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Maillard reaction in Natural Rubber (NR) latex was investigated by treating fresh NR latex with glutaraldehyde (C5 H8 O2 ) in
amounts of 0, 50, 100, and 200 mmol/kg of latex. Protein cross-linking in fresh NR latex and solid NR was confirmed by
using sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) and attenuated total reflection infrared (ATR-IR)
spectroscopy, respectively. It was found that degree of protein cross-linking in NR increased with increasing C5 H8 O2 concentration.
Physical properties of untreated and treated NR substances in terms of gel content, initial Wallace plasticity (𝑃0 ), plasticity retention
index (PRI), Mooney viscosity, and tensile strength were carefully explored. Results clearly showed that the Maillard cross-linking
of proteins had remarkable effect on bulk NR properties, that is, solvent resistance, hardness, resistance to oxidation, rheological
behavior, and resistance to stretching out.

1. Introduction
Natural Rubber (NR), the naturally occurring elastomer in
the form of latex obtained from the Hevea brasiliensis tree,
is an industrially significant polymer. Its various applications and products cover the fields of medicine, laboratory,
chemistry, technology, and engineering, either alone or in
combination with other materials. Currently, rubber is harvested mainly in the form of the latex from certain trees
by making incisions into the bark and collecting the fluid
in vessels in a process called “tapping.” Fresh NR latex is
composed of about 25–35% rubber fraction and 5% nonrubber components, with water accounting for the remaining
[1, 2]. The solid NR is chemically 94% cis-1,4-polyisoprene
and contained 6% nonrubber components such as lipids,
proteins, carbohydrates and inorganic salts as well [3]. The
in-depth structural analysis revealed that each NR molecule
contains 2-trans-isoprene units connected to a long-chain of
cis-isoprene and two terminal groups. These terminal groups

are joined with mono- and/or diphosphate groups of some
phospholipids at one position and with a dimethyl allyl group
of proteins at the other by hydrogen bonding. It is well established that rubber molecules in NR are composed of longchain branched structure [4]. Proteins in NR were presumed
to form branch-points via hydrogen bonding between the
rubber chains. Proteins in NR play an important role in
controlling NR properties [5]. The accelerated degradation of
saponified skim rubber due to the decrease of nitrogenous
substances acting as antioxidants after saponification was
also reported [6]. Unpurified NR presents shorter cure time
than purified NR because there are some phospholipids and
proteins acting as natural accelerators for curing reaction
[7]. Maillard reaction is a type of nonenzymatic browning
which involves the reaction of carbonyl groups and amines
of proteins. The chemistry underlying the Maillard reaction
is very complex because a wide range of reaction products
are formed [8]. Maillard reaction plays an important role
in food processing which results in the formation of aroma,
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taste, and color and appearance in foods [9–11]. The improved
thermal stability of modified soy protein concentrate resin
could be attributed to the cross-links formed by glutaraldehyde with soy protein concentrate [12, 13]. Maillard reaction
also plays important role in reducing allergenic protein
and increasing mechanical properties of NR products by
introducing banana skin powder in NR latex due to its good
sources of nutrients where Maillard reaction occurred in
cross-link with the proteins in NR latex [14]. The formation
of brownish compounds by Maillard reaction occurred in
NR containing glucose after vulcanization process due to
the presence of N-cyclohexylbenzothiazole-2-sulfenamide
(CBS), a nitrogenous accelerator [15]. In this work, proteins
in fresh NR latex were cross-linked by direct application of
the Maillard reaction in fresh NR latex before the solid NR
was prepared by evaporation technique. Protein cross-linking
in fresh NR latex and solid NR was characterized. Changes
of physical properties of solid NR in terms of gel content,
initial Wallace plasticity, plasticity retention index, Mooney
viscosity, and tensile strength were disclosed.

