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Abstract

The impact of the substitution of wheat flour with 20, 40 and 60% of wheat resistant starch (WRS type III) and corn resistant
starch (CRS type III) on noodle properties was investigated by means of X-ray diffraction, textural profile analysis, physico-
chemical properties and microstructure evaluation. The kinetic data of amylose at different concentration of WRC and CRS
during baking were investigated in terms of zero order model (ZOM), first-order model (FOM), and parabolic diffusion
model (PDM). Furthermore, the kinetic data of crystallinity were fitted to the pseudo-first-order (PFOM), pseudo-second-
order model (PSOM), and intra-particle diffusion models (IDM). A ZOM satisfactorily described the experimental data of
amylose at different concentration of resistant starch, whereas crystallinity data was ideally fitted to PFOM. According to
X-ray pattern, crystallinity of noodle containing CRS and WRS had increasing trend with wheat flour substitution. The hard-
ness, cohesiveness and adhesiveness of the dough diminished remarkably as the resistant starch content increases. With the
augment in resistant starch level, the finest noodle cooking time was reduced and furthermore, the noodle cooking loss was
significantly increased, while the water uptake and the time needs for cooking the samples, decreased.

Keywords Resistant starch enrichment-noodle - Crystallization kinetics - Amylose reduction kinetics - X-ray analysis

Introduction

Plants are a significant source of proteins, carbohydrates,
fats, vitamins, minerals, and water. These are the nutrients
that are essential for sustaining life and contribute to the
caloric content of the body. The basic factor vital in the
selection of plants for systematic classification, nutritive
value, and plant improvement programs are the quality and
proportion of proteins in the seed [1-5]. Resistant starch
(RS) is defined as the starch and starch hydrolyzed products
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that endure digestion in human intestine. Being a source of
dietary fiber, RS has been categorized in functional foods
which has attracted a lot of attention over the past two dec-
ades owing to its functional properties. Such kind of starch
does not affect enzymatic digestion, therefore it cannot pro-
duce glucose in the body. Producing gas and short chain fatty
acids, bacterial microflora, however, can ferment resistant
starch in the colon, hence the fact that the effects of RS can
be compared with dietary fiber. RS increases the chances to
prevent the health problems related to the strong consump-
tion of high caloric foods [6]. Compared with traditional
fiber sources, RS entails fewer influences on the food sen-
sory profile, and provides satisfying water-binding capac-
ity, viscosity, swelling power and gel formation, hence its
application in a variety of foods [7, 8]. RS impact on several
cereal derived products has further been investigated [9—13].

The noodle sales in the world is growing at a rate of 5%
per year, an increase due to its low price and high easy con-
suming, and the fact that they can be prepared quickly [14].
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In particular, in Asia, noodles are the most wheat foods con-
sumed [15-17].

Baking could increase RS content. The objective of the
present work was to investigate X-ray pattern, amylose and
crystallinity kinetics at different concentrations (20, 40 and
60%) of corn resistant starch (CRS) and wheat resistant
starch (WRS) (before and after of baking) in wheat flour.
Ultimately, noodles were made with CRS and WRS to be
compared with each other in different parameters such as
SEM analysis, textural and physicochemical properties of
noodles.

Materials and methods
Dough and noodle preparation

Different amounts of wheat and corn resistant starch (20%,
40%, 60% w/w) and sodium chloride (8%) were added to
wheat flour and mixed thoroughly (Table 1). The dough
was prepared by mixing flour and distilled water (40 °C)
in a Hobart mixer (Model N-50, Richmond Hill, Ontario,
Canada) at a speed of 1 (60 rpm) for 5 min to make water
distribution more homogenous. Using laboratory noodle
machine (La Monferrina, model Dolly, Asti, Italy), noo-
dle strands with 1 mm diameter die was formed from the
prepared dough (500 g), were dried at room temperature
(25 °C) for 4 h and stored in a polyethylene package, where
the physicochemical and textural analyses were conducted
Pourmohammadi et al. [18].

