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Abbreviations
3,4-HP	� 3-Hydroxy-4(1H)-pyridinone
AGE	� Advanced glycation end product
aW	� Water activity
HPLC	� High-pressure liquid chromatography
LOD	� Limit of detection
LOQ	� Limit of quantification
MRM	� Multiple reaction monitoring
MWCO	� Molecular weight cut-off
NFPA	� Nonafluoropentanoic acid
NMR	� Nuclear magnetic resonance

Introduction

During the Maillard reaction (synonyms: non-enzymatic 
browning or glycation), reducing carbohydrates react with 
free amino groups of amino acids, amines, peptides and pro-
teins, and particularly with the side-chains of protein-bound 
lysine and arginine residues to form a complex structural 
network that ultimately causes the brown colour of heated 
foods [1, 2]. Reactions of the disaccharide degradation prod-
ucts maltol 1 and isomaltol 2a with primary amines, leading 
to N-substituted 3-hydroxy-4(1H)pyridinones (3,4-HP), had 
already been described in the 1970s [3]. The corresponding 
lysine derivative maltosine 3 (6-(3-hydroxy-4-oxo-2-methyl-
4(1H)-pyridin-1-yl)-l-norleucine) was first isolated from 
model glycation mixtures of N-α-acetyl lysine with malt-
ose 4b and lactose 4c [4]. The disaccharides 4b, c are first 
degraded to the 1-deoxy-2,3-diulose derivatives 6 via decom-
position of intermediate Amadori products 5 [5] (Fig. 1). A 
dehydration reaction of the respective ring structure leads 
to β-pyranones 7b, c as comparatively stable intermedi-
ates, of which 7c has already been detected in milk [6]. The 
β-pyranones 7b, c, which only result from disaccharides, 
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are important intermediates in maltosine formation. Already 
after short heating times, they represent the principal reac-
tion products of lactose or maltose in the presence of pri-
mary and secondary amines [1, 7]. Further dehydration and 
loss of the glycosyl moiety lead to 1 [8]. In parallel, the iso-
maltol derivatives 2b, c are formed after acetal cleavage in 
7b, c, ring formation in the enol ethers 8 and further dehy-
dration [7–9]. Loss of the glycosyl moiety from 2b, c also 
gives rise to 2a. While 3 can then be formed directly from 1 
and 2, respectively [4], a pyridinium betaine 9 is formed as 
an intermediate from the derivatives 2b, c [7].

At present, maltosine 3 is the only known glycated 
amino acid with a 3,4-HP structure. Compounds bearing 
this structural element are capable of chelating iron, and 
therefore, new individual compounds are still developed in 
pharmaceutical research [10, 11]. The 3,4-HP deferiprone 
10 (Fig. 2) is currently used as a drug in chelation therapy 
for treatment of iron overload resulting from haemochro-
matosis or β-thalassaemia (secondary iron overload) and 
serves as a substitute of deferoxamine [12]. The non-pro-
teinogenic natural 3,4-HP amino acid mimosine 11 can 
account for 4 % of the dry weight of Leucaena leucoceph-
ala, which is used as a forage plant. Most probably due to 
metal chelation, 11 provokes toxic effects such as alope-
cia and growth depression and acts as a goitrogen, which 
restricts the use of Leucaena in animal feeding [13].

Excellent iron-binding properties have also been 
measured for 3 [14, 15]. When applied orally as the free 
amino acid, 3 led to an inhibition of iron absorption and 
to a fourfold to fivefold increase in renal iron excretion as 
compared to the non-treated controls [16]. MRP-rich diets 
may also influence the bioavailability of iron in humans 

[17]; however, it is not known up to now to what extent 3 
might be responsible for such an effect. In a study using the 
human cell line Caco-2, we were able to show that 3 cannot 
pass the intestinal barrier as the free amino acid. In con-
trast, when bound in dipeptides, it is effectively transported 
into intestinal cells by the peptide transporter PEPT1 and 
can thus be taken up into the systemic circulation [18, 19].

Despite its possible physiological properties as an iron 
chelator in vivo, 3 has only once been analysed in food up 
to now. Approximately 100 mg maltosine/kg of protein was 
quantified in heated whey powder by amino acid analysis 
[20]. Moreover, the significance of carbohydrates to act as 
a precursor of 3 in foods and the way of formation are not 
known. It was the aim of this study to identify the relevant 
precursors of 3 in food model systems and to get an insight 
into its occurrence in food.

Fig. 1   Proposed pathways for 
the formation of 6-(3-hydroxy-
4-oxo-2-methyl-4(1H)-pyridin-
1-yl)-l-norleucine (maltosine, 
3) during the Maillard reaction 
(Literature see text)

Fig. 2   Chemical structures of compounds structurally similar to 
maltosine 3. 3-Hydroxy-1,2-dimethyl-4(1H)pyridinone (deferiprone, 
10), 3-(3-hydroxy-4-oxo-4(1H)-pyridin-1-yl)-l-alanine (mimosine, 
11) and 6-(3-hydroxy-4-oxo-5-methyl-4(1H)-pyridin-1-yl)-l-norleu-
cine (pyridosine 12)
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Materials and methods

