vivo under 40 

physiological conditions. The endogenous formation of AGEs has been linked to several pathophysiological 41 

conditions and disease development such as diabetes and diabetic complications (Ahmed, 2005), 42 

atherosclerosis (Wang et al., 2012), neurodegenerative diseases (Li, Liu, Sun, Lu & Zhang, 2012), renal 43 

failure and chronic kidney disease (Rabbani & Thornalley, 2018; Schwenger, Zeier, Henle & Ritz, 2001). 44 

From a food science perspective, formation of AGEs has particular importance for product quality. During 45 

heat processing of foods, such as pasteurization, sterilization, baking, roasting and frying, applied heat 46 

facilitates the aforementioned reactions resulting in formation of a great variety of AGEs and protein cross-47 

links. Due to the modification of protein structure and protein cross-linking, functionality of the protein is 48 
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altered but more importantly, digestibility of the protein is decreased which in turn results in reduced 49 

amino acid bioavailability. Moreover, upon digestion some AGEs might be absorbed from glycated proteins, 50 

join the circulation contributing to the pool of AGEs in the body, and hence relate to the pathophysiological 51 

consequences. It has also been shown that unabsorbed glycated peptides and amino acids reach the colon 52 

and are metabolized by colonic microbiota, changing the microbiota composition (Bui, Troise, Fogliano & 53 

De Vos, 2019; Bui, Troise, Nijsse, Roviello, Fogliano & De Vos, 2020; Hellwig, Bunzel, Huch, Franz, Kulling & 54 

Henle, 2015). Nevertheless, there is still debate on how much dietary AGEs affect human health. Findings of 55 

some studies show correlation between consumption of high AGE-containing diets and serum AGE levels 56 

(Alamir et al., 2013; Scheijen et al., 2018), whereas there are contradicting findings as well (Semba et al., 57 

2012). Hellwig et al. (2019) point out the requirements for a reliable conclusion of the effect of dietary 58 

AGEs on human health; mainly the necessity of chemical characterization of the AGE compounds, a 59 

validated quantification method and clear physiological end-points with adequate statistical planning. One 60 

of the reasons why a clear understanding has not been established yet is that a standardized approach to 61 

quantify AGEs is lacking.  62 

Lysinoalanine (LAL) and lanthionine (LAN) are cross-links formed between amino acid residues, and 63 

their formation results in lower protein digestibility and reduced amino acid bioavailability (Rombouts, 64 

Lambrecht, Carpentier & Delcour, 2016). The mechanism of LAL and LAN formation follows a two-step 65 

process, where firstly β-elimination of serine or cysteine takes place resulting in a dehydroalanine 66 

derivative, which then cross-link with lysine or cysteine residues, forming LAL and LAN, respectively. Food 67 

processing conditions, such as alkali treatment and high heat, facilitates the β-elimination and thus 68 

formation of LAL and LAN (Freidmann, 1999). Feeding animals with alkaline treated food proteins resulted 69 

in different levels of kidney toxicity, depending on the protein source and animal species. However, there 70 

are not many studies showing biological effects of LAL and LAN on human health. Since their formation 71 

indicates protein damage, it is important to quantify their presence in food products. 72 
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Up to now there has been many analytical methods reported for the analysis of AGEs in foods and in 73 

biological tissues, including immunochemical analyses and chromatographic analyses (Nowotny et al., 74 

2018). The immunochemical methods are generally considered to be less reliable due to unspecific binding 75 

of antibodies used to recognize AGEs and interference from the matrix resulting in lower accuracy (Hellwig 76 

et al., 2019). The concentrations are expressed in arbitrary units rather than in actual concentrations, which 77 

makes it difficult to compare results between studies. The chromatographic analyses consist of separation 78 

of the compounds and detection with a suitable detector, which is most often a mass detector. A key factor 79 

with the chromatographic analyses is the sample preparation protocol, including sample extraction and 80 

hydrolysis methods. Protein-bound AGEs first need to be hydrolyzed into their derived amino acid residues 81 

by using acid, alkali or enzymatic hydrolysis in order to be identified at the amino acid level. Hydrolysis 82 

might be applied after protein extraction or directly with the food sample. Extracting protein from the food 83 

matrix could be advantageous, especially for enzymatic hydrolysis. However, while extracting the protein, 84 

some of the smaller peptides and proteins might be lost, and lead to an underestimation. AGEs with 85 

different chemical structures have different stability under each hydrolysis treatment. Therefore, some 86 

AGEs need to be analyzed with a specific sample preparation protocol. Due to the sensitivity of pyrrole 87 

rings, pyrraline is degraded by acid hydrolysis and enzymatic digestion is therefore necessary in order to 88 

recover pyrraline from a protein (Henle & Klostermeyer, 1993). For the analysis of GO-Hs and MG-Hs, 89 

enzymatic hydrolysis is widely applied (Antonova et al., 2019; Hellwig, Witte & Henle, 2016; Hellwig, Kühn 90 

& Henle, 2018), but there are some studies using acid hydrolysis as well (Scheijen et al., 2016). Glyoxal 91 

lysine amide (GOLA) and glycolic acid lysine amide (GALA) are only identified after enzymatic hydrolysis to 92 

the best of our knowledge (Glomb & Pfahler, 2001). All the different compound characteristics combined 93 

with the vast heterogeneity of different matrices result in an analytical challenge. Very recently, a method 94 

for simultaneous analysis of 15 AGEs (and furosine) in a few food products and biological matrices was 95 

reported (Poojary, Zhang, Greco, De Gobba, Olsen & Lund, 2020). This method was based on reversed 96 

phase chromatographic separation with ion pairing agent and mass spectrometric detection. The 97 
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hydrophilic nature of AGEs makes it difficult to retain them on reversed phase columns and therefore ion 98 

pairing agents are necessary to increase the interaction between the analytes and the column (Zhang, 99 

Huang, Xiao & Mitchell, 2011). Ion pairing agents, primarily nonafluoropentanoic acid (NFPA), are widely 100 

used in chromatographic analysis of AGEs in different research groups (Moeckel, Duerasch, Weiz, Ruck & 101 

Henle, 2016; Niquet-Léridon & Tessier, 2011; Troise, Fiore, Wiltafsky & Fogliano, 2015) because these are 102 

useful for increased retention of polar compounds on reversed phase columns and increased resolution of 103 

isobaric and isomeric compounds. Nevertheless, these ion pairing agents have some disadvantages, being 104 

harmful to the column and instrument as well as decreasing the ionization efficiency. Especially in the case 105 

of analyzing many compounds, charging effects may occur, which cause loss of sensitivity during analysis 106 

and compromise method performance.  107 

Our first aim is to establish a method for simultaneous analysis of a wide range of heat-induced amino 108 

acid modifications, including AGEs and cross-links in a variety of food products representing different 109 

matrices. Since AGEs are polar molecules, we hypothesize that HILIC may be used to analyze AGEs without 110 

the use of ion pairing agents, which is detrimental for the data analysis and instrument during long-term 111 

analysis. Secondly, microwave-assisted acid hydrolysis was investigated in comparison to conventional acid 112 

hydrolysis, which takes at 110°C for 23-24 hours. The use of the microwave technique significantly 113 

shortened the hydrolysis time (to 11 min). In addition, the applicability of acid hydrolysis for the analysis of 114 