2. Materials and Methods
2.1. Materials. Glutaraldehyde (25% solution), ammonium
hydroxide (25% solution), and toluene were purchased from
Sigma-Aldrich. The original pH of glutaraldehyde (C5 H8 O2 )
was adjusted to be a neutral pH by using potassium carbonate
(K2 CO3 ) before being used. Fresh NR latex was obtained
from rubber plantation in Rayong Province, Thailand. Total
solid content (TSC), dry rubber content (DRC), and nonrubber content (NRC) of fresh NR latex, determined according
to ISO 2004, were 38.16%, 35.79%, and 2.37%, respectively.
2.2. Sample Preparation. Glutaraldehyde (C5 H8 O2 ) was
added to fresh NR latex in amounts of 0, 50, 100, and
200 mmol/kg of latex. The latex mixture was continuously
stirred for 1 h at room temperature and then added with
ammonium hydroxide (NH4 OH) solution to keep the alkalinity of the latex at 0.7%. Solid NR films were prepared
by casting the latex mixture on the glass plate and then
putting it in an oven for 48 h at 60∘ C. Solid NR sheets were
also prepared by passing solid NR films through the gap
between the rolls of laboratory mill. The rolls were cooled
with the running water at room temperature and the final
sheet thickness was 1.6 to 1.8 mm.
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attenuated total reflection infrared (ATR-IR) spectroscopy
according to ASTM: E573-01. NR film was put on the sample
holder and then was examined using ATR-IR technique.
The measurement conditions were as follows: crystal: ZnSe,
angle: 45 degrees, light source: middle range infrared (4000–
650 cm−1 ), resolution: 4 cm−1 , and detector: TGS. Changes
in peak area at wavenumbers 1,480–1,575 cm−1 , referring
to amide band (C-N stretching and N-H bending), were
recorded.
2.4. Physical Properties. Gel content in NR was evaluated
according to ISO/TC 45/SC 3 N 1166. About 0.1 g of NR sheets
with approximately 1 mm3 size was immersed into 30 cm3
of toluene in the centrifuge tube. The tube was capped and
shaken by hand for a few seconds and then allowed to stand
for 16 to 20 h without stirring at 25∘ C. After completion of
soaking the sample in the solvent, the tube was shaken by
hand vertically for 60 sec to disperse the jelly-like precipitate
at the bottom and then placed in the centrifuge machine at
14,000 rpm for 2 h. The tube was removed from the machine
and the liquid was pipetted from the tube. About 1 mL of
acetone was added to the tube to precipitate the gel fraction.
The gel fraction was then peeled off and dried for 1 h at 110∘ C.
The procedure was repeated 2 times for each sample. Gel
content was given by the expression
Gel content (%) = (

(1)

where 𝑚0 is the mass of the original test piece and 𝑚1 is the
mass of the dried precipitant.
Plasticity of NR was determined by using Wallace rapid
plastimeter. The method used to measure the plasticity of
NR was modified from the method of ASTM D3194-02.
The test pieces were cut from the solid NR sheets with the
Wallace punch. The test pieces were inserted into Wallace
ageing chamber for 15 min at 140∘ C, removed, and allowed
to cool at room temperature. Plasticity of the unaged sample
(𝑃0 ) and plasticity of aged sample (𝑃15 ) were obtained by
measuring the thickness change of the unaged and aged test
pieces, respectively, before and after they were compressed
under constant compressive force of 100 N at 100∘ C for 15 sec.
The median of three pieces was taken as the plasticity value.
The plasticity relation index (PRI) was calculated using the
expression
PRI = (

2.3. Characterization. Protein profiles in the latex mixture were analyzed by using sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) according to
Laemmli [16]. Proteins were separated from fresh NR latex
by using 15% polyacrylamide gel electrophoresis with a MiniPROTEAN II cell (Bio-Rad, Hercules, CA) at a constant
current of 15 mA per gel for 80 min. After separation, the
protein bands were stained with Coomassie Brilliant Blue R250 and then destained with a solution containing of glacial
acetic acid, methanol, and water. A prestained protein marker
(14.4–116.0 kDa) was used as molecular weight standard.
Protein cross-linking in NR films was also examined by

𝑚1
) × 100,
𝑚0

𝑃15
) × 100,
𝑃0

(2)

where 𝑃0 is the initial Wallace plasticity of the unaged test
piece and 𝑃15 is the plasticity of the aged test piece after ageing
for 15 min at 140∘ C.
Mooney viscosity (MS1 + 4) of NR was examined by using
TECHPRO Mooney viscometer. The temperature of testing
was 100 ± 1∘ C and the small size rotor was used. The NR
sheets were preheated at 100∘ C for 1 min with continuous
shear for 4 min. The measurement was repeated 3 times for
each sample.
Tensile strength of NR was determined by using an
Instron universal testing machine model 5566 at room
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Table 1: Peak area of amide II band at wavenumber 1,561 cm−1 in
ATR-IR spectra of NR films obtained from untreated and treated
fresh NR latex.
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Figure 1: SDS-PAGE analysis of protein profiles: (1) untreated fresh
NR latex, (2–4) fresh NR latex treated with C5 H8 O2 50, 100, and
200 mmol/kg of latex.