Chemicals

N-ε-Carboxybenzyllysine (H-Lys(Z)-OH) was purchased 
from Bachem (Bubendorf, Switzerland). Palladium on 
activated charcoal, sodium heptanesulfonate monohydrate, 
maltotriose, lactulose, maltulose, pepsin (10 FIP-U/mg pro-
tein), leucine aminopeptidase (19  U/mg protein; 70.4  U/
mL) and prolidase (553  U/mg protein; 100  U/mL) were 
purchased from Sigma-Aldrich (Steinheim, Germany) and 
glucose and galactose from Alfa Aesar (Karlsruhe, Ger-
many). Pronase E (4000 PU/mg protein), trisodium citrate 
dihydrate and maltose monohydrate from Merck (Darm-
stadt, Germany) were used. N-α-butyloxycarbonyllysine 
(N-α-Boc-lysine) was purchased from Fluka (Stein-
heim, Germany). Lactose monohydrate and fructose were 
obtained from Roth (Karlsruhe, Germany) and [13C6,

15N2]
lysine from Cambridge Laboratories (Andover, MA, USA). 
HPLC gradient-grade acetonitrile and methanol were from 
VWR Prolabo (Leuven, Belgium). The water used for the 
preparation of buffers and solutions was prepared using 
a Purelab plus purification system (USFilter, Ransbach-
Baumbach, Germany). The water for HPLC–MS/MS elu-
ents was double distilled (first over potassium permanga-
nate). Benzylmaltol [18], isomaltol [21], glucosyl isomaltol 
[22, 23], galactosyl isomaltol [24], pyrraline [25] and for-
myline [26] were synthesized according to the literature 
stated.

Food samples

A total of 53 food samples were obtained from local retail 
stores, 5 malt samples were from a local brewery, and 4 
samples of milk and whey powders were from industrial 
suppliers. Samples of milk and milk products were directly 
used for enzymatic hydrolysis. Bakery and pasta products 
and breakfast cereals were ground using a laboratory mill 
(Grindomix GM 100, Retsch, Haan, Germany). Fat-rich 
samples such as chocolate and cream candies were defat-
ted as follows: approximately 3 g of the food sample was 
extracted with 25  mL of dichloromethane in a tube. The 
suspension was centrifuged (10,000  rpm, 20  °C, 10  min), 
and the supernatant was discarded. The pellet was extracted 
once more in the same way. After complete drying under air 
in a hood, the residue was utilized for enzymatic hydrolysis. 
Candy samples were dissolved in water at a concentration of 
15 g/100 mL. Beer samples (50 mL) were dialysed against 
water for 4 days (MWCO 3.5 kDa, ZelluTrans, Carl Roth, 
Karlsruhe, Germany), and the retentate was lyophilized 
[27]. If necessary, protein contents were determined by the 
Kjeldahl method using the factor 6.25 for cereal products.

Protein hydrolysis

Portions of food samples representing 3–4  mg of protein 
were subjected to enzymatic hydrolysis as described pre-
viously [27]. The incubations were performed at 37  °C. 
The samples were first suspended in 1.0  mL of 0.02  M 
HCl, and 50 µL of a solution of pepsin (1 FIP-U per sam-
ple) in 0.02  M HCl was added. After 24  h, 250  µL 2  M 
TRIS buffer (pH 8.2) and 50 µL of a solution of pronase 
E (400 PU per sample) in 2  M TRIS buffer were added. 
After 24 h, 5.68 µL of aminopeptidase solution (0.4 U per 
sample) and 10 µL of prolidase solution (1 U per sample) 
were added. After 24 h, the samples were lyophilized. The 
lyophilizate was taken up in 950 µL of 5 mM NFPA, and 
50 µL of a solution (c = 2.31 mg/L) of the internal stand-
ard [13C6,

15N2]maltosine was added. After centrifugation 
(5000 rpm, 10 min) and membrane filtration (0.45 µm), the 
samples were subjected to HPLC–MS/MS analysis.

Boc‑lysine/sugar incubations

Incubations of Boc-lysine with different potential pre-
cursors (glucose, fructose, galactose, maltose, lactose, 
maltulose, lactulose, cellobiose, maltotriose, 2b, c) were 
performed as in our previous study [26]; 50 µL of a 25 mM 
Boc-lysine solution in 0.2 M sodium acetate buffer, pH 5.5, 
containing 2 % (w/v) of suspended cellulose was pipetted 
into a sealable glass tube, and 50 µL of a 100 mM precur-
sor solution was added. The suspensions were freeze-dried 
overnight. Samples for the investigation of crumb condi-
tions were then stored in a desiccator for 48  h. The des-
iccator had been equilibrated for 3  days with a saturated 
solution of potassium sulphate (aW  =  0.97, [28]). Sam-
ples for the investigation of crust conditions were stored 
analogously in the presence of a saturated solution of 
sodium chloride (aW = 0.75, [28]). The sealed tubes were 
then incubated in a sand bath in a drying chamber either 
at 100 °C for 60 min (crumb conditions) or at 130 °C for 
30 min (crust conditions). After addition of 1.5 mL of 10 % 
acetic acid, the Boc protecting group was hydrolysed by 
heating the samples in a water bath (70 °C, 4 h). An aliquot 
of the sample was then centrifuged (10,000 U/min, 10 min, 
20 °C), and the supernatant was directly used for HPLC–
UV, or HPLC–MS/MS, respectively. All incubations were 
performed in triplicate.

