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Abstract

Melanoidins present important physiological activities, but their structure is largely unknown.
The objective of the present work was to reveal the physicochemical characteristics of biscuit
melanoidins(BM) prepared under high temperature(HT) and low temperature(LT) conditions
(150°C/25min-100°C/80min respectively). BM were characterised and analysed by differential
scanning calorimetry, X-ray and FT-IR. Moreover, the antioxidant capacity and the zeta potential
were determined. The phenolic content of HT-BM was higher than that of LT-BM (19.5+2.6%
vs 7.840.3% respectively, p<0.05) and the antioxidant capacity determined by
ABTS/DPPH/FRAP (p<0.05) was greater. Also, HT-BM presented a 30% increase in crystal
structure compared to LT-BM according to X-ray analysis. The magnitude of the negative net
charge was significantly higher in HT-BM (-36.8+0.6) than in LT-BM (-16.8+0.1)(p<0.05). FT-
IR analysis confirmed the presence of phenolic and intermediate Maillard reaction compounds
bound to the HT-BM structure. In conclusion, the different heating treatments applied to biscuits
led to differences in the melanoidin structure.
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1. Introduction

Over the last 20 years, the scientific interest in Maillard reaction (MR) has increased due
to its nutritional and physiological implications. This non-enzymatic reaction leads to the
development of a complex series of molecules including the advanced glycation end products
(AGEs) which have been associated with the occurrence of many chronic diseases, such as
diabetes, osteoporosis, and Alzheimer’s disease (Tian et al., 2023). However, it is still debated
whether the thermally treated food has negative consequences for health, mainly because new
evidence has indicated that the absorption rate of AGEs is limited in the gastrointestinal tract and
because not only AGEs but also beneficial compounds are formed during the heating treatment
(Snelson & Coughlan, 2019; Nie et al., 2022). The latter is mainly related to the presence of high
molecular weight polymers, better known as melanoidins, which develop at advanced steps of
MR (Morales et al., 2012; Patrignani et al., 2019). Although melanoidins were at first considered
an inert material, further investigations demonstrated their antioxidant, antimicrobial, anti-
inflammatory, antihypertensive and prebiotic activity (Mesias & Delgado-Andrade, 2017).

Unfortunately, the chemical arrangement of melanoidins is not well understood and its
link with health benefits is mostly undefined (Rajakaruna et al., 2022). Some authors have used
model systems with sugars and amino acids under controlled conditions to study melanoidin
structure. However, these are “oversimplified analyses” that do not consider the additional
reactants that could also be involved during the development of MR in real food systems. For
example, it has been reported that in products such as coffee, bread or biscuits, different
constituents (such as phenolic compounds) may become part of the melanoidin structure (Mesias
& Delgado-Andrade, 2017), while some new evidence has revealed the presence of lipid
components (Rajakaruna et al., 2022) and aromatic structures (Shaheen et al., 2021). Therefore,
in order to properly study the melanoidin characteristics and be able to associate them with their
health benefits, real food systems should be used.

In a recent study Antonietti et al. (2022) compared the composition and potential
biological activity of high molecular weight melanoidins isolated from instant soluble coffee and
instant soluble barley. Their results indicated that melanoidins exert an important scavenging
activity against radicals, and a high neuroprotective effect that may be associated with the
presence of phenolic and ortho-diphenols in their structure. On the other hand, Diaz-Morales et
al. (2023) analysed the melanoidins extracted from bread crust, and also confirmed their
antioxidant capacity while no cell cytotoxicity was observed. Nonetheless, the structural
arrangement of melanoidins extracted from this bakery product was not analysed and requires
clarification. According to Nunes et al. (2022) this lack of knowledge limits our understanding of
the impact that melanoidins have on nutrition and health.