O

O + (n − 1) Protein
O

NH2

O

n−2

O

O + (n − 1)H O
2
N

60
40
20
0
1475

N

n−2

Protein

80

Protein

Transmittance (%)

100

(b)

1525

1575
1625
1675
Wavenumber (cm−1)

0 mmol/kg of latex
50 mmol/kg of latex

1725

1775

100 mmol/kg of latex
200 mmol/kg of latex

Figure 2: ATR-IR spectra of NR films obtained from untreated and
treated fresh NR latex.

temperature. The testing crosshead speed of 500 mm/min and
the load cell of 1 kg were used. The NR films were stamped
out using a type C dumbbell die according to ASTM D41297. The thickness of test pieces was 0.5–1.5 mm. Five pieces of
each sample were used for the test.

3. Results and Discussion
3.1. Characterization of Protein Cross-Linking. Protein profiles in fresh NR latex samples are shown in Figure 1. Lane
1 showed proteins in untreated fresh NR latex containing
molecular weight from 14.4 to 116 kDa. It revealed that major
protein bands were disappeared after adding C5 H8 O2 to fresh
NR latex, suggesting cross-linking of proteins to products
with higher molecular weight [9–11, 17–21].
Protein cross-linking was also confirmed in NR films
by ATR-IR spectroscopy. The ATR-IR spectra of NR films
obtained from untreated and treated fresh NR latex are shown
in Figure 2. The most distinctive spectral features for proteins

Figure 3: Proposed mechanisms for cross-linking of proteins by
C5 H8 O2 via Maillard reaction [9], glutaraldehyde.

are the strong amide I and amide II bands. Amide I band
(1,600–1,690 cm−1 ) is referring to C=O stretching and amide
II band (1,480–1,575 cm−1 ) is corresponding to C-N stretching and N-H bending [20]. As shown in Table 1, changes
in peak area of amide II band at wavenumber 1,561 cm−1
in the ATR-IR spectra of the NR films were observed after
treating fresh NR latex with C5 H8 O2 . Peak area of amide II
band was continuously decreased with increasing C5 H8 O2
concentration. It was explained that the aldehyde groups of
C5 H8 O2 might combine with nitrogen atoms of proteins,
forming Michael addition to double bonds with numerous
terminal formyl groups and quaternary pyridinium crosslink [17–19]. Mechanism of protein cross-linking by C5 H8 O2
is shown in Figure 3. The data from SDS-PAGE technique and
ATR-IR spectroscopy could be used to confirm the Maillard
cross-linking of proteins in the fresh NR latex.
3.2. Physical Properties of NR. The role of Maillard protein
cross-linking in the physical properties of NR was investigated through gel content, initial Wallace plasticity, plasticity
retention index, Mooney viscosity, and tensile strength of NR.
Figure 4 shows gel content in NR substances obtained
from untreated fresh NR latex and the fresh NR latex treated
with different concentrations of C5 H8 O2 . In contrast to

4
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Figure 4: Gel content in NR obtained from the fresh NR latex
treated with different concentrations of C5 H8 O2 .

Figure 6: Plasticity retention index (PRI) of NR obtained from the
fresh NR latex treated with different concentrations of C5 H8 O2 .
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Figure 5: Initial Wallace plasticity (𝑃0 ) of NR obtained from the
fresh NR latex treated with different concentrations of C5 H8 O2 .