Evaluation of the dried noodle quality
X-ray diffraction and amylose content

X-ray diffractograms of dried noodles contain CRS and
WRS were obtained with an X-ray diffractometer (X’ Pert
MPD, Phillips, Eindhoven, Netherlands). Dried noodles
were tightly packed into the sample holder. Diffraction data
were collected over an angular range from 4 to 40 (20).
The X-ray patterns were visually compared with the peak

characteristics of a theoretical diffractogram given by Pour-
mohammadi et al. [18]. Amylose content was determined
based on method reported by Pourmohammadi et al. [18].

Kinetic studies

Zero order model (ZOM), first-order model (FOM), and
parabolic diffusion model (PDM) were used to fit the data
of WRS and CRS for amylose. Also, the kinetic data of
crystallinity were fitted to the pseudo-first-order (PFOM),
pseudo-second-order model (PSOM), and intra-particle dif-
fusion models (IDM) [19, 20].

1. ZOM
A ZOM can be expressed as follow Eq. (1):

q = de — Kot (1)
where q, and q, are the amounts of crystallization loss
(%) at time t of baking (0, 6, 12, 18, 24 and 30 min of
baking process) and equilibrium crystallization loss (%),
respectively, and kg is the zero-order rate constant.
2. FOM
A FOM can be expressed as follow Eq. (2):

Inq, = Inq, — k7 2
where k| is the first-order rate constant.
3. PDM

A PDM can be formulated as:

4t =9e — kpto'5 3
where kp is the diffusion rate constant.
4. PFOM
A PFOM is formulated as:
dq
5 —ki(a.—q) “)

where q, and g are the amounts of crystallization loss
(%) at time t of baking (0, 6, 12, 18, 24 and 30 min
of baking process) and equilibrium crystallization loss
(%), respectively, and k, is the rate constant of PFOM

Table 1 Quantity (g/100 g

. - ; Ingredients C CRS20 CRS40 CRS60 WRS20 WRS40 WRS60
formulation) of ingredients used
in noodle formulations Wheat flour 50 40 30 20 40 30 20
Corn resistant starch - 10 20 30 - - -
Wheat resistant starch - - - 10 20 30
Sodium chloride 8 8 8 8
Water 60 60 60 60 60 60 60

C noodle control sample, CRS noodles made using corn resistant starch as wheat-flour replacer, WRS noo-
dles made using wheat resistant starch as wheat-flour replacer; number indicates the percentage of wheat-

flour replacement
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(min~!). After integration with the suitable boundary
condition (i.e. g, — g=0 at t=0) Eq. 5 can be written as:

a4 = g — exp (In(q.) —kyt) )
The constant parameters consisting of k, and g, can be
determined using the nonlinear optimization techniques.
5. PSOM
A PSOM is formulated as follows:

dq 2
% -
5 = k(. —a) (©)
where k, is the rate constant of PSOM (g mg™ min™).
By integration and using boundary conditions (=0 to
t=tand g=0to g=gq,) Eq. 7 becomes:

t t
q kg T 2
The constant parameters including k, and g, can be
determined using the nonlinear optimization techniques.
6. IDM
Experimental data were also fitted to the Weber and
Morris intraparticle diffusion model (IDM):

q, =k, +1 8)

where kp is the IDM rate constant, t is the time (min),
and C is the intercept.

Cooking time, cooking loss and water uptake

The optimal cooking time was estimated as the time at which
when the noodle pushed between two pieces of glass, the
white center of the noodle vanished completely [21]. The
cooking loss was specified via the ratio of noodle weight
remained in the cooking water (residue) to the dry weight of
the noodle. Cooking loss was calculated by Eq. (9) through
collecting the cooking water following the drainage of the
noodles and drying 5 ml of that at 105 °C. The dried residue
was weighed and the results were expressed as a proportion
of the uncooked noodles [21]. Water uptake was determined
by immerging 100 g of noodles in 300 ml of boiling water
for an appropriate time until the noodles were cooked. The
noodles were then drained, cooled for 5 min in room tem-
perature, and finally weighed. Water uptake was calculated
through subtracting the cooked noodle weight from the ini-
tial noodle weight [22].

