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Intact Carbohydrate Structures as Part of the Melanoidin
Skeleton
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Model melanoidins from monomeric, oligomeric, and polymeric carbohydrates, and amino acids formed
under aqueous as well as water-free reaction conditions, were submitted to acidic catalyzed hydrolysis.
Their degradation products were detected qualitatively and quantitatively by HPTLC and HPLC—
DAD. A considerable amount of monomer carbohydrates from hydrolysis of model melanoidins formed
under water-free reaction conditions was detected. It can be seen clearly that the amount of
carbohydrates released increased with increasing degree of polymerization of the carbohydrates used
as starting material. In comparison, the hydrolysis of melanoidins formed in aqueous condition resulted
in only a small glucose release. It seems that in the Maillard reaction under water-free conditions, a
significant amount of di- and oligomer carbohydrates were incorporated into the melanoidin skeleton
as complete oligomer with intact glycosidic bond, forming side chains at the melanoidin skeleton.
Additional side chains could be formed by transglycosylation reactions. With increasing water content,
hydrothermolytic as well as retro-aldol reactions of the starting carbonyl components became
significant, and therefore the possibility of forming side chains decreased. The results are consistent
with the postulated melanoidin structure being built up mainly from sugar degradation products,
probably branched via amino compounds.
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INTRODUCTION of degradation products should assist in drawing conclusions
§on the initial melanoidin structure. For instance, oxidation and
reduction reactions led to bleaching of melanoidin color,

generally accompanied by a decrease in molecular weight (4,

There are currently three main proposals for the structure o
melanoidins: (a) Heyns and Haubdy),(and later Tressl et al.
(2), postulated a polymer consisting of repeating units of furans =~ . ) -
and/or pyrroles, formed during the advanced stages of a Maillardﬁ 11). Conctrett()at 'r.'fordmst'ct)r? about r;;]elgnmdm structures was,
reaction, and linked by polycondensation reactions; (b) Hofmann owever, not obtained by these methods.

(3) detected low-molecular-weight colored substances, which Vater solubility of melanoidins can be increased by altering
were able to cross-link proteins viaamino groups of lysine  the pH of the solution¥2, 13), additionally, the melanoidin

or arginine to produce high-molecular-weight colored melanoi- €0lor intensity changed. In general, at high pH values the brown

dins; and (c) in a third structural proposal, the melanoidin color intensified, and at low pH values, melanoidin bleaching

skeleton is mainly built up of sugar degradation products, formed could be observed (14).

in the early stages of a Maillard reaction, polymerized through ~ Benzing-Purdie and Ripmestet, 16) detected no changes

aldol-type condensation, and possibly linked by amino com- in spectroscopic properties (IR, NMR), nor in microanalysis

pounds (4—6). data, of a xylose/_glycme melan0|d_|n model _after alkaline-
Starting materials, as well as reaction conditions, have a strongcatalyzed hydrolysis. In contrast, acid hydrolysis led to a 20%

influence on elemental composition and structure of melanoidins decrease in weight of the model melanoidins, which was

(5, 7). It can therefore be assumed that, in real food systems, €xPlained by loss of volatiles such as £@.0, and NH. Other

the above-mentioned structural proposals each partially supple-dégradation products were not determined.

ment each other, or that different structures coexist. On acid treatment of roasted coffee samples to improve
As well as instrumental methods for structural elucidation Separation of melanoidin fractions, Packerf) detected small

of melanoidins 8), thermolytic and chemical degradation amounts of monosaccharides, which were also present as

reactions have also been described in the literature. Identification po}%/saci)charlde constituents (arabinogalactomannans) of green

coffee beans.
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e-mail lothar.kroh@tu-berlin.de). properties of melanoidins, we compared melanoidins formed
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from oligomeric carbohydrates and amino acids, as well as and heated fol h at 105°C in sealed tubes. After rapid cooling, 1 mL

melanoidins from mono- and disaccharides. To determine of distilled water was added, and the mixture was filtered, and diluted

structural differences in their composition, we investigated their if necessary.

