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Chapter 4A

Characterization of flours from underutilized Dioscorea species and its

utilization in cookies enriched with almond protein isolate

4A.1 Introduction

The present chapter deals with the characterization of flours from three yam
species, viz., Dioscorea esculenta (Y1), Dioscorea alata (purple yam, Y2) and
Dioscorea alata (yellow yam, Y3), and its utilization in the preparation of cookies. The
native yam flours were not found suitable for the preparation of cookies due to their low
protein content and structural breakage of cookies during trial experiments. The native
yam flours were mixed with almond protein isolate (API) in an attempt to get the
qualities of gluten in gluten-free food such as cookies. Hence, the flours Y1, Y2, and Y3
were mixed with 10 % of API, and the blends were named PY-1, PY-2, and PY-3,
respectively. The characterization of all the native flours and their blends with API was
done. Consequently, PY-1, PY-2, and PY-3, which represents the flour and API blends,
were used in the formulation of cookies. The nutritional composition, physical
characteristics, texture and color of the prepared cookies were checked. Sensory analysis

of the cookies was also conducted.
4A.2 Flour characteristics

4A.2.1 Proximate analysis and antioxidant properties of almond protein isolate and

flours

The proximate composition and antioxidant properties of almond protein isolate
(API) are shown in Table 4A.1. The protein content of APl was 82.79 £ 0.31 %, which
was found to be higher than protein content (64 to 79 %) isolated from almond flour as
reported by de Almeida et al. [19], and lower than protein (89.95 %) extracted from
almond seed [58]. Carbohydrate and fat content of 4.72 £ 0.05 % and 2.30 £ 0.14 %,
respectively, were found to be higher than 3.15 % and 0 %, reported by Yusuf [58]. The
extraction process and the drying methods can affect the functionality, composition,
structure, and conformation of proteins [18].
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Table 4A.1: Proximate composition (on dry weight basis) and antioxidant properties of flours, almond protein isolate and their blends

Samples
Compositions

WF API YF-1 YF-2 YF-3 PY-1 PY-2 PY-3
Moisture (%) 13.15+0.23" 7.12+0.16° 9.06+0.11° 9.00+0.15° 10.71+0.40° 895+0.39°  9.11+0.15° 10.57+0.43
Protein (%) 12.98+0.12% 8279+0.31° 521+0.13" 571+0.19" 756+0.12° 13.46+0.30° 13.72+0.16° 16.12+0.23
Crude fat (%) 1.60+0.15° 2.30+0.14* 147+021° 1.61+0.08° 158+0.10° 1.73+0.08" 212+0.17%* 1.84+0.22"
Crude fiber (%) 1.99+0.15° 1.98+0.13° 2.18+0.10" 251+0.19° 243+0.11° 246+0.10° 3.27+0.07* 2.95+0.23°
Ash (%) 1.71+0.11°  1.09+0.09" 242+0.03" 296+0.17®% 253+0.05° 256+0.05¢  3.04+0.12% 2.75%0.06™
Carbohydrate b d ;
%) 68.57 +0.08° 4.72+0.05% 79.66+0.06° 78.21+0.43° 75.17+0.41° 70.84+051° 68.73+0.48° 65.77 +0.95

0

TPC b d d b d d b

1.33+0.15° 051+0.07° 012+0.03%° 0.18+0.03° 0.39+0.07"° 0.15+0.04 0.25+0.06  0.43 +0.01"
(mg GAE/q)
DPPH (% ) . ) .
inhibition) 7114 +0.19° 80.48+1.02° 15.36+0.56" 24.84+0.429 4351+0.29° 33.69+0.31" 5244+0.85% 76.25+0.76
nnipition

Data values are presented as mean + standard deviation. Data with different alphabetic superscript in the same row are statistically

significant (p<0.05). WF: wheat flour; YF-1: D. esculenta flour; YF-2: D. alata (purple yam) flour; YF-3: D. alata flour; PY-1: D. esculenta

(yellow yam) flour and almond protein isolate blend; PY-2: D. alata (purple yam) flour and almond protein isolate blend; PY-3: D. alata

(yellow yam) flour and almond protein isolate blend.
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High total phenolic content (TPC) and DPPH scavenging activity (% inhibition)
of 0.51 £ 0.07 mg GAE/g and 80.48 + 1.02 %, respectively, were found in API. High
TPC and antioxidant activity in API could be explained by the higher presence of
polyphenols such as proanthocyanidins, hydrolyzable tannins, and flavonoids in almonds
[14, 48]. A similar high value of TPC and antioxidant activity was observed for almond
proteins isolated through aqueous and enzyme-assisted aqueous extraction processes
[20].