Cooking loss (%) = (weight of remained residue in cooking water)
X 100/ weight of dried noodles
)

Water uptake (%)

= (weight of cooked noodle — weight of dried noodle)

X 100/ weight of dried noodles (10)
Textural analysis

The noodle texture was evaluated using a texture analyzer (A/
LKB-F, Stable Micro Systems, Surrey, UK) [23]. The texture
profile analysis (TPA) of the noodle doughs was performed
by a texture analyzer (Model LFRA 4500, Brukfield, USA).
Dough formatted to 2 cm diameter and 2 mm thick disks was
employed in TPA tests conducted according to Bourne [24,
25]. The analyser was set at two compression cycles, a speed
of 1 mm s~!, a distance of 10 mm and a relaxation time of
2 s between the two compressions. The recorded force—time
plots were analyzed for the following: (1) dough hardness (g),
height of compression peak (2) dough cohesiveness, the ratio
of the areas of the two resistance peaks (A2/A1) (3) springi-
ness, which is length 2/ length 1, and (4) adhesiveness, the
area of adhesion peak.

Determination of the morphology

The microstructure of dough and noodle formulated with CRS
and WRS in raw and cooked products was studied by means
of a scanning electron microscope (SEM) at 20 kV (Leica,
Cambridge, United Kingdom).

Color and sensory analysis

The most favorable time for cooking the noodles in soup is
13 min, therefore, for sensory evaluation, 20 g of dried noodles
were cooked in 500 ml water for 13 min. Next, 20 panelists (10
males, 2040 years) evaluated the noodles at room temperature
(27 +1 °C). The panelists evaluated the samples for their color,
odor, taste, flavor, texture, and overall acceptability on a five-
point hedonic scale, ranging from 5 =desirable enormously to
3 =neither like nor dislike and 1 =not desirable enormously)
[18]. Color parameters of the dried noodles were investigated
by use of a hunter lab colorimeter [26].

Statistical analysis

Results are reported as mean values and their standard devia-
tions. Analysis of variance (ANOVA) was carried out on data
and the significance of differences between the means was
specified via Duncan’s new multiple range test (P <0.05). Data
analysis was performed using the SPSS software version 24.0
(SPSS Inc., Chicago, IL, USA).
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Table 2 Physico-chemical properties of dough and noodle samples containing different levels of corn resistant starch (CRS) and wheat resistant

starch (WRS)

Control CRS20 CRS40 CRS60 WRS20 WRS40 WRS60
Total crystallinity_D (%) 23.7+0.4® 27.4+05%  30.7+0.5%8 3504068  287+08%F  362+05°®  40.3+06%
Total crystallinity _N (%) 262405  30.6+03%%  333+0.6% 395407  32.6+0.7% 446404 49.940.3*4
Total Amylose_D (%) 258403 222402 19.9+0.3% 16.9+04% 213404 18.6+02%  16.5+0.284
Total Amylose_N (%) 22.4+0.2°8 18.8+£0.2°B 13.8+£0.1%  13.120.28 17.4+0.2°8 102048 9.940.4™®

D and N are abbreviations for dough and noodles, respectively. Values are the average of triplicates + standard deviation. Different small letters
in each row and capital letters in each column (dough and noodles) indicate significant statistical difference (P <0.05)
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Fig.1 Wide-angle X-ray diffraction spectra for noodle- enrichment
CRS (a) and WRS (b) starches with different amylose contents, [1
(CRS/WRS20), 2 (CRS/WRS40) and 3 (CRS/WRS60) after baking],
[4 (CRS/WRS20), 5 (CRS/WRS40) and 6 (CRS/WRS60) before bak-
ing]

Results and discussion

The effect of resistant starch content on amylose
content and crystal patterns of noodles

Table 2 and Fig. 1 reports the amylose content of the sam-
ples and the crystallinity levels at various concentration
of resistant starch before and after of baking process, esti-
mated as the ratio of X-ray diffraction peak area and total
X-ray diffraction. Corn and wheat resistant starch showed

@ Springer

Table 3 Correlation between crystallinity and amylose content before
and after of baking over different ranges of amylose content in resist-
ant starches