AGEs was tested by determining the acid stability of each compound during microwave and conventional 115 

acid hydrolysis with a special focus on MG-H isomers as these have recently been gaining increased 116 

attention in food science.  117 

2. Materials and Methods 118 

2.1. Chemicals and consumables: L-lysine (≥98%), L-arginine (≥98%), DL-LAN (≥98%) and d4-Lys (98%) 119 

were purchased from Sigma Aldrich, Copenhagen, Denmark. All other standards and internal standards 120 

were purchased from Iris Biotech GmbH (Marktredwitz, Germany), with net weight values given in 121 

brackets; CEL (89.6%), CML (95.5%), GOLD TFA salt (94.1%), GOLA HCl salt (56.9%), GALA (96.2%), MG-H 122 



7 
 

isomers [MG-H1 TFA salt (88%), MG-H2 (72.9%), MG-H3 TFA salt, (50.5%)], GO-H isomers [G-H1 (80.7%), G-123 

H2 (88.7%), G-H3 TFA salt (48.6%)], argpyrimidine TFA salt (51.3%), furosine HCl (72.7%), LAL HCl salt 124 

(mixture of two diastereoisomers, 62.7%), MG-H1-d3 (90.5%), CEL-d4 (78.3%), MOLD-15N2 acetate salt 125 

(88.9%), furosine-d4 HCl (52.8%), and CML-d4 (94.4%). In addition, MOLD acetate salt (≥96%), pentosidine 126 

TFA salt (≥99%), GO-H1-13C2 (≥97%) and GOLD-15N2 acetate salt (≥96%) were also obtained from Iris Biotech 127 

GmbH; no net weight values were available from the supplier for these standards, so chromatographic 128 

purities are given in brackets. LC-MS grade acetonitrile and ammonium formate (99.995%) were purchased 129 

from Sigma Aldrich (Copenhagen, Denmark). Formic acid (≥99%) was obtained from VWR Chemicals 130 

(Denmark). Milli-Q water was produced from a Millipore purification system (Millipore Corporation, 131 

Billerica, MA, USA). 132 

2.2. Food materials: In order to test the applicability of the developed method, several food products 133 

including UHT-treated milk, chocolate milk, UHT-treated liquid infant formula, powdered infant formula, 134 

corn flakes, cookies, salted pretzel sticks, chips, pork salami sticks, beef salami sticks, roasted peanuts, 135 

roasted cashews and roasted hazelnuts were bought from local supermarkets in Copenhagen. 136 

2.3. Control of the hydrolysis efficiency: To check the efficiency of the microwave-assisted hydrolysis, 137 

beta-lactoglobulin (>90%, Sigma-Aldrich) was hydrolysed with 6 M HCl in the microwave oven by heating at 138 

150°C for 1 min followed by 10 min at 165°C using a Biotage Initiator+ microwave synthesizer (Biotage, 139 

Uppsala, Sweden) as previously described (Poojary et al., 2020). Beta-lactoglobulin (BLG) was also 140 

hydrolysed in a conventional oven at 110 °C for 23 hours. A model system solution composed of BLG (3 mg) 141 

and glucose (5 mg) was heated at 100 °C for 10 min to induce glycation on the protein, and these solutions 142 

were also hydrolysed in both microwave and conventional oven under the conditions stated above. The 143 

hydrolysis efficiency was determined by comparing the lysine and arginine contents in these BLG model 144 

systems hydrolysed in both microwave and conventional oven with theoretical values for BLG (UniProtKB: 145 

02754). Furthermore, AGEs were determined in BLG and glucose model systems to compare the 146 
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performance of both hydrolysis systems. The experiments were performed in triplicate for all model 147 

systems.  148 

2.4. Sample preparation: Protein content of each sample was determined by the Kjeldahl method 149 

and results are given in Supplementary Table S1, together with the proximal composition obtained from 150 

the packaging labels. Samples (equivalent to 3-10 mg protein) were weighed out in a glass tube and 1.5 mL 151 

of Milli-Q water was added. For the liquid samples, a portion containing 3-10 mg protein was transferred to 152 

tubes and the volume was adjusted to 1.5 mL with water. Concentrated HCl (1.5 mL) was added to each 153 

sample so that the final concentration of HCl was 6 M. Samples were hydrolysed by microwave-assisted 154 

hydrolysis protocol as described above. The hydrolysate was filtered through Whatman filter paper (Grade 155 

589/3, GE Healthcare UK Limited, UK) and 500 µL of the hydrolysate was evaporated to dryness by using a 156 

centrifugal vacuum concentrator (Savant® SPD131DDA SpeedVac Concentrator, Thermo Fisher Scientific 157 

Inc., Waltham, USA). The residue was dissolved in equal volume of Milli-Q water, mixed well with a vortex 158 

mixer and filtered through 0.22 µm nylon filters. Clear filtrate was used for the analysis after proper 159 

dilutions. Dilutions and addition of internal standards were prepared so that the final sample solvent was 160 

acetonitrile:water (50:50, v/v). Sample (5 µL) was injected into the chromatographic system. Hydrolysis 161 

experiments were performed in duplicate for each sample. 162 

For the analysis of CML, samples were firstly reduced by using 1 M sodium borohydride as described 163 

elsewhere (Delatour et al., 2009). After the reduction step, hydrolysis and the following steps were 164 

performed as stated above. 165 

2.5. LC-MS analysis: Analyses were performed using a Dionex UltiMate 3000 LC system (Thermo 166 

Fisher Scientific Inc., Waltham, USA) equipped with a Syncronis HILIC column (100 mm length x 2.1 mm 167 

internal diameter x 1.7 µm particle size, Thermo, Denmark) maintained at 40 °C. A binary gradient system 168 

of water (A) and 95% of acetonitrile (B), both containing 5 mM ammonium formate and 0.5% formic acid, 169 

was used at a flow rate of 0.250 mL/min. The gradient program was as follows: 90% B, 0-4 min; 90% to 50% 170 
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B, 4-5 min; 50% B, 5-11 min; 50% to 90% B, 11-12 min; 90% B, 12-20 min. By doing so, the chromatographic 171 

run was completed in 20 min.  172 

The UHPLC system was directly interfaced to an OrbiTrap Q Exactive mass spectrometer (Thermo 173 

Fisher Scientific Inc., Waltham, USA) operated at positive ionization mode. The MS conditions were as 174 

follows: spray voltage: 3.5 kV; capillary temperature: 320 °C; sheath gas flow rate: 35 arbitrary units; 175 

auxiliary gas flow rate: 10 arbitrary units; sweep gas flow rate: 0 arbitrary units; S-lens RF level: 50%. The 176 

full MS scans were acquired from 130–750 m/z at a resolution of 17,500 full width at half maximum 177 