High‑pressure liquid chromatography with UV detec‑
tion

HPLC was performed on an Äkta Basic high-pressure gra-
dient system from Amersham Pharmacia Biotech (Upp-
sala, Sweden), consisting of a pump P-900 with an online 
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degasser (Knauer, Berlin, Germany), an autosampler A-900 
and a UV detector UV-900. A polymer-based RP-18 col-
umn (PLRP-S, 250 mm ×  4.6 mm, 8 µm, 100 Å) with a 
guard column (5 × 4 mm) of the same material (Polymer 
Laboratories, Darmstadt, Germany) was used for the quan-
tification of maltosine in model mixtures [18]. The column 
temperature was maintained at 30  °C in a column oven. 
As eluent A, a solution of 5 mM sodium heptanesulfonate 
in water was used (the pH was adjusted to 2.0 with 6  M 
H2SO4), and eluent B was a mixture of eluent A and ace-
tonitrile (1/1, v/v). The injection volume was 50 µL. A lin-
ear gradient from 4 % B to 70 % B in 20 min was applied 
at a flow rate of 1 mL/min. The absorbance was simulta-
neously read at 280, 293 and 297 nm. External calibration 
was performed with the synthesized standards of maltosine, 
pyrraline and formyline. The limits of detection (LOD) and 
quantification (LOQ), respectively, were determined as the 
concentrations of the analytes that are necessary to show 
peaks with signal-to-noise ratios of 3 and 10, respectively.

High‑pressure liquid chromatography with mass‑spec‑
trometric detection

The analysis of maltosine in food samples and selected 
samples from model experiments was performed on the 
high-pressure gradient system 1200 Series (Agilent Tech-
nologies, Böblingen, Germany), consisting of a binary 
pump, an online degasser, a column oven, an autosampler 

and a diode array detector. The HPLC was coupled to the 
mass spectrometer 6410 Triple Quad (Agilent Technolo-
gies). HPLC–MS/MS conditions are compiled in Tables 1 
and 2. Data were acquired and evaluated with the software 
Mass Hunter B.02.00 (Agilent).

Semi‑preparative high‑pressure liquid chromatography

Semi-preparative HPLC was performed on a Wellchrom 
high-pressure gradient pump system consisting of two 
HPLC pumps K-1001 with an online degasser, a UV detec-
tor K-2501 and a fraction collector K-16 (all from Knauer, 
Berlin, Germany). All separations were performed at room 
temperature using an RP-18 column (Eurospher 100, 
300 mm × 8 mm, 5 µm, Knauer, Berlin, Germany) with a 
guard column (30 mm × 8 mm) filled with the same mate-
rial. UV detection was performed at 280 nm. The raw syn-
thesis solutions were membrane filtered (0.45 mm) before 
injection.

Characterization of synthesis products

Proton NMR spectra were recorded on a Bruker DRX 500 
instrument (Rheinstetten, Germany) at 500 MHz using D2O 
as the solvent. Chemical shifts are given in parts per mil-
lion (ppm), relative to the internal HOD signal (4.70 ppm). 
HPLC–UV–ESI–MS/MS was used to determine the chro-
matographic purity, the UV maxima, the molecular mass 
and the fragmentation behaviour of the compounds. The 
same device and column as above and the chromatographic 
conditions described in Table  1 were used. The absorb-
ance was read at 280  nm, and UV spectra were recorded 
between 190 and 400 nm (step size, 2 nm). For the acquisi-
tion of product ion spectra, the fragmentor voltage was set 
at 105 V, and a collision energy of 10 eV was applied. Ele-
mental analysis was used to calculate the product content 

Table 1   Operating conditions for the measurement of maltosine 3 by 
HPLC–MS/MS

HPLC Column Hypercarb™ (Thermo Fisher), 
2.1 × 150 mm, 5 µm, with an inte-
grated guard column of the same 
material (2.1 × 5 mm)

Column temperature 30 °C

Mobile phase A: 5 mM NFPA in double-distilled 
water

B: 10 % water in acetonitrile

Gradient 15 % B to 55 % B in 15 min, iso-
cratic at 55 % B for 4 min

Flow rate 0.2 mL/min

Injection volume 20 µL

UV DAD Chromatogram: 280 nm

UV spectra: 190–400 nm; increment, 
2 nm

ESI Nebulizing gas N2 (nitrogen generator 5183-2003, 
Agilent)

Gas temperature 350 °C

Gas flow 11 L/min

Nebulizer pressure 35 psi

MS/MS MRM See Table 2

Table 2   Transitions recorded during MRM measurement of malto-
sine 3

Transitions were recorded between 11 and 18  min. General condi-
tions: positive mode; fragmentor voltage, 105 V; dwell time, 160 ms

Q transition used for quantification, q transition used to confirm the 
presence of the analyte

Transition Collision energy (eV) Q/q

255 → 84 24 q

255 → 126 12 Q

255 → 130 10 q

263 → 90 24 q

263 → 127 12 Q

263 → 137 10 q
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of substances. Data were obtained on a Euro EA 3000 ele-
mental analyser (Eurovector, Milano, Italy). The measured 
percentage of nitrogen was divided by the theoretical per-
centage of nitrogen in the target substance and the content 
expressed in per cent by weight.