Material Type Formula R R? RMSE
CRS20 N Y =35519-0.365X 0988 0.977 0.0182
D Y =43.631 — 0.693X 0.982 0.963 0.0287
CRS40 N Y =36.299 - 0.281X 0.989 0.979 0.0194
D Y =50.363 — 1.242X 0974 0.949 0.0405
CRS60 N Y =37.535-0.150X 0.966 0.933 0.0238
D Y =44.760 — 0.402X 0.988 0.977 0.0237
WRS20 N Y=31.909 - 0.149X 0986 0.973 0.0169
D Y =42.323 - 0.558X 0.983 0.966 0.0238
WRS40 N Y =45.095-0476X 0982 0.964 0.0234
D Y =52.227-0.230X 0.993 0.987 0.0163
WRS60 N Y=52.707 - 0.752X 0.979 0.959 0.0396
D Y =45.853 - 0.126X 0.955 0.912 0.0237

D and N are abbreviations for dough and noodles, respectively. CRS
and WRS means corn resistant starch and wheat resistant starch,
respectively

the maximum diffraction peak in the region of (15.21°,
17.05°, 20.45° and 22.42° 20) and (15.3°, 17°, 20.3° and
23.35° 20) peaks, respectively, which is consistent with the
amylose content by Cheetham and Tao [27].

Twelve regression equations were obtained to investi-
gate the association between amylose content and crystal-
linity in samples with different concentrations of dough
contains resistant starches, before and the noodles after
cooking (Table 3). A negative linear relationship between
crystallinity and amylose content was found. The amylose
content in dough of CRS and WRS was (22.2+0.2 to
16.9+0.4) and (21.3+0.4 to 16.5+0.2) which reduced
to (18.8+0.2t0 13.1+0.2) and (17.4+0.2t09.9+0.4)
after baking process, respectively. The percent of crys-
tallinity in dough containing CRS and WRS increased
from 27.4+0.5 to 35.0 +0.6 and 28.7 + 0.8 to 40.3 + 0.6,
respectively. Cooking had positive effect on the forma-
tion of crystallinity. According to the result of Cheetham
and Tao [27], when amylose content increases from 40 to
84%, crystallinity also decreases. These results showed
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that amylopectin, due to its double helices formation, it
is positive correlated to the crystallinity level in a usual
cereal starch ( <28% amylose). The kinetic data of amyl-
ose at different concentration of WRC and CRS during
baking were investigated in terms of ZOM, FOM, and
PDM and the results are reported in Table 4 and Fig. 2.
Also, the kinetic data of crystallinity at different con-
centration of WRS and CRS during baking were fitted
to the IDM (Fig. 2a, b), PSOM (Fig. 2c, d) and PFOM
(Fig. 2e, f). The results are reported in Table 5. The
results indicated that the ZOM better fitted the amylose
kinetic data (R?> 0.94) compared to the FOM, and PDM
(Table 4). The zero-order rate constants (k,) were found
between 0.241 and 0.312. As can be seen (Table 5), the
PSOM appeared to be the best-fitting model than IDM
and PFOM (R?> 0.89) for crystallinity kinetic data. The
highest equilibrium crystallization loss (%) for WRC and
CRS was found at 60%. The predicted constants of PSOM
at different concentration of WRC and CRS during baking
were close to the average amounts, confirming that this
model is indeed superior when it comes to the descrip-
tion of the kinetics of the amounts of crystallization loss.
The experimental data and predicted values of amylose
at different concentration of WRC and CRS during bak-
ing were investigated in Fig. 2 which shows the ZOM is
ideally describe the kinetic data. As Fig. 3 indicates, the
plots of crystallinity at different concentration of WRC
and CRS during baking were not linear in the overall time
demonstrating that this model is not appropriate in the
kinetic modeling. The relationship between #/g versus
time for crystallinity at different concentration of CRS
and WRS (Fig. 3c, d) by PSOM is linear, indicating that
this model is ideally applicable to describe the data. The
relationship between (q, — q) versus time for crystallinity
at different concentration of CRS and WRS (Fig. 3 e, f)
by PFOM is linear over the entire time range.