untreated NR, treated NR substances contained more gel
content values. This implied that treated NR substances were
hardly dissolved in a solvent (toluene). It has long been
recognized that there are two components called sol and gel
in NR [4, 21, 22]. The sol fraction dissolves easily in a good
solvent such as toluene, cyclohexane, and tetrahydrofuran.
The gel fraction swells without dissolving. From the result
in Figure 4, it might be due to the fact that two or more
NR molecules might be linked together through cross-linking
of proteins at chain-ends of NR molecules (as evidenced by
SDS-PAGE technique and ATR-IR spectroscopy), resulting in
an increase of molecular weight of NR. It is widely accepted
that solubility of NR in a solvent is mainly dependent on its
molecular weight [23]. The higher molecular weight values,
the lower solubility of NR. However, gel content in treated
NR substances was slightly increased with increasing C5 H8 O2
concentrations. It was remarkable that applying Maillard
reaction in fresh NR latex could provide NR with more
resistantce to solvent solubility.
Figures 5 and 6 present the change of plasticity of NR
obtained from untreated fresh NR latex and fresh latex
treated with different concentrations of C5 H8 O2 . It is found
from Figure 5 that initial Wallace plasticity (𝑃0 ) of treated
NR substances was higher than that of untreated NR. 𝑃0
values tended to increase continuously with rising C5 H8 O2
concentration. This indicated that protein cross-linking in

0
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200
C5 H8 O2 concentration (mmol/kg of latex)

Figure 7: Mooney viscosity of NR obtained from the fresh NR latex
treated with different concentrations of C5 H8 O2 .

the fresh NR latex led to obtaining NR with more rigid property. In fact, cross-linking of proteins might occur in proteins
adsorbed on NR particles as well as proteins dissolved in
water phase through the Maillard reaction. Hence, it might
lead to the formation of network structure of proteins in
NR matrix [24–26], as evidenced by SDS-PAGE technique
and ATR-IR spectroscopy. These protein networks might
act as rigid-like materials, providing a hardener NR [24].
Interestingly, it is found from Figure 6 that plasticity retention
index (PRI) values of treated NR substances were higher
than that of untreated NR. The PRI values tended to increase
continuously with rising C5 H8 O2 concentration. Normally,
PRI is an indicator to evaluate the resistance of raw NR to
oxidation [27]. The PRI value has been used to control the
quality of NR. The higher PRI values, the better grade of
NR. Hence, cross-linking of proteins in fresh NR latex by the
Maillard reaction could provide higher resistance of NR to
oxidation or lower oxidizability of NR [28, 29].
Change in Mooney viscosity of NR substances received
from untreated fresh NR latex and NR latex treated with
different concentrations of C5 H8 O2 is shown in Figure 7.
Normally, Mooney viscosity is extensively used to measure
the viscosity of raw NR. It is found from Figure 7 that
Mooney viscosity of NR increased continuously with increasing C5 H8 O2 concentration. This indicated that networks of
cross-linked proteins in NR matrix via Maillard reaction,
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Figure 8: Tensile stress at 100%, 300%, and 500% modulus of NR
obtained from the fresh NR latex treated with different concentrations of C5 H8 O2 .

as confirmed by SDS-PAGE and ATR-IR techniques, might
obstruct the flow of NR molecules. The higher degree of
protein cross-linking, the harder flow of NR molecules.
Mooney viscosity of NR has generally depended on molecular
weight and molecular weight distribution, molecular structure such as stereochemistry and branching, and nonrubber
constituents [30]. It should be noted that Maillard crosslinking of proteins could affect the rheological property of
raw NR.
The effect of Maillard cross-linking of proteins in fresh
NR latex on the tensile strength of NR is represented in
terms of tensile stress at 100%, 300%, and 500% modulus, as
shown in Figure 8. Obviously, the tensile strength was found
to increase with increasing C5 H8 O2 concentration. It was
thought that two or more NR molecules might be connected
together through cross-linking of proteins at chain-ends
of NR molecules (as evidenced by SDS-PAGE technique),
resulting in an increase of molecular weight of NR. It is wellknown that tensile strength of NR is mostly dependent on
its molecular weight [31–33]. The higher molecular weight
values, the more tensile strength of NR. From this finding, it
should be reported that the Maillard cross-linking of proteins
could provide NR with more resistance to stretching out.
Normally, sulfur cross-linking of NR molecules is needed for
the NR product manufacturing (such as tires, shoe-soles, and
conveyor belts) in order to obtain NR products with high
performance. Unfortunately, the chemicals used in the sulfur
cross-linking (such as sulfur, accelerators, and activators) are
quite toxic to human and environment. Since the Maillard
cross-linking of proteins in fresh NR latex could increase
the partial strength of solid NR, it might help to reduce the
amount of toxic chemicals used for sulfur cross-linking in the
product manufacturing.