Synthesis of [13C6,
15N2]6‑(3‑hydroxy‑4‑oxo‑2‑me‑

thyl‑4(1H)‑pyridin‑1‑yl)‑l‑norleucine 13 ([13C6,
15N2]

maltosine)

257.2 mg (1.13 mmol) of [13C6,
15N2]lysine dihydrochloride 

was dissolved in 50 mL of 0.2 M sodium borate buffer, pH 
10.0, and 294.3 mg (1.4 mmol) of benzyl maltol in a small 
volume of ethanol was added. The pH was adjusted to 10.0 
with sodium hydroxide solution. The mixture was incu-
bated at 80 °C for 24 h in a drying chamber. After cooling, 
the pH was set to 7.0, and the solution was extracted with 
diethyl ether (3 × 20 mL). The aqueous phase was evapo-
rated to dryness and reconstituted in 50  mL of a mixture 
of methanol and water (1/9, v/v). Fractionation was per-
formed by semi-preparative HPLC using 0.075  % acetic 
acid as eluent A and a mixture of 20 % eluent A and 80 % 
of methanol as eluent B, and a linear gradient from 10 % B 
to 70 % B in 30 min was applied at a flow rate of 1.4 mL/
min. The injection volume was 2  mL. The absorbance 
was recorded at 280 nm, and the eluates of the prominent 
peaks were collected and evaporated to dryness. The resi-
dues were dissolved in 40 mL of a mixture of methanol and 
water (1/1, v/v) and incubated in a hydrogen atmosphere 
overnight after addition of 50 mg of palladium on charcoal. 
After hydrogenation, 100 µL of the mixtures was added to 
900 µL 5 mM heptanesulfonate, pH 2.0, and analysed by 
HPLC–UV as described above. The analysis revealed that 
the fraction eluting between 33 and 38  min on semi-pre-
parative HPLC contained a compound yielding maltosine 
after hydrogenation. As the compound was chromatograph-
ically pure, the hydrogenated solution was filtered, and the 
filtrate was evaporated to dryness and lyophilized to yield 
[13C6,

15N2]maltosine as a white powder, which was stored 
at −20 °C.

Analytical data: ESI–MS, positive mode, [M  +  H]+ 
m/z 263.2; HPLC–MS/MS (System 1): tR, 15.1 min; λmax, 
278 nm; fragmentation (105 V, 10 eV) of [M + H]+ (m/z 
263), 263 (100), 127 (66), 90 (49), 137 (42), 216 (10). Con-
tent =  87.0  %, based on HPLC–UV, calibration with the 
unlabelled standard. Yield: 148.7 mg (43.5 %).

Synthesis of 2‑(3‑hydroxy‑4‑oxo‑2‑methyl‑4(1H)‑pyri‑
din‑1‑yl)‑6‑amino‑l‑hexanoic acid 14

3.09  g (11.0  mmol) of H-Lys(Z)-OH and 2.62  g 
(12.0 mmol) of benzyl maltol were dissolved in 50 mL of 
a mixture of ethanol and water (1/1, v/v), and the pH was 

set to 12.8 by addition of concentrated sodium hydroxide. 
The mixture was heated under reflux for 7 h. The reddish-
brown solution was evaporated in vacuo. The residue was 
suspended in 50  mL of water, and the pH was set to 1.0 
with 6 M HCl. The solution was extracted with ethyl ace-
tate (2  ×  100  mL). The organic phases were combined 
and evaporated to dryness, and the residue was taken up in 
50  mL of 0.1  M NaOH. The pH of this solution was set 
to 7.0, and the solution was extracted with diethyl ether 
(3 ×  100  mL). A voluminous white solid that formed at 
the phase interface was discarded together with the organic 
phases. The pH of the aqueous phase was then adjusted to 
1.0 with 6  M HCl, the solution was extracted with ethyl 
acetate (3 × 100 mL), then the pH was adjusted to 2.1 and 
a further extraction with ethyl acetate (3 ×  100 mL) was 
performed. The combined organic extracts were evapo-
rated to dryness using a rotary evaporator. The crude reac-
tion product (1.33 g) was dissolved in 50 mL methanol. For 
hydrogenation, 100 mg of palladium on activated charcoal 
was added to 37.6 mL of this solution, and the suspension 
was stirred under a hydrogen atmosphere at room tempera-
ture and atmospheric pressure for 18  h. The catalyst was 
removed by filtration, and ethanol was evaporated in vacuo.

The residue was dissolved in 30  mL of 0.1  N sodium 
citrate buffer, pH 3.0, and the pH was adjusted to 3.0. The 
solution was applied to a column (1.5  cm  ×  50  cm) of 
80 mL strongly acidic cation exchange resin DOWEX 50 
WX-8 (200–400 mesh; Acros, Geel, Belgium) that had pre-
viously been equilibrated with 250 mL of 6 M HCl, 250 mL 
of water, 250  mL of 1  M sodium hydroxide, 250  mL of 
water and 250 mL of 0.1 N sodium citrate buffer, pH 3.0. 
The product was eluted with 0.3  N sodium citrate buffer, 
pH 5.25, and fractions of 10  mL were collected using a 
fraction collector (RediFrac, Pharmacia Biotech, Uppsala, 
Sweden). Of all fractions, 1 µL was spotted on a TLC plate 
which was then sprayed with a 0.1 % solution of ninhydrin 
in ethanol containing 3 % (v/v) acetic acid. Heating of the 
plate (50 °C) revealed ninhydrin-positive fractions to elute 
between 160 and 210 mL. These fractions were combined, 
and the pH was adjusted to 2.0 with 6 M HCl. The solu-
tion was loaded on a column (2.5 cm × 15 cm) of DOWEX 
50 WX-8 (200–400 mesh) previously equilibrated with 
250 mL of 6 M HCl and 250 mL of water. After two elu-
tion steps with water (250 mL) and 1 M HCl (250 mL), the 
target product was eluted with 250  mL of 4  M HCl. The 
eluate was repeatedly evaporated in vacuo and the residue 
was dissolved in a small volume of water; the solution was 
lyophilized to give a light grey solid, which was stored at 
−20 °C.

