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Abstract

Noodles of constant protein content and flour-to-egg protein ratio were made with whole egg,
egg white or egg yolk. The optimal cooking time, water absorption and cooking loss of salted
whole egg noodles was respectively lower and higher than of egg white and egg yolk noodles.
However, cooked whole egg noodles showed the best Kieffer-rig extensibility. Differences in
noodle properties were linked to protein network formation. Disulfide bonds in whole egg
noodles developed faster and to a larger extent during cooking than in egg yolk noodles but
slower and to a lower extent than in egg white noodles. The balance between the rate of
protein cross-linking and starch swelling determines cooked noodle properties. lonic and
hydrophobic protein interactions increase the optimum cooking time and total work in
Kieffer-rig extensibility testing of fresh noodles. Hydrogen bonds and covalent cross-links are

probably the main determinants of the extensibility of cooked noodles.

Key words

Gluten, egg white, egg yolk, polymerization, proton mobility

Practical application

Eggs enhance the flavor, color, texture and nutritional value in pasta and noodles. This paper
studies the role of wheat and egg constituents in protein network formation and the potential
consequences thereof for noodle quality. Understanding the functionality of wheat flour,
whole egg and its fractions in noodles will facilitate the optimization of egg pasta and noodle

recipes and the search for egg substitutes.
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1. Introduction

Noodles are usually made from common wheat (Triticum aestivum L.) flour by dough
sheeting while pasta is produced from durum wheat (Triticum turgidum L. var. durum)
semolina by dough extrusion (Fu 2008). Eggs are included to enhance nutritional value, (Li
and others 2014) flavor (Alamprese and others 2012) and quality. The latter is typically
evaluated in terms of color, symmetry, cooking quality (low water absorption and cooking
loss) and texture (Oh and others 1983). Eggs improve the cooking quality of especially soft
wheat flour noodles (Dalbon and others 1996). The break load of cooked pasta increases with
total egg content (Alamprese and others 2009). Henn eggs consists of two edible fractions, i.e.
egg white and egg yolk, which are present in a ratio 2 to 1 (Powrie and Nakai 1985). A higher
egg white to yolk ratio increases the strength of both fresh (raw) and cooked pasta. However,
it also increases the protein and reduces the lipid contents of pasta (Alamprese and others
2009). The underlying mechanisms whereby and to what extent egg constituents impact

noodle quality remain to be elucidated.

Noodle and pasta dough are less developed than bread dough due to their lower moisture
content (ca. 30-35%) and the low energy input during mixing and sheeting or extruding
(Icard-Verniere and Feillet 1999; Baik 2010). Protein polymerization upon prolonged heating
(such as during pasteurization) strengthens the texture of fresh and cooked egg pasta
(Alamprese and others 2005). Pasta with insufficient protein polymerization during cooking
lacks a continuous framework resulting in soft and sticky pasta (Resmini and Pagani 1983).
Bruneel and others (2010) postulated that an optimum extent of protein network formation
during drying and/or cooking is critical for pasta quality. During cooking, glutenin and
gliadin, the polymeric and monomeric fractions of wheat gluten, polymerize through SH
oxidation and SH-SS exchange reactions. Too much gliadin incorporation tightens the protein

network, makes it less flexible to cope with starch swelling during cooking and results in low
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pasta quality (Bruneel and others 2016). Both wheat protein content and composition are
related to the texture of white salted cooked noodles (Hou and others 2013). While wheat
albumin and globulin negatively impact noodle texture (Park and others 2003; Hou and others
2013), the proportions of low-molecular weight glutenin and gliadin have a positive impact
(Hou and others 2013). It has also been reported that the composition of high-molecular
weight glutenin subunits (HMW-GS) is related to the hardness of white salted noodles (Park
and others 2003). Park and Baik (2009) suggested that addition of extra gluten proteins
increases protein network formation in fresh noodles and reduces losses during cooking. In
spite of the above, the impact of different Osborne fractions on protein network formation and

their relation with noodle properties remain to be investigated.

Using a model system approach, Lambrecht and others (2016) concluded that different types
of protein can impact each other’s network formation. However, the impact of egg and gluten
proteins on the rate and extent of protein network formation during noodle cooking is
unknown. Egg yolk not only contains protein but also lipids [ca. 33% on dry matter (dm)
basis]. However, the role of egg lipids is not necessarily comparable to those of margarine,
butter or oil as ca. 68% of egg yolk lipids are present as lipoproteins (Anton 2007).
Furthermore, Shimoyamada and others (2004) suggested that dry-heated egg white improves
texture and the sensorial properties of Chinese noodles through interaction of egg white with
gelatinized starch rather than with gluten protein. The interplay between different egg noodle

constituents on protein network formation remain to be explored in detail.

This paper studies the functionality of wheat and egg constituents in fresh and optimally
cooked noodles. First, the impact of protein quality and quantity of wheat proteins on protein
network formation is investigated. Second, the impact of whole egg, egg white and egg yolk
on different noodle properties is determined. Third, the impact of egg constituents on protein

network formation during noodle cooking is related to noodle properties.
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2. Materials and methods

2.1 Material and characterization thereof

Kernels from soft wheat cv Claire (Limagrain, Rilland, The Netherlands) and hard wheat cv
Paragon (RAGT, Ickleton, United Kingdom) were conditioned to 16.0% moisture and milled
with a Buhler (Uzwil, Switzerland) MLU-202 laboratory mill (Delcour and others 1989) to
flour with protein contents of 10.0% and 13.9% on dm respectively. Wheat albumins (36.9%
on dm) and globulins (56.3% on dm) were sequentially extracted (60 min, room temperature)
from wheat flour (50.0 g) with respectively water or sodium phosphate buffer (0.050 M; pH
7.6) containing 0.4 M sodium chloride (100.0 ml). After three extractions with each solvent
and intermediate and final centrifugation (10 000 g, 10 min) steps, the combined supernatant
of each solvent were dialyzed for 24 h against 0.01% acetic acid. Starch and gluten (Paragon
gluten 79.7% protein on dm, Claire gluten 82.6% protein on dm) were isolated with a dough
ball method (Pauly and others 2012; Lambrecht and others 2015). Commercial eggs (48.8%
protein on dm) were whipped or separated into egg white (89.7% protein on dm) and egg yolk
(33.6% protein on dm) with removal of the vitelline membrane. All protein fractions were
freeze-dried and gently ground. Lipids were removed from freeze-dried egg yolk (50.0 g) with
hexane (250.0 ml). Defatting dried egg yolk with hexane removes mainly triacylglycerol,
some phospholipids and cholesterol (Warren and others 1988). After five repetitions of
extraction and filtration, the defatted egg yolk (67.2% protein on dm) was air dried. All
chemicals were of analytical grade and from Sigma-Aldrich (Steinheim, Germany) unless
specified otherwise. Dithiothreitol (DTT), disodium hydrogen phosphate and sodium
dihydrogen phosphate were from VWR International (Leuven, Belgium). Moisture contents
were determined in triplicate according to AACC-I Approved Method 44-15.02 (AACC
international 1999). Protein contents (N x 5.7 for wheat; N x 6.25 for egg protein) were

