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The effect on color of the initial pH employed in dulce de leche (DL) production
was evaluated through physicochemical and spectroscopical characterization of the
melanoidins formed in the process. Melanoidins originated at pH values of 6.5, 7.0,
and 7.5, and they were released by the enzymatic hydrolysis of the protein backbone
and purified by gel filtration. They showed a significant degree of polydispersity, in
general, with molecular weights (MWs) below 1,800 Da. DL produced at a higher pH
released melanoidins with higher average MW after the enzymatic hydrolysis. They
also presented darker colors (dE*ab, C*), more closely resembling those typical of the
commercial product. Analysis of the fractions isolated by gel filtration using HPLC-DAD
and multinuclear NMR showed an heterogeneous and complex composition. Even
though structurally related, the TH NMR spectra of melanoidins showed a higher degree
of aromaticity at higher pH values. In conclusion, the pH employed in DL production
affects the amount and structure of the colored products originated by MR reactions,
and thus the color of the final product.
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INTRODUCTION

Dulce de leche (DL) is a brownish, viscous concentrated dairy product with a high sucrose content.
Its organoleptic properties, mainly due to the occurrence of the nonenzymatic browning Maillard
Reaction (MR), are highly valuated by consumers. DL is an extremely popular confectionary
product, particularly in South America. In Uruguay alone the industrial production of DL
reaches 7,000 tons per year. Taking also into account informal production, which is estimated
to reach comparable levels, leads to a yearly consumption of nearly 4kg per capita (1). DL is
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absorbance at » 420 nm (C).

FIGURE 4 | Gel filtration chromatograms of IHS fractions for DL prepared at different pH; values obtained with RI detection (A), absorbance at » 280 nm (B), and

For further studies and characterization, we selected
the melanoidins fractions with K,, between 0.17 and 0.65,
corresponding to nominal MW from 400 up to 1,800 Da, thus
avoiding interference from amino acids or sugars in peaks II
and IIIL.

The color difference of the melanoidins fractions
can be seen in Figure5. The color parameters of the
selected fractions correlate with those of the corresponding
IHS and the original DL, and their dependence on pH;
(Supplementary Figure 4).

Elemental Analysis and N/C Ratio of DL

Melanoidins

The nitrogen (N) and carbon (C) content of the different
DL fractions and melanoidins were determined by elemental
analysis, and the N/C ratios were calculated (Table 2).

The N/C ratio obtained for the I fraction and the melanoidins
are similar to those found in the studies of the incorporation of
sugar into caseins (N/C ratios from 0.23 to 0.25) (22). However,
the N/C ratios determined for simple model systems diverge, with
N contents of 6% in high MW melanoidins obtained in model
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systems of glycine with glucose, fructose, or HMF (23), and in
glucose-glycine model systems (24). These differences between
DL and the model systems are likely due to the different reactivity
of macromolecules in the real systems with respect to the models.

The N/C ratio of the insoluble fraction and the melanoidins
are very similar, and range from 0.54 to 0.66% (Table 2). Sulfur
(S) was detected in the isolated melanoidins from DL produced
at different pH; values. S-containing compounds could originate
by the MR in the presence of cysteine or cystine, giving rise to
thiazolines or thiazolidines among other types of compounds.
These are expected to be in higher concentration in melanoidins,
explaining the presence of sulfur in these samples (25).

According to Hayashi and Namiki (13), the N/C ratio of
melanoidins can increase when the fragmentation route is
favored at basic pH. However, the N/C ratio for the fractions was
very similar, regardless of the pH; value. This similar N/C ratio
can be due to the narrow pH; range tested, close to neutrality.
Therefore, the elemental composition would not explain the
difference in the color of melanoidins, and so these differences
may be better explained by structural differences such as the
degree of unsaturation and aromaticity.

NMR Analysis of the Melanoidin Fractions

As recently reported by our group (14), the NMR spectra of
melanoidins reveal their structural complexity. Despite isolation
and purification, they include a mixture of products comprising

pHi 6.5 pHi 7.0 pHi 7.5

~gies 3

FIGURE 5 | Lyophilized (top) and in solution (bottom) melanoidins fractions
with nominal MW from 400 up to 1,800 Da for the three DL prepared at
different pH; values.

initial to end products of the MR, many of which can exist as
stereoisomers (26, 27). However, we can partially characterize
the chemical groups associated with the potential products of
the MR, allowing us to compare melanoidin fractions of DL
elaborated at different pH; through a preliminary structural
characterization (Figures 6, 7 and Supplementary Figure 5). To
do this, we compared the variations observed between the
resonances from aromatic protons (8y 6.65-6.90, 7.12-7.50,
and 8.45-8.65), those from protons bound to carbons bearing
heteroatoms (8 4.93, 4.85, and 4.48), and those from aliphatic
protons (3 0.5-2.5).

As shown in Figure 6, the 'H NMR spectra of the melanoidins
fractions from DL elaborated at different pH; values have a
similar profile, with only minor differences in the regions of
interest. The ratios between the different chemical groups were
measured using the spectral regions detailed above, using the area
of the aliphatic protons as an arbitrary reference (Figure 7).

The ratio of aromatic to aliphatic protons increases as the
pH; in DL elaboration rises. This is consistent with the fact
that heteroaromatic, including derivatives of pyrrole, furane, or
pyridine, are typical intermediaries, and the final products of
the MR and their formation are favored in basic environments
(12, 28-30).