degradation products after acid hydrolysis. Differences in the RESULTS

reaction mechanisms of melanoidin formation for monomer and

oligomer carbonyl compounds can additionally be substantiated Melanoidins from monosaccharide-GLC), disaccharides

by such means. (mal, lac), and oligosaccharides (maltotriose (MT), malto-
In earlier work, we postulated a basic structure for monosac- oligosaccharide (MO), and maltodextrin 10 (Dex 10)) were

charide/glycine melanoiding) being formed by aldol conden- ~ produced for hydrolytic studies. Glycine (gly) was chosen as

sations ofa-dicarbonyl compounds as main intermediates of amino compound anc,.-alanine p,L-ala) was used for

the early stage of the Maillard reaction, partially branched by comparisons because gly has additional CH-acid reaction

amino compounds. Hydrolytic investigations are now to be used possibilities. Melanoidin formation reactions were performed

to also confirm this structure for melanoidins formed from oligo- under agueous, as well as water-free, reaction conditions.

saccharides and amino acids. It was necessary to produce melanoidins free of both
nonreacted starting materials and low-molecular-weight inter-
EXPERIMENTAL PROCEDURES mediates. Otherwise, the results of the hydrolytic measurements

would have been inaccurate. Melanoidins formed from mono-

to Cammerer and Krolg). The carbonyl compounds glucoseGLC) agive%:?cggsg:j;%nW;criOfllrjecgssju!ért?#gf:ﬁgte?é'sd Ii?llyr?:l'_
(Merck water-free), maltose (mal) (Merck, monohydrate), lactose (lac) Ly . . .
(Merck, monohydrate), maltotriose (MT) (Fluka,93% HPLC), malto- anoidins formed from oligosaccharides was possible only by
oligosaccharide mixture DP 3-10 (MO) (Merck), or maltodextrin 10 g€l chromatography. In both cases, results were checked with
(Dex) (from maize starch, Fluka) were used, along with the amino acids chromatographic methods (HPTLC and HPAEC). A combina-
glycine (gly) (Serva) ob,L-alanine 6,L-ala) (Fluka). tion of the two methods offers the possibility of detecting mono-
For preparation of MO and Dex melanoidins, 50 g of carbohydrate and disaccharides, as well as higher molecular weight carbo-
and 5 g of glywere mixed thoroughly in solid state, and aliquots of 5 hydrate moieties.
g were heated at 17(C for 25 h. _ . _ It was reported 12) that a small proportion of nonreacted
Separation of High-Molecular-Weight Melanoidin Fractions starting material can be bound noncovalently to melanoidins
i(:“s/'gvzﬁLBﬁfDé?éﬁ'; %ﬂéﬁls(xiifﬁggrm?aﬁ d?ng; ";f'ggo'rg[' o andmay be released simply by dissolution. Therefore, in parallel
reaction solution (aqueous melanoidins) per tubel iL of distilled to_ amd-ca_taly;e(_j hydrolysis, model melan0|d_|ns were also
dissolved in distilled water alone and treated in sealed tubes

water using cellulose dialysis tubing (Spectra Por, Carl Roth, Germany; .
molecular weight cutoff 12,000—14,000 Da, pore size 1.5-81). for up to 2 h at 105°C. The monosaccharides thus released

Water was changed every 10—12 h. Total dialysis time depended onWere detected quantitatively and used as a blank. For all model
the carbohydrate used, and ranged from 150 to 300 h. After dialysis, melanoidins formed from-GLC and gly, a release of maximum
samples were freeze-dried and checked for absence of nonreacted.3% gly and up to 1%-GLC could be observed. This depends
starting materials by HPTLC (18) or HPGPC (5). neither on melanoidin formation conditions nor on hydrolysis
By Gel ChromatographyA Pharmacia (Uppsala, Sweden) chroma-  time. In maltose melanoidins, 0.1% gly and up to 0.8%6LC
tography system was used with applicator, glass column XK 26 (1000 \yere found. These results indicate that only negligible amounts
x 26 mm i.d.), recorder (Rec. 102), and detector (Uvicord SD, 195 4t honreacted starting materials were bound in model melanoi-

and 405 nm). Chromatography was performecwity of melanoidin, . L .
which had been finely ground and dissolved in 25 mL of distilled water, gg]r?dginndfnretraen((;ri](;)i?}esnkgl)gtglrt':Osnhsosl;,(;itsg 5:;;/’2()1’ no glycosidic

shortly boiled, and filtered. A 5-mL portion of the deep brown solution . o -
was put on a Sephadex column (G 25 fine; Pharmacia) and eluted with _ P1iOr to quantitative measurement of acid-catalyzed hydroly-