4. Conclusions
Maillard reaction was successfully done in fresh NR latex by
using C5 H8 O2 as Maillard reagent. SDS-PAGE technique and

ATR-IR spectroscopy confirmed the protein cross-linking in
NR. The disappearance of major protein bands was noticed
in treated NR samples, suggesting cross-linking of proteins
to products with higher molecular weight. Reduction of
the peak area of amide II band (C-N stretching and NH bending) at wavenumber 1,561 cm−1 in ATR-IR spectra
of NR films was observed. Physical properties of solid
NR were changed after applying the Maillard reaction in
fresh NR latex. In contrast to untreated NR, treated NR
substances provided more gel content values. Initial Wallace
plasticity (𝑃0 ) and plasticity retention index (PRI) values of
treated NR substances were higher than those of untreated
NR. Mooney viscosity of NR increased continuously with
increasing C5 H8 O2 concentration. Tensile stress at 100%,
300%, and 500% modulus was obviously found to increase
with increasing C5 H8 O2 concentration. From these findings,
it could be inferred that Maillard cross-linking of proteins
in fresh NR latex had the remarkable effect on bulk NR
properties, that is, solvent resistance, hardness, resistance to
oxidation, rheological behavior, and resistance to stretching
out.

Competing Interests
The authors declare that they have no competing interests.

Acknowledgments
The authors would like to thank Cluster and Programme
Management Office (CPMO) for financial support and
National Metal and Materials Technology Center (MTEC) for
instrumental support.

References
[1] D. C. Blackley, Polymer Latices: Science and Technology, Chapman & Hall, London, UK, 2nd edition, 1997.
[2] B. L. Archer and B. C. Sekhar, “The proteins of Hevea brasiliensis
latex: I. Protein constituents of fresh latex serum,” The Biochemical Journal, vol. 61, no. 3, pp. 503–508, 1955.
[3] P. W. Allen and G. F. Bloomfield, Chemistry and Physics of
Rubber-Like Substance, Edited by L. Bateman, Maclaren and
Sons, London, UK, 1963.
[4] J. T. Sakdapipanich and P. Rojruthai, “Molecular structure of
natural rubber and its characteristics based on recent evidence,”
in Biotechnology—Molecular Studies and Novel Applications for
Improved Quality of Human Life, R. Sammour, Ed., InTech, 2012.
[5] J. Tangpakdee and Y. Tanaka, “Characterization of sol and gel
in hevea natural rubber,” Rubber Chemistry and Technology, vol.
70, no. 5, pp. 707–713, 1997.
[6] S. Tuampoemsab, J. Sakdapipanich, and Y. Tanaka, “Influence
of some non-rubber components on aging behavior of purified
natural rubber,” Rubber Chemistry and Technology, vol. 80, no.
1, pp. 159–168, 2007.
[7] C. Nakason, A. Thitithammawong, and S. Wisunthorn, “Effect
of non-rubber components on properties of sulphur crosslinked
natural rubbers,” Advanced Materials Research, vol. 844, pp.
345–348, 2013.