Analytical data: ESI–MS, positive mode, [M + H]+ m/z 
255.2; 1H-NMR (500 MHz, D2O), δ [ppm]: 1.14 (m, 1H, 
Lys-H4A); 1.36 (m, 1H, Lys-H4B); 1.59 (m, 2H, Lys-H5); 
2.09 (m, 1H, Lys-H3A); 2.33 (m, 1H, Lys-H3B); 2.47 (s, 
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3H, Mal-CH3); 2.83 (t, 2H, J = 7.7 Hz, Lys-H6); 5.23 (dd, 
1H, J = 5.7 Hz, 9.5 Hz, Lys-H2); 7.10 (d, 1H, J = 7.2 Hz, 
Mal-H4); 8.02 (d, 1H, J =  7.2 Hz, Mal-H5). HPLC–MS/
MS (System 1): tR, 10.4 min; λmax, 276 nm; fragmentation 
(105 V, 10 eV) of [M + H] +  (m/z 255), 126 (100), 255 
(41), 84 (36), 86 (35), 130 (10), 95 (3), 237 (1). Elemental 
analysis: C12H18N2O4 (MW = 254.28) requires C 56.68 %, 
H 7.13 %, N 11.02 %, C/N = 5.14; found, C 39.72 %, H 
6.44 %, N 7.87 %, C/N = 5.05; content = 71.4 %, based on 
nitrogen. Yield: 291.6 mg (9.9 %).

Statistical analysis

Comparison of means was performed by one-way ANOVA 
and Scheffé’s post hoc test using PASW Statistics 18.0. 
Differences were considered significant at a significance 
value P < 0.05.

Results and discussion

Formation of maltosine in a model system

Maltosine 3 was first isolated from heated mixtures of 
lysine and disaccharides [4]. Since degradation of starch 
during the baking process leads to the formation of maltose 
and maltooligosaccharides [29], a model system based on 
the baking process was chosen. Maltose and lactose along 
with the corresponding ketoses and constituting sugars as 
well as maltotriose were taken as model carbohydrates. 
Maltol 1 and isomaltol 2a could not be introduced into the 
model system due to their volatility during lyophilization. 
However, glucosyl isomaltol 2b and galactosyl isomaltol 
2c, two derivatives of 2a described as degradation products 
of maltose and lactose in model systems and food [23, 30, 
31], were synthesized and investigated. Model systems rep-
resenting the crust and crumb of bakery products, which 
are characterized by strong differences in the conditions of 
the Maillard reaction, were used. According to our previ-
ous study [26], Boc-lysine was incubated in the presence 
of a fourfold excess of potential carbohydrate precursors 
on cellulose as a solid support. During baking, the dough 
surface temperature initially rises quickly to 100–110  °C 
and then slowly increases further depending on the oven 
temperature [32]. The crust of wheat bread shows a water 
activity of 0.65–0.77 directly after baking [33]. We there-
fore chose an incubation temperature of 130 °C for 30 min 
for the samples preconditioned over a saturated solution of 
sodium chloride at a water activity of 0.75 [28] to simulate 
crust conditions. On the contrary, the crumb temperature 
does not exceed 100 °C due to continued water mobiliza-
tion, and the water activity in the crumb is between 0.97 
and 0.995 [34]. An incubation temperature of 100  °C for 

60  min for samples stored over a saturated solution of 
potassium chloride at a water activity of 0.97 [28] was thus 
chosen to simulate crumb conditions.

After incubation, the Boc protecting group was hydro-
lysed in the presence of 10 % acetic acid. When Boc-lysine 
and maltose solutions were mixed and subjected to the 
Boc cleavage procedure, no formation of 3 was detected 
by HPLC–UV. When Boc-lysine and maltose solutions 
were mixed, lyophilized and subjected to the Boc cleav-
age procedure without incubation at higher temperatures, 
3 was not detected as well. Furthermore, compound 3 was 
not formed when Boc-lysine was incubated in the presence 
of cellulose under “crust conditions” without added sug-
ars. Detection of 3 must therefore result from the reaction 
of the precursors with the ε-amino group of lysine during 
heating. The performance parameters of our HPLC–UV 
method are compiled in Table 3. When samples are worked 
up as described here, the LOD is equivalent to a conversion 
of 0.2 % lysine to maltosine and the LOQ to a conversion 
of 0.7 %. The results from the precursor study were later 
corroborated by measurement of a subset of the samples 
with the HPLC–MS/MS method.