(FWHM). Parallel reaction monitoring (PRM) was used for identification of the analytes at resolving power 178 

of 17,500 FWHM, automatic gain control (AGC) target of 2e5, maximum injection time of 64 ms and with 179 

optimized normalized collision energies (NCE) for each analyte (Table 1). Quantitation ions for each analyte 180 

are listed in Table 1. Data analysis was performed by using Thermo Xcalibur software version 3.1.66.10. 181 

Each analyte was quantified based on internal standard calibration method by using a stable isotopically 182 

labeled internal standard (Table 1). Analyses were performed in two independent chromatographic runs 183 

represented as set 1 and set 2, constituting selected set of analytes as shown in Table 1. 184 

2.6.  In-house validation of the method: All validation experiments were performed according to the 185 

United States Food and Drug Administration (US-FDA) guideline (1999). Linearity of the compounds was 186 

determined both in water and in a food matrix (liquid infant formula) based on a calibration curve ranging 187 

from 1 ng/mL to 2500 ng/mL, except for lysine and arginine, which were prepared up to 5000 ng/mL. A 188 

stock solution of standards (furosine, CML, CEL, MG-H1, GO-H1, GOLD, argpyrimidine, GOLA, GALA, LAL, 189 

LAN, lysine and arginine) at a concentration of 10 µg/mL was prepared in water. MOLD and pentosidine 190 

were not included in the validation work because their net weight contents were not available from the 191 

commercial supplier. An 8-point calibration curve was built by mixing 50 µL of stock solution and 50 µL 192 

acetonitrile and spiking with 50 µL internal standard mixture (200 ng/mL) in acetonitrile:water (50:50). MG-193 

H3 stock solution was also prepared at the same concentration but not mixed with the other standards and 194 

its validation experiments were performed separately. For the determination of linearity in matrix, 25 µL 195 
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infant formula matrix was mixed with 25 µL standard mix and 50 µL acetonitrile and spiked with internal 196 

standard mixture (200 ng/mL), in order to achieve similar final concentrations of standard mixture in water 197 

and in matrix. Since the infant formula matrix had high concentrations of lysine and arginine, linearity 198 

experiments for lysine and arginine were performed in 20 times diluted matrix.  199 

LOD and LOQ values were calculated for both standard solutions and for infant formula matrix, based 200 

on the residual standard deviation of the regression lines.  201 

The reproducibility of the method was evaluated by determining intra- and inter-day precision. For 202 

intraday precision 500 ng/mL standard solution and infant formula matrix spiked with 500 ng/mL standard 203 

were analyzed six times within a day. For interday precision, the same standard and sample matrix were 204 

analyzed in four consecutive days. Results were reported as relative standard deviation (%RSD). 205 

Liquid infant formula, corn flakes, beef salami sticks and hazelnut matrices were spiked with at least 3 206 

different concentrations (100 ng/mL, 500 ng/mL, 2000 ng/mL and 10000 ng/mL) of standard mixture to 207 

determine the recovery values from different matrices. The results were calculated according to equation 208 

(1) and reported as mean values (C; concentration).  209 

Recovery (%) = Cfound / (Cfound in the matrix + Cspiked) * 100    (1) 210 

Two blank injections with acetonitrile and water solution (50:50) were performed for every 10th 211 

injection to verify the absence of analytes. The carry-over effect was tested by verifying the absence of the 212 

target compounds.  213 

2.7.  Acid stability: For determination of the stability of compounds under acidic hydrolysis, a set of 214 

standard mixtures (1 to 1000 ng/mL) was heated in 6 M HCl in the microwave oven and in conventional 215 

oven, as explained in section 2.4. After heat treatment, evaporation of acid and dissolving of the residue 216 

was performed as described for the samples. After spiking with internal standards and addition of 217 

acetonitrile, the acid treated standard mixtures were analyzed and a calibration curve was prepared for 218 

each standard compound. Acid stability of each compound was determined according to equation (2). 219 
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Acid stability (%) = 100 * (slopeacid-treated standard in the standard mixture/slopestandard in water)  (2) 220 

The slopes of the calibration curves were determined in at least two separate experiments performed by 221 

microwave and conventional oven hydrolysis. The acid stability values are reported as average of the slopes 222 

obtained from those separate experiments together with the standard deviation.  223 

2.8. Statistical analysis: All measurements were performed at least in duplicates while validation 224 

experiments were performed in triplicates as a minimum. Data are presented as mean values with standard 225 

deviations.  226 

 227 

3. Results and Discussion 228 

3.1. Method development: The present work focused on developing a simple yet sensitive, accurate 229 

and reproducible method for the simultaneous analysis of 9 glycation products (furosine, CML, CEL, MG-Hs, 230 

GO-Hs, GOLD, argpyrimidine, GOLA, and GALA), two amino acid cross-links (LAL, LAN) and two precursor 231 

amino acids (lysine and arginine). The analytical method described here combined HILIC separation with 232 

high resolution Orbitrap MS detection. HILIC allows the retention of polar compounds on the stationary 233 

phase; the interaction mode being partitioning of the analytes from the mobile phase to the column 234 

material. There can also be secondary interaction mechanisms, such as hydrogen bonding and weak 235 

electrostatic interactions. In this work, a Syncronis HILIC column was used, which has a zwitterionic nature, 236 

hereby allowing low buffer concentrations to overcome such weak electrostatic interactions. A gradient 237 

mixture of acetonitrile and water was used, both containing 5 mM of ammonium formate and 0.5% formic 238 

acid. Under these conditions, all analytes were retained sufficiently on the stationary phase (elution started 239 

at 7.45 min). A complete baseline separation of analytes was not achieved but the high resolving power and 240 

high mass accuracy of the Orbitrap MS allowed successful separation of all the analytes. In order to obtain 241 

reliable quantification data, 12-20 scans across a chromatographic peak are recommended (Poojary et al., 242 

2020). Therefore, the method was split into two identical chromatographic runs, where the analytes were 243 
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targeted in two PRM runs (Table 1). The signal response of each analyte was monitored by varying the NCE 244 

between 20-50 arbitrary units. Molecular ion [M+H]+ and the fragment ions in the MS/MS spectra were 245 

monitored at the specified NCE value and the most abundant ion in the spectrum was selected as the 246 

quantifier ion. Since the compounds of interest were all lysine and arginine derived compounds, the 247 

fragmentation patterns were similar in some cases. In that case, to increase the selectivity, the second-248 

most abundant ion was chosen as quantifier ion (Table 1). The MS/MS spectra of all analytes are given in 249 