determined in triplicate, using an adaptation of AOAC Official Method 990.03 (AOAC 1995),
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with an automated Dumas protein analysis system (EAS Variomax N/CN, Elt, Gouda, The
Netherlands). The HMW-GS composition of wheat flour was determined based on
Uthayakumaran and others (2006) using an Agilent (Agilent Technologies, Santa Clara, CA,
USA) LabChip of a protein 230 kit with an Agilent 2100 Bioanalyzer system. HMW-GS were
identified by comparing electrophoresis patterns of flour samples with known subunit

compositions.

2.2 Noodle production and cooking

Salted control noodles were prepared from a quantity of wheat flour containing 86.0 g dm and
2.0 g salt. Such noodles made with flour of cv Claire and Paragon, further referred to as Claire
and Paragon control noodles, had protein contents of 9.7% and 13.6% of dm and moisture
contents of 33.1% and 32.2%, respectively. Whole egg, egg white or (defatted) egg yolk were
added to obtain a moisture content equaling that of control noodles, a protein content of
14.6% and 18.0% of dm and a ratio flour to egg protein of 3:2 and 2:1 for Claire and Paragon
noodles, respectively. To that end, starch and gluten from the respective wheat cultivars were
added. Unsalted noodles prepared with flour of cv Paragon had protein and moisture contents
of 18.7% of dm and 33.9%, respectively. In some experiments, olive oil was included in the
recipe of unsalted control noodles and such noodles made with defatted egg yolk to obtain a
noodle lipid content of 12.4% on dm. Furthermore, gluten, wheat albumin and wheat globulin
were included in the recipes of unsalted control noodles to obtain the same protein content as
when adding egg fractions. The ingredients were mixed (5 min, 60 rpm) using a Kitchen Aid
mixer (KPM5, St. Joseph, MI, USA) with intermediate scraping to include all ingredients
adhering to the mixing bowl. After a dough rest of 30 min in a plastic bag at 23 °C, the dough
was passed five times through a semi-automatic sheeter (Model C280 Capitani, Lomazzo
Como, Italy) with a 2.9 mm roll gap with intermediate refolding. After compounding, the

dough was rested a second time (30 min, room temperature) in a plastic bag. It was then
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sheeted once through 2.9 mm and each time twice through 2.1, 1.5, and 0.9 mm roll gap sizes
successively. After each pass through the rolls, the dough was turned 180°. It was then cut
(length 150 mm, width 5.0 mm) with a sheet cutter (Capitani). Fresh noodle strands (20.0 Q)
were cooked in 500.0 ml deionized water to optimum as well as for 30 s, 1, 3, 6, 12 and 20
min. The optimum cooking time was the minimum time needed to gelatinize all starch and
determined as the point in time when an opaque core was no longer visible when squeezing
the noodles between two glass plates according to the AACC-I approved method 66-50.01
(AACC international 1999). Cooked noodles were immediately cooled in 200.0 ml deionized

water at 23°C.

2.3 Noodle properties

Cooking loss (expressed in %) was determined in triplicate as the dm leached into the cooking
water of optimally cooked noodles. Cooking and rinsing water were freeze-dried and the
amount of dm was accurately weighed. The protein content (N x 5.7 for gluten noodles, N x
5.9 for other noodles) of cooking loss was determined with the Dumas method (section 2.1).
Water absorption was determined in triplicate and calculated by relating the weight increase
between dry and optimally cooked noodles to the dm content of dry noodles with correction

for the cooking losses as calculated by:

g ) = CN (g) — [FN (g) — CL(g,dm)]
gdm’  [FN (g,dm) — CL (g,dm)]

WA (

with WA the water absorption, CN the weight of optimally cooked noodles, FN the weight of
fresh noodles and CL the cooking loss. The pH was determined in duplicate by suspending
freeze-dried fresh noodle samples in deionized water (0.2 g/ml). It was measured after
shaking (60 min, room temperature) with a pH meter HI 9025 (Hanna Instruments,
Woonsocket, RI, USA). Fresh and cooked noodles were stretched with the Kieffer-rig dough
and gluten extensibility rig (Stable Micro Systems, Surrey, UK) using an Instron (Norwood,

MA, USA) 3342 with a 50 N load cell. After cooling (10 min, 23°C), adhering water was
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gently removed from the surface of cooked noodles with paper. Ten individual noodle strands
from each of two cooking batches were clamped between two plates and pulled upwards by a
hook at 3.3 mm/s until fracture. The maximum force during extension, the extensibility at
breakage and the work needed to fracture, i.e. area under curve, were calculated from the

force-displacement curves.

2.4 Differential scanning calorimetry
Differential scanning calorimetry measurements were performed in triplicate as in Bosmans

and others (2012) with a Q2000 DSC (TA instruments, New Castle, DE, USA).

