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a b s t r a c t
Protein crosslinking via the Maillard reaction has been shown to alter the functional properties of several
food proteins, but the potential to use this chemistry to alter the functional performance of cocoa proteins
has yet to be fully explored. This study investigated the potential of employing cocoa protein crosslinking
during processing. Cocoa protein solutions were extracted from dried cocoa beans and the resulting cocoa
protein solutions were treated with 2–300 mM glutaraldehyde and methylglyoxal, which established
model compounds for Maillard crosslinking chemistry. SDS–PAGE analysis showed remarkably few crosslinks of the cocoa protein solutions, although lysine and particularly arginine availability were both
reduced during the incubations. These results suggest that cocoa proteins are not greatly susceptible
to intermolecular cross-linking via Maillard chemistry, perhaps due to non-cross-linking modiﬁcations
to the arginine residues, and/or to interference from high levels of polyphenols in the cocoa bean.
Ó 2012 Elsevier Ltd. All rights reserved.

1. Introduction
Proteins are the second most abundant constituent of cocoa
beans, which are comprised of lipid (62.9%), protein (17.5%), ﬁbre
(5.9%), water (5%), theobromine (2.9%), calcium (29.2 mg/100 g)
and phosphorous (201 mg/100 g) (Aremu, Agiang, & Ayatse, 1995).
Cocoa proteins include albumins (water-soluble), globulins (saltsoluble), prolamins (alcohol-soluble) and glutelins (soluble in dilute
acids or alkali) (Zak & Keeney, 1976). The proteins of cocoa beans
have been described as 52% albumin and 43% globulins (Voigt, Biehl,
& Wazir, 1993). Changes in the protein composition of cocoa beans
have been noted during fermentation and roasting (de Brito et al.,
2000). During fermentation, total measurable cocoa proteins, along
with the albumin fraction, have been shown to increase with time,
while the globulin fraction decreased (Amin, Jinap, & Jamilah, 1997;
Voigt et al., 1993). Moreover, peptide–nitrogen and free amino acids
increased with fermentation time, while total protein concentration
decreased (Adeyeye, Akinyeye, Ogunlade, Olaofe, & Boluwade,
2010; de Brito et al., 2000; Hashim, Selamat, Muhammad, & Ali,
1998). During roasting, the albumin fraction was shown to decrease
from 35.65% to 18.10% (Abecia-Soria, Pezoa-Garcia, & Amaya-Farfan, 2005); total protein and free amino acids also decrease with
roasting time (Abecia-Soria et al., 2005; de Brito et al., 2000).
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Roasting of cocoa beans generates cocoa aroma and ﬂavour via
the Maillard reaction. During roasting, the reactive carbonyl groups
of sugars interact with the nucleophilic amino groups of amino acid
residues (Granvogl, Bugan, & Schieberle, 2006). Through the Maillard reaction, all of the cocoa aroma precursors interact to produce
cocoa ﬂavour components, such as alcohols, carboxylic acids,
aldehydes, ketones, esters, pyrazines and amines. Cocoa speciﬁc
aroma has been described in terms of sweet, nutty, caramel and
chocolate-like notes associated with trimethylpyrazine, tetrameth
ylpyrazine, 2,3-butanediol, dodecanoic acid, phenylethyl alcohol,
ethanone, benzeneacetaldehyde and 1,4-bis(morpholinoacetyl)
piperazine (Misnawi & Ariza, 2011).
The Maillard reaction of proteins does not only result in the
generation of ﬂavours and colours, but also changes the texture
of foods if protein cross-linking occurs (Gerrard, 2002). Protein–
protein cross-links have been shown to inﬂuence the gelation of
globular proteins such as egg white, bovine serum albumin and
soy protein isolate (Kaye, Easa, & Ismail, 2001; Mitchell & Hill,
1995; Sun, Hayakawa, & Izumori, 2004). When covalent bonds
are formed between these proteins via the Maillard reaction, the
solubility of the protein is reduced, leading to changes in the rheological properties and the water holding capacity of the gel (Kaye
et al., 2001; Mitchell & Hill, 1995; Sun et al., 2004). Gluten proteins
are also susceptible to protein–protein cross-linking, which
reduced loaf size and improved the crumb strength of bread
(Gerrard, Brown, & Fayle, 2003a).
Model studies of the Maillard crosslinking of food proteins have
employed efﬁcient cross-linkers, such as methylglyoxal and glutaraldehyde to mimic the impact of in situ Maillard crosslinking
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2. Materials and methods