Biscuits have one of the highest melanoidin contents, which entails an important
contribution to the antioxidant activity in a diet (Pastoriza & Rufian-Henares, 2014; Mesias &
Delgado-Andrade, 2017). Besides, previous studies performed by our research group
demonstrated that the intake of biscuit melanoidins prepared at high temperature (150°C) reduced
body weight, increased the antioxidant capacity of serum, had a prebiotic effect and positively
affected the antioxidant environment in the gut, and did not reduce the mineral absorption ixn vivo
(Patrignani et al., 2016; Patrignani et al. 2019). However, these effects were not observed when
biscuits were prepared at low temperature (100°C). Our hypothesis is that the physiological
effects of the Maillard reaction products (MRP) account for the different structural arrangements
that melanoidins undergo during the heating treatment. Therefore, the objective of the present
work was to reveal the molecular structure and the physical characteristics of biscuit melanoidins
that could explain their health benefits. In order to do this, reliable physicochemical techniques
were applied for the first time to these macromolecules.
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2. Materials and methods
2.1 Materials and biscuit preparation

The chemicals used were of analytical grade, and ingredients were of food grade. Biscuits
were prepared as described in a previous work (Patrignani et al., 2016) and baked under two
different conditions: 150°C/25 min (high temperature, HT) or 100°C/80 min (low temperature,
LT) (see Supplementary Data). Patrignani et al. (2016) had previously performed the in vivo
studies and indicated that these temperatures were suitable to observe the melanoidin
development in biscuits.

2.2 Extraction of melanoidins and physicochemical characterisation

The complete description of the melanoidin analysis can be found in the Supplementary
Data. Briefly, melanoidins (molecular weight>5 KDa) were isolated by enzymatic hydrolysis and
lyophilised (Pérez-Burillo et al., 2020). Their absorbance parameters (K,o4 and K4, expressed as
L/g.cm), carbohydrate and protein content, antioxidant activity (according to DPPH, FRAP and
ABTS), total phenolic content (TPC), differential scanning calorimetry (DSC) analysis, X-ray
diffraction (XRD), and infrared spectroscopy spectra (FT-IR) (128 scans for each sample) were
determined as described by Patrignani and Gonzalez-Forte (2021). For the zeta potential (ZP), the
pH of the resuspended samples was adjusted to 7, and the determination was performed at 25°C
using an SZ-100 nanoparticle analyser (Horiba Ltd., Kyoto, Japan) (five readings for each
sample).

2.3 Statistical analysis

All tests and treatments were run in triplicate unless otherwise stated. Results were
statistically evaluated by analysis of variance followed by a Fisher’s test. In both cases a 0.05
significance level was used (InfoStat 2012, UNC, Cérdoba, Argentina).

3. Results and discussion
3.1 Melanoidin content and absorbance parameters

Previous research indicated that the amount of melanoidins increased with the intensity
of the heating treatment (Xiang et al., 2020). However, in the present work no significant
differences were found in the amount of melanoidins in biscuits cooked at low (100°C, LT-BM)
or high (150°C, HT-BM) temperature (6.8% and 7.6%, LT-BM and HT-BM content respectively,
p>0.05) (Table 1). This result is in good agreement with that reported by Lopes et al. (2016), who
indicated that the increase in the browning development was not associated with the amount of
melanoidins extracted from different espresso coffees. While Kurniawan et al. (2017) did not find
significant differences in the melanoidin content of light, medium and dark robusta or arabica
coffee extracts (p>0.05). Therefore, these authors also found that the total amount of melanoidins
did not increase with the thermal treatment, but it affected the structural arrangements of
melanoidins and their functional groups. This idea was also supported by Patrignani and
Gonzalez-Forte (2021) studies, who analysed the melanoidin content and structure of brewer’s
spent grain. According to their assays, after the setting of the melanoidin structure, further thermal
treatment induced changes in their structural arrangements with no increase in their total amount.
Therefore, we hypothesised that the heating treatment applied did not significantly increase the
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total amount of melanoidins in biscuits, but led to differences in the chemical structure of these
compounds.

In line with this idea, significant differences were observed in the absorbance parameters
of the isolated melanoidins (Table 1). These parameters are considered non-specific indicators of
the extent of the Maillard reaction: Ko, is associated with the presence of early MRP, while the
browning can be followed by the increase of K4,y (Delgado-Andrade et al., 2009; Pastoriza &
Rufian-Henares, 2014). According to this result, although no significant differences were found
in the melanoidin amount measured by the gravimetric method, the extent of MR in HT-BM was
higher than in LT-BM.