2.5 Low resolution proton nuclear magnetic resonance

Proton mobility distributions in fresh and cooked noodles were determined as in Bosmans and
others (2012) using a Minispec mq 20 low-field pulsed NMR spectrometer (Bruker, Ettlingen,
Germany). After cooking, water on the noodle surface was gently removed with paper. The
obtained transverse relaxation curves were fitted to a continuous distribution of spin-spin or
transverse relaxation times (T,) using the CONTIN algorithms of Provencher (Provencher
1982). Using the Free Induction Decay (FID) pulse sequence, less mobile proton populations
were detected, whereas the Carr-Purcell-Meiboom-Gill (CMPG) pulse sequence was used to
measure more mobile protons. The obtained peak areas are proportional to the amounts of
protons in the population. Proton populations were assigned to noodle constituents based on
starch-water, gluten-water, flour-water (Bosmans and others 2012) and egg-water model

systems (Luyts and others 2013).

2.6 Protein extractability in SDS containing medium and molecular weight distribution

The protein extractable in SDS containing medium and its molecular weight distribution were
determined in triplicate as in Lambrecht and others (2015, 2016) using size exclusion high
performance liquid chromatography (SE-HPLC). Freeze-dried and ground samples
(containing 1.0 mg protein) were shaken (60 min, room temperature) in 1.0 ml sodium

7
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phosphate buffer (0.050 M; pH 6.8) containing 2.0% (w/v) SDS (hereafter referred to as SDS
containing medium). To evaluate extractability under reducing conditions, 0.10%, 0.25%,
0.50% or 1.00% (w/v) DTT was added to the SDS containing buffer under nitrogen
atmosphere. The protein extractable in SDS containing medium (SDS-EP) was calculated
from the corresponding peak area and expressed as a percentage of the total area when the
corresponding unheated sample was extracted in 1.0 ml SDS containing medium to which
1.00% DTT had been added. Furthermore, a quantity of freeze-dried whole egg noodle
containing 10.0 mg protein/ml was extracted sequentially with water and dimethyl sulfoxide
(DMSO):propanol:water (ratio 2:1:1, v/v, hereafter referred to as DMSO medium). After
dilution (10x) with SDS containing medium, extracts were analyzed as described above. The
total area of egg protein extracted in water and the areas of gluten protein extracted in DMSO
medium, separated in glutenin, ®-, a- and y-gliadin according to Lambrecht and others
(2016), were integrated. About half of the gluten protein extractable in SDS containing

medium was extractable in DMSO medium.

2.7 Kinetics of protein polymerization in cooked noodles

During heating, gluten protein loses extractability in SDS containing medium according to
first-order Kinetics as demonstrated for fresh pasta (Bruneel and others 2011), bread (Lagrain
and others 2008) and gluten-water model systems (Rombouts and others 2012). The
extractability decreases towards a minimum but some protein remains extractable. The protein
extractability in SDS containing medium (y, calculated from the area in SE-HPLC

chromatograms) can be presented as follows:

dy
—Z =Kyl (1)
with k the first-order reaction rate constant of polymerization (min™). Hence, with [y]o and
[y]: the protein extractability in SDS-containing medium at time zero (unheated fresh noodles)

and time t respectively:
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In[y]: = -kt + In[ylo )

The protein extractability in noodles decreases towards a minimum during heating time
according to the equation

[yl = [ylo €™ + [Ylminimar ~ (3)

with [y]minimal the extractability of protein which under the experimental conditions resists

polymerization.

2.8 Statistical analysis

Significant differences (o0 < 0.05), based on at least three individual measurements, were
determined with the one-way ANOVA procedure using JMP® Pro 11.2.0 (SAS Institute,
Cary, NC, USA). Corresponding Tukey grouping coefficients are given. Pearson correlation
coefficients (p < 0.05) were calculated. Trend lines, corresponding equations and goodness of
fit (R?) of protein polymerization kinetics of cooked noodles were estimated on the basis of
nonlinear regression analysis of the total extractable protein concentration as a function of
heating time. Significant differences in equation parameters were determined with an

equivalence test, comparing confidence intervals (p< 0.05).

3. Results and discussion

3.1 Importance of wheat protein network formation for noodle properties

Less protein was extractable in SDS containing medium from salted fresh Paragon noodles
(SDS-EP control noodles 70% + 4%) than from salted fresh Claire noodles (SDS-EP control
noodles 84% + 0%). Paragon gluten contains five HMW-GS including the subunits Dx1, Dx5
and Dy10 (Payne and others 1981). This HMW subunit composition is positively related to
noodle hardness and negatively to water absorption (Park and others 2003) and indicates a
superior gluten quality of Paragon than of Claire which contains the subunits Dx2, Bx7 and
Dy12. Also, significantly more force was necessary to stretch out Paragon than Claire control

noodle dough (Table 1). After optimal cooking, comparable levels of their gluten protein were
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incorporated in the protein networks of salted Paragon (SDS-EP control noodles 27% + 1%)
and Claire (SDS-EP control noodles 30% + 2%) noodles. However, salted Paragon noodles
had higher protein content than Claire noodles. Paragon control noodles seemed to have
higher optimal cooking times and absorbed significantly less water after optimal cooking than
their Claire counterparts. These observations are in line with those of Park and Baik (2009)
who found higher wheat flour protein contents to lead to lower water imbibition during
noodle cooking and thereby to increase optimal cooking time. The cooking loss of salted
Paragon control noodles was significantly lower than that of the corresponding Claire
noodles. In addition, Paragon fresh and cooked noodles showed significantly higher
extensibility, maximum force, and total work during Kieffer-rig testing than did Claire
noodles. The higher strength of Paragon than of Claire noodles can be ascribed to the better

developed protein network in the former.

Addition of wheat gluten to control noodles - Addition of gluten to control noodle recipes
appeared to increase the optimal cooking time of the resultant Paragon and Claire extra gluten
containing noodles (hereafter referred to as gluten noodles) by 390 s and 510 s respectively.
Park and Baik (2009) showed a higher reduction in water imbibition when including gluten in
a noodle recipe for soft rather than in one for hard wheat. The impact of gluten addition on the
Kieffer-rig parameters was higher in Claire than in Paragon fresh and cooked noodles
(Table 1). Figure 1 shows the areas representing protein extracted in SDS containing medium,
fitted according to first order kinetics (Equation 3). Protein in gluten noodles polymerized
slower (low k value) and more protein was incorporated in the protein network (lower
[Vlminimar Value) than that in control noodles. Also, higher concentrations of DTT in the
extraction medium were necessary to extract all protein from gluten noodles than from control
noodles heated for 12 min at 100 °C (Figure 2). Thus, more protein was SS bound in gluten

noodles than in control noodles. Furthermore, gluten noodles had higher protein content than
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control noodles. The higher protein level and degree of polymerization at optimal cooking
time in gluten noodles led to more extensible noodles which required more work to fracture

than control noodles (Table 1).