Proximate composition and antioxidant properties of native and blend flours are
presented in Table 4A.1. No significant difference in the moisture content was noticed
due to the inclusion of API in the native flours. The inclusion of API in the native yam
flours resulted in a significant increase in protein content. The highest protein content of
7.56 £0.12 % and 16.12 £ 0.23 % was recorded for yellow yam flour (YF-3) and yellow
yam flour and API blend (PY-3), respectively. The protein content of yam flours
reported in this study is consistent with the protein content of 2.66 — 9.02 % and 0.91 —
10.16 % reported for D. esculenta and D. alata flours, respectively [21, 39, 46, 53].
Higher protein content in the blends was due to the inclusion of API in native yam flours,
and as a consequence, a significant decrease in carbohydrate content of yam flour-API

blends was observed.

No significant increase in the TPC values was observed in the blends compared
to native yam flour. Meanwhile, a significant increase in the antioxidant activity (DPPH
scavenging activity, % inhibition) was observed in blends compared to the respective
native yam flours due to the inclusion of API, which possibly could increase the
antioxidant activity [14, 20, 48].

4A.2.2 Functional properties of flours

The data related to the functional properties of flours are shown in Table 4A.2.
The bulk density of the yam flour decreased with the addition of API. The lowering of
bulk density can be an advantage for consumers who can get more nutrients from the
consumption of lighter food items [40]. The water adsorption capacity (WAC) and oil
adsorption capacity (OAC) of the yam flour increased significantly (p<0.05) with the
addition of API. This increase in WAC and OAC can be attributed to the hydrophilic and
hydrophobic side chains in amino acids available in the protein isolate, resulting in
increased interactions with water and oil [40, 41]. The swelling power of the blends of
yam flour and API was observed to be lower than the native yam flour. This reduction in
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swelling power with the addition of API could be linked to the reduction in amylose
content on account of the decrease in the carbohydrate content of the blends [16, 49].
The foaming capacity (FC) of the flours increased significantly (p<0.05) with the
addition of API, whereas the foaming stability (FS) decreased with the addition of API.
The increase in FC can be attributed to the increase in protein content of the flours due to
the addition of API, and protein content was found to be positively correlated with FC
[27, 40]. The inverse relation between FC and FS may be due to the formation of large
air bubbles with thin and less flexible protein film in flours with high foam capacity that

eventually collapses easily, resulting in low FS [10].

Table 4A.2: Functional properties of flours from different Dioscorea species and their

blends with almond protein isolate

Sample BD WAC OAC SP FC FS
(g/ml) (9/9) (9/9) (9/9) (%) (%)

WF 0.72 £0.01% 1.27+0.03" 1.27+0.01° 525+0.04° 9.26 +0.08°  41.23 +0.54°
YF-1 082 +0.01° 151+0.03° 0.82+0.01% 590+0.02*® 355 +0.32° 66.10 +0.78"
YF-2  0.80 +0.01° 1.51+0.02° 0.99+0.02° 445+0.03° 3.68 +0.13*  68.44 +0.63
YF-3 078 £0.01° 1.94+0.02" 1.01+0.03° 3.85+0.01" 512 +0.07" 52.42 +0.60°
PY-1 075 £0.01° 2.05+0.02° 1.31+0.02° 4.15+0.02° 11.67 +0.30° 34.63 +0.91°
PY-2 072 £0.01 2.16+0.03" 157+0.01* 4.03+0.02° 1151 +0.25° 33.22 +0.76°
PY-3  0.68 +£0.01° 2.95+0.03* 1.56+0.02® 3.03+0.03° 1493 +0.16° 21.61 +0.81'

Data values are presented as mean + standard deviation. Data with different alphabetic
superscript in the same column are statistically significant (p<0.05). WF: wheat flour;
YF-1: D. esculenta flour; YF-2: D. alata (purple yam) flour; YF-3: D. alata flour; PY-1:
D. esculenta (yellow yam) flour and almond protein isolate blend; PY-2: D. alata (purple
yam) flour and almond protein isolate blend; PY-3: D. alata (yellow yam) flour and

almond protein isolate blend.

4A.2.3 Pasting properties of flours
The pasting properties of the flours measured by RVA are shown in Table 4A.3.

Pasting properties refers to the changes during the gelatinization of starch granules,
which swell and rupture due to the combined effect of heat and water during heating and

cooling.
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Table 4A.3: Pasting properties of flours

sample PT PV HPV FV BD SB Stability Setback Relative
°C) (cP) (cP) (cP) (cP) (cP) ratio ratio breakdown

WF 66.23 +1.02° 4192 +26.06° 706+ 18.03% 1472 +27.40° 3486 +36.04° 766+45.40° 0.17+0.01° 2.09+0.09"° 4.56+0.23
YF-1  65.87+0.60° 672+8.19° 263+10.58" 528+1539° 409+520° 265+854° 0.39+0.01" 2.01+0.04* 1.54+0.07
YF-2  68.22+1.26° 328+17.06° 197+13.08" 422+458°  131+30.05° 225+9.17° 0.60+0.07° 215+0.12* 0.58+0.11°
YF-3  76.08+0.84" 257+656° 233+4.00° 397 +11.53° 24+ 265" 164 +7.55°  0.91+0.01* 1.70+0.02°° 0.15+0.01°
PY-1  7491+1.03° 76+557 58 + 6.08" 151+ 12.77° 18+ 2.65° 93+18.00° 0.76+0.04" 2.63+0.45  0.20 +0.03
PY-2  7473+133" 143+351° 132+200° 195+458° 11 +3.21° 63+3.61°  092+0.02° 1.48+0.03 0.18+0.04°
PY-3  80.72+0.51* 56+4.36' 45 + 2.65' 83 +3.61' 11 + 6.56° 38 + 4.58° 0.81+0.11% 1.85+0.14" 0.29 +0.16"