3.2 Composition and antioxidant activity of extracted melanoidins

The isolated biscuit melanoidins were chemically analysed, and the results are listed in
Table 1. Both samples presented a high proportion of proteins (more than 50%) and a moderate
content of carbohydrates (lower than 40%). This result compares well with that reported by
Pastoriza and Rufian-Henares (2014), who indicated that melanoidins extracted from cereal foods
(such as cereals, bread and biscuits) had a high protein content (around 50%). Moreover, the
results suggest that LT-BM had a higher proportion of proteins than HT-BM (57.04+3.6 and
52.0+2.0 % respectively) (p<0.05). Nonetheless, HT-BM showed a higher proportion of phenolic
groups than LT-BM (19.5+2.6% and 7.8+0.3% respectively) (p<0.05). It is well known that MR
encompasses a network of several reactions between reducing sugars and compounds with a free
amino group, mainly proteins (Delgado-Andrade et al., 2009). Moreover, some authors have
reported that phenolic compounds also play an important role in melanoidin formation as they
may remain linked to their structure (Nunes & Coimbra, 2010). Our results seem to indicate that
at low temperature, biscuit melanoidins present a more “classical” structure with a high proportion
of proteins and carbohydrates, but when the melanoidins develop at higher temperatures phenolic
compounds undergo MR and become an important part of the melanoidinic structure. Consistent
with this observation, Shaheen et al. (2021) reported that melanoidins are multi-component
polymers with similar molecular weight, but different binding preferences. According to these
authors, during the development of MR, the heat treatment enhances the incorporation of
phenolics into the protein-based melanoidin skeleton, increasing the total carbon content and the
aromatic character of melanoidins. This might be because of the different reaction pathways that
can be taken in real food systems where different compounds may be involved in MR. However,
this hypothesis is only of preliminary nature and future work should further analyse it.

According to the results displayed in Table 1, the antioxidant capacity of HT-BM was
significantly higher than that of LT-BM according to ABTS (274.96+21.61 vs 78.38+26.57 mmol
Trolox/g); DPPH (7.69+3.10 vs 0 mmol Trolox/g) and FRAP (0.14+0.01 vs 0.0340.001 mmol
Trolox/g) (p<0.05). Therefore, the high antioxidant capacity found in HT-BM could be associated
with the presence of phenolic compounds in the melanoidin structure.

The presence of phenolic compounds in the melanoidins may have a beneficial effect on
the digestive tract. Our previous studies indicated that during the digestion process of HT-biscuits,
antioxidants were partially released, whereas a high proportion was available after fermentation
by colonic bacteria (Patrignani et al., 2019). According to the current results this could account
for the high proportion of phenolic compounds in HT-BM that the gut microbiota is able to release
(Pérez-Burillo et al., 2020). Moreover, the presence of phenolic structures available for absorption
through the epithelial wall could also explain the increase in the serum antioxidant capacity and
the reduction of its oxidation levels found after HT-BM consumption (Patrignani et al., 2016).
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3.3 DSC analysis of melanoidins

DSC analysis is a reliable methodology to study the thermal behaviour of food
components, and the thermal transitions of melanoidins have been associated with the
development of MR (Patrignani & Gonzalez-Forte, 2021). In the present work, melanoidins were
placed in hermetically sealed steel pans, and their thermograms were analysed (Fig. 1). While
LT-BM presented an exothermal peak at 166+3.9°C followed by an endothermal peak at
196+5.1°C, HT-BM only presented one endothermal peak at 197+1.6°C. The two peaks have
been previously observed in model systems by Kaspchak et al. (2022) and Manzocco et al. (1999).
According to these authors, the exothermic transition can be attributed to the development of MR
in the conditions of the DSC assay. Broyart et al. (1998) indicated that the critical temperature at
which the darkening phase begins in biscuits is in the region of 105-115 °C, very close to the low
temperature condition selected in our study (100 = 10 °C). Therefore, a limited development of
MR was observed despite the long cooking time (80 min). In contrast, the high temperature
condition (150 = 10 °C) was considerably higher than the critical temperature, and the
development of a non-enzymatic reaction was favoured. Thus, the absence of exothermal
transitions in melanoidins extracted from HT-BM indicates that the thermal treatment at 150°C
induced a complete development of MR structures during the cooking process, which can also
explain the high value of Ky, found in these samples (Table 1).