Effects of WRS and CRS on the textural properties
of the dough and noodles

TPA results (hardness, adhesiveness, cohesiveness,
springiness and gumminess) found for noodles are tabu-
lated in Fig. 4. Both starch and proteins play crucial parts
in governing the textural properties of noodles. How-
ever, the influence of proteins on textural properties is
well reflected by TPA parameters [28]. Specifying the
hardness of the cooked noodles (Fig. 4) revealed that as
the cooking time increased, the hardness of the samples
decreased from 916 + 81 to 519 + 56 for WRS and from
454 +34 to 272 + 21 for CRS substitution. The softer tex-
ture of the samples is the result of absorbing water by
gluten and starch gelatinization while cooking. Further-
more, with the increase in the resistant starch content, the
noodle hardness was observably reduced, which can be
associated with the decrease of gluten content in these
samples. A positive correlation has been reported between
hardness and gluten level in noodles [22, 29]. In general,
adding starch lead to softer noodle [30, 31], which was
corroborated by the downward trend of hardness in the
present study? Comparatively, Zhou et al. [12], showed
that noodles formulated with 10% CLWMS were to some
extent more rigid than the controls, certainly chemical
cross-linking, increased starch—protein interaction and
lead to a strong network of coagulated gluten proteins, and
made the texture harder [12]. Intra- and inter-molecular
bonds introduced by cross-linking were able to stabilize
and strengthen starch granules, which would then mini-
mize the disruption of granule and increase starch granu-
lar rigidity under high-temperature shearing, resulting in
greater resistance to the breakdown of the swollen gran-
ules, which accounted for the higher pasting viscosities
during heating and holding. Cohesiveness is an indicator
of how noodle texture maintains its ingredients together
during cooking. With the increase in the resistant starch

Table 4 Amylose kinetic

. Kinetic models CRS20 CRS40 CRS60 WRS20 WRS40 WRS60
parameters by various models
of dried noodles containing at 7ZOM
different concentration of CRS
(%) and WRC (%) k, 0.312 0.292 0.247 0.264 0.31 0.241
qe 28.73 36.88 40.53 27.76 31.1 35.44
R? 0.9972 0.961 0.988 0.947 0.988 0.969
FOM
k, 0.0132 0.0092 0.0114 0.0114 0.012 0.0077
qe 28.99 37.09 41.068 27.94 31.186 35.52
R? 0.989 0.947 0.9816 0.924 0.9774 0.956
PDM
k, 1.619 1.437 1.256 1.323 1.56 1.199
qe 29.36 37.21 40.94 28.14 31.58 35.75
R? 0.9149 0.792 0.8712 0.8106 0.859 0.816
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Fig.2 The kinetic models for amylose content of noodle-enrichment with concentration CRS20 (a), CRS40 (b), CRS60 (c), WRS20 (d),

WRS40 (e) and WRS60 (f)

levels, the cohesiveness of all samples decreased, except
for those containing 20% and 40% of WRS. A positive cor-
relation between the cohesiveness of spaghetti and noodles
and the gluten content of the flour was reported [22, 29].
Providing adequate hydration and heat, hot water regu-
larly goes through the noodles, and hydrates gluten and
gelatinizes starch granules during cooking. As a result,
by rising the cooking time, a powerful network is cre-
ated and the cohesiveness of the noodles is augmented.
Nevertheless, substituting wheat flour with RS, the gluten

@ Springer

level was reduced, leading to less cohesive noodles. Zhou
et al. [12] showed that CLWMS negatively affected the
noodle texture, with samples treated with CLWMS at dif-
ferent concentrations resulting similar to each other and
exhibiting lower cohesiveness [12]. The reducing trend of
the cohesiveness is possibly due to less amylose leaching
from the granules, which is in agreement with the present
research. Adhesiveness is an indication of noodle sticki-
ness, which is due to the release of amylose and amylopec-
tin from the noodle throughout cooking [10]. The results
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Table 5 Crystalinity kinetic

. Kinetic models CRS20 CRS40 CRS60 WRS20 WRS40 WRS60
parameters by various models
of dried noodles containing at IDM
different concentration of CRS
(%) and WRC (%) k; 1.532 3.064 0.241 1.475 1.475 1.475
I 22.95 26.93 32.42 20.714 20.714 20.714
R? 0.892 0.987 0.899 0.808 0.808 0.808
PFOM
k, 3.798 3.892 4.57 4.76 4.76 4.76
qe 3597 49.26 55.86 34.24 34.24 34.24
R? 0.953 0.956 0.937 0.9213 0.9213 0.9213
PSOM
k, 0.025 0.0183 0.0137 0.021 0.021 0.021
qe 32.68 44.64 50 30.58 30.58 30.58
R? 0.989 0.989 0.984 0.981 0.981 0.981