Data values are presented as mean + standard deviation. Data with different alphabetic superscript in the same column are statistically

significant (p<0.05). WF: wheat flour; YF-1: D. esculenta flour; YF-2: D. alata (purple yam) flour; YF-3: D. alata flour; PY-1: D. esculenta

(yellow yam) flour and almond protein isolate blend; PY-2: D. alata (purple yam) flour and almond protein isolate blend; PY-3: D. alata

(yellow yam) flour and almond protein isolate blend.
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The pasting properties of the yam flour, and the blends of yam flour and almond
protein isolate were significantly (p<0.5) different. The peak viscosity of the yam flours
reduced significantly with the incorporation of almond protein isolate. The decrease in
peak viscosity could be correlated to the lowering of carbohydrates (mainly starch) as
well as the interactions between the components such as fat, protein, and starch of the
blends [40]. The addition of protein isolate can restrict the swelling behaviour of the
starch granules, consequently restricting the gelatinization of the starch granules. Similar
results were reported for oat starch and corn starch added with whey protein isolates [29,
56]. The final viscosities of the blends showed a similar reduction due to the addition of

the almond protein isolate to yam flour.

Low breakdown viscosity exhibited by the blends of yam flour-protein isolate
compared to native flours, indicates the higher stability of the pastes to high shear and
temperature. A lower breakdown can be linked to the presence of a protein that leads to a
lower disruption of starch granules or the reduction in starch concentrations due to
protein addition, thereby, can increase the paste stability. Lower setback values of the
blends reflect a lower degree of retrogradation compared to the respective native flours.
Thus, somehow the protein isolate interfered with and delayed the retrogradation
process. Lower setback values were shown by the blends of yam flour and almond
protein isolate making them suitable for food applications such a refrigerated and frozen
products, where a lower syneresis rate is desired [51]. During starch gelatinization,
higher the thermal energy required to break the hydrogen bonds between starch
molecules and form new hydrogen bonds between starch and water, the higher the
pasting temperature. It is also influenced by the proteins present in the gel system that
may compete with the starch molecules for water and can form their own gel [37]. A
higher pasting temperature was exhibited by the blends of yam flour and almond protein
isolate compared to the native flours. Similar reports on the increase in pasting
temperature due to the addition of proteins were reported by Nogueira et al. [37],
Chinma et al. [17], and Indrani et al. [24].

The stability ratio (hot paste viscosity: peak viscosity) of the yam flours (except
YF-3) was found to increase with the addition of almond protein isolates, which
indicated that the proteins prevented swelling and breakdown of the starch granules. The
setback ratio (final viscosity: hot paste viscosity) of the yam flours (except YF-2)

increased significantly with the addition of almond protein isolate, which indicated the
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retrogradation behavior and the formation of junction zones between starch molecules.
Relative breakdown (breakdown: setback) of the yam flours (except YF-3) was found to
be lower with the addition of almond protein isolate, which indicated a lower disruption
of starch granules and high integrity of starch granules after retrogradation. Moreover, it
is worth mentioning that a higher degree of rupture of granules during heating and
holding may not always lead to a weaker gel after retrogradation. At the same time, a
firm viscoelastic paste can be formed by the higher amount of leached amylose fractions
during the setback stage which can help in the formation of 3-dimensional networks in
the gel [29].

Almond protein isolate addition to the yam flour increased the pasting
temperature and decreased the peak viscosity, hot paste viscosity, final viscosity,
breakdown, and setback. A similar reduction of the peak viscosity, hot paste viscosity,
final viscosity, breakdown, and setback as well as an increase in pasting temperature was
reported for premixes of groundnut protein concentrate and wheat flour [40], Bambara
groundnut protein concentrate and wheat/plantain flour [26], and soy protein isolate and
rice flour [41]. The reduction in the pasting properties (except pasting temperature) of
the blends may be attributed to the increase in protein content that may affect the starch

granules and induce dilution effect.

4A.2.4 ATR-FTIR spectra of flours
ATR-FTIR spectra of the flour samples are presented in Fig. 4A.1 (A), which

provides information on short-range crystalline order in starch and can detect a wide
range of functional groups that are visible in the form of peaks. The changes due to any
modification of flour can be identified on a structural level using FTIR. Native yam
flours and yam flours added with almond protein isolate showed similar FTIR spectra,
suggesting no synergistic interactions and the addition of API did not alter the structure
of the yam flours. However, a difference in the intensities of absorbance was observed in
the FTIR spectra due to the addition of protein isolate to yam flours.