The second endothermic peak is probably associated with the thermal degradation of
proteinic arrangements in the melanoidin skeleton (Patrignani & Gonzalez-Forte, 2021). Results
showed that the enthalpy value (AH,,) of this peak was significantly lower in HT-BM than in LT-
BM (119.3421.9 and 292.1£75.4 respectively) (p<0.05). In line with this result, Table 1 shows
that LT-BM contained a higher proportion of protein structure than HT-BM. Similar results were
found by Manzocco et al. (1999) in glucose—glycine model systems, where the prolonged heating
reduced the AH values and induced the development of brown final MRP. Therefore, in agreement
with previous results, it could be concluded that the thermal treatment at 150°C enhanced the
development of MR final products with a low proportion of proteins, while in biscuits prepared
at 100°C the extent of MR is limited by the temperature used, and the melanoidin structure formed
has a higher proportion of proteinic arrangements.

3.4 XRD and ZP of melanoidins

Broad diffraction peaks centred at 20° (20) were found in the melanoidins analysed. This
result is in good agreement with Cai et al. (2022), who indicated that the crystallinity of the
melanoidins in crystal malt was formed at 19° (20). Moreover, as displayed in Fig. 2a, as the
thermal treatment increased, the crystallinity also increased (HT-BM presented a 30% increase in
crystal structure compared to LT-BM). Although information about the XRD of melanoidins is
scarce, the current results seem to indicate that during the development of MR in biscuits, the
thermal treatment induces the formation of a stable crystal structure.

The in vivo analysis indicated that the food efficiency of the diet with HT-BM was
significantly lower than that of the diet with LT-BM, and its intake was associated with a lower
body weight (Patrignani et al., 2016). It is well known that the crystallinity of macromolecules,
such as starch, is a key factor in their digestive rate, as densely-packed crystalline regions are
more resistant to enzyme hydrolysis than the amorphous regions (Donato-Capel et al., 2014).
Although the association between the crystallinity and the digestibility of melanoidins has not
been studied yet, our results seem to point out that the melanoidin structure developed at high
temperature during the cooking process could be more resistant to enzyme digestion, thus
resulting in a reduced food efficiency of biscuits. Besides, melanoidins that escape from
enzymatic hydrolysis could probably reach the large intestine to undergo fermentation (Patrignani
et al., 2019). It should also be considered that according to Fogliano and Morales (2011),
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melanoidins in biscuits are homogeneously distributed. Therefore, their presence may have a
strong impact on the entire product and could also limit the absorption of other food components
(Alves et al., 2021).

Melanoidins are considered to be negatively charged compounds, and this characteristic
has been used to explain their ability to bind metallic ions (Morales et al., 2012). In the present
paper, the ZP of biscuit melanoidins was determined, and the results are shown in Fig. 2b. The
magnitude of ZP was significantly higher in HT-BM than in LT-BM (-36.8+0.6 and -16.8+0.1
respectively). Cai et al. (2022) reported similar values of ZP in melanoidins extracted from crystal
malt and explained that high molecular-weight particles of the melanoidins had multiple charges
on their surface. Moreover, Bekedam et al. (2008) found that the presence of subunits derived
from chlorogenic acids correlated with the increasing ionic charge of coffee melanoidins. Our
current results also indicate that the negative charge of melanoidins correlates well with their
phenolic content (Table 1).