distilled water at a flow rate of 100 mL/h. The high-molecular-weight SIS, optimization of hydrolytic conditions was performed to
melanoidins eluted at about 150 mL. The fractions were collected and obtain complete hydrolysis using three different acids at various
freeze-dried and checked for absence of nonreacted starting materialconcentrations under several hydrolytic conditions. Moreover,
by HPTLC (18) and HPAEC (19). the possibility that a high content of inorganic ions could disturb
HPTLC. CarbohydratesQuantitative and qualitative detection of ~HPTLC-based quantitative determination of hydrolysis products
carbohydrates with HPTLC was performed according to Kroh et al. had to be taken into account. Because of these demands, the
(18). most satisfactory conditions for hydrolysis were 1 N HCI and

Amino Acids.For quantitative analysis of amino acids, conditions 1h o et
at 105°C in a closed system. Prolonged hydrolysis time (6
the same as those for carbohydrates were us®dHflowever, the plates h) yielded only a mar inalyincrease in goduci/andycould fav(or
were developed with a solution of 0.5% ninhydrin in ethanol, and heated arti)liact format>ilon 9 P

for 10 min at 110°C, and the spots were scanned at 385 nm. o
Quantification by external calibration was performed in duplicate. Carbohydrate release from model melanoidins, observed

HPAEC/PAD. For quantitative determination of carbohydrates with under optimized hydrolytic conditions, is summarized in
HPAEC/PAD the method described by Hollnagel and Kr8)(was Figure 1.
used. With increasing degree of polymerization (DP) of carbohy-
Hydrolytic Degradation. Aqueous/AcidFor hydrolytic investiga- drates used as starting material in the Maillard reaction, the
tions, 20 mg of melanoidin was dissolved in 1 mL of distilled water or  release of monosaccharides increased from aboub3&LC)
acid a_md _heated ina sealeo_l tube up to 6_h at 105 or 120 °C. Several;iz 20% (mal, lac) to 95% (Dex). Furthermore, lactose mel-
combinations of concentration, reaction time, and temperature were o i 4io o indicated that the carbohydrates were preferentially

used: (a) HCI: 0.5, 2, and 6 N/room temperature and X043, 2, 4, . . . ;
and 6 h (b) trifluoroacetic acid: 1 and 2 M/16G and 120°C/1 h; (c) released from the terminal end of saccharides incorporated in

Preparation of Melanoidins. Melanoidins were prepared according

H,SQs 4%/120°C/1 h: (d) HO: 105°C/1 and 2 h. the melgnoidin.D-GaIactose g-gal) is detelrc'ted as the main
After cooling, the mixtures were dissolved in 1 mL of distilled water, Nydrolytic product from a lactose melanoidin.
and the solutions were subjected to HPTLC analysis. Subsequent hydl’olytIC Investigations showed that the amount

Optimal Hydrolytic Conditions used for Quantiteti Determinations. of intact monosaccharide released by hydrolysis was reaction-
Aliguots (20 mg) of melanoidin were dissolved in 1 mL of 1 N HCl  condition dependent.
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Figure 1. Release of monosaccharides by acid-catalyzed hydrolysis of
melanoidins. MT, maltotriose; MO, maltooligosaccharide; Dex, maltodextrin
10; ala, p,L-alanine. + amino acid (R"-)
Table 1. Comparison of Monosaccharide Release from Melanoidins
Formed under Different Reaction Conditions
melanoidin water-free conditions? aqueous conditions®
D-glucose release [mg/100 mg melanoidin]
p-GLClgly 29 0.3
p-GLC/p,L-ala 1.9 0.4
mallgly 23.8 18.5 R: H, glc, (glc),
mallpL-ala 213 9.0 R Fi™~cooH
aclgly D-galactose relea155e7[mg/100 mg melanoidin] 55 Figure 2. Part of possible melanoidin structure formed from 3-deoxy-
laclo,L-ala 19.0 43 hexosulose involving amino compounds.
— . — which is much stronger in the aqueous system than in the water-
a\Water-free conditions: 20 min/170 °C. ® Aqueous conditions: 10 h/100 °C. free system. In contrast, the amounbefjal released by lactose
) ) o models from both the aqueous or the water-free system could
Table 2. Comparison of Monosaccharide Release from Melanoidins not be significantly influenced by reaction time.
Formed at Different Reaction Times
aqueous conditions? water-free conditions® DISCUSSION
release release Monosaccharides released by acid hydrolysis from melanoi-
reaction [mg/100 mg reaction [mg/100 mg dins indicate that during Maillard reaction carbohydrates are
melanoidin time melanoidin] time melanoidin] not inevitably degraded to heterocycles such as furans or
p-GLC pyranes. Depending on Maillard reaction conditions it seems
mal/gly 10h 185 20 min 23.8 that a relevant part of di- and oligomeric carbohydrates react
30h 54 60 min 194 as complete molecules at the reducing end without glycosidic
p-gal . bond cleavage. Dicarbonyl groups in intermediate products can
lac/gly 10h 55 20 min 15.7 be assumed as reactive centers.
20h 50 60 min 167 In a glucose/amino acid Maillard reaction system, the
. >-GLC carbonyl compound reacts mainly via the Amadori product to
MOgly Lh 285 form several deoxyosones which are able to react with each