Generally, less 3 was produced under crumb than under 
crust conditions (Table  4). No significant conversion of 
lysine to 3 was noticed when monosaccharides were used 
as potential precursors (P  >  0.05). However, the com-
pound was formed from all disaccharides, maltotriose and 
both isomaltol derivatives. During incubation under crust 
conditions, 3 turned out to be the most important lysine 
derivative absorbing at 280 nm (Fig. 3). In most cases, the 
contents of 3 in the incubated mixtures exceeded those of 
pyrraline. In the presence of the ketoses maltulose and lact-
ulose, less lysine is converted to 3 than in the presence of 
the corresponding aldoses, possibly because Amadori prod-
ucts as intermediates are formed rapidly from the aldoses 
and during degradation give rise to 1-deoxyosones of the 
type 6a–c [5]. The direct formation of these osones by 
2,3-enolization during ketose degradation obviously only 
plays a minor role in the presence of amines.

Comparatively strong differences were observed in the 
yields of 3 between di- and trisaccharide derivatives with 
an α-glycosidic bond (maltose, maltulose, maltotriose, 2b) 
and those with a β-glycosidic bond (lactose, lactulose, cel-
lobiose, 2c). It has been reported in the literature that the 
glucopyranosyl substituent in maltose rather gives rise to 
maltol 1, while the galactopyranosyl substituent in lactose 
makes 2c prevail during thermal treatment [1, 8, 24]. In our 
model system, the maltol precursor can alternatively react 
with the ε-amino group of lysine and generate 3 instead 
of forming the intramolecular maltol pyranone ring. Since 
cellobiose behaves like lactose, we suppose that these dif-
ferences should not primarily result from the type of sugar 
attached, but from the conformation of the glycosidic bond. 
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Table 3   Performance parameters of the two methods used for the analysis of maltosine 3

a  The coefficient of variation at the respective concentration is given in parentheses (n = 3–4)
b  The recovery was determined by addition of various concentrations of 3 to samples of fructoselysine incubated under crust conditions (HPLC–
UV) or enzymatically hydrolysed crisps and brewing malt samples (HPLC–MS/MS). Values were calculated from the slope of the recovery 
function and expressed in per cent ± SD (n = 3)
c  Variation coefficients for HPLC–UV analysis were determined from the triplicate incubations compiled in Table 4. Variation coefficients for 
HPLC–MS/MS analysis were determined using coffee, corn flakes and wheat bread crust samples (n = 3)

Calibration range (µM) R2 LODa (µM) LOQa (µM) Recoveryb (%) Reproducibilityc (%)

HPLC–UV 1.78–446 0.9998 1.9 (6.0 %) 6.5 (5.1 %) 99–101 4.4–15.5

HPLC–MS/MS 0.009–2.97 0.9996 0.003 (5.8 %) 0.008 (12.9 %) 97–101 5.1–8.0

Table 4   Formation of maltosine 3 in mixtures of Boc-lysine and carbohydrates incubated under crumb and crust conditions

1  Data are expressed as the percentage of conversion of lysine to the respective N-ε-modified derivative (mean ± SD, n = 3). Crust conditions, 
aW = 0.75, 130 °C, 30 min; crumb conditions, aW = 0.97, 100 °C, 60 min. All incubations were performed on a cellulose support. Maltosine 
3, pyrraline and formyline were measured by RP-HPLC–UV after removal of the Boc protecting group. In each column, means with different 
superscript letters are significantly different

nd not detected, tr trace amounts (between LOD and LOQ)

Sugar incubated Crumb conditions1 Crust conditions1

Maltosine Pyrraline Formyline Maltosine Pyrraline Formyline

Glucose nd 0.5 ± 0.1b nd tr 3.1 ± 0.3c tr

Fructose nd tr nd tr 1.6 ± 0.1b tr

Galactose nd 2.4 ± 0.2e tr tr 3.6 ± 0.4c tr

Maltose tr 0.4 ± 0.1a,b tr 9.6 ± 0.6c,d 1.0 ± 0.1a,b 0.3 ± 0.1a

Lactose tr 0.4 ± 0.1a,b tr 1.8 ± 0.2a,b 0.9 ± 0.1a 0.3 ± 0.1a

Cellobiose 1.8 ± 0.2a 0.9 ± 0.1c 0.3 ± 0.1a 2.1 ± 0.1a,b 1.3 ± 0.2a,b 0.3 ± 0.1a

Maltulose 1.1 ± 0.1a 0.8 ± 0.1c 0.5 ± 0.1b 2.9 ± 0.4b 1.4 ± 0.1a,b 0.7 ± 0.1b

Lactulose tr 1.1 ± 0.1c,d 0.5 ± 0.1b 0.7 ± 0.2a 1.5 ± 0.1a,b 0.7 ± 0.1b

Maltotriose 4.1 ± 0.4b 1.2 ± 0.1d tr 9.5 ± 0.6c 0.9 ± 0.2a 0.3 ± 0.1a

Glucosyl isomaltol 7.3 ± 1.1c 0.3 ± 0.1a nd 19.6 ± 1.6e 3.1 ± 0.2c nd

Galactosyl isomaltol 5.5 ± 0.4b tr nd 11.8 ± 0.7d 5.9 ± 0.4d nd

Fig. 3   RP-HPLC with UV 
detection of (a) a mixture of 
maltose and Boc-lysine incu-
bated under crust conditions, (b) 
a mixture of maltose and Boc-
lysine incubated under crumb 
conditions and (c) a mixture of 
lactose and Boc-lysine incu-
bated under crust conditions
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An increased formation of 1 from the α-substituted di- and 
trisaccharides compared to β-substituted derivatives could 
be shown qualitatively in this study (Fig. 3). Moreover, the 
conformational differences might also influence the stabil-
ity of the intermediates 6b, c, 8b, c and even 9b, c during 
the course of the reaction as shown in Fig. 1. Information 
on the chemistry of these derivatives should be the key for 
a deeper understanding on the pathway of formation of 3. 
Further studies are needed to elucidate the mechanisms 
behind these findings on a molecular level.