According to Wang et al. (2022) the ZP plays an important role in the zinc chelating
capacity, as zinc ions can interact with the negative charges of some groups such as carboxyl
groups (-COO") (Sun et al., 2021). Because of their health implications, the Zn chelating capacity
of melanoidins has been extensively studied and associated with the antihypertensive capacity of
MREP as the angiotensin-I converting enzyme (which regulates blood pressure) is Zn-dependent
(Rufian-Henares & Morales, 2007). According to the present results, it could be hypothesised that
the HT-BM presented a higher Zn chelating capacity, which would be in line with results from
Wen et al. (2005), who indicated that the heating treatment in coffee brews induced the
development of MRP with chelating capacity. However, these studies were performed in vitro,
and the results from in vivo trials show an opposite trend. According to our results, the animals
that were fed with a diet with HT-BM showed the same mineral absorption as the control group,
whereas rats fed with LT-BM did show a reduction in their mineral absorption and the lowest
values of Zn absorption (Patrignani et al., 2016). Moreover, Delgado-Andrade et al. (2016) also
reported that the intake of bread crust with a high amount of MRP in rats did not produce any
significant impact on the copper or zinc balances. Therefore, there is probably another effect that
counteracts the chelating capacity of HT-BM during the in vivo digestion process.

3.5 FT-IR analysis of melanoidins

Fig. 3 shows the FT-IR spectra of LT-BM and HT-BM formed during the heating
treatment of biscuits. For HT and LT-BM, the low contribution of the CH groups was reflected
by the peak at 2927 cm! (Kang, 2016), and both this band and the one at 2855 cm™! increased for
HT-BM, which indicates a structure modification when MR takes place at high temperatures.

The region from 1800 to 800 cm'! is often useful for the analysis of proteinaceous material
that associates with non-enzymatic browning products. For HT-BM, a shoulder appeared at 1520
cm’!, suggesting the presence of a Schiff base (C=N double bond, intermediate products) in the
final structure of melanoidins developed at high temperatures (Khadidja et al., 2017). Also, the
absorption band at 1743 cm! showed a significant increase for HT-BM, which, in accordance
with Ravindran et al. (2018), could represent ester bonds or carboxylic linkages (C=O stretching
vibration) from Amadori products. Furthermore, the peak at 1077 cm™! showed an increase in
intensity, in good line with the temperature rise, suggesting the presence of furanose rings in the
melanoidin structure (Mutaillifu et al., 2020; Patrignani & Gonzalez-Forte, 2021). Therefore, it
could be inferred that although HT-BM underwent a strong heating treatment (as determined by
the DSC analysis), some characteristic compounds from intermediate stages of MR remained in
their structure, such as Amadori compounds and Schiff base (Delgado-Andrade et al., 2009).
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The region between 1650 and 1540 cm! is related to amide I and amide II structures,
including C=0 stretching (amide I), C-N stretching and N-H deformation (amide II) (Liu et al.,
2014). In this study, protein-based bonds of nC=0 amide I (1635 cm™") were observed for HT-
BM and LT-BM (Silbir & Goksungur, 2019). Also, the absorption band around 1300 cm™! can be
attributed to amide III structures, including C=O0 stretching, C-N stretching and N-H deformation.
Changes of the amide IIT band at 1339 cm™! in Fig. 3 show that hydroxyl and amino groups were
consumed during the heating process. Moreover, the band at 1400 cm™!, associated with the COO-
symmetric stretching, appeared in both HT-BM and LT-BM, although it was more intense in the
first one. This band has been associated with the Zn chelation capacity, and this result supports
the idea that melanoidins may act as an organic ligand, as previously explained (Sun et al., 2021;
Wang et al., 2022).