As we have recently reported (14), the formation of Amadori
products from the reaction between milk proteins and sugars can
be evidenced in the HSQC spectra of the melanoidin fractions.
Indeed, the one-bond correlation between the proton resonance
at 8y 4.48 and the carbon signal at §c 100.6 corresponds to
the anomeric center of the reducing end of p-D-glucopyranosyl
residue of lactose after condensation with the e-amine group
of a lysine residue (Figure 8). Imine condensation is followed
by the formation of the Amadori products and subsequent
reactions where the galactose residue is preserved in the 1-
deoxyosone and 3-deoxyosone routes, which affect only the
glucose residue at the reducing end of lactose. On the other
hand, the transformation of the Amadori product via the
formation of a 4-deoxyosone leads to the loss of a galactose
residue. As shown in Figures 7, 8, the signals of the anomeric
proton are larger at lower pH; and almost undetectable at
higher pH;, indicating that different routes could predominate
at different DL production pH; values. The hypothesis that the
galactose residue in disaccharides can be lost or transformed
is further supported by the proposals of Pischetsrieder et al.
(21, 31), which suggest that at neutral to basic pH the Amadori
product degradation is via the 4-deoxyosone route with galactose
residue loss.

TABLE 2 | Elemental composition of the melanoidin fractions from the three DL prepared at different pH; values'.

pH; Melanoidin | IHS

% N % C % H % S N/C ratio N/C ratio N/C ratio
6.5 ihl 43 8.5 0.66 0.26 0.27 0.29
7.0 11 42 8.3 0.54 0.25 0.28 0.29
7.5 iR 42 8.3 0.60 0.26 0.25 0.26
*The analysis was performed once on pooled material or fractions.
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FIGURE 6 | Water-suppressed 'H NMR spectra of melanoidins from DL produced at pH; of 6.5 (A), 7.0 (B), and 7.5 (C). The spectral regions employed in the
estimation of chemical group ratios are annotated.

Analysis of Melanoidins by HPLC-DAD

The HPLC chromatograms of the melanoidins fractions with a
MW from 400 to 1,800 Da obtained from DLs elaborated at
different pH; with detection at 420 nm are shown in Figure 9.

While the chromatograms are relatively simple, some peaks
are not completely resolved due to broadening. It has been
proposed that this is due to the presence of polymeric compounds
which lowers the resolution when this chromatographic system is
employed (MeOH/H,O gradient) (32).

The hydrophobic character of the melanoidins results in
higher retention times relative to the noncolored aromatic
compounds present in the mixture, indicating their higher
hydrophobicity (14). These results were observed regardless of
the pH;j used in DL preparation (Supplementary Figure 6). This
behavior is compatible with the formation of structures with a
higher degree of condensation and aromaticity as advanced MR
products are formed. This observation is also consistent with the
analysis of the 'H NMR data of melanoidins.

The chromatographic profiles of melanoidins are
simpler for products obtained from DL produced at the
highest and lowest pH; assayed, showing the presence
of one or two main compounds. On the other hand,
the melanoidins from DL produced at an intermediate
pHi are more complex. As previously discussed, this
may reflect that at more acidic or basic pH; values some
reaction pathways are favored, whereas at pH; 7.0 several
pathways leading to melanoidin formation may occur with a
similar probability.

The UV-Vis spectra of the compounds eluting in the
major peaks annotated in Figure9 for the melanoidins
obtained from DL elaborated at pH; 7.0 present absorbance
bands in the UV and, in particular, the visible regions.
Peak I presented two maxima in the visible region at \
537 and 594nm, peak II presents maxima at A 562 and
592nm, and peak III presents three maxima at A 553, 592,
and 599nm (Supplementary Figure 7). Similar spectra were
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obtained for the corresponding peaks in the chromatograms of
the melanoidins obtained from DL prepared at pH; 6.5 and 7.5
(data not shown).

18
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FIGURE 7 | Relative areas of "H NMR signals for the indicated 8y ranges for
melanoidins obtained from DL prepared at different pH; values. The area of the
aliphatic spectral region (84 0.5-2.5) was used as an internal reference.

From the evaluation of the UV-Vis spectra it can be
inferred that although the compounds may be structurally
similar, they likely correspond to different degrees of
advancement of the MR, and thus confer different color
to the sample.

CONCLUSIONS

Melanoidins in DL are found forming high MW melanoproteins,
mainly in the water-insoluble component that is formed at
advanced stages of processing in the analyzed pH; range. The
main colored compounds released by enzymatic hydrolysis
had low MW < 1,800 Da and were more abundant in
the melanoproteins from DL prepared at higher pHj. The
melanoidins isolated from DL with nominal MW from 400 to
1,800 Da presented higher color parameters (dE}, C*), as did
the corresponding DL. The elemental composition was very
similar and not conclusive, but through the combined use of the
NMR and HPLC-DAD analysis, it was found that the colored
compounds that developed, even though structurally similar,
present a higher degree of aromaticity in DL prepared at higher
pHi. Therefore, it can be concluded that the greater or lesser
color of the DLs obtained at different pH; is not exclusively
due to a greater or lesser concentration of the melanoidins,
but also to structural differences according to the production
processing parameters of DL. To gain a detailed insight on the
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FIGURE 8 | HSQC spectrum of melanoidins from DL prepared at pH; 7.0. The 'H-'3C correlation corresponding to imines from Amadori condensation products is
annotated. Similar results were observed at higher and lower pH; values (see Supplementary Figure 5).
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FIGURE 9 | HPLC-DAD chromatograms at % 420 nm of melanoidins (nominal MW from 400 to 1,800 Da) from DL prepared at pH; of 6.5 (A), 7.0 (B), and 7.5 (C).

40 50

structure of these compounds, it will be necessary to isolate the
different melanoidins components and perform an exhaustive
structural characterization by spectroscopic methods like MS
and NMR.
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