Supplementary Figure S1. 250 

With the chromatographic conditions applied in the current study, it was not possible to separate the 251 

three isomers of MG-H (MG-H1/MG-H2/MG-H3) or GO-H (GO-H1/GO-H2/GO-H3) and these are collectively 252 

referred to as MG-Hs and GO-Hs, respectively. The quantification of analytes was performed based on 253 

internal standards using stable isotopically labelled internal standards when these were commercially 254 

available. Thus, for furosine, CEL, CML, MG-H1, GO-H1, GOLD and lysine, their corresponding labelled 255 

isotopes were used; for the rest of the analytes, one of those standards eluting close to the analyte was 256 

used as described in Table 1. The concentration was calculated based on the ratio of the peak area of the 257 

analyte to the peak area of the corresponding internal standard.  258 

3.2. Validation of the method: Linearity, LOD and LOQ values, reproducibility and recovery values from 259 

different matrices were determined according to the US-FDA guideline. Linearity of the response of each 260 

analyte was determined both in water and in liquid infant formula. The calibration curves were built in the 261 

concentration range of 1-2500 ng/mL for all the compounds except for lysine and arginine. All compounds 262 

showed very good linearity both in water and in infant formula with r2 values ranging from 0.987 to 1.000 263 

(Table 2). GO-H1 was linear up to 1000 ng/mL, so the calibration curve was built in the range of 1 to 1000 264 

ng/mL. Since lysine and arginine concentrations are naturally higher than AGEs in food samples, the 265 

calibration curves of these analytes were extended to 5000 ng/mL.  266 

LOD values of the compounds in water were 0.91-15.53 ng/mL (Table 2). These LOD values slightly 267 

increased in infant formula; ranging from 1.44 to 60.03 ng/mL. The higher LOD values of lysine and arginine 268 
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obtained in infant formula as compared to water are due to the higher concentrations already found in 269 

infant formula. In general, the LOD values obtained in the present work are in accordance with the values 270 

of a previous method developed in our research group (Poojary et al., 2020), which was an LC-MS method 271 

using ion pair-RP-HPLC separation and Orbitrap MS detection. LOD values for furosine and CEL obtained in 272 

this study are also comparable to other ion pairing RP-HPLC based methods (Troise et al., 2015). In one 273 

study published in 2016, where the authors used an amino column with a HILIC mode plus ion interaction, 274 

LOD values were reported for CML, CEL, MG-H1, GO-H1, GOLD, MOLD and pentosidine as 0.2-9 ng/mL in 275 

1% aqueous formic acid (Nomi et al., 2016).  276 

Although HILIC methods have been criticized for being less reproducible and time consuming (Nomi 277 

et al., 2016), this was not the case in our experience. The reproducibility of the method was assessed by 278 

determining the intraday and interday precision in both water and infant formula and the results are 279 

presented in Table 3. All analytes showed an intraday variation of less than 5% and 8%, in water and infant 280 

formula, respectively. Interday variations were slightly higher but still less than 10%; except for GOLD 281 

(12.5% in water) and LAL (11.1% in infant formula). Overall, the reproducibility of the method was 282 

satisfactory for all the analytes tested.  283 

Recovery of the analytes was determined by spiking different food matrices with at least three 284 

different standard mixture concentrations (100, 500, 2000, 10000 ng/mL). In order to represent different 285 

food categories, infant formula, corn flakes, beef salami sticks and hazelnuts were chosen. Each spiking 286 

experiment was performed in triplicate. The average values of the percentage recoveries are reported in 287 

Table 4. The recovery of analytes (furosine, CML, CEL, MG-H1, MG-H3, GO-H1, GOLD, LAL, LAN, lysine and 288 

arginine) ranged from 76-112% in infant formula, 86-118% in corn flakes, 84-108% in beef salami sticks and 289 

86-109% in hazelnuts. It should be noted that no recovery values were calculated for argpyrimidine, GALA 290 

and GOLA since acid hydrolysis degraded these analytes. 291 

3.3. Stability of analytes under acid hydrolysis conditions: It is widely accepted that acid hydrolysis 292 

causes the degradation of pyrraline, argpyrimidine, MG-Hs, GO-Hs, GALA and GOLA (Ahmed, Argirov, 293 
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Minhas, Cordeiro, & Thornalley, 2002). Therefore, most of the reported protocols apply enzymatic 294 

hydrolysis instead of acid hydrolysis. However, there are also studies reporting MG-Hs values of foods after 295 

acid hydrolysis (Poojary et al., 2020; Scheijen et al., 2016; Zhang et al., 2019). In this study, the applicability 296 

of acid hydrolysis was examined for the analysis of a wide variety of glycation products. As suggested by 297 

Scheijen et al. (2016), comparison of the slope of the standard curve after acid/heat treatment with the 298 

slope of the standard curve in water, shows how much of a specific analyte is lost during acidic hydrolysis. 299 

Such acid stability percentage values are given in Table 4. No signal was detected for GALA and GOLA in the 300 

acid/heat treated standard mixture, indicating that these two compounds degraded completely. 301 

Argpyrimidine was lost to a significant extent after acid treatment (39% and 33% stability in conventional 302 

and microwave hydrolysis, respectively). However, other tested analytes had acid stability values ranging 303 

from 82 to 113%, except for MG-H1. Interestingly, for MG-H1, higher slopes were determined after acid 304 

treatment, and mainly after conventional hydrolysis. The reason for the increased slope of the calibration 305 

curve after acid hydrolysis is likely due to the fact that MG-H1 is converted to the MG-H3 isomer, as the 306 

calibration curve of MG-H3 has a higher slope than that of MG-H1 (calibration curves of each isomer are 307 

given in Supplementary Figure S2). The studies of Glomb and co-authors show the mechanisms of 308 

methylglyoxal and glyoxal derived arginine modifications in model systems (Glomb & Lang, 2001; Klöpfer, 309 

Spanneberg, & Glomb, 2011). Addition of glyoxal and methylglyoxal to arginine leads to the formation of 310 

dihydroxyimidazolidine structures being the intermediate products and hydroimidazolones and 311 

carboxyethyl/carboxymethyl arginine as the thermodynamically more stable end products. Their formation 312 

and abundance were shown to be pH dependent. Under strong acidic conditions, the MG-H3 isomer was 313 

more abundant than the other forms (Klöpfer et al. 2011).  314 

Unfortunately, it was not possible to separate the isomers with the chromatographic conditions of the 315 

method used in the current study. The separation of the isomers of MG-H and GO-H is an analytical 316 

challenge; Thornalley et al. (2003) used two porous graphite columns in series for the separation of isomers 317 

and partially separated MG-H isomers but not GO-H isomers. Previously it was demonstrated that the use 318 
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of a C-18 column with ion pairing agent could separate MG-H2 from MG-H1 and MG-H3, but it was not 319 

possible to separate MG-H1 from MG-H3 (Poojary et al. 2020). It is therefore still a challenge to completely 320 

separate the isomers from each other. Here we have examined the fragmentation patterns of MG-Hs and 321 

found that their collision induced dissociation fragments are very distinctive at the experimental conditions 322 

used in the present study. The major fragment ions are annotated in Figure 1 for MG-Hs. Fragmentation of 323 

protonated MG-H1 followed three pathways (Supplementary Figure S3). In the first pathway, elimination 324 

of C5H9NO2 gave the fragment ion at m/z: 114.0667. In the second pathway, fragment ion at m/z: 116.0710 325 

were obtained upon elimination of C4H7N3O (the methylglyoxal modified guanidine group of arginine). The 326 

further loss of H2O + CO from the fragment ion at m/z: 116.0710 resulted in the major ion at m/z: 70.0659. 327 