In unsalted fresh Paragon noodles, the extensibility at breakage and total work of control and
gluten noodles was significantly higher than those in their salted counterparts (Tables 1 and
2). The addition of salt increased the time needed to develop wheat dough (Van Steertegem
and others 2013). However, no difference in SDS extractability was noticed between fresh
noodles containing a range of salt concentrations (Rombouts and others 2014). The optimum
cooking time of unsalted noodles seemed to increase but the Kieffer-rig parameters after
cooking were similar to that of salted noodles. Salt can shield ionic interactions. In fresh
noodles, non-covalent interactions of the hydrogen bond type, as well as hydrophobic, ionic
and Van der Waals interactions can impact Kieffer-rig parameters of noodles. During
cooking, starch swells and proteins are covalently incorporated in the protein network. It is
suggested that the swollen and gelatinized starch physically hinders non-covalent interactions
between proteins and covalent cross-links become more important for the rigidity of the

noodle structure.

Inclusion of wheat albumin and globulin in control noodle recipe - The inclusion of wheat
albumin in the recipe of control noodles impacted the polymerization kinetics (Figure 1). In
the resultant wheat alboumin noodles more protein was incorporated and interconnected by SS
bonds than in control noodles (Figures 1 and 2). SE-HPLC profiles demonstrated that gliadin
was more rapidly incorporated in the protein network in wheat albumin than in control
noodles (results not shown). The optimal cooking time increased by 210 s. The swiftly and
extensively developed protein network in wheat albumin noodles did not withstand starch
swelling. This resulted in low cooking quality and low Kieffer-rig parameters after optimal

cooking. When extra wheat globulin was included in the recipe, protein in the resultant wheat
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globulin noodles polymerized slower and less protein was incorporated in the network than in
control noodles (Figure 1). Also, more protein leached into the cooking water (Table 2).
However, to extract all protein from wheat globulin noodles the SDS containing medium
needed to contain at least 0.50% DTT while 0.25% DTT sufficed for control noodles
(Figure 2). Less work was needed to stretch wheat globulin noodles than control noodles.
Probably, protein network formation in wheat globulin noodles was insufficient to ensure
noodle strength. The above results confirm that wheat albumin and globulin have a negative

impact on noodle properties even if their protein network formation abilities differ.

3.2 Impact of egg constituents on noodle properties

Fresh noodles - Adding egg fractions increased the extensibility at breakage but lowered the
maximum force of Claire noodles (Table 1). These effects were more pronounced for egg
white. In fresh Paragon noodles, only egg white addition significantly impacted Kieffer-rig
parameters. The egg fractions had only little impact on the total work required for rupture of
fresh noodles. The positive impact of egg (fraction) addition on the extensibility at breakage

apparently outweighed its negative impact on the force measured during extension.

Cooked noodles - The use of whole egg in the salted noodle recipe had little impact neither
on the optimal cooking time nor on water absorption and cooking loss. However, salted
noodles made from recipes containing egg white or egg yolk had longer or shorter optimal
cooking times respectively than did either whole egg or control noodles (Table 1). While egg
white use increased and egg yolk use decreased water absorption and cooking loss, the impact
of whole egg on cooking quality was intermediate to both.

Cooking increased the total work of whole egg and egg white noodles while it decreased that
of egg yolk noodles. The use of whole egg significantly increased the extensibility at
breakage, maximum force, and total work of cooked noodles. Egg white use increased the

maximum force significantly but did not impact the extensibility of cooked noodles. It
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significantly increased total work for cooked Paragon noodles with egg white but not for
cooked Claire noodles. In contrast, egg yolk addition had the complete opposite effect, i.e. it
decreased the extensibility, the maximum force and total work of cooked noodles. It is
remarkable that the impact of whole egg on Kieffer-rig parameters, in contrast to that on
cooking quality, was not the combined effect of egg white and yolk. Noodles from the same
wheat cultivar had equal protein content and flour-to-egg protein ratio, but different protein
compositions and lipid contents. The next sections will investigate whether differences in

noodle properties can be ascribed to differences in protein network formation.

3.3 Impact of egg constituents on protein network formation

3.3.1 Importance of covalent cross-links

Protein in whole egg noodles polymerized faster and more protein was incorporated in the
protein network than in control noodles (Figure 1). Also, more protein was SS bound in whole
egg than control noodles. Indeed, higher concentrations of DTT in the extraction medium
were necessary to extract all protein (Figure 2). Protein in egg white noodles polymerized
more rapidly (Figure 1) and to a larger extent, i.e. more protein was incorporated and
interconnected by SS bonds (Figure 2), than in whole egg noodles. Less protein was
incorporated (Figure 1) and lower concentrations of DTT in SDS containing medium were
required to extract protein from egg yolk noodles (Figure 2) than from whole egg and egg
white noodles. Furthermore, protein in egg yolk noodles polymerized at a slower rate than
protein in whole egg and egg white noodles but still faster than that in control noodles. In
complex systems not all protein polymerizes at the same rate nor to the same extent. The
extractability of egg protein in water from whole egg noodles and those of glutenin, a-, v-,
and o-gliadin in DMSO medium were monitored as a function of heating time. Based on the
kinetics of polymerization, calculated as in Section 2.8, it was concluded that in whole egg

noodles, egg protein polymerized faster than gluten protein (Figure 3). After 6 min cooking,
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more egg protein remained extractable in water than gluten protein in DMSO medium.
Glutenin polymerized faster than a- and y-gliadin. Gliadin lacks free SH groups in contrast to
glutenin. ®-Gliadin, which lacks both cysteine and cystine residues, remained fully

extractable during cooking of whole egg noodles.