Absorbance intensities in the region 3000 — 3700 cm™ represent OH stretches of
inter- and intramolecular H-bonds [34, 59]. The broadband with a peak at 3277 cm™
representing OH stretch was observed in all the sample flours, and it can be associated

with the moisture content of samples [35].

(A)
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Fig. 4A.1: (A) ATR-FTIR spectra of flours, and (B) absorbance ratio of 1047/1022 cm™
and 995/1022 cm™. WF: wheat flour; YF-1: D. esculenta flour; YF-2: D. alata (purple
yam) flour; YF-3: D. alata (yellow yam) flour; PY-1: D. esculenta flour and almond
protein isolate blend; PY-2: D. alata (purple yam) flour and almond protein isolate
blend; PY-3: D. alata (yellow yam) flour and almond protein isolate blend.

The absorbance band in the range of 3000 — 2800 cm™ can be related to the lipid
content of samples [35]. A greater intensity of peak at 2925 cm™, which is associated
with asymmetric stretches of the CH, group present in the aliphatic chains of fatty acids,
could be correlated with the lipid content of sample flours. Strong absorbance bands at
1600 — 1700 cm™ (amide I band) and 1550 — 1570 cm™ (amide 11 band) indicate a higher
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protein content [5]. All the yam flours mixed with almond protein isolate showed a
higher absorbance peak at 1632 and 1551 cm™ indicating a higher level of protein than
the native yam flours. This result was obvious due to the addition of almond protein
isolate to native yam flours. Peaks in the band at 800 - 1200 cm™ are the fingerprint
region used to characterize starch [5, 35]. No difference in the shape of the peaks was
observed in the samples. However, the observed difference in the intensity of peaks
could be due to the milling methods employed to obtain flours, granule size, and amount

of damaged starch in flours [8, 15].

FTIR spectrum could be used to determine the degree of order and the degree of
double helix of starch granules using the ratio of absorbance at 1047/1022 cm™' and
995/1022 cm', respectively [60, 61]. Fig. 4A.1 (B) shows that the ratio of 1047/1022
cm ' was higher for all the yam flours enriched with API than the respective native yam
flour. This indicated an increase in the degree of order due to the perfection in the degree
of crystallinity in starch granules [23, 31]. A similar increase in the ratio of 995/1022
cm ' was observed for all the yam flours enriched with API compared to their respective
native yam flours. This observation suggests a more effective organization of double

helices within the crystalline lamellae of starch granules [4, 57].
4A.3 Cookie characteristics
4A.3.1 Rheological characteristics of cookie dough

The rheological characteristics of the cookie dough prepared from the blend of
yam flour and almond protein isolate were measured by a dynamic frequency sweep test
within the linear viscoelastic region. Fig. 4.2 (A) & (B) depicts the variation of G
(storage modulus) and G™ (loss modulus) and shows the dependence of both the
modulus (G” and G™") on frequency. In all the dough samples, G” (storage modulus) was
found to be greater than G™* (loss modulus) which implies that all the sample dough
tends to be more elastic than viscous. The dough strength (G”) increased in the following
order: PY-3 < PY-2 < PY-1 < Control. These results confirmed the viscoelastic nature

of the samples [44].
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Fig. 4A.2: Dynamic rheological characteristics of cookie doughs. (A) The storage
modulus; (B) the loss modulus; and (C) tand. WF: wheat flour cookie dough; PY-1: D.
esculenta flour-almond protein isolate cookie dough; PY-2: D. alata (purple yam)-
almond protein isolate cookie dough; PY-3: D. alata (yellow yam) flour-almond protein

isolate cookie dough.
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In a rheological study, G” refers to the solid-like property and toughness of a
sample which is linked to the extent of crosslinking in a dough. A higher value of G” and
G”" was noticed for the wheat flour dough compared to the dough prepared from blends
of yam flour and almond protein isolate, indicating a low viscoelastic behaviour of the
dough prepared from blends. The absence of gluten in the blends of yam flour and
almond protein isolate makes the dough less cohesive and elastic, and have a major

impact on the rheological properties

The variation of loss tangent (tand = G"'/ G”) as a function of frequency at 25 °C
is presented in Fig. 4.2 (C). All the doughs showed a higher tand value at higher
frequencies indicating an increase in the viscous characteristics with the increase in
frequency. The tand value increased in the following order: PY-1 < PY-2 < Control <
PY-3. The tand value of PY-1 cookie dough was found to be the lowest indicating more
elasticity in nature and a stronger gel network (gel strength) compared to all other dough
samples. This could be because protein or other non-starch ingredients played an

important role in the interactions of flour constituents [42].