In the third pathway, the loss of NH3, from the α-C atom, gave the fragment ion at m/z: 212.1033, which 328 

further dissociated to the fragment ion at 166.0978 upon elimination of H2O + CO. The ratio of the 329 

fragments is dependent on the collision energy applied during dissociation. Here the reported results were 330 

obtained at NCE of 45. The ratio of the intensities of fragment ions at m/z 114 to m/z 116 is very different 331 

between MG-Hs (Figure 1), and this was demonstrated to be the case in a wide range of concentrations 332 

(10-2500 ng/mL). As can be seen in Supplementary Table S4, the average ratio (m/z 114 to m/z 116) is 333 

1.33, 0.75, and 3.54 for MG-H1, MG-H2, and MG-H3, respectively. This difference could be due to the 334 

difference in the preference of the fragmentation of the C-N bond between the isomers.  335 

In order to prove the interconversion of isomers during acid hydrolysis conditions, three 336 

concentrations (50, 250, 500 ng/mL) of each isomer (MG-H1, MG-H2 and MG-H3) standard solution were 337 

prepared separately and heated in 6 M HCl in microwave and conventional oven, as described above. After 338 

acidic hydrolysis treatment, the ratios of the fragment ions at m/z 114 to m/z 116 for MG-H1 increased to 339 

2.40 and 2.81, in microwave and conventional oven, respectively. This result clearly indicates that MG-H3 is 340 

generated from MG-H1 when heated with strong acid. Since the m/z 114 ion is used for quantification, the 341 

conversion of MG-H1 to MG-H3 would explain the increased slope for the calibration curves after acidic 342 
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hydrolysis treatment of standards. The fragment ion at m/z 114 is typically used for quantification because 343 

this ion is very abundant and is very selective for MG-Hs (Thornalley et al., 2003, Hellwig et al., 2016).   344 

The present study also shows that conventional hydrolysis leads to a higher slope of the calibration 345 

curve as compared to microwave hydrolysis suggesting that the conversion of MG-H1 isomer to MG-H3 is 346 

higher during conventional hydrolysis, which is consistent with the increased ratio of fragment ion at m/z 347 

114 to m/z 116. This could be attributed to the longer incubation time used for conventional hydrolysis; 348 

microwave hydrolysis takes 11 min whereas conventional oven hydrolysis is applied for 23 hours. MG-H2, 349 

on the other hand, was found to be quite stabile during hydrolysis; 89% and 98% was recovered after 350 

conventional and microwave hydrolysis, respectively. Unfortunately, it was not possible to establish the 351 

extent of this conversion without a separation of the individual isomers. It is therefore very important to 352 

state the hydrolysis conditions when reporting results of MG-Hs. This is also very important to consider 353 

when comparing the results across different studies, which applies different sample hydrolysis protocols. 354 

Since it was only possible to quantify the sum of all isomers due to the lack of separation, the 355 

concentrations are reported as MG-H3 equivalents for MG-Hs.  356 

For GO-H, there was only a small difference in the calibration curves (96% and 112% stability after 357 

microwave and conventional hydrolysis, respectively, Table 4). For glyoxal derived modifications, 358 

hydroimidazolone structures were shown to be more stable than dihydroxyimidazolidine and 359 

carboxymethylarginine under acid conditions regardless of the type of isomer (Glomb & Lang, 2001). To the 360 

best of our knowledge there is no study showing which of the isomers (GO-H1/H2/H3) is more abundant in 361 

strong acidic conditions. Therefore, considering the fact that there was no significant difference of the 362 

slope of the calibration curves of the GO-H isomers after acid treatment, GO-H1 will be used to quantify the 363 

extent of GO-H isomers. 364 

3.4. Hydrolysis efficiency: To examine the efficiency of the microwave hydrolysis, BLG was hydrolysed 365 

in microwave oven and conventional oven. Hydrolysis efficiency was found to be 106% for arginine for both 366 

microwave (RSD 14.9%) and conventional oven (RSD 4.7%) hydrolysis, while 98.9% (RSD 1.8%) and 100.5% 367 
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(RSD 2.4%) of lysine were obtained for microwave and conventional oven, respectively. In solutions of BLG 368 

incubated with glucose, lower concentrations of lysine and arginine were obtained as expected due to 369 

glycation, but similar values were obtained for microwave and conventional hydrolysis. Additionally, 370 

furosine concentrations in the model systems were comparable by microwave and conventional hydrolysis 371 

(RSD values 1.9% and 4.6% for microwave and conventional oven hydrolysis, respectively). MG-Hs and GO-372 

Hs concentrations were found to be higher by conventional hydrolysis, which could be due to the longer 373 

hydrolysis time, as discussed above. The comparable values of amino acids and furosine levels proves that 374 

under the conditions used in the present study, similar results to conventional hydrolysis could be obtained 375 

by microwave hydrolysis. The concentrations of lysine, arginine and representative glycation compounds 376 

determined in the beta-lactoglobulin model systems are given in Supplementary Table S2.      377 

3.5. Application of the method in foodstuffs: The applicability of the method was tested in a variety of 378 

foodstuffs, and their chemical composition is given in Supplementary Table S1. Furosine, CML, CEL, MG-Hs, 379 

GO-Hs, GOLD, LAL, LAN, lysine and arginine concentrations of the food samples are reported as per g 380 

protein in Table 5; they are also given as per g or mL samples in Supplementary Table S3. Furosine is the 381 

acid derivative of Amadori compounds (fructosyllysine, lactulosyllysine, tagotosyllysine, maltulosyllysine) 382 

and it has been used as an indicator of thermal damage in foods since its detection over 50 years ago 383 

(Erbersdobler & Somoza, 2007). Furosine concentrations of all samples were found to be in the range of 50-384 

3880 µg/g protein, with beef salami sticks, pork salami sticks and chips having the lowest amount of 385 

furosine of all the samples analyzed. Dairy products (UHT milk, liquid infant formula and powdered infant 386 

formula) and bakery products (corn flakes, cookies, salted sticks) had the highest concentrations of 387 

furosine. The levels of furosine in dairy foods are in accordance with previously published studies (Aktağ, 388 

Hamzalıoğlu & Gökmen, 2019; Troise et al., 2015), where it was shown that infant formula have 389 

comparatively higher concentrations than other UHT-treated dairy products. Similar finding in our study 390 

could be attributed to the higher concentrations of reducing sugars in infant formulas. Bakery products on 391 

the other hand not only contains high sugar concentrations but also undergoes more intense heat 392 
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treatment during production. CML and CEL concentrations were also higher in bakery products; 152-943 µg 393 

CML/g protein and 190-350 µg CEL/g protein were obtained for corn flakes, salted sticks and cookies. 394 

Cookies contain high concentrations of carbohydrates and fat, which induces CML and CEL formation, 395 

through two possible mechanisms; degradation of Amadori products may result in formation of CML 396 