The rate and extent of protein polymerization in whole egg noodles corresponded to the
values expected based on the data on protein polymerization in egg white and yolk noodles.
The fast and extensive protein polymerization in egg white noodles reduced the flexibility of
the resultant network and resulted in low cooking quality as it impaired the capacity of the
noodles to cope with starch swelling (Table 1). As noted for wheat globulin noodles, less
protein in cooked egg yolk noodles was incorporated in the protein network and the
extensibility was lower than that of cooked control noodles. The higher extent of cross-linking
in cooked egg white and whole egg than in control noodles increased the maximum force for
both Claire and Paragon noodles (Table 1). The order of covalent protein network
development (egg white > whole egg > egg yolk noodles) was positively related to cooking
time, water absorption and cooking loss. These data support the view that high optimal
cooking time is related to highly developed protein networks, which slow down water
imbibition and therefore starch swelling and gelatinization. No clear differences in the latter

were observed (results not shown).

3.3.2 Importance of ionic interactions

lonic interactions between egg and gluten proteins largely impact dough properties (Van
Steertegem and others 2013). They cannot be quantified, but it is possible to estimate
attraction and repulsion forces between proteins in a system at a given pH. At pH 6.0, the pH
of control and gluten dough (Table 1), gliadin [pH 5.8, calculated pl around 7.8 and in
agreement with Wu and Dimler (1963)] has a net positive while glutenin (pH 8.3, calculated

pl 5.8) a slightly net negative charge (Figure 4.A). Salt can shield the ionic interactions
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between gluten proteins. In fresh unsalted control and gluten noodles, ionic interactions
between glutenin and gliadin resulted in more pronounced coherence of the partially
developed gluten network and higher Kieffer-rig parameters than in their salted counterparts
(Tables 1 and 2). Also, that the gluten network in wheat dough develops more slowly when
salt is added (Van Steertegem and others 2013) suggests a less continuous protein network in
salted than in unsalted noodles. The latter can explain the shorter optimal cooking times for

all salted noodle types (Tables 1 and 4).

Fresh noodles - At the pH of egg yolk noodles (Table 1), the majority of egg yolk protein
(Van Steertegem and others 2013) and gliadin have a positive charge while glutenin has a
slightly negative charge (Figure 4.B). Egg yolk protein can interact with glutenin the same
way gliadin does, i.e. it increases dough viscosity and plasticity and reduces its elasticity
(Shewry and others 2001). The repulsion between egg yolk and gliadin proteins hinders their
interaction. When salt was omitted from the recipe, the maximum force was lower and the
extensibility higher (Tables 1 and 3). In egg white noodles (Table 1), glutenin and egg white
protein are negatively charged while gliadin is hardly charged (Figure 4.C). Gliadin can still
easily interact with glutenin. However, the repulsion between egg white protein and glutenin
seem to hinder the development of a coherent protein network. All Kieffer-rig parameters
were lower for unsalted fresh egg white than for control noodles (Table 3). Inclusion of salt in
the recipe increased the extensibility of fresh egg white noodles but little resistance was
measured during stretching (low maximum force and total work) (Table 1). The effect of salt
predominated over the combined protein effect. Salt use probably resulted in a less continuous
protein network and thereby lowered the total work needed for fracture. The majority of egg
protein is negatively charged in whole egg noodle dough (Table 1), shielding the positively
charged gliadin (Figure 4.D). The ionic interactions between egg and gluten protein

contributed to the coherence of the protein network noodles. Both in salted and unsalted
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Paragon noodles, no differences in total work were noted between fresh whole egg and
control noodles. Salt addition had a larger impact on Kieffer-rig parameters than whole egg

addition (Tables 1 and 3).

Cooked noodles - Salt addition had a different impact on the properties of cooked noodles
than on those of fresh noodles. All Kieffer-rig parameters of unsalted cooked egg white and
yolk noodles were similar but lower than those of whole egg noodles (Tables 1 and 3). While
salt addition did not impact the total work of whole egg and egg yolk noodles, that of egg
white noodles was drastically higher when salt had been used. As outlined above, protein
networks developed faster in unsalted than in salted noodle dough. This combined with the
fast cross-linking of egg white proteins led to a protein network which could not cope with
starch swelling during cooking. Finally, it is of note that salt also reduces protein
polymerization during noodle cooking (Rombouts and others 2014), thereby improving the

flexibility of the protein network and the way it withstands starch swelling.

3.3.3 Importance of hydrophobic interactions

Alamprese and others (2005) suggested that hydrophobic interactions are relevant to egg pasta
sheet extensibility. In their view, the hydrophobic patches of proteins in whole egg and egg
yolk noodles can interact with egg yolk lipids and thereby reduce the frequency of the

occurrence of hydrophobic interactions between proteins.

Defatting egg yolk prior to noodle making - The total work and maximum force of fresh
defatted egg yolk noodles were higher and the extensibility lower than those of standard egg
yolk noodles. The reduction of egg yolk lipid levels probably increased the level of
hydrophobic protein-protein interactions and hence also the stiffness and strength of the
protein network. Proteins in defatted egg yolk noodles polymerized faster during heating than
that in egg yolk noodles (Figure 1). However, no difference in the level of protein
incorporated in the protein network was noticed (Figure 2). Nevertheless, low levels of DTT
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(0.10%) in SDS containing medium released less protein from the protein network in defatted
egg yolk noodles cooked for 12 min than from standard egg yolk noodles cooked for the same
time (Figure 2). Thus, defatting egg yolk increased the level of protein-protein cross-links.
The rate and extent of protein network formation in defatted egg yolk noodles were lower
than those in egg white and whole egg noodles (Figures 1 and 2). We verified that the hexane
treatment itself when tested on noodles containing (hexane-treated) bovine serum albumin did
not impact protein network formation of isolated proteins during noodle making (results not
shown). Defatting egg yolk prior to using it in the noodle recipe increased the optimal
cooking time and significantly decreased the water absorption (Table 3). Also, less protein
leached from noodles to the cooking water from defatted egg yolk noodles than from standard
egg yolk noodles. Defatting significantly impacted neither the maximum force nor total work

of optimally cooked egg yolk noodles.