25h 70.0 - . ; -
other in an aldol-type condensation to form a basic melanoidin

skeleton of amino-branched sugar degradation prodatsr
example, the nucleophilic attack of the carbanion in the C3
position of a 3-deoxyhexosulose can take place on the C1 of

In general, from aqueous-prepared melanoidins, the releaseancm.}er molecule of deoxyhexosqlostégure 2 shows the

’ - ’ possible structure of a melanoidin formed from 3-deoxy-

was much Iowe'r. than that from melanoidins prepa.red under hexosuloses in this way. An attack on C2 of a 3-deoxy-
water-fr_e_e conditions (Table 1). In the monosaccharide model hexosulose is also possible, leading only to minor changes in
melanoidins §-GLC/gly andp-GLC/b,L-ala), a change from e nronosed structure. 1-Deoxyhexosuloses, 1-amino-1,4-di-
water-free to aqueous reaction conditions reduced the amountdesoxyhexosuloseé&(o), in the case of oligosaccharides, 3-
of sugars released to 10% or lower. The effect is less pronounCEddeoxypentosulose (19), and the initial Amadori rearrangement
for disaccharide models (mal, lac). It resulted in a decrease i”products themselves can react with a molecule of deoxy-
released sugars to 25% (mal) and 60% (lac), of the amountspexosulose to form the melanoidin backbone. Taking into
obtained for the respective water-free systems. account that retro-aldol products of carbohydrates with C2, C3,

For disaccharide model$able 2 indicates the influence of  and C4a-dicarbonyl structures formed during the early stage
reaction time used for melanoidin formation on the amount of of Maillard reaction are also able to react in a comparable way,
acidic degradable sugar components. Prolongation seems to havenany variations of the melanoidin structure Figure 2 are
an influence only on degradableGLC in maltose models,  conceivable. In addition, the proposed structure opens the

a Aqueous conditions: 100 °C. © Water-free conditions: 170 °C. ¢ MO, malto-
oligosacharide.
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Indications are that reaction time could also have an important
influence on melanoidin formation because it influenced the
stability of the glycosidic bond in di- and oligomeric carbo-
hydrates.

Investigation of an aqueous mal/gly model formed during 10
h reaction time indicated that about 18% of mal was incorpo-
rated into the melanoidin without degradation of the glycosidic
bond, formingp-GLC side chains which could be easily split
off (Table 2). As well as hydrothermolytic degradation reactions

4+ HoO OH

“ o of mal with longer reaction times, “peeling off’ mechanisms at
HO + 2 sugar side chains in the melanoidin also became more important
o (19). Therefore, after 30 h heating in an aqueous solution, a
glycosyi-cation OH smaller amount of mal reacted in the classic way because of

the increasing variety of possible reaction products. Under this
conditions, 5% of mal could be detecteda&LC and the mal
melanoidin seemed to become more similaptGLC models.
Lac was more stable against hydrothermolytic breakdown than

WOH

OH

OQun
I

HO mal was. With the lac melanoidin, doubling Maillard reaction
time led to only a marginal decrease in degradable carbohydrate
HO structures (Table 2).