A similar study reported a higher G” and G™~ for wheat flour dough than dough
prepared from a blend of wheat flour and soy protein isolate [50]. Corn flour substituted
with pea proteins also presented lower G” and G~ values than control corn flour dough
[45]. The prevalence of G” over G in cookie dough may be due to the high fat and
protein content, and low moisture content [12]. The changes in the gel strength observed
may be due to the macromolecular organization as a result of interactions between the
protein and polysaccharides leading to changes in the profile of G” and G™ [22, 52].
Moreover, the rheological properties of flour depend on various substances such as
water, D,0, esterifying agents for glutamine residues, urea, salts, agents affecting
disulphide bonds, and the protein subunits that are present or added in the flour [7].
Meanwhile, in this study, the rheological properties of the dough samples were

consistent with the physical parameters of the cookies and the RVA results of the flours.
4A.3.2 Proximate analysis and antioxidant properties of cookies

The proximate composition of the cookies (Fig. 4A.3) made from the blend of

yam flour and almond protein isolate is presented in Table 4A.4.
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Fig. 4A.3: Cookies from (A) WF: wheat flour cookie dough; (B) PY-1: D. esculenta

flour-almond protein isolate cookie dough; (C) PY-2: D. alata (purple yam)-almond

protein isolate cookie dough; and (D) PY-3: D. alata (yellow yam) flour-almond protein
isolate cookie dough.

The moisture content of yam flour-API cookies ranged from 1.88 to 2.28 %,
which was lower than the control (wheat flour cookies). Meanwhile, it was found to be
lower than the range of moisture content (3.28 — 5.33 %) reported for cookies from rice

flour and soy protein isolate (SPI) blends [41]. The relatively lower moisture content of
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cookies in this study may be useful for the higher shelf-life of the cookies. The protein
content of PY-3 cookies was the highest (8.08 £ 0.04 %) compared to all other cookies,
and the moisture content decreased due to the decrease in protein content of cookies. A
similar reduction in moisture content of cookies from wheat flour blended with
buckwheat flour was reported due to a decrease in protein content [25]. The crude fat,
crude fiber, and ash content of the cookies from yam flour and API blends were found to
be higher than the control. This increase in fat content could be attributed to the high
OAC of the yam flour and API blends. A similar increase in the fat content of cookies
from rice flour and SPI blends due to fat-binding properties of SP1 was reported [41].
Due to the lower carbohydrate content of the cookies from yam flour and API blends as

compared to control, it could be used in the diet for obese and diabetic patients.

Table 4A.4: Proximate composition (on dry basis) and antioxidant properties of cookies

o Samples
Compositions
Control PY-1 PY-2 PY-3

Moisture (%) 3.31+0.08 1.88 £ 0.03° 2.21 +0.06" 2.28 +0.10°
Protein (%) 7.18 +0.03" 6.47 + 0.06" 7.00 +0.08° 8.08 + 0.04%
Crude fat (%) 19.13+£0.05"  21.67+0.08° 2596+0.03°  25.67 +0.03°
Crude fiber (%)  2.65+0.01° 3.78 £ 0.04° 4.94 +0.02° 453 +0.05°
Ash (%) 0.71 £0.01° 1.87 £0.01° 1.55 + 0.01° 1.37 £0.02°
Carbohydrate (%) 67.01+0.05*  65.01+0.08° 58.33+0.12°  58.07 +0.14°
TPC (ug GAE/g) 1.18 +0.02° 0.13 +0.03¢ 0.22 +0.02° 0.35 +0.03"
DPPH (% ) ]

o 89.73+0.09°  47.21+0.13 61.22+0.10°  94.25+0.07°
Inhibition)

Data values are presented as mean + standard deviation. Data with different alphabetic
superscript in the same row are statistically significant (p<0.05). Control: wheat flour
cookies; PY-1: D. esculenta flour and almond protein isolate blend cookies; PY-2: D.
alata (purple yam) flour and almond protein isolate blend cookies; PY-3: D. alata

(yellow yam) flour and almond protein isolate blend cookies.

The TPC of the cookies from yam flour and API blends significantly decreased
compared to the control. This suggests the susceptibility of the phenolics present in the
cookies from yam flour and API blends to high temperatures during baking. This

decrease in the TPC values may be due to the decarboxylation of phenolic acids and
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depolymerization of polyphenols during baking at high temperatures [32]. However, an
increase in DPPH scavemging activity (% inhibition) was observed after baking all the
cookie dough which could be attributed to the formation of melanoidins (brown pigment)
during baking that can increase the antioxidant activity of cookies [25, 47].

4A.3.3 Physical characteristics of cookies

The physical characteristics of the cookies made from the blend of yam flour and

almond protein isolate are presented in Table 4A.5.