Addition of olive oil to noodle recipes - To further investigate the impact of lipids on protein
polymerization and noodle properties, olive oil was included in the recipes of control and
defatted egg yolk noodles. The noodles with olive oil contained the same lipid level as
standard egg yolk noodles. Olive oil in fresh control noodles caused a greater extensibility
and reduced the maximum force and total work (Table 3). It seems to plasticize the noodle
structure by obstructing protein-protein interactions. During cooking, the inclusion of oil in
the recipe decreased the rate of protein polymerization significantly while no difference in the
level of protein incorporated in the protein network was observed (Figure 1). However, more
protein was extractable with 0.10% DTT in SDS containing medium from oil containing than
from control noodles (Figure 2). Thus, the use of oil slowed down protein network formation
and decreased cross-linking between gluten proteins in noodles. As for control noodles, all
protein of olive containing control noodles was extractable with 0.25% DTT in SDS

containing medium. The optimal cooking time slightly decreased when the control noodles
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contained olive oil. No differences in cooking quality were noticed, except that more protein
leached into the cooking water. While the use of olive oil did not impact the gelatinization
temperature of starch (results not shown), the inferior protein network in the cooked noodles
led to a lower maximum force and total work than for control noodles even if the extensibility

of cooked noodles was not influenced by the use of olive oil (Table 3).

The inclusion of olive oil in the recipe of fresh defatted egg yolk noodles increased the
extensibility and decreased the maximum force and total work (Table 3). No significant
differences were noted between extensibility parameters of standard egg yolk noodles and
defatted egg yolk noodles containing olive oil. The rate of protein polymerization during
cooking of defatted egg yolk noodles with oil was significantly lower than those for defatted
egg yolk noodles and even standard egg yolk noodles (Figure 1). The extent of protein
incorporation in the protein network in defatted egg yolk noodles containing olive oil was
equal to that in defatted egg yolk noodles but lower than that in standard egg yolk noodles.
More protein was extractable with 0.10% DTT in SDS containing medium from defatted egg
yolk noodles with olive oil than from defatted egg yolk noodles (Figure 2). The level of
protein extracted in 0.10% DTT in SDS containing medium of the former was similar as in
standard egg yolk noodles. However, the protein network of defatted egg yolk noodles

containing olive oil still was superior to that in egg yolk noodles (Figures 1 and 2).

Olive oil use decreased the optimal cooking time and water absorption more in defatted egg
yolk noodles than in control noodles. In addition, it significantly impacted noodle maximum
force and total work when used in control noodles, but not in defatted egg yolk noodles
(Table 3). The fatty acid composition of olive oil differs from that in egg yolk lipids (Belitz
and others 2009). Because olive oil impacts protein network formation and properties of

defatted egg yolk noodles differently than those of control noodles, it is hypothesized that
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rather than only exerting physical hindrance, lipids interact with egg yolk lipoprotein and

hinder their subsequent polymerization.

3.3.4 Importance of hydrogen bonds

The role of hydrogen bonds in gluten networks is undisputed (Belton 1999). Dough
constituents interact with water. This reduces its mobility. Depending on the degree of
interaction, different proton populations can be distinguished (Bosmans and others 2012).
Based on the model systems described by Bosmans and others (2012) and Luyts and others
(2013) the proton populations in fresh and optimally cooked noodles (Figure 5) could be
assigned. Proton population A, with lowest mobility (lowest T,), is not in contact with water
and contains rigid non-exchanging CH protons of starch, gluten and egg protein. This
population decreases during cooking as a result of starch gelatinization (Bosmans and others
2012; Luyts and others 2013). The remainder are rigid CH protons in the protein network and,
in cooked and cooled noodles, crystalline amylose. Proton populations B and C are similar
and consist of CH protons in amorphous starch regions and protein aggregates in little contact
with water. Population D contains exchangeable water protons within and directly
surrounding starch granules and protein aggregates. The relative fraction of proton
populations B, C and D decreased during cooking as noodle constituents increasingly came
into contact with water (Figure 5, Table 4). Finally, protons in population E had the highest
mobility and contained lipid protons in fresh noodles. The absorbed cooking water was
responsible for the increase in proton population E during cooking. While bulk water has a T,
of about 2.5-3.0 s (Luyts and others 2013), the absorbed cooking water was bound in the

noodle structure with T, around 60 ms.

Fresh noodles - The main differences in NMR spectra of fresh control and gluten noodles
were noted for populations C and D. In fresh gluten noodles, more protons were in little

contact with water (population C) and less protons were exchanging with those of water
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(population D) than in control noodles (Table 4). However, the average mobility of both
populations was higher in fresh gluten than in control noodles. Thus, a higher degree of
hydrogen bond exchange between noodle constituents occurs as a result of the use of extra
gluten. Whether this contributes to the improved dough properties upon wheat gluten addition
remains unclear at present. Also in fresh whole egg noodles population C had higher mobility
than in control noodles (Figure 5, Table 4). No distinction between populations C and D could
be made in fresh egg white noodles. Water protons were less mobile, thus more strongly
bound, in fresh egg white noodles than in all other noodle types. Also, defatting decreased the
proton mobility and the fraction of protons occurring in population D in egg yolk noodles.
Proton population E, which contained lipid protons, was highest and most mobile for fresh

egg yolk noodles, and lowest for control, gluten, egg white and defatted egg yolk noodles.

Cooked noodles — The moisture gradient during cooking of noodles homogenizes after
cooking (Kojima and others 2001). During cooking, noodles absorb water, starch swells and
gelatinizes, and proteins extend their covalent network, resulting in decreases in proton
populations A, B, C and D, and increases in proton population E for all noodles (Figure 5,
Table 4). Differences in cooking time led to differences in water absorption and levels of
protons in population E. However, it should be noted that the rate of water diffusion in wheat
noodles decreases over cooking time (Maeda and others 2009). Also, the mobility of
population E protons generally seemed to increase with cooking time except for whole egg
noodles (Tables 3 and 4). Such noodles, which had the same optimal cooking time as control
noodles (Table 3), had lower T, values for population E after cooking (Table 4, Figure 5). In
noodles cooked for 20 min, and thus beyond the optimum cooking time, the T, values of this
population were similar for all noodle types except for whole egg noodles, in which water
protons were more homogeneously bound and thus had a lower average T, value (results not

shown). As demonstrated above, as starch swells and the noodle volume increases, ionic and
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hydrophobic protein-protein interactions had little impact on total work in Kieffer-rig
extensibility testing (Table 3). The NMR data indicate that hydrogen bonds between noodle
flour and egg constituents and water together with the formed covalent network can determine
the coherence and flexibility of the noodle structure.