showed that increasing the RS level, the samples adhesive-
ness was remarkably reduced from 8.9+ 1 to 1.1 +0.6 for
WRS and from 3.1 +0.7 to 1.5+ 0.2 for CRS substitution
(Fig. 4). Preventing amylose and amylopectin from leach-
ing the noodles, the cross-link between hydrated gluten
and gelatinized starch during cooking may decrease the
adhesiveness and stickiness. Since gluten level resulted
positively correlated to adhesiveness [8, 22], the decrease
in the adhesiveness of the resistant starch noodles could
be mainly explained by the reduce gluten content of the
samples associated to the adding of RS. Owing to the
cross-linked bridges among its bonds, resistant starch does
not let amylose to leach, hence the noodle adhesiveness
decrease. Zhou et al. did not report significant differences
between CLWMS samples and controls, as far as adhesive-
ness parameters are concerned [12].

The results of hardness in noodles (Fig. 4) revealed
a decrease of the Young’s moduli due to the addition of
resistant starch. The hardness of noodles containing WRS
and CRS varied from 2412 +341 to 1150+ 221 Pa and
2510 +£256 to 1530+ 170 Pa, respectively. This probably
indicates that by increasing the level of resistant starch, the
dried noodles broke easily. With considering the amount of
flour used in the noodle formulation it can be noted that by
increasing the level of gluten proteins, the noodle strength
increased obviously [29]. By increasing the amount of WRS
and CRS, the firmness of the noodles decreased notably,
which could be due to the reducing of viscoelastic proper-
ties of the noodle dough. The addition of resistant starch
dilute wheat proteins (gluten), rendering them weaker, and
making them lose their viscoelastic properties. Therefore,
the increase in the resistant starch reduces the gluten con-
tent, entailing a weaker noodle structure [15]. As seen in
Fig. 4, WRS and CRS noodle samples have significant dif-
ferences in only 60% substitution; moreover, in lower levels
(20%, 40%) of replacement, there is no observable difference
among samples.

Effects of WRS and CRS on the cooking
characteristics of the noodles

In the situation where starch, gluten and water exist, and
also heating occurs, starch granules and gluten absorb
water and gluten is denatured and starch granules go
through gelatinization. As shown in Fig. 5a, with the
increase in resistant starch levels, the optimum cooking
time significantly reduced from 196 +46 to 171 + 38 for
WRS and from 239 +41 to 162 +25 for CRS substitution.
This can be attributed to the lower thermal properties
of starch in comparison with flour [15], which probably
indicates that, compared with wheat flour, for WRS and
CRS gelatinization, lower cooking process were required.
This may further be the reason for the shorter cooking
time associate to higher RS content. Resistant starch may
decrease the phase transition temperature range and the
melting enthalpy of starch crystallites, unstabilizing the
structure of the granules during heating [32] and decreas-
ing the cooking time. Cooking time reduction observed
with the increase in resistant starch levels may be the
result of the dilution of gluten network. Weakening the
gluten network, the resistant starch would decrease the
cooking time. Nevertheless, cooking time for all the
samples was less than 13 min, which is the best cooking
time for Iranian noodles [15]. With the increase in the
resistant starch level, the cooking loss of noodles fur-
ther augmented noticeably from 5.2 + 0.2 to 7.0+ 0.8 for
WRS and from 5.4 +0.5 to 7.4 + 0.7 for CRS substitution
(Fig. 5b). Majzoobi et al. [22] have reported a negative
correlation between the gluten content and the cooking
loss in spaghetti. Therefore, higher cooking loss observed
in samples containing resistant starch, may be the result
of the reduction of the gluten content due to the flour
replacement with RS. Zhou et al. [12] revealed that the
excessive replacement with flours not containing gluten
limits the gluten strength and softens the whole structure,

@ Springer



3156

K. Pourmohammadi et al.

42
40 A 20% .
38 40%

36 = 60%

34 =

32
30 = o
28
26 o

24 A

ot

20

[e]

t 0.5

22
- A 20%

20 o 40%
18 = 60%

16
14
12

q-q
»o
| ]

pom

N A N ®

0 5 10 15 20 25 30 35

Time (min)