measured using a FLUOstar OPTIMA – ﬂuorescence plate reader
(BMG LABTECH, Ortenberg, Germany) at excitation/emission
wavelengths of 320/485–12 nm (gain at 1000 units) in a Greiner
microplate. The concentration of lysine residues in the samples
was quantiﬁed by comparison of the ﬂuorescence intensity to the
values from the standard curve. The measurement was carried
out six times for each sample.

2.1. Sample preparation

2.5. Determination of arginine residue

Dried, non-roasted cocoa beans (Theobroma cacao) used in this
experiment were of the Forastero variety and obtained from a local
farm in the South of Thailand. Dried cocoa beans were cracked to
remove shells and germs. The non-roasted cocoa nibs were ﬁnely
ground to produce cocoa mass using a rotor mill at 12,000 rpm,
at room temperature. The cocoa mass was then defatted by Soxhlet
apparatus for 24 h using hexane. Cocoa proteins were extracted
from defatted cocoa mass using either 0.5% SDS-0.05 M phosphate
buffer, pH 6.9 or 1% (v/v) 2-mercaptoethanol-8 M urea. Cocoa samples (0.1 g) were weighed into 1.5 ml Eppendorf tubes and combined with 1 ml of the extraction reagent. The samples were
mixed every 5 min for 1 h using a vortex mixer. After centrifugation at 3000g for 10 min the clariﬁed supernatants were pooled.
The precipitates were further extracted with 0.5 ml of extraction
buffer. The clariﬁed supernatants were pooled and stored at
18 °C (Yasir, Sutton, Newberry, Andrews, & Gerrard, 2007). All
extractions were carried out in duplicate.

Arginine residues were estimated by a ﬂuorometric method
using 9,10-phenanthrenequinone (Schmitt, Schmitt, Münch, &
Gasic-Milencovic, 2005). The incubated samples (100 ll) were
added to 300 ll of 9,10-phenanthrenequinone (Sigma–Aldrich,
MO, USA) (670 lM in absolute ethanol) before 50 ll of 2 M sodium
hydroxide was added. The mixtures were vortexed and incubated at
60 °C for 3 h. The samples were vortexed every 30 min during the
incubation. Subsequently, 450 ll of 2 M hydrochloric acid was
added to the mixture, which was vortexed. The samples (200 ll)
were loaded into microplates and the ﬂuorescence intensity measured at excitation/emission wavelengths of 320/390–10 nm (gain
set at 1000 units) using a FLUOstar OPTIMA – ﬂuorescence plate
reader (BMG LABTECH, Ortenberg, Germany). The concentration of
arginine residues in the samples was quantiﬁed by comparison to
a standard curved obtained from 0–0.12 mM N-a-acetyl-L-arginine.
The determination was repeated six times for each sample.

(Gerrard, Brown, & Fayle, 2002, 2003b; Meade, Miller, & Gerrard,
2003). This work aimed to extend this work to the proteins of cocoa by using glutaraldehyde and methylglyoxal as crosslinkers to
investigate the potential of crosslinking on the functionality of cocoa proteins.