4. Conclusion

This work demonstrated that ionic, hydrophobic and hydrogen interactions between proteins,
as well as protein cross-linking reactions, impact extensibility parameters and cooking
characteristics of noodles. During cooking, starch swells limiting the importance of ionic and
hydrophobic interactions on noodle extensibility. Cooking quality and properties of cooked
noodles are largely determined by the balance between covalent protein network formation
and starch gelatinization. The covalent protein network of whole egg noodles was inferior to
egg white but superior to egg yolk noodles. However, the rapidly formed protein network in
egg white noodles could not cope with starch swelling. This resulted in high optimal cooking
times, low cooking quality and low total work during Kieffer-rig extensibility tests. In
contrast, the covalent protein network in egg yolk noodles was only moderately developed
resulting in low optimal cooking times and noodle strengths. It is suggested that besides the
timing and extent of covalent network formation also hydrogen interactions are the main

determinants of extensibility of cooked noodles.
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Table 1. Dough pH, optimal cooking time, water absorption, cooking loss, extensibility until fracture, maximum force and total work needed for
fracture determined on fresh and optimal cooked salted noodles. Noodles with different egg proteins and gluten were made with flour of soft

wheat cultivar Claire and hard wheat cultivar Paragon.

Optimal Water Cooking  Extensibility (mm)  Maximum force (N) Work (J)
Cultivar Noodle Dough pH cooking  absorption loss (% on
type time (g/g dm) dm) Fresh Cooked Fresh Cooked Fresh Cooked
Control 6.0c 5min30s 2.76 ¢ 109 b 10.5d 179¢c 0.47b 0.56 ¢ 28¢c 54b
Gluten 6.1c 14 min 3.02 bc 99b 25.0a 30.6 a 1.05a 0.74b 151a 13.1a
Claire Wholeegg 7.0b  5min30s  3.25b 9.3b 16.0c 24.7Db 0.33 cd 0.99a 28¢c 133 a
Egg white® 7.7 a 9 min 4.15a 14.0a 24.7a 20.3c 0.25d 0.72b 3.4 bc 79b
Egg yolk 6.3c  2min30s 1.60d 6.0c 21.4b 11.5d 0.34c 0.43d 43b 23¢
Control 6.2c 6min30s 1.96bc 6.5b 20.2¢c 26.7cC 1.15b 0.92b 143 b 13.6¢
Gluten 6.22¢c 13 min 2.34Db 6.8b 31.7Db 375a 1.75a 1.15a 33.7a 246a
Paragon  Wholeegg 6.9b 7 min 2.02 bc 6.3b 193¢ 32.3b 1.09b 124 a 119D 22.5ab
Egg white®  7.8a 13 min 3.78 a 113 a 38.7a 27.0c 0.28c 122 a 7.1c 19.1b
Egg yolk 6.2¢C 3 min 1.16 ¢ 440 21.3c 18.2d 1.17b 0.79b 13.2b 7.7d

In each column, values for one wheat cultivar with the same letter are not significantly different from one another (0=0.05). When relevant,
significant differences between Paragon and Claire control noodles are mentioned in the text

®Noodles with a higher moisture content of 37.1%.
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Table 2. Optimal cooking time, water absorption, cooking loss and the portion of protein present in the cooking loss, extensibility until fracture,

maximum force and total work for optimal cooked unsalted noodles made with different protein enriched Osborne-fractions of wheat flour cv

Paragon.
Optimal Water  Cooking Proteinin - Extensibility (mm) Maximum force (N) Work (3)
Dough . : loss cooking
Noodle type cooking  absorption 0 0
pH : (%on  loss(%  Fresh  Cooked Fresh  Cooked  Fresh  Cooked
time (9/g dm)
dm) on dm)
Control 59¢c¢ 9 min 2.11b 54D 9.0b 29.1¢c 23.9b 1.19b 0.87hb 23.0b 115b
Wheat albumin 6.7a 12min30s 2.86 a 116a 6.4c 39.8b 18.5¢ 0.90c 0.61c 25.1Db 57d
Wheat globulin 56d 9 min 2.42 ab 6.4 ab 15.7 a 235d 19.6 ¢ 1.29b 0.86 b 19.0b 85¢C
Gluten 6.0b 15min30s 2.65a 56b 10.5b 50.3a 35.1la 1.78 a 1.14a 60.1a 23.1a
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Table 3. Optimal cooking time, water absorption, cooking loss, protein content of cooking loss and protein extractabilities in sodium dodecyl
sulfate containing medium (SDS-EP) of optimal cooked unsalted Paragon noodles made with different edible egg fractions and/or addition of

olive oil. Extensibility until fracture, maximum force and total work of fresh and optimal cooked noodles.

Proteins Maximum force

Optimal Water Cooking in Extensibility (mm) (N) Work (J) SDS-EP

Noodle type cooking  absorption loss (%  cooking Cooked
time (min)  (g/gdm)  ondm) loss(%  Fresh Cooked  Fresh Cooked Fresh  Cooked (%)
on dm)

Control 9 min 2.11b 54b 9.0d 294b* 239b 1.19b 0.87b 23.0a* 115b 233c
Whole egg 9 min 1.89b 49D 11.7ab 30.0b* 318a 127b* 156a* 223a* 27.8a 169e
Egg white 15 min 3.37a 9.7a 129a 255c¢* 20.8cd* 1.04c* 0.84b* 16.7bc* 9.3bc* 14.0f
Egg yolk 4min30s 1.25¢ 3.6b 126a 269bc* 194de 082d* 086b 126d 85bc 30.7a
Defatted egg yolk 11 min 1.93b 58Db 106 bc  20.0d 151f 146a 09b 16.8b 74c 22.8d
Defatted egg yolk + oil 7 min 1.09c 45b 11.7abc 27.3bc 16.6ef 0.74d 086b 11.2d 74c 229¢c
Control + oil 8 min 2.10b 50b 104 c 408a 225bc 054e 0.60c 13.8cd 7.3c¢C 24.7Db

Column values with the same letter are not significantly different (0=0.05).