1.2
1.0 A 20%

: o 40% A
L] 60%
0.8

0.6

tiq

0.4

TS

0.2

0.0 A

0 5 10 15 20 25 30 35

Time (min)

t/iq

55 1
A 20%

01 o 40% "
" 60%

45 o
40 o

35 4

30 A

25 A

20

25 1
20%
40%
60%

| el 3

20

15 1

a-q
>

10 1 A

p o

ponm

0 5 10 15 20 25 30 35

Time (min)

A 20%
0.8 o 40%
= 60% A

0.6 =

[ 1¢]

0.4 A

0.2

0.0 A

0 5 10 15 20 25 30 35

Time (min)

Fig.3 Experimental data obtained using IDM for crystalinity at different concentration of CRS (a) and WRS (b), PSOM for crystalinity at dif-
ferent concentration of CRS (c¢) and WRS (d), PFOM for crystalinity at different concentration of CRS (e) and WRS (f)

promoting a higher loss of solids into the cooking medium
[12]. As salt strength the gluten network, cooking noodles
in salted water would lead to lower cooking loss of the
samples. Accordingly, by weakening the gluten network,
resistant starch increases the cooking loss [22].

Figure 5c¢ shows that cooking time absolutely influ-
ences the water absorption of the noodles. The augment
in the water absorption of the noodles throughout cooking
is essentially owing to the water absorbtion of gluten and
starch granules in the course of gelatinization [8, 22, 33].
The increase in WRS and CRS levels noticeably decreased

@ Springer

the water absorption from 8.5 +0.8 to 5.1+ 1.2 for WRS
and from 8.4+ 1.2 to 7.3 +0.9 for CRS replacement. This
may be caused by the gluten dilution of the samples in con-
sequence of resistant starch substitution with wheat flour.
Furthermore, the differences in the sample water uptake
could be attributed to the differences between starch and
flour in terms of physicochemical and thermal characteristics
[15]. Accordingly, due to their gluten network, the control
samples have higher water absorption than noodle samples
containing resistant starch. Zhou et al. [12] showed that as
CLWMS increased, water absorption increased gradually.
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It has been reported that water absorption has negative cor-  Effects of WRS and CRS on SEM analysis
relation with amylose content of flours [13]. Moreover, this

trend seems to be associated to the existence of mostly amyl- ~ The effect of the cooking process (before and after cook-
opectin, which let more water to penetrate the structure [12]. ing) and various concentrations (40 and 60%) of RS on
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WRS40 (a and b), WRS60 (c and d), CRS40 (e and f),
CRS60 (g and h) samples were investigated by SEM analy-
sis (Fig. 6). The increasing in the RS content of dough
and noodles would be attributed to a growing CRS/WRS
replacement (from 40 to 60%), which has correlation with
the results of crystallinity % (Table 2). Cooking could be
cause to enhance the RS level of noodles in comparison
with those in dough owing to increase in recrystallization
of amylose and small chain of amylopectin leaching out
the granules (b and d; f and h). Similarly to what found
by Pourmohammadi et al. [18] for biscuits, gelatinization
and retrogradation could have significant effects on the RS
level in dough and noodles formulations [18]. It can be
noted that small granules of wheat and corn were melted
during production of dough (a, c, e, and g), nevertheless
were improved after cooking process (b, d, f, and h). These
results are in perfect agreement with Pourmohammadi
et al. [18].
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Effects of WRS and CRS on the color and sensory
analysis of the noodles

Color is an important feature of noodles as consumer’s first
opinion of noodle is, more often than not, derived from eval-
uation of the appearance [9]. The preferred color of custom-
ary white salted noodles is to some extent creamy. Table 6
shows that there exists a significant difference between the
samples. With the increase up to 60% in the amount of wheat
and corn resistant starch, the L value of the samples observa-
bly augmented from 75.403 to 89.593, and 86.123 to 92.803,
respectively. On the other hand, samples containing 20% of
WRS were significantly different from the controls in terms
of lightness. The a* and b* in WRS had no specified trends
in the overall samples, while in CRS, resistant starch up to
40% had a diminishing effect on a* and b* values, meaning
that the redness and yellowness of the noodles were reduced.
Zhou et al. [12] revealed that the addition of CLWMS (cross-
linked waxy maize starch) considerably affect the color of
noodles. Noodles became notably lighter with the increase
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Fig.6 Scanning electron
microscopy (SEM) of dough
and noodles for WRS40 (a, b),
WRS60 (¢, d), CRS40 (e, f),
CRS60 (g, h) samples
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Table 6 Color parameters lightness (L* value), redness—greenness (a* value), and blueness—yellowness (b* value) of dried noodles containing