2.6. Protein quantiﬁcation
2.2. In vitro incubations
Cocoa protein solutions (180 ll) were pipetted into Eppendorf
tubes and combined with 20 ll of glutaraldehyde or methylglyoxal
(Sigma–Aldrich, MO, USA) stock solutions, which varied according
to the desired ﬁnal concentration (2, 5, 10, 20, 50, 100, 200 and
300 mM). The ﬁnal volume was 200 ll. Incubations were carried
out at room temperature (20–25 °C) for 2 h. All incubations were
carried out in duplicate.
2.3. SDS–PAGE analysis
Protein–protein crosslinking was monitored by in-house
electrophoretic methods (Fayle et al., 2001). All materials were
obtained from Invitrogen Corporation (CA, USA). The NuPAGE
LDS sample buffer (5 ll) was added to 20 ll of the incubated samples and the mixtures were heated at 70 °C for 10 min before centrifugation with a Spectrafuge 16 M Mini Centrifuge (Labnet, NJ,
USA) at 5000 rpm for 5 min. The samples (10 ll for extractions in
0.5% SDS-0.05 M phosphate buffer or 3 ll for extractions in 1%
(v/v) 2-mercaptoethanol-8 M urea) were loaded on NuPAGE
4–12% Bis–Tris gels and the gels run at a constant 200 V for
50 min. All samples were analysed in duplicate.
2.4. Determination of lysine residues
Lysine availability was monitored by a modiﬁcation of the
o-phthaldialdehyde (OPA) method as previously described (Gerrard et al., 2003b). The OPA (Sigma–Aldrich, MO, USA) reagent
was prepared by mixing 25 ml bicine (1.6% (w/v), pH 9.4) with
40 mg of OPA dissolved in 1 ml methanol and 100 ll of 2-mercaptoethanol. The ﬁnal volume of OPA reagent was adjusted to 50 ml
with 1-propanol. The standard curve of ﬂuorescence intensity was
prepared using 0–4 mM of N-a-acetyl-L-lysine. The incubated samples (50 ll) were added to Eppendorf tubes containing 950 ll of
OPA reagent and mixed by vortexing, then incubated for 2 min at
room temperature before their ﬂuorescence intensity was

Quantiﬁcation of the protein content of defatted cocoa was performed by measuring total nitrogen by the Kjeldahl method (AOAC
970.22, 2000). Protein nitrogen was converted to mg protein using
the coefﬁcient 6.25. The measurement was performed in triplicate.
2.7. Determination of protein in the extracts
The protein content of extracted cocoa protein solutions was assessed using the Bradford method (Bradford, 1976). Bradford reagent was obtained from BioRad (NSW, Australia). A standard
curve plotting absorbance versus concentration was obtained
using bovine serum albumin in the concentration range 10–
100 lg/ml. The incubated samples (20 ll) were added to Eppendorf tubes containing 780 ll of distilled water, then 200 ll of
Bio-Rad Bradford reagent was added and the samples were brieﬂy
vortexed. The mixture was left at room temperature for 6 min and
subsequently the absorbance was read at 595 nm. The concentration of the extracted protein solutions were quantiﬁed from the
standard curve. The measurement was repeated six times.
2.8. Total polyphenol content
The total phenols were determined using the Prussian Blue assay (de Brito, García, & Amâncio, 2002). The sample (50 ll) was
added to 25 ml of distilled water, followed by the addition of
1.5 ml of 0.1 M FeNH4(SO4)2 in 0.1 M HCl. After exactly 20 min,
0.008 M K3Fe(CN)6 1.5 ml was added. The absorbance was read
after 20 min at 720 nm. A standard curve was constructed using
tannic acid. The measurement was carried out six times.
2.9. Statistical analysis
Signiﬁcance differences between means were determined by
analysis of variance (ANOVA), using the SPSS statistical programme.
The level of signiﬁcance used was 95%.
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3. Results and discussion
3.1. Extraction of cocoa proteins
The protein content of defatted cocoa beans was determined by
the Kjeldahl method to be 213.7 mg proteins/g (Table 1), in general
agreement with published data for unroasted cocoa beans (de Brito
et al., 2000). Cocoa proteins were extracted using two different
extraction buffers, following the methods of Yasir et al. (2007)
and the protein content in the extracted samples was analysed
by the Bradford method. As shown in Table 1, the two extraction
buffers led to different yields of solubilised proteins. Using buffer
containing 2-mercaptoethanol and 8 M urea enabled extraction
of approximately 4.5-fold more cocoa proteins, presumably due
to the reduction of disulphide bonds and protein unfolding. The
proteins extracted with the SDS buffer (Section 2.1) yielded only
15.6 mg/g defatted cocoa particles, suggesting that most of the cocoa proteins remained present as insoluble complexes. Consistent
with this, cocoa proteins extracted with 1% (v/v) 2-mercaptoethanol-8 M urea showed a higher content of 70.1 mg/g. Extraction of protein from defatted cocoa particles with the SDS- and
urea-containing buffers (Section 2.1) left unextractable proteins,
approximately 92.7% and 67.2% of proteins, respectively. This result suggests that the cocoa proteins might form strong complexes
with other compounds in the cocoa bean, such as the insoluble
protein/tannin complexes from oxidative polymerisation of polyphenols during cocoa fermentation (Redgwell, Trovato, & Curti,