Quantification of maltosine in food samples

Before the concentration of 3 in food samples could be 
measured, suitable protein hydrolysis and analysis meth-
ods had to be optimized. It is known that Amadori products 
such as fructoselysine and lactuloselysine are converted 
during common acid hydrolysis (6 M HCl, 110 °C, 23 h) 

to furosine, lysine, CML and pyridosine 12 [35, 36]. The 
structural similarity of 3 and 12 posed a strong challenge 
to analysis, which could not be solved by changes of HPLC 
columns, eluents and gradient systems. We then decided to 
avoid the formation of 12 by using enzymatic hydrolysis 
as in previous works [20, 27]. Unfortunately, the gradi-
ent system used above for the quantification of 3 in model 
mixtures could not be applied for enzymatic hydrolysates 
of food samples because UV detection was not sufficiently 
sensitive. We therefore decided to develop an assay based 
on HPLC with MS/MS detection. Porous graphite as a sta-
tionary HPLC phase had already been used in the literature 
for the separation of 3,4-HPs [37]. In the present study, we 
used a similar material and an eluent system with NFPA as 
an ion-pairing agent. A stable isotope labelled derivative of 
3 was synthesized for use as an internal standard accord-
ing to our established method [18], but starting from unpro-
tected [13C6,

15N2]lysine. Before cleavage of the benzyl 

Fig. 4   HPLC with UV 
detection (a) and product ion 
spectra of maltosine 3 (b), 
[13C6,

15N2]maltosine 13 (c) 
and 2-(3-hydroxy-4-oxo-2-
methyl-4(1H)-pyridin-1-yl)-6-
amino-l-hexanoic acid 14 (d); 
isotopically labelled atoms are 
marked by asterisks. Proposed 
fragmentation reaction of malto-
sine 3 and [13C6,

15N2]maltosine 
13 (e). Mass shifts between 
the fragments of 3 and 13 are 
given in brackets. HPLC was 
performed with the conditions 
in Table 1. Product ion spectra 
were recorded at a fragmentor 
voltage of 105 V and a collision 
energy of 10 eV
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protecting group, the separation from by-products was 
accomplished by semi-preparative HPLC. From the most 
prominent peak, [13C6,

15N2]maltosine 13 was obtained in 
comparatively high molar yield of 43.5 %. However, when 
3 is synthesized from unprotected lysine, there is also the 
possibility of modification at the α-amino group of lysine. 
In order to verify the purity of 13, the respective isomer 
2-(3-hydroxy-4-oxo-2-methyl-4(1H)-pyridin-1-yl)-6-
amino-l-hexanoic acid 14 was synthesized and character-
ized. HPLC–MS/MS showed that the lysine derivative 14 
eluted before maltosine and that the internal standard 13 
only showed one peak coeluting with unlabelled 3 (Fig. 4). 
Interferences during analysis caused by the presence of 
14 in samples could thus be excluded. Hydrogenation and 

analysis of the eluates of the other peaks from semi-prepar-
ative HPLC revealed that 14 was formed only as a minor 
by-product. These results show that the synthesis of 3 by 
our established protocol [18] can generally be performed 
starting from unlabelled lysine without significant loss in 
molar yield.

Unlabelled 3 and the internal standard 13 were then sub-
jected to HPLC–MS/MS analysis in order to optimize the 
working conditions. The MS/MS spectra showed only few 
fragment peaks at different collision energies (Fig. 4). The 
product ion spectrum of 3 results from the loss of the pyrid-
inone ring (m/z = 126, [M + H]+). The ions resulting from 
the decomposition of the lysine residue (m/z = 84; 130) are 
known from several Maillard reaction products of lysine 
[38, 39]. The mechanism proposed in Fig. 4e is substanti-
ated by comparison of the mass shifts of the respective ions 
with the product ion spectrum of 13 (Fig.  4c). The most 
selective transitions, m/z 255 → 126 for 3 and 263 → 127 
for 13, were chosen for the quantification of the sub-
stances in the multiple reaction monitoring (MRM) mode 
(Table 2). The LOD and LOQ for 3 with the HPLC–MS/
MS method were considerably lower than with the HPLC–
UV method (Table 3). When aliquots of 4 mg of protein per 
sample were subjected to enzymatic hydrolysis, the LOD 
and LOQ, respectively, were 0.2 mg/kg protein and 0.5 mg/
kg protein, respectively. With the enzyme preparations and 
conditions of enzymatic hydrolysis applied in this study, 
it was possible to release at least 70–85 % of the aliphatic 
and aromatic amino acids isoleucine, leucine, tyrosine and 
phenylalanine, as was determined by comparison of the 
amino acid concentrations in acid and enzymatic hydro-
lysates. This was also in agreement with literature data 
[40]. The quantitative data presented in Table 5 should thus 
be slightly underestimated; however, as discussed above, 
acid hydrolysis would not have been suitable.