different levels of WRS and CRS

Control WRS20 WRS40 WRS60 CRS20 CRS40 CRS60

L* 70.78 +£0.65° 75.40+0.85¢ 86.22 +0.94¢ 89.59 +0.56° 86.12+1.01° 89.06 +1.00° 92.80+0.77*
a* 2.40+0.05 1.376 +0.04° 1.03+0.06° 1.03 £0.06° 1.03 +0.06° 0.68+0.02¢ 0.66+0.02¢
b* 9.33+0.09¢ 10.50+0.22¢ 11.48+0.23° 10.29+0.15¢ 13.36 +2.15* 9.40+0.21¢ 9.33+0.09¢

* Values are the mean of duplicate + standard deviation. Different letters in each raw indicate significant statistical differences among the values

(P < 0.05)

Table 7 Sensory analysis of soup containing different levels of WRS and CRS

Control WRS20 WRS40 WRS60 CRS20 CRS40 CRS60

Appearance 3.50+0.13¢ 4.80+0.12 4.40+0.12° 3.30+0.08¢ 3.70+0.08° 3.80+0.12¢ 3.30+0.12¢
Taste 3.30+0.12° 3.20+0.12f 4.40+0.12° 3.45+0.07° 3.80+0.09¢ 4.75+0.11* 4.10+0.12°
Thickness 4.30+0.12% 4.20+0.10° 3.70+0.08° 2.20+0.13° 4.40+0.12° 3.30+0.08¢ 2.00+0.08"
Overall acceptability 3.00+0.12¢ 3.30+0.13¢ 4.40+0.08* 1.80+0.10 3.40+0.08¢ 420+0.10° 2.20+0.10°

* Values are the mean of duplicate + standard deviation. Different letters in each raw indicate significant statistical differences among the values

(P <0.05)

in the CLWMS content from 10 to 30%. Such results is in
going with the recent research in Asia, where potato starch,
tapioca starch or modified starch are employed to make noo-
dles bright [12]. Park and Baik [13] showed that the escala-
tion of L* in noodles was in accordance with their results
that protein contents had negative associations with lightness
(L*) of instant noodles [13]. Moreover, a notable point is
that water absorption is positively associated with brightness
[34]. The increase in the amount of resistant starch dilutes
protein (gluten) and enhances the lightness of the noodles.

Sensory analysis results showed that the thickness of the
soup containing WRS and CRS decreased by increasing the
level of resistant starch in the noodles (Table 7). Decreasing
the thickness of the soup was not pleasing, since the pan-
elist gave lower scores to the thinner samples (60% CRS and
60%WRS). The thickness of noodles containing of CRS was
significantly (P <0.05). Even though the sample prepared
with 20% resistant starch noodle obtained a little higher
score in all the samples containing WRS (4.80+0.12) and
CRS (3.70£0.08 and 3.80+0.12). The assessment of the
noodles overall acceptability exposed that those made with
40% resistant starch received the highest scores and noodles
made with 60% resistant starch obtained the lowest grade in
both WRS and CRS.

Conclusion

The incorporation of WRS and CRS into the formulation
of noodles leads to considerable modifications in rheologi-
cal, textural and cooking characteristics. A negative linear
relationship between crystallinity and amylose content was

@ Springer

found. The results indicated that the ZOM better fitted the
amylose kinetic data (R?>> 0.94) while the PSOM appeared
to be the best-fitting model (R?>>0.89) for crystallinity
kinetic data. The results of the hardness in noodles revealed
a noticeable reduction of the Young’s modulus of the noodle
samples. Increasing the resistant starch level in the noodle
formulation, augmented the cooking loss marginally. Con-
versely, with the increase in the amount of corn and wheat
resistant starch, the water uptake and noodle cooking time
decreased. In conclusion, resistant starch resulted appropri-
ate for increasing the noodle fiber content.
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