Table 1
Protein contents of defatted non-roasted cocoa particles.
Samples

Protein content
(mg/g)

% Protein
yieldC

Defatted non-roasted cocoa particlesA
Proteins extracted with 0.5% SDS-0.05 M
phosphate buffer, pH 6.9B
Proteins extracted with 1%(v/v) 2mercaptoethanol-8 M ureaB

213.7c
15.6a

–
7.3

70.1b

32.8

a,b,c
A
B
C

Signiﬁcant differences amongst means (P 6 0.05) n = 6.
From Kjeldahl analysis.
From Bradford analysis.
As percent of total protein in defatted non-roasted cocoa particles.
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2003). Moreover, glycoproteins have been reported in the cytoplasm of cocoa seed (de Brito et al., 2000).
SDS–PAGE analysis of the two extracts showed that they
contained overlapping proﬁles of individual proteins (compare
the second lane in Figs. 1a and 2a to lane 2 of Figs. 1b and 2b). Proteins extracted from defatted cocoa mass with SDS-containing buffer gave four major bands, 47, 21, 14.5 and below 10 kDa, on the
SDS–PAGE (Fig. 1a, lane 2; Fig. 2a, lane 2). The polypeptides with
the molecular weights of 14.5 and 47 kDa were consistent with
previously reported molecular weights for the globulin proteins
(Amin et al., 1997; Voigt et al., 1993) and the most prominent
protein, with the molecular weight of 21 kDa, was likely to be albumin, as previously reported in the literature (Amin et al., 1997;
Buyukpamukcu et al., 2001; Lerceteau, Rogers, Pétiard, & Crouzillat, 1999). The polypeptide with a molecular weight below
10 kDa was possibly a breakdown product generated during fermentation (Buyukpamukcu et al., 2001).
The sample extracted with urea (Fig. 1b, lane 2; Fig. 2b, lane 2)
had an additional two protein species, one in the region between
80 and 110 kDa, and another at 31 kDa. The 31 kDa polypeptide
was possibly the globulin previously reported by Kratzer et al.
(2009) and Lerceteau et al. (1999).
3.2. Incubation of extracted cocoa proteins with glutaraldehyde and
methyl glyoxal
Following previous methods (Yasir et al., 2007), both protein
extracts were treated with various concentrations of glutaraldehyde and methylglyoxal at room temperature for 2 h. SDS–PAGE
analysis of cocoa proteins extracted with SDS-containing buffer
and incubated with glutaraldehyde are shown in Fig. 1a. The extracted proteins were not seen to crosslink until the concentration
of glutaraldehyde reached over 10 mM, at which point the loss of
individual protein bands was accompanied by a smearing of bands,
particularly at high glutaraldehyde concentrations. Again, the SDS–
PAGE proﬁles of cocoa proteins extracted with urea and incubated
with different concentrations of glutaraldehyde are presented in
Fig. 1b. In this case, little crosslinking is seen. Fig. 1b shows slight
loss of protein in the 31, 47 and 80–110 kDa proteins when
concentrations of glutaraldehyde were increased, but the proteins
at 21, 14.5 kDa and between 3.5 and 10 kDa appear resistant to