(Hodge pathway), while glyoxal may react with lysine residues to form CML and methylglyoxal can react 397 

with lysine resulting in CEL formation (Namiki pathway). Higher carbohydrate and fat content combined 398 

with high heat treatment may also result in dicarbonyl formation in such food samples, through both 399 

Maillard reactions and lipid oxidation (Poulsen et al., 2013). Therefore, it is not surprising to detect high 400 

amounts of CML and CEL in bakery products, especially in cookies. In the analyzed nut samples, CML and 401 

CEL concentrations ranged between 126-232 and 152-211 µg/g protein, respectively (Table 5). CML values 402 

obtained for hazelnuts were in accordance with the values reported by Taş & Gökmen (2019). Scheijen et 403 

al. (2016) reported CML and CEL values of 17 mg/kg and 34 mg/kg for salted peanuts, respectively, whereas 404 

28 mg CML/kg and 33 mg CEL/kg were found in the present study (when calculated per kg of sample, 405 

Supplementary Table S3). CML values of dairy products and bakery products observed in the current study 406 

are also in accordance with previously published data (Hull, Woodside, Ames & Cuskelly, 2012; Scheijen et 407 

al., 2016).  408 

Up to now, CML has been regarded as the major AGE in food products. However, results from the 409 

present study show that MG-Hs are also very abundant in the food products. MG-Hs are reported as MG-410 

H3 equivalents as discussed in section 3.3 and GO-Hs as GO-H1 equivalents, so the values reported here 411 

potentially represent all three isomers. For bakery products and roasted nuts, MG-Hs concentrations were 412 

found to be higher than concentrations of CML (Table 5). Dairy product samples were found to contain 413 

lower concentrations of MG-Hs, together with pork and beef salami sticks and chips. Cookies, corn flakes 414 

and nuts were found to contain the highest values of MG-Hs, ranging from approximately 219 to 2080 µg/g 415 

protein (29-133 mg/kg sample). The results of our study together with recent publications show that CML 416 

may not be the most abundant AGE found in every type of food product (Hellwig, Rückriemen, Sandner & 417 
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Henle, 2017; Hofmann, Engling, Martens, Steinhöfel & Henle, 2020). In fact, for bakery products and nuts, 418 

MG-Hs were identified as the most abundant AGEs of all the AGEs detected (Supplementary Figure S4).  419 

Results from the present study are mostly in accordance with Scheijen et al. (2016), who analyzed a 420 

wide range of food items for CML, CEL, and MG-H1 concentrations. They found CML and CEL 421 

concentrations to be in the same order of magnitude and MG-H1 concentrations were 10-20 times higher 422 

than CML and CEL. Scheijen et al. (2016) found that peanuts, peanut butter, biscuits, cereals and processed 423 

meat contained the highest levels of CML, CEL and MG-H1. In the present study, MG-Hs concentrations 424 

were only higher than CML and CEL in bakery products and nut samples. The difference between the results 425 

could be due to differences between analyzed samples and sample preparation protocols. Firstly, Scheijen 426 

et al. (2016) applied protein extraction before acid hydrolysis, whereas samples were directly hydrolyzed in 427 

the present study. The difference could also be caused by the fact that a reduction step with sodium 428 

borohydride was applied prior to the acid hydrolysis, while no reduction was used in the current study for 429 

any other compound than CML. The reason for reducing the sample with sodium borohydride is to avoid 430 

neo-formation of CML during acid hydrolysis through the oxidation of Amadori products, and therefore 431 

Amadori (or Heyns) products are commonly reduced to their corresponding alcohols before hydrolysis. 432 

However, the effect of this reduction step on other AGEs is unknown. To the best of our knowledge, there 433 

is no proven mechanism for the formation of MG-Hs, GO-Hs or CEL through the oxidation of Amadori 434 

products, and for that reason, all other AGEs than CML were analyzed without a reduction step. It should 435 

also be noted that the MG-Hs concentrations in the current study are expressed as MG-H3-equivalents, to 436 

take into account the instability of MG-H1 under acidic hydrolysis conditions. Therefore an exact 437 

comparison cannot be made across different studies. 438 

GO-Hs concentrations were found to be 35-473 µg/g protein and 23-75 µg/g protein in bakery and nut 439 

samples, respectively. In the other samples, only trace amounts were detected (between LOD and LOQ 440 

levels). Considerable amounts of LAL and LAN were also found in the food samples (Table 5). LAL and LAN 441 

formation is known to occur during processing at high pH or high temperature; resulting from the Michael 442 
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addition of dehydroalanine to lysine and cysteine, respectively (Rombouts et al., 2016). LAL concentrations 443 

did not vary much between samples (187-385 µg/g protein), whereas LAN concentrations ranged from 10 444 

µg/g protein to ca. 730 µg/g protein (in corn flakes). Pentosidine was not detected in any of the samples, 445 

which is also supported by other recent studies (Poojary et al., 2020; Zhang et al., 2019). MOLD was 446 

detected in the samples but could not be quantified in the present study due to the unavailability of the net 447 

content of the commercial MOLD standard. GOLD was only detected in beef salami sticks, powdered infant 448 

formula, salted sticks and cookies in concentrations of 29-60 µg/g protein (Table 5). The food category 449 

containing the lowest concentrations of lysine was found to be the group of bakery products; samples 450 

contained 0.6-1.5 g lysine/100 g protein, while dairy products had approximately 9 g lysine/100 g protein. 451 

Nuts were found to contain the highest levels of arginine in all the samples analyzed (12.0-13.6 g/100 g 452 

protein). 453 

Overall, the results showed that it was not possible to assign one representative analyte to understand 454 

the degree of protein damage for all food products. Until now furosine and CML have been considered as 455 

the primary markers of early and advanced stages of glycation, respectively, for several food products. For 456 

the group of dairy products, furosine is the most abundant compound analyzed in the present study, 457 

indicating that the extent of glycation is lower in this group of foods compared to other product categories. 458 

Furosine is the acid derivative of Amadori compounds and its formation is dependent on the acidic 459 

hydrolysis conditions applied. The rate of furosine formation from Amadori products is reproducible when 460 

the hydrolysis conditions and HCl concentration are kept constant; therefore it is possible to calculate the 461 

concentration of Amadori products present in the samples (Krause, Knoll & Henle, 2003). Formation of 30-462 

34% Amadori compounds was reported with 6 M HCl hydrolysis; hence by multiplying the molar furosine 463 

concentration by a factor of 3.1, the concentration of Amadori products can be calculated. In 464 

Supplementary Figure S4, composition of the modifications for each product category is given at molar 465 

concentration levels. Furosine concentration (mg/100 g protein), together with total lysine concentration 466 

allows calculation of the blocked lysine (equation 3).  467 
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Blocked lysine (%) = 3.1 * [furosine] / (total lysine + 1.78 * [furosine]) *100  (3) 468 