Cookies from purple yam flour-almond protein isolate had the lowest weight
(5.79 £ 0.40 g). No significant difference (p<0.05) in the diameter, thickness, and spread
ratio was observed in PY-1, PY-2, and PY-3 cookies in comparison to control cookies.
The spread ratio which represents a ratio of diameter to thickness was found to be non-
significant for cookies from corn flour incorporated with pea proteins, which may be the
result of the non-significant difference in thickness and diameter, or both [45]. Similar
studies were performed for rice, buckwheat, oat, spelt and kamut flours incorporated
with lupin seed protein extract and no effect in the cookie diameter and area were
reported [36]. Moreover, the variations observed in the thickness, diameter and spread
ratio not only depends on the addition level of protein isolates but also on the processes
and formulations used [38]. Overall, the incorporation of almond protein isolate in yam
flour can lead to comparable physical or geometric characteristics to that of cookies
made of wheat flour. Mota et al. [36] reported that the presence of gluten in flour does
not influence the cookie area and no direct relationship with the expansion of structure
could be established. Cookie diameter and spread ratio are considered desirable quality

characteristics of cookies.
4A.3.4 Texture analysis of cookies

Cookie hardness measured by the Texture Analyzer is shown in Table 4A.5.
Hardness of cookies represents the peak force required to snap the cookies, and is one of
the most important textural properties for cookies [33]. The maximum cutting force (3.64
kg) to break the cookies was noticed for the wheat flour cookies and the lowest cutting
force (2.24 kg) for PY-3 cookies, which is in concordance with the measured rheological
properties of cookie dough. The difference in the cookie hardness of wheat flour cookies
and yam flour-almond protein isolate cookies can be attributed to the gluten fractions,
which provide a strong binding structure to dough [30]. The cookies with almond protein

isolate with no gluten fractions showed a lower value of hardness compared to gluten-
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containing wheat flour cookies and resulted in cookies with a soft texture. A similar
lower value of hardness of cookies from blends of rice flour-potato protein isolate was
reported as compared to wheat flour cookies [54]. A higher value of hardness was
observed with the addition of potato protein concentrate which may be due to the
association of polysaccharides with concentrate. Moreover, the hardness of cookies is
related to the particle size of the flours used [3, 13, 43]. In addition, the difference in the
texture of the cookies may be linked to the difference in the protein-protein interaction or

protein-carbohydrate interactions [55].

Table 4A.5: Physical characteristics and hardness of cookies

Sample  Weight Diameter Thickness Spread ratio Cookie hardness
(9) (cm) (cm) (kg)

Control  6.30+0.40° 4.43+0.06° 0.70+0.05° 6.32+0.40° 3.64+0.37°
PY-1 6.39+0.54° 4.41+0.06" 0.74+0.03 595+0.22*% 3.01+0.28%
PY-2 5.85+0.21" 4.44+011® 074+006° 6.06+053* 2.65+0.17"
PY-3 579+0.40° 463+030° 0.75+0.04* 6.18+0.62° 2.24+0.16°

Data values are presented as mean + standard deviation. Data with different alphabetic
superscript in the same column are statistically significant (p<0.05). Control: wheat flour
cookies; PY-1: D. esculenta flour and almond protein isolate blend cookies; PY-2: D.
alata (purple yam) flour and almond protein isolate blend cookies; PY-3: D. alata

(yellow yam) flour and almond protein isolate blend cookies.

4A.3.5 Color analysis of cookies

Color is an aesthetically important parameter in the quality of cookies. Color
values of the cookies (Fig. 4A.3) made from the blends of yam flour and almond protein
isolate are shown in Table 4A.6. L* and b* values of the yam flour-almond protein
isolate cookies significantly (p<0.05) decreased in comparison to control cookies,
indicating that the color of PY-1, PY-2, and PY-3 cookies became increasingly bluish-
black. The a* value of PY-1 and PY-2 cookies significantly increased in comparison to
the control indicating an increase in the redness of the cookies. A higher degree of
browning in the cookies prepared from blends of yam flour and almond protein isolate
may be due to a high degree of non-enzymatic browning that takes place between amino
acids and sugars [55]. Moreover, yam flour and almond protein isolate contain the amino

acid lysine which promotes non-enzymatic browning by reacting with carbonyl groups of
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reducing sugar and might result in darker color cookies [6, 28]. Cookies from PY-1 were

lighter in color compared to PY-2 and PY-3, which may be due to the lower amount of

lysine in D. esculenta than D. alata [28].

Table 4A.6: Color attributes of cookies

Sample L* a* b* c h

Control 51.49+1.60* 12.78+0.89° 26.35+0.57° 29.29+0.33° 64.12 +1.96°
PY-1  4350+1.73° 14.97+0.83* 19.87+154° 24.91+098" 5289 +3.39"
PY-2  4157+2.82° 15.03+0.71* 19.49+2.24° 2465+1.70° 52.14+3.78°
PY-3  33.41+059° 12.06+0.22° 14.32+1.08° 18.73+0.88° 49.80+2.11°

Data values are presented as mean + standard deviation. Data with different alphabetic
superscript in the same column are statistically significant (p<0.05). Control: wheat flour
cookies; PY-1: D. esculenta flour and almond protein isolate blend cookies; PY-2: D.
alata (purple yam) flour and almond protein isolate blend cookies; PY-3: D. alata

(yellow yam) flour and almond protein isolate blend cookies.