Fig. 1. SDS–PAGE proﬁle of cocoa protein incubated with 2, 5, 10, 20, 50, 100, 200 and 300 mM glutaraldehyde, extracted with SDS-containing buffer (a) and extracted urea
(b).
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Fig. 2. SDS–PAGE proﬁle of cocoa protein incubated with 2, 5, 10, 20, 50, 100, 200 and 300 mM methylglyoxal, extracted with SDS-containing buffer (a) and extracted with
urea (b).

intermolecular crosslinking. These data indicated that only a few
proteins, particularly those with high molecular weights, were
cross-linked by glutaraldehyde.
This result is in contrast to results reported on other food proteins crosslinked with glutaraldehyde. Gelatin was reported to be
crosslinked by 0.05% glutaraldehyde, with the extent of crosslinking increasing with glutaraldehyde concentration up to a maximum value of about 98% at 1% wt glutaraldehyde (Bigi, Cojazzi,
Panzavolta, Rubini, & Roveri, 2001). The proteins bovine albumin
and casein, crosslinked with glutaraldehyde (volume fraction
0.25%), increased their molecular mass by 20- and 40-fold, respectively (Silva, Sousa, Gübitz, & Cavaco-Paulo, 2003). Gerrard et al.
(2003a) reported that wheat protein fractions (albumins and globulins, gliadins, SDS-soluble glutenins and SDS-insoluble glutenins)
incubated with 10 mM glutaraldehyde formed intermolecular
crosslinks immediately upon addition of glutaraldehyde. In legume
lectins, 1% glutaraldehyde can induce cross-linking (Chatterjee &
Mandal, 2003) and Yasir et al. (2007) found that soy proteins
quickly formed intermolecular crosslinks with incubation of
1 mM glutaraldehyde at 30 °C.
The SDS–PAGE results of cocoa proteins extracted with 0.5%
SDS-0.05 M phosphate buffer, pH 6.9 and treated with methylglyoxal did not show any crosslinking until the concentration of
methylglyoxal reached 50 mM (Fig. 2a). The 47, 21, 14.5 kDa and
smaller protein bands were lost, with a concomitant increase in
smeared higher molecular weight material (Fig. 2a). The SDS–PAGE
proﬁles of cocoa proteins extracted with 1% (v/v) 2-mercaptoethanol–8 M urea and incubated with different concentrations
of methylglyoxal observed a similar effect to that observed with
glutaraldehyde (Fig. 2b). The results suggest that the intermolecular cross-linking of cocoa proteins via the Maillard reaction occurred to only a minor extent in the extracts. In contrast, other
proteins can be more effectively cross-linked with methylglyoxal.
Bovine serum albumin showed crosslinking with 10 mM methylglyoxal at 37 °C after incubating for 2 h (Uchida et al., 1997). RNase
A from bovine pancreas formed crosslinks immediately upon addition of methylglyoxal (Miller & Gerrard, 2005).
For incubation with both glutaraldehyde and methylglyoxal,
visual inspection of the samples throughout the incubation
showed that there were precipitates at the bottom of the Eppendorf tubes for the more highly crosslinked samples. The precipitate