Blocked lysine indicates the degree of heat damage on a protein because blocked lysine residues are not 469 

available for digestion. It was found that 1.8-12.2 % of lysine was blocked in dairy products, with powdered 470 

infant formula having the higher percentage value. This value were 24-58 % for bakery products, 0.3 % for 471 

chips, 0.2 % for meat products and 1.4-2.6 % for nuts. However, it should be kept in mind that with the 472 

progression of glycation to the advanced stage, furosine concentration decreases leading to lower values of 473 

blocked lysine. For the same reason calculation of blocked lysine based on furosine levels is not an 474 

appropriate indicator for samples with higher degree of modifications.  475 

For bakery products, MG-Hs were most abundant (after Amadori product) among the quantified 476 

modifications (Supplementary Figure S4). Formation of CML and CEL appeared to be important for roasted 477 

nuts, chips and meat products. For the meat products analyzed, CML and CEL formation together with LAL, 478 

accounted for more than 70% of the protein modifications detected. However, it should be kept in mind 479 

that the number of food products included in the present study was not high enough to make a conclusion 480 

of all product categories as we have focused on those food products that were expected to have high 481 

concentrations of the analytes of interest.  482 

4. Conclusion 483 

The analytical method described in the present work allowed a simultaneous identification and 484 

quantification of 9 glycation compounds, 2 amino acid cross-links and 2 precursor amino acids. As 485 

hypothesized, HILIC is a good alternative to reversed phase liquid chromatography when the use of ion 486 

pairing agents are not preferred. Validation of the method proved it to be sensitive, accurate, precise and 487 

reproducible. The method was successfully applied to a variety of foodstuffs with different composition, 488 

including dairy products, bakery products, meat products and nuts. Microwave-assisted hydrolysis protocol 489 

provided comparable hydrolysis efficiency to the conventional acid hydrolysis, therefore it allowed a faster 490 

sample preparation time. Furthermore, HCl hydrolysis was proven to be suitable for most of the analytes 491 

but not for argpyrimidine, GALA and GOLA. However, it should be kept in mind that the abundance of the 492 
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hydroimidazolone isomers may vary depending on the hydrolysis conditions, and the acidic hydrolysis 493 

conditions result in conversion of MG-H1 to MG-H3. Therefore hydrolysis conditions should be stated 494 

clearly in such studies. Further research investigating the hydroimidazolone structures at different 495 

hydrolysis conditions are required to enable more reliable and more comparable routine analysis across 496 

studies. Higher concentrations of MG-Hs were found as compared to CML and CEL in some food products 497 

indicating the importance of including analysis of MG-Hs to evaluate the extent of glycation in different 498 

products. Overall, the HRMS method described herein offers successful analysis of glycation products, 499 

amino acid cross-links and corresponding amino acids in various food products and can be used to 500 

understand the degree of protein damage in foods.  501 
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Figure 1.  666 

 667 

 668 

Figure 1. Representative MS/MS spectra of protonated A) MG-H1 standard B) MG-H2 standard C) MG-669 

H3 standard D) MG-H in cookie sample. 670 

 671 

672 



31 
 

 673 

 Table 1. Mass spectrometry parameters for the identification and quantification of analytes. 674 

 

 

Compound tret (min) 
Theoretical 

mass 

Observed 

mass 

Fragment ions 
NCE 

Internal 

standard  Quantifier Qualifier 

Set1         

standards Furosine 7.67 255.1339 255.1342 130.0865 84.0815 33 Furosine-d4 

 Arginine 7.79 175.1190 175.1193 116.0710 70.0659 38 Lysine-d4 

 Pentosidine 7.81 380.2166 380.2121 250.1301 316.1771 33 Furosine-d4 

 MOLD 7.82 342.2262 342.2216 296.1970 212.1397 33 MOLD-15N2 

 GOLD 7.85 328.2105 328.2061 130.0866 198.1239 33 GOLD-15N2 

 CML 7.93 205.1183 205.1189 84.0815 130.0866 33 CML-d4 

 LAL 7.91 234.1448 234.1454 130.0865 84.0815 33 CML-d4 

 Furosine-d4 7.68 259.1590 259.1591 134.1117 88.1066 33 - 

 MOLD-15N2 7.83 344.2202 344.2169 297.1944 213.1367 33 - 

 GOLD-15N2 7.83 330.2046 330.2017 199.1213 286.1139 33 - 

 CML-d4 7.91 209.1434 209.1428 88.10 134.1117 33 - 

Set2         

standards GALA 7.45 205.1183 205.1187 142.0865 84.0815 33 Lysine-d4 

 Argpyrimidine 7.46 255.1452 255.1453 70.0660 140.0821 33 MG-H1-d3 

 MG-H1/H2/H3 7.73 229.1295 229.1297 114.0667 70.0660 45 MG-H1-d3 

 GO-H1/H2/H3 7.79 215.1139 215.1142 70.0660 116.0711 33 GO-H1-13C2 

 CEL 7.86 219.1339 219.1348 130.0865 84.0815 33 CEL-d4 

 GOLA 7.86 333.2133 333.2130 270.1815 130.0865 33 Lysine-d4 

 LAN 7.92 209.0591 209.0585 120.0118 84.9604 35 Lysine-d4 

 Lysine 7.81 147.1128 147.1140 84.0821 130.0875 35 Lysine-d4 

 Lysine-d4 7.82 151.1379 151.1393 88.1072 134.1126 33 - 

 MG-H1-d3 7.72 232.1483 232.1332 116.0710 70.0660 37 - 

 GO-H1-13C2 7.78 217.1206 217.1216 70.0660 116.0711 33 - 

 CEL-d4 7.86 223.1590 223.1567 134.1117 88.1066 33 - 
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Table 2. Linearity, LOD, and LOQ values of analytes obtained for standard solutions in water and in infant formula. 

  In water In infant formula 

 Range 

(ng/mL) 
Equation r2 

LOD 

(ng/mL) 

LOQ 

(ng/mL) 
Equation r2 

LOD 

(ng/mL) 

LOQ 

(ng/mL) 

Furosine 1-2500 0.0190x – 0.0415 0.999 0.91 2.76 0.0218x + 9.3977 0.993 4.52 13.70 

CML 1-2500 0.0112x + 0.0238 0.999 4.35 13.18 0.0114x + 0.3688 0.992 19.71 59.73 

CEL 1-2500 0.0113x + 0.0579 0.997 1.89 5.72 0.0136x - 0.4622 0.997 12.40 37.59 

MG-H1 1-2500 0.0066x - 0.0363 0.999 5.36 16.25 0.0070x - 0.0715 0.996 4.58 13.89 

MG-H3 1-2500 0.0285x -0.5000 0.998 5.42 16.44 0.0302x + 0.8465 0.995 5.99 18.14 

GO-H1 1-1000 0.0079x + 0.2029 0.983 1.66 5.03 0.0076x + 0.3945 0.980 20.97 63.53 

GOLD 1-2500 0.0136x +0.4623 0.991 12.71 38.52 0.0176x - 0.2927 0.995 12.43 37.66 

Argpyrimidine 1-2500 0.0567x + 0.7464 0.998 1.56 4.71 0.0805x + 1.4052 0.997 1.44 4.35 

GOLA 1-2500 0.0025x - 0.0794 0.995 12.33 37.38 0.0022x - 0.1191 0.993 14.26 43.21 

GALA 1-2500 0.0178x + 1.3132 0.989 3.10 9.40 0.0201x + 0.6267 0.997 10.18 30.84 

LAL 1-2500 0.0049x - 0.2593 0.987 15.53 47.06 0.0064x - 0.1784 0.992 15.23 46.16 

LAN 1-2500 0.0088x + 0.1353 0.991 3.30 9.99 0.0083x - 0.1798 0.992 6.74 20.43 

Lysine 10-10000 0.1077x + 1.3664 1.000 2.35 7.11 0.113x + 8.6756 0.999 60.09 182.10 

Arginine 10-10000 0.0602 + 5.1083 0.993 2.93 8.87 0.0681x + 4.4885 0.996 36.44 110.41 
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Table 3. Intraday and interday precision of analytes in water and in infant formula. 