R: H, glc, (gic), It was remarkable that the amount of hydrolytic degradation
products from MO melanoidins formed under water-free reaction
conditions at shorter reaction times (60 min) was similar to that

~ possible hydrolytic scissions from MT or mal models (about 30%-GLC), whereas the
Figure 3. Schematic mechanism of 1,6-branched glucose side chain amount of degradable-GLC increased with increasing reaction
formation by transglycosylation. time (70% at 25 hTable 2). It seemed that in the MO mixture
lower molecular weight carbohydrates with higher reactivity
were quickly involved in Maillard reaction. Only by prolonging
possibility of incorporating amino acids by reaction with - reaction time were carbohydrates with higher DPs involved in
unsaturated carbonyl structures. Maillard reaction, forming melanoidins with much larger
The formation of structures in a water-freeGLC/gly carbohydrate side chains. This was confirmed by a higher
melanoidin model, which opens the possibility to releaa C, amount ofo-GLC detectable after acid hydrolysis (Table 2).
may be explained by transglycosylation reactioRigre 3). It was expected that the type of amino acid should be relevant

A free b-GLC molecule might react with a carbohydrate for the formation of specific increments in melanoidin structures.
structure via the formation of a glycosyl cation to form 1,6- Release of intact amino acids by acid hydrolysis from model
branched saccharides (18). ThosGLC can be incorporated  melanoidins was only marginal, and no differences between gly
as a side chain in the melanoidin skeleton and is easily split off andp,L-ala models could be detected. This indicated that during
by hydrolysis. Maillard reaction, amino acids (glyp,L-ala) were almost

In contrast, enolizations and retro-aldol reactions play an completely used up in the formation of intermediates and the
important role in the reaction behavior pfGLC in aqueous  branching of sugar degradation products. Only very small
systems, resulting in the formation of highly reactive C2, C3, amounts were incorporated in the melanoidin skeleton by, for
and C4 o-dicarbonyl compounds that are involved in the instance, addition on carbonyl groups of deoxyosones or on
Maillard reaction instead of the-GLC molecule 21). Trans- o-,f-unsaturated endiol structures which could form degradable
glycosylation reactions causing the formationoeGLC side amino acid side chains (Figure 2).
chains can take place only to a very small extent. Therefore, in  Results of acid-catalyzed hydrolysis of melanoidins correlated
aqueous melanoidin models the release-&LC was signifi- very well with the results of earlier investigations with respect
cantly lower than it was in the water-free mod&hble 1). to microanalysis data of melanoidins formed under different

Mal, and to a lesser extent lac, were preferably submitted reaction conditionsy). The amount of carbonyl compound per
to hydrothermolytic degradation reactions under aqueous con-hitrogen atom incorporated into the melanoidin was elucidated
ditions which resulted in formation of the monosaccharides (7). Using aqueous reaction conditions only about half of the
p-GLC andb-gal, respectively. Thus, with increasing reaction carbonyl compound was incorporated into th&LC melanoi-
time the reaction behavior of these monosaccharides plays arflin in comparison with that incorporated under water-free
increasing role for the formation of the melanoidin structure. reaction conditions. Hydrolytic investigations showed that
But the significantly higher release af-GLC from di- or D-GLC melanoidins produced under water-free reaction condi-
oligosaccharide melanoidins cannot be explained by transgly- tions were able to release double or more the amount of carbonyl
cosylation reactions alone. It was assumed that by incorporationcompounds than agueous melanoidins.
of saccharides with intact glycosylic bonds, carbohydrate side That intact glucose molecules released from melanoidins
chains were formed at the melanoidin skeletbig@res 2and formed from di- or oligosaccharides indicated that during
3; R: GLC or (GLC)). In addition to side chains formed by Maillard reaction of carbohydrate/amino acid model systems a
transglycosylation reactions, these side chains can also besignificant proportion of di- or oligosaccharides is incorporated
degraded by acid hydrolysis @GLC molecules. Separation into the melanoidin without degradation of the glycosidic bonds.
of disaccharides can be presumed as well, but they are not stabl@ he increasing number of side chains in the melanoidin skeleton
under acidic conditions and could be detected in only very small is consistent with increasing DP of carbohydrates used as starting
amounts. material. It is evident that melanoidins formed from oligomer
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or polymeric carbohydrates and amino acids undergo similar
reaction mechanisms in Maillard reactions, and exhibit, there-
fore, under hydrolytic conditions behavior similar to that of
melanoidins from mono- and disaccharides.
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