was quantiﬁed and found e.g. to reach about 1 mg/ml with 300 mM
methylglyoxal, compared to those without cross-linking reagents
(Supplementary Fig. 1a and b).
The results of the SDS–PAGE analysis were consistent with: (i)
the proteins being unreactive to Maillard chemistry compared to
those studied in previous research; (ii) amino acid side chains
being derivatised by glutaraldehyde and methylglyoxal, but the adducts not proceeding to form crosslinks; or (iii) that intramolecular
crosslinks were formed preferentially to intermolecular crosslinks.
To distinguish between the ﬁrst scenario and the other two, the
two most Maillard reactive amino acid residues, lysine and arginine, were examined during the reaction.
3.3. Loss of lysine residues
The lysine residues in cocoa protein extracted with SDS-containing buffer, and buffer containing urea were analysed using the
established OPA assay (Gerrard et al., 2003a) and remained
unchanged when they were incubated with 0–10 mM glutaraldehyde and methylglyoxal (Fig. 3). However, lysine residues started
to decline signiﬁcantly after the concentration of the cross-linking
reagent exceeded 20 mM. Lysine residue loss was more pronounced
with glutaraldehyde than methylglyoxal (Fig. 3). In contrast, glutaraldehyde had an immediate reaction with wheat proteins in vitro,
although the reaction was least effective in the gliadin fraction
(Gerrard et al., 2003a). Marquie (2001) also reported that glutaraldehyde reacted effectively with lysine residues in cotton seed
protein.
3.4. Loss of arginine residues
Available arginine residues were analysed in an analogous manner to that used for the lysine residues and were also found to be
signiﬁcantly reduced when the samples were incubated with glutaraldehyde and methylglyoxal (Fig. 4). Arginine residues were
completely removed by methylglyoxal, consistent with the known
reactivity of this compound (Lederer & Klaiber, 1999). Fig. 4 demonstrates that complete loss of measurable arginine residue occurred at concentrations of glutaraldehyde and methylglyoxal
higher than 50 and 5–10 mM, respectively, in both buffers. This
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Fig. 3. Lysine residue analysis of cocoa proteins extracted with SDS-containing buffer (A) and urea (B), incubated with various concentrations of glutaraldehyde and
methylglyoxal. Error bars represent the standard error of the mean of six replicate measurements.
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Fig. 4. Arginine analysis of cocoa proteins extracted with SDS-containing buffer (A) and urea (B), incubated with various concentrations of glutaraldehyde and methylglyoxal.
Error bars represent the standard error of the mean of six replicate measurements.

points towards the lack of crosslinking observed being due to noncrosslinking modiﬁcations on the arginine residues.

crosslinking observed in this study, although more work would
be required to substantiate this hypothesis.

3.5. Polyphenol content

4. Conclusion

It has been previously suggested that the presence of polyphenols can reduce the extent of Maillard chemistry in cocoa beans
during roasting (Misnawi, Jinap, & Jamilah, 2004; Noor-Soffalina,
Jinap, Nazamid, & Nazimah, 2009). Totlani and Peterson (2005) reported that epicatechin reacted directly with sugar fragments such
as methylglyoxal. The total polyphenol content of the extracted cocoa samples was therefore measured during the course of the reaction (Supplementary Fig. 2) and found to be present in signiﬁcant
concentrations. This may also explain some of the smearing witnessed in the SDS–PAGE, if the polyphenol complexes with the proteins, as suggested by Kusuda, Hatano, and Yoshida (2006). This
provides a further possible explanation for the limited extent of

This study revealed that much of the protein in non-roasted
cocoa beans cannot be extracted using aqueous buffers. Incubation
of the extracted proteins with various concentrations of glutaraldehyde and methylglyoxal led to a reduction in both lysine and arginine residues and limited crosslinking at high concentrations of
crosslinking reagent. The loss of arginine residues was particularly
marked. These data suggest that the cross-linking reagents derivatised amino acid side-chains, but did not proceed to full intermolecular protein cross-linking.
The total amount of soluble polyphenols in the dried fat-free
mass of fresh cocoa beans is 15–20%. The major groups of polyphenols in cocoa beans are catechins or ﬂavan-3-ols (ca. 37%),
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anthocyanins (ca. 4%) and proanthocyanidins (ca. 58%) (Wollgast &
Anklam, 2000). Polyphenols have been reported to reduce the
Maillard reaction of cocoa beans during roasting (Misnawi et al.,
2004; Noor-Soffalina et al., 2009; Totlani & Peterson, 2006). It is
suggested that that polyphenols in cocoa interfere with the Maillard reaction, which limits the opportunities for exploiting Maillard
crosslinking chemistry in cocoa bean processing.
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