The chroma and hue angle were found to be lower in the yam flour-almond
protein isolate cookies when compared with the control. A similar decrement in L* value
(brightness) was observed in fermented and unfermented yam flour when compared with
wheat flour [9]. Additionally, drying conditions, milling parameters, chemical

composition, and polyphenol content tends to affect the color of flour [1, 9].
4A.4 Sensory evaluation of cookies

Cookies prepared from WF, PY-1, PY-2, and PY-3 were evaluated for their
color, flavor, texture, aroma and overall acceptability using the sensory analysis method
based on a 9-point hedonic scale (Fig. 4A.4). Sensory panelist rated the highest score for
the cookies prepared from PY-1 in terms of color, flavor, aroma, and overall
acceptability. The lowest score rated was for the cookies prepared from PY-3 in terms of
flavor, texture, aroma, and overall acceptability. The sensory scores assigned to the
cookies for texture by the judges were in good agreement with the texture analysis data
of the cookies, and were in the following order: Control > PY-1 > PY-2 > PY-3. The
lower preference for cookies prepared from a blend of D. alata flours and almond protein
isolate (PY-2 and PY-3) was due to the texture, aroma, and slightly bitter taste. A similar

observation was made for yam flour cookies in terms of taste [11]. The bitter taste of D.
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alata flour may be due to the presence of higher content of saponin, alkaloid, and phenol

compared to other flours used in this study [2].

——Control —®-PY-1 —e—PY-3 —e—PY-2
Colour
9
8
Overall Flavour
acceptability
Aroma Texture

Fig. 4A.4: Radar plot representing the sensory attributes of cookies. Control: wheat flour

cookies; PY-1: D. esculenta flour and almond protein isolate blend cookies; PY-2: D.

alata (purple yam) flour and almond protein isolate blend cookies; PY-3: D. alata

(yellow yam) flour and almond protein isolate blend cookies.
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Chapter 4B

Native and physically modified starches of underutilized yam species,
and their functional, thermal, pasting, morphological and rheological

properties

4B.1 Introduction

This chapter deals with the isolation of starch from Dioscorea esculenta (Y1),
Dioscorea alata (purple yam, Y2), and Dioscorea alata (yellow yam, Y3), and the
isolated starches were named as 1YNS, 2YNS, and 3YNS, respectively. Meanwhile,
there is no report on the comparative study of HMT and ANN treatments on yam starch,
and the effect of moisture levels during these treatments on yam starch. Therefore, the
starches from the three yam species were subjected to heat moisture treatment (HMT)
with 20 and 30 % moisture at 110 °C for 3 h, and annealing (ANN) with 1:2 and 1:4
starch to water ratio at 50 °C for 24 h. The HMT treated starches were named 1HMT-20,
1HMT-30, 2HMT-20, 2HMT-30, 3HMT-20, and 3HMT-30, where the prefix ‘1°, ‘2’,
and ‘3’ indicate the yam species D. esculenta, D. alata (purple yam), and D. alata
(yellow yam) respectively, and the suffix -20 and -30 indicate moisture levels. The
annealed starches were named 1ANN-12, 1ANN-14, 2ANN-12, and 2ANN-14, 3ANN-
12, and 3ANN-14, where the prefix ‘1°, ‘2°, and ‘3’ indicate the yam species D.
esculenta, D. alata (purple yam), and D. alata (yellow yam) respectively, and the suffix -
12 and -14 indicate starch to water ratio of 1:2 and 1:4, respectively. The effect of both
the hydrothermal modifications on functional, thermal, pasting, morphological, and
rheological properties and in vitro digestibility was investigated. A comparative study
between HMT and ANN treatments with different moisture levels, and the yam species

on the properties of starches was attempted.

4B.2 Proximate composition (on dry basis) of native starches

The proximate composition of the starches 1YNS, 2YNS, and 3YNS from
Dioscorea esculenta (Y1), Dioscorea alata (purple yam, Y2), and Dioscorea alata
(yellow yam, Y3), respectively, are shown in Table 4B.1.
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Table 4B.1: Proximate composition (on dry weight basis) of native starches isolated

from the three yam species

Proximate Native starches

compositions 1YNS 2YNS 3YNS
Moisture (%) 11.04 +0.11° 10.79 + 0.13° 10.86 + 0.10°
Protein (%) 0.85+0.01° 1.53 +0.03° 0.92 +0.07°
Lipid (%) 0.32 +0.04° 0.41 +0.05° 0.57 + 0.05°
Ash (%) 0.16 +0.01° 0.15+0.01° 0.20 + 0.02°
Yield (%) 21.52 +1.14° 16.48 + 0.86° 17.52 +0.88"

Data values are presented as mean + standard deviation. Data with different alphabetic

superscript in the same column are statistically significant (p<0.05).