Maltosine 3 was then qualitatively analysed in enzy-
matic hydrolysates of rye bread. A comparison of the prod-
uct ion spectrum of the ion m/z = 255 between a standard 
solution (Fig. 4) and this food item (Fig. 5b) showed excel-
lent similarity (Figs. 4, 5) for the peak eluting at 13.5 min. 
In many samples, two further peaks with different product 
ion spectra eluted after 3 (Fig.  5). By comparison of the 
spectra with literature data [27], the second peak could be 
assigned to pyrraline. The third peak represents a product 
originating from the reaction of lysine and maltulose (M. 
Hellwig, T. Henle, unpublished results).

The measurement of 3 in a broader spectrum of food 
items (Table 5) revealed that milk products only contain 
small amounts of the substance, which is in accordance 
with the low maltosine formation potential of lactose 
found in the precursor study. However, the formation of 
3 was strongly inducible by dry heating of milk powder, 
resulting in contents of up to 200 mg/kg protein after 4 h 

Table 5   Concentrations of maltosine 3 in food samples

a  Data are given as ranges. n number of samples, nd not detected, tr 
trace amounts (between LOD and LOQ)
b  These samples were defatted before enzymatic hydrolysis as 
described in the experimental section

Food product n Maltosinea

(mg/kg) (mg/kg protein)

Milk products

 Milk powder 2 tr–2.0 tr–7.6

 Evaporated milk 2 tr–0.1 tr–1.1

Bakery products

 Wheat bread 5 0.6–4.2 6.4–47.4

 5 mm crust 5 1.5–19.3 17.4–205.4

 Crumb 5 nd–0.4 nd–4.8

Wholemeal bread 5 0.1–3.3 0.9–64.8

 5 mm crust 3 0.4–1.8 4.8–24.8

 Crumb 3 tr–0.6 tr–11.9

Deep-fried dough 4 0.4–8.2 6.3–92.3

 1 mm crust 3 0.6–7.3 10.5–99.2

 Crumb 3 nd–0.2 nd–2.1

Milk bread 2 0.2–0.7 2.5–6.8

 1 mm crust 2 1.8–4.3 19.3–39.7

 Crumb 2 nd–0.4 nd–3.3

Crisp bread 2 2.4–2.9 21.6–29.1

Pasta products 2 nd–0.7 nd–6.2

Biscuits/Snacks 5 nd–6.1 nd–71.6

Cakes 3 0.3–1.3 4.6–23.2

Cornflakes 3 0.4–2.9 4.9–36.3

Other food samples

 Caramel candy 3 0.1–2.4 2.0–89.3

 Chocolateb 4 nd–tr nd–tr

 Crisps 6 nd–0.2 nd–5.3

 Coffee powder 4 1.0–3.1 7.0–21.8

 Coffee surrogate 2 0.1 1.2–1.8

 Brewing malt 5 nd–1.9 nd–17.5

 Beer retentate 3 0.3–0.4 3.2–3.5
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of heating at 100  °C. A comparably high concentration 
of 3 has already been reported in the literature [20]. The 
highest amounts of 3 were quantified in bakery products, 
predominantly in crust samples, which is also in agree-
ment with the precursor study. The concentration in wheat 
bread crust of up to 19.3  mg/kg represents a maximal 
lysine modification of approximately 0.4 %. When milk is 
used as an ingredient, less 3 is formed than in the presence 
only of flour as a carbohydrate source. In the presence of 
high concentrations of lactose, the precursor of 3 should 
have to compete against the precursors of other lysine 
derivatives, especially of pyrraline. A similar effect was 
also observed in our previous study, where comparatively 
low contents of formyline were measured in milk bread 
samples [27]. When compared to literature data, the con-
centrations of formyline were approximately 20 % higher 
than the concentrations of 3, but the pyrraline concentra-
tions exceed those of 3 about tenfold in most of the sam-
ples [27]. In the precursor study, however, 3 was always 
more abundant than formyline (Table  4). This indicates 
an instability of 3 in food proteins possibly due to reac-
tion with food components that were not examined in the 
model system. Moreover, 3 might be introduced into the 
melanoidin network.

Based on a model diet consisting of coffee, milk and 
bakery products as sources of Maillard reaction products 
[41], the data in Table 5 allow an estimation of the daily 

intake of 3 of about 1–2  mg. Maltosine can be trans-
ported across the intestinal epithelium in the form of 
dipeptides [18, 19]. Regarding the fact that 3 is a good 
iron chelator [14, 15] that can increase iron elimination 
in vivo, it will now be necessary to obtain further knowl-
edge on the physiological effects of the compound. 
Interestingly, the 3,4-HP 11 (Fig.  2) can induce apop-
tosis [42] and shows antiviral [43] and antiproliferative 
[44] activity in  vitro and antitumour activity in  vivo 
[45]. It could be possible by adaptation of the baking 
technology to produce products with a high content of 
3 that could be utilized as a means to reduce the in vivo 
concentrations of iron and other heavy metals such as 
copper or aluminium, because 3,4-HPs are vastly dis-
cussed in the literature as sequestering agents for metal 
overload [11].
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Fig. 5   HPLC with MS/MS 
detection of an enzymatic 
hydrolysate of a rye bread 
sample (black) and a maltosine 
standard (grey) showing the 
chromatograms of the transi-
tions used for qualification and 
quantification of maltosine 3 
(a). The product ion spectra of 
the three prominent peaks b–d 
were recorded at a fragmentor 
voltage of 105 V and a collision 
energy of 10 eV
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