Phenolic compounds are one of the most studied categories of chemical species because
of their antioxidant capacity and their benefit for human health. In this study, the phenolic C—O
stretching appeared more clearly at 1205 cm™! for HT-BM. This stretching is due to the C—-O of
pyran, typical of flavonoid C-rings (Wongsa et al., 2022). This result could be related to the higher
phenolic group content and antioxidant activity found in HT-BM (Table 1). Previous authors have
indicated that phenolic groups could be combined with melanoidins and may be responsible for
their antioxidant capacity (Pérez-Burillo et al., 2020); this hypothesis has been also explored in
the present work (see Section 3.2). Nonetheless, according to our present results, the antioxidant
capacity may be explained not only by these components, but by a combined action of the many
different functional groups present in melanoidins. Therefore, future research should confirm the
presence and reveal the structure of the phenolics attached to melanoidins, as well as other
functional groups, through more specific methodologies such as mass spectrometry. Besides, the
stability and the kinetic parameters associated to the structure development of melanoidins should
also be studied at different time/temperatures conditions.

Finally, the region between 1180 and 953 cm™' is generally related to polysaccharide C-
O-C bond vibrational modes, such as C-C and C-O stretching, and C-H bending (Iadecola et al.,
2022). As shown in Fig. 3, there was an increase of the absorption band at 1148 cm™! for HT-BM,
which may be associated with the formation of a melanoidin skeleton with carbohydrate side
chains. Also, a decrease of around 1025 cm-!' was observed for HT-BM, probably due to a process
of glycation and the participation in forming Maillard components when the heating rate increased
(Khadidja et al., 2017).

4. Conclusions

Biscuit melanoidins are complex macromolecules with several health effects. The
different heating treatments applied to the biscuits (at 100°C or 150°C) did not have a significant
effect on the total amount of melanoidins in these bakery products, but led to differences in their
chemical structure. HT-BM presented higher values of K4,y and Kj94, and showed a complete
development of MR, had a higher proportion of phenolic compounds in their structure, a higher
negative net charge and a more crystal structure than LT-BM. These characteristics were
positively associated with the antioxidant capacity, the prebiotic effect and the lower food
efficiency that these compounds presented in an in vivo trial. FTIR showed that the melanoidin
structure had a skeleton with carbohydrate side chains, furanose rings, phenolic compounds and
some characteristic compounds from intermediate stages of Maillard reaction. Although there is
still much to understand about biscuit melanoidin structure, this first approach helps to reveal
their complex arrangement. Future studies should evaluate more heating conditions to fully
understand the development of Maillard reaction in biscuits.
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FIGURE CAPTIONS

Fig. 1. DSC curves of melanoidins isolated from biscuits prepared at high temperature (150°C)
and low temperature (100°C) (HT-BM and LT-BM respectively).

Fig. 2. a) X-ray diffraction patterns and b) Zeta potential (ZP) of melanoidins isolated from
biscuits prepared at high temperature (150°C) and low temperature (100°C) (HT-BM and LT-BM
respectively).

Fig. 3. FT-IR spectra of melanoidins isolated from biscuits prepared at high temperature (HT-
BM) and low temperature (LT-BM) in the 3800-650 cm™! region.

Table 1. Chemical characterisation, absorbance parameters (K,o4 and Ky) and antioxidant
capacity (expressed as Trolox equivalent antioxidant capacity (TEAC) according to ABTS, DPPH
and FRAP techniques) determined in the samples

HT-BM* LT-BM*
Content (g/100g) 7.6 £0.32 6.8 £0.3*
K94 (L/g.cm) 14.0 + 0.30° 2.50 £ 0.04°
Ky (L/g.cm) 3.75+€ 0.30° 1.5+0.02°
Chemical characterisation
Proteins (%) 52.0 £2.0° 57.5+3.6%
Carbohydrates (%) 2844278 34.6 £2.02
Phenolic groups (%) 19.5+2.6° 7.8+0.3b

Antioxidant activity

TEACprs (mmol Trolox/g) 274.96 +£21.61* 78.38 +£26.57°

TEACpppy (mmol Trolox/g)  7.69 + 3.10* ob

TEACgrap (mmol Trolox/g)  0.14+£0.010¢  0.03 +0.001°

Results are expressed as mean =+ standard deviation. Values in the same line followed by
different superscript letters are significantly different (p<0.05).
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* HT-BM and LT-BM for high temperature (150°C/25min) and low temperature (100°C/80min)
biscuit melanoidin respectively.
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