The small percentage of protein content (0.85 — 1.53 %) in all the native starches
prove that the isolated starches from the yam species are of high quality and purity [34].
The moisture content of the starches is less than the recommended moisture content (<
13 %) for safe storage [17]. The ash content (0.16 — 0.20 %) was found to be lower than
the recommended ash content (< 0.5 %) in the industry [32]. Amongst all the three
varieties, Dioscorea esculenta (Y1) showed the maximum vyield (21.52 £+ 1.14 %), which

may be due to the presence of lower amount of lipid and protein.

4B.3 Total amylose content, amylose leaching, water and oil absorption capacity

The data on amylose content, amylose leaching (AML), water absorption
capacity (WAC), and oil absorption capacity (OAC) of native and modified starches of

yam species are presented in Table 4B.2.

Amylose content of native and modified starches of D. esculenta (Y1), D. alata
(purple yam, Y2), and D. alata (yellow yam, Y3) ranged from 21.34 to 29.53 %, 26.58 to
33.93 %, and 32.71 to 38.17 %, respectively. The above values of amylose content were
within the range (9.9-47 %) of amylose content reported for Dioscorea starches [50].
Amylose content of 2YNS and 3YNS was found to be higher than 1YNS, and the species
D. alata tend to have higher amounts of amylose compared to D. esculenta [2]. Various
factors such as method of quantification, endogenous lipid content, environmental and
agronomic practices may affect the content of amylose in yam starches [50]. A

significant (p<0.5) increase in amylose content was induced by HMT and ANN and with
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moisture levels of treatment. A similar increase in amylose content after HMT has been
reported for buckwheat starches [13], and this increase in amylose content can be
attributed to the interactions between amylose (AM) and amylopectin (AP) in the
amorphous regions and degradation of AP during HMT or ANN [26, 27]. However, the
amylose content was found to be higher after ANN compared to HMT. In hydrothermal
treatments, heat and moisture disrupt the crystalline matrix of starch granules leading to

AP degradation and causing an increase in the interactions within the amorphous matrix

[6].

Table 4B.2: Total amylose content, amylose leaching (AML), water absorption capacity
(WAC) and oil absorption capacity (OAC) of native and modified starches of Y1, Y2

and Y3.

S | Amylose AML (%) WAC OAC
ample 0

content (%) (9/9) (9/9)
1YNS 21.34+056 1546 +0.22° 2.10+0.04' 1.68 + 0.02"°
1HMT-20 2455+ 0.33 5.62 +0.08 2.64+0.01° 1.59 +0.03%*
1HMT-30 25.61+0.21 2.75+0.17' 2.77+0.022 1.16+0.03'
1ANN-12 26.97 +0.13' 12.14+0.35"  2.31+0.00 1.31+0.02%"
1ANN-14 20.53+0.39° 9.86+0.17" 248 +0.02°  1.25+0.019"
2YNS 2658 +0.17" 17.23+0.36° 2.16+0.01*" 1.94 +0.04°
2HMT-20 28.12+0.15" 6.81 +0.19' 2.66+0.03°  1.65+0.04°™
2HMT-30 20.25+0.32% 3.63+0.18% 276 +0.03°  1.22+0.05"
2ANN-12 31.45+0.19" 1266+0.11" 238+0.02° 1.56+0.04%
2ANN-14 33.93+0.14° 1095+0.25% 252+0.07° 1.46+0.02
3YNS 32.71+0.40° 2154+0.19% 220+0.01°®° 1.86+0.03°
3HMT-20 34.63+0.18 9.62+0.10" 251+0.03° 1.74+0.01°
3HMT-30 3512 +0.29° 7.15+0.17' 2.73+0.06® 1.32+0.02¢
3ANN-12 37.28+0.13° 16.33+0.13° 234+0.01° 1.69+0.01°
3ANN-14 38.17+0.38% 14.77+0.11° 235+0.04° 152 +0.04°

Data values are presented as mean + standard deviation. Data with different alphabetic
superscript in the same column are statistically significant (p<0.05).

A significant (p<0.5) reduction in the AML and OAC with an increase in the

WAC was observed after HMT and ANN and with increase in moisture levels of
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treatment. Similar trends of WAC and OAC have been reported for HMT-modified
buckwheat starch [36], amaranth starch [35], and sohphlang starch [29]; and ANN-
modified maize starch [27] and white yam starch [11]. The decrease in AML after HMT
treatment may be due to additional interactions between the amylose-amylopectin and
the amylose-amylose chain during HMT [9]. The observed difference in AML of Y1, Y2

and Y3 starches was due to the total amylose content of the starches.

4B.4 Scanning electron microscopy

Fig. 4B.1 illustrates the SEM images of the native, heat moisture treated, and
annealed yam starches. D. esculenta (Y1) starches micrographs showed the presence of
irregular polygonal or polyhedral shaped granules with smooth surfaces, and the length
of the granules ranged in size from 1.6 to 6.2 um. D. alata (purple yam, Y2) and D.
alata (yellow yam, Y3) starches micrographs