6
[8] J. E. Hodge, “Dehydrated foods: chemistry of browning reactions in model systems,” Journal of Agricultural and Food
Chemistry, vol. 1, no. 15, pp. 928–943, 1953.
[9] J. A. Gerrard, P. K. Brown, and S. E. Fayle, “Maillard crosslinking
of food proteins I: the reaction of glutaraldehyde, formaldehyde
and glyceraldehyde with ribonuclease,” Food Chemistry, vol. 79,
no. 3, pp. 343–349, 2002.
[10] J. A. Gerrard, P. K. Brown, and S. E. Fayle, “Maillard crosslinking
of food proteins II: the reactions of glutaraldehyde, formaldehyde and glyceraldehyde with wheat proteins in vitro and in
situ,” Food Chemistry, vol. 80, no. 1, pp. 35–43, 2003.
[11] J. A. Gerrard, P. K. Brown, and S. E. Fayle, “Maillard crosslinking
of food proteins III: the effects of glutaraldehyde, formaldehyde
and glyceraldehyde upon bread and croissants,” Food Chemistry,
vol. 80, no. 1, pp. 45–50, 2003.
[12] S. Chabba and A. N. Netravali, “‘Green’ composites part 1:
characterization of flax fabric and glutaraldehyde modified soy
protein concentrate composites,” Journal of Materials Science,
vol. 40, no. 23, pp. 6263–6273, 2005.
[13] S. Chabba and A. N. Netravali, “‘Green’ composites part 2:
characterization of flax yarn and glutaraldehyde/poly(vinyl
alcohol) modified soy protein concentrate composites,” Journal
of Materials Science, vol. 40, no. 23, pp. 6275–6282, 2005.
[14] T. M. Goh, Film behaviour of natural rubber latex treated with
banana skin [Ph.D. thesis], Universiti Malaysia Pahang, 2012,
http://iportal.ump.edu.my/lib/item?id=chamo:76344&.
[15] A. Nimpaiboon and J. Sakdapipanich, “A model study on effect
of glucose on the basic characteristics and physical properties
of natural rubber,” Polymer Testing, vol. 32, no. 8, pp. 1408–1416,
2013.
[16] U. K. Laemmli, “Cleavage of structural proteins during the
assembly of the head of bacteriophage T4,” Nature, vol. 227, no.
5259, pp. 680–685, 1970.
[17] W.-Q. Wang, Y.-H. Bao, and Y. Chen, “Characteristics and
antioxidant activity of water-soluble Maillard reaction products
from interactions in a whey protein isolate and sugars system,”
Food Chemistry, vol. 139, no. 1–4, pp. 355–361, 2013.
[18] F.-L. Gu, J. M. Kim, S. Abbas, X.-M. Zhang, S.-Q. Xia, and Z.X. Chen, “Structure and antioxidant activity of high molecular
weight Maillard reaction products from casein-glucose,” Food
Chemistry, vol. 120, no. 2, pp. 505–511, 2010.
[19] Q. Liu, B. Kong, J. Han, C. Sun, and P. Li, “Structure and
antioxidant activity of whey protein isolate conjugated with
glucose via the Maillard reaction under dry-heating conditions,”
Food Structure, vol. 1, no. 2, pp. 145–154, 2014.
[20] J. Kong and S. Yu, “Fourier transform infrared spectroscopic
analysis of protein secondary structures,” Acta Biochimica et
Biophysica Sinica, vol. 39, no. 8, pp. 549–559, 2007.
[21] J. Tangpakdee and Y. Tanaka, “Characterization of sol and gel in
Hevea natural rubber,” Rubber Chemistry and Technology, vol.
70, no. 5, pp. 707–713, 1997.
[22] L. Tarachiwin, J. Sakdapipanich, and Y. Tanaka, “Gel formation in natural rubber latex: 1. Effect of (NH4 )2 HPO4 and
TMTD/ZnO additives,” Rubber Chemistry and Technology, vol.
76, no. 5, pp. 1177–1184, 2003.
[23] P. W. Allen and G. M. Bristow, “The gel phase in natural rubber,”
Journal of Applied Polymer Science, vol. 7, no. 2, pp. 603–615,
1963.
[24] B. C. Sekhar, “Abnormal groups in rubber and microgel,” in
Proceedings of the 4th Rubber Technology Conference, pp. 460–
469, London, UK, 1962.

Advances in Materials Science and Engineering
[25] I. Migneault, C. Dartiguenave, M. J. Bertrand, and K. C.
Waldron, “Glutaraldehyde: behavior in aqueous solution, reaction with proteins, and application to enzyme crosslinking,”
BioTechniques, vol. 37, no. 5, pp. 790–802, 2004.
[26] M. J. Spotti, M. J. Perduca, A. Piagentini, L. G. Santiago, A.
C. Rubiolo, and C. R. Carrara, “Gel mechanical properties of
milk whey protein-dextran conjugates obtained by Maillard
reaction,” Food Hydrocolloids, vol. 31, no. 1, pp. 26–32, 2013.
[27] H. C. Baker, “Effects of process aids on plasticity,” Journal of
Applied Polymer Science, vol. 13, pp. 1201–1207, 1980.
[28] P. Argos, M. G. Rossmann, U. M. Grau, H. Zuber, G. Frank,
and J. D. Tratschin, “Thermal stability and protein structure,”
Biochemistry, vol. 18, no. 25, pp. 5698–5703, 1979.
[29] J. A. Gerrard, “Protein-protein crosslinking in food: methods,
consequences, applications,” Trends in Food Science and Technology, vol. 13, no. 12, pp. 391–399, 2002.
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