 Intraday (%RSD) Interday (%RSD) 

 In water In infant formula In water In infant formula 

Furosine 2.3 2.3 4.9 3.2 

CML 3.1 3.5 3.4 8.6 

CEL 2.0 3.1 2.6 2.7 

MG-H1 4.8 1.7 1.4 8.1 

MG-H3 3.7 3.4 4.3 3.4 

GO-H1 3.9 6.6 6.9 7.0 

GOLD 4.5 2.6 12.5 6.6 

Argpyrimidine 3.3 3.0 4.5 2.4 

GOLA 4.4 4.1 6.6 5.7 

GALA 2.5 3.4 0.4 3.9 

LAL 4.9 4.4 7.4 11.1 

LAN 2.1 1.4 4.7 10.2 

Lysine 1.9 2.2 1.6 2.0 

Arginine 2.6 1.0 2.2 1.1 
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Table 4. Mean percentage recoveries of analytes from matrices with spiking levels of 100, 500, 2000, 10000 ng/mL and stability values in hydrolysis 

conditions. 

 Mean recovery ( ± STDEV) Acid stability (± STDEV) 

 Infant formula Corn flakes Beef salami sticks Hazelnuts MW CONV 

Furosine 101 ± 10.3 98 ± 5.7 96 ± 1.8 99 ± 4.1 94 ± 4 94 ± 11 

CML 105 ± 10.0 101 ± 4.9 107 ± 7.1 103 ± 8.6 93 ± 4 105 ± 3 

CEL 94 ± 13.2 92 ± 11.3 92 ± 8.0 93 ± 14.6 105 ± 1 112 ± 12 

MG-H1 103 ± 4.6 101 ± 3.8 87 ± 4.5 94 ± 7.6 >> 100a >> 100a 

MG-H3 108 ± 4.8 113 ± 7.5 108 ± 4.2 101 ± 10.3 84 ± 6 82 ± 17 

GO-H1 84 ± 16.7 89 ± 17.0 84 ± 6.5 86 ± 13.0 96 ± 8 112 ± 7 

GOLD 97 ± 30.1 86 ± 29.1 86 ± 26.1 101 ± 8.2 104 ± 8 113 ± 14 

Argpyrimidine NA NA NA NA 33b   39 ± 16 

GOLA NA NA NA NA Not stabile Not stabile 

GALA NA NA NA NA Not stabile Not stabile 

LAL 96 ± 29.1 93 ± 25.0 88 ± 22.1 89 ± 21.1 107 ± 2 107 ± 4 

LAN 76 ± 18.8 99 ± 3.5 106 ± 9.6 94 ± 21.0 94 ± 8 100 ± 12 

Lysine 107 ± 2.7 106 ± 3.3 105 ± 1.5 108 ± 1.5 108 ± 6 104 ± 5 

Arginine 112 ± 11.4 118 ± 6.9 108 ± 11.2 109 ± 10.3 104 ± 6 94 ± 6 

MW: microwave oven hydrolysis, CONV: conventional oven hydrolysis. aSee section 3.3 for details. bIn one experiment 33% stability was found while in the other experiment no signal 

was observed after hydrolysis.  
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Table 5. Concentrations of tested analytes in foodstuffs. 

 
Furosine CML CEL MG-H3 eqv. GO-H1 eqv. GOLD LAL LAN Lysinea Argininea 

UHT milk 785 ± 25 32 ± 18 63 ± 9 27 ± 1 tr. tr. 253 ± 38 21 ±  2 8.6  ± 0.3 3.6 ± 0.6 

chocolate milk 521 ± 21 138 ± 20 98 ± 0.2 82 ± 4 tr. ND 243 ± 7 9 ±  2 8.5 ± 0.3 3.9 ± 0.5 

L-IF 2090 ± 19 111 ± 10 78 ± 2 33 ± 2 tr. ND 236 ± 5 8 ± 2 9.2  ± 0.1 3.1 ± 0.8 

P-IF 3880 ± 260 14 ± 10 74 ± 2 34 ± 2 tr. 32 ± 4 187 ± 17 5.4 ± 0.5 8.6 ± 0.3 3.1 ± 0.5 

corn flakes 1890 ± 63 152 ± 3 190 ± 10 1680 ± 15 35 ± 19 tr. 257 ± 15 731 ± 74 0.6 ± 0.1 2.3 ± 0.6 

cookies 2150 ± 33 943 ± 18 350 ± 10 2080 ± 4 473 ± 17 60 ± 12 385 ± 0.4 182 ± 1 1.3 ± 0.2 3.8 ± 0.5 

salted sticks 1420 ± 12 272± 59 202 ± 0.5 1094 ± 77 88 ± 8 39 ± 5 382 ± 4 464 ± 35 1.5 ± 0.1 3.7 ± 0.4 

chips 52 ± 2 67 ± 11 100 ± 1 58 ± 2 tr. tr. 254 ± 5 9 ± 2 5.3 ± 0.3 4.9 ± 0.7 

pork sticks 59 ± 2 175 ± 54 354 ± 222 16 ± 3 tr. tr. 223 ± 81 12 ± 10 8.4 ± 0.6 6.9 ± 1.1 

beef sticks 50 ± 4 143 ± 39 169 ± 72 17 ± 0.1 tr. 29 ± 17 253 ± 82 27 ± 26 8.8 ± 0.4 6.9 ± 0.6 

peanuts 177 ± 9 126 ± 6 152 ± 3 219 ± 25 23 ± 5 tr. 246 ± 10 76 ± 13 4.0 ± 0.2 12.0 ± 0.3 

cashews 382 ± 27 232 ± 13 211 ± 12 233 ± 11 75 ± 11 tr. 251 ± 24 19 ± 15 5.4 ± 0.3 12.3 ± 1.1 

hazelnuts 133 ± 26 141 ± 14 169 ± 34 235 ± 15 32 ± 7 tr. 246 ± 19 31 ± 3 2.7 ± 0.2 13.6 ± 0.7 

Concentrations are given as µg/g protein ± standard deviation. No pentosidine was detected in the samples, MOLD was detected but not quantified. tr: trace amounts (between LOD-
LOQ). 

L-IF: liquid infant formula, P-IF: powdered infant formula. 

aLysine and arginine concentrations are given as g/100g protein.
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