*Values are significantly different with the corresponding parameter of salted Paragon noodles within the same type (Table 2)
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Table 4. Spin-spin relaxation times (T,) and corresponding peak areas for different proton populations present in fresh and optimally cooked

unsalted Paragon noodles made with different edible wheat and egg fractions. AU, arbitrary units. Standard deviations are between brackets.

Noodl Population A Population C Population D Population E
oodle type T, (Us) Area (AU) T, (ms)  Area (AU) T, (mMs) Area (AU) T, (ms) Area (AU)
Control Fresh 13 (0) 19623 (204) 0.45(0.02) 909 (5) 4.32(0.06) 6703(19) 60.00 (0.00) 61 (4)
Cooked 14 (0) 3701 (392) 0.50(0.10) 813(91) 4.87(0.51) 1173(94) 56.53(4.37) 14403 (209)
Gluten Fresh 13 (0) 18620 (244) 0.61 (0.05) 1377 (181) 5.00(0.36) 6478 (100) 63.33(11.55) 79 (10)
Cooked 13 (1) 3586 (150) 0.57 (0.06) 694 (73) 6.30(1.04) 991 (45) 71.37 (5.69) 14883 (298)
Whole egg Fresh 13 (0) 18476 (447) 0.60 (0.05) 1147 (160) 3.52(1.04) 6932 (605) 76.67 (4.62) 452 (14)
Cooked 13 (1) 4023 (143) 0.53(0.15) 696 (37) 4.73(0.75) 1154 (115) 43.20(1.57) 14111 (174)
Egg white Fresh 13 (0) 20103 (124) 1.64 (0.09) 7453 (104) 53.33 (5.77) 67 (5)
Cooked 13 (1) 3514 (199) 0.40(0.00) 355(28) 6.33(1.53) 875(93) 66.83(3.72) 15844 (99)
Egg yolk Fresh 13 (0) 16995 (276) 0.49 (0.01) 866(33) 4.32(0.05) 6912 (104) 87.33(0.58) 1077 (29)
Cooked 13 (1) 4331 (308) 0.49 (0.09) 978 (40) 4.50(0.26) 1495 (114) 43.10(0.98) 13205 (169)
Defatted egg yolk Fresh 13 (0) 18914 (49) 0.44 (0.02) 1013(63) 4.11(0.08) 6682 (39) 56.67 (15.28) 54 (13)
Cooked 13 (1) 3547 (80) 0.49(0.02) 910(60) 4.40(0.17) 1447 (63) 50.13(2.73) 11995 (973)
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Figure 1. Extractabilities (areas in SE-HPLC chromatograms) of protein in sodium dodecyl
sulfate containing medium from unsalted noodles made with flour of cultivar Paragon only
(control noodles, A) and flour containing additional wheat albumin (B), wheat globulin (C),
wheat gluten (D) whole egg (E), egg white (F), egg yolk (G), defatted egg yolk (H), defatted
egg yolk with oil (1) and oil (J) after cooking at 100 °C. Trend lines and their corresponding
formula, expressed as equation 3, and goodness of fit (R2) were achieved applying first-order

kinetics. AU, arbitrary units.

31



100

80 -

SDS-EP (%)

40

20

60 -

I-Hﬁ.lnlff

Lihin i

Control Wheat Wheat Gluten Whole Egg Eggyolk Defegg Defegg Control +
albumin globulin egg white yolk yolk +oil ol

W 1.00% DTT
W 0.50% DTT

0.25% DTT
W 0.10% DTT
W 0.00% DTT

Figure 2. The increase in extractability of proteins in sodium dodecyl sulfate containing

medium (SDS-EP) with increasing dithiothreitol (DTT) concentrations on unsalted noodles

made with flour of cultivar Paragon only (control noodles) and flour with protein enriched

Osborne-fractions of wheat, i.e. wheat albumin, wheat globulin and wheat gluten cooked and

flour with whole egg, egg white, egg yolk, defatted (def) egg yolk, def egg yolk with oil and

oil for 12 min at 100 °C. The SDS-EP is expressed as a percentage on the protein

extractabilities of the corresponding samples in SDS medium with 1.00% DTT. Standard

deviations are given with error bars.
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Figure 3. Extractabilities (areas in SE-HPLC chromatograms) of egg proteins in water (A) and
glutenin (0), w-gliadin (*), a- and y-gliadin (o) in dimethyl sulfoxide:propanol:water (ratio
2:1:1, DMSO containing medium) of unsalted whole egg noodles made with flour of cultivar

Paragon in water after heating for various times at 100 °C. Trend lines were fitted according

to first-order kinetics. AU, arbitrary units.

33



‘e, +a
- + B + o o
EEsEssssmsas et e e e
= . -+ - i + "
" L _ -
[ IO ] D e
- = + -,
== " R e + -,
et D T ——
TS . R——
- = e e o
+ + +
[ ) - + - [ ) +
+ + + + +
+
C . a» - - D ‘e, @ 6.0
R—— [ = = = = = =
- - X ) -t
" o " s
& O T E: R
S X )} e e e T '."f
B I " C EBO Y e
RS RS+
2 ) + " = -
o ® .= @ Jam oW
4 ® o - oa
- - = +
B Glutenin @D Gliadin Egg yolk protein

@ Egg white protein
Figure 4. Visualization of ionic interactions in control (A), egg yolk (B), egg white (C) and

whole egg noodles (D). Negative (-) and positive (+) surface charges are based on the average

isoelectric point of protein mixtures and the actual dough pH.
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Figure 5. Free induction decay (FID) and Carr-Purcell-Meiboom-Gill (CPMG) spectra of

fresh (a) and optimally cooked (b) control (---) and whole egg (—) noodles. The different

proton populations are indicated with capital letters in order of increasing mobility. AU,

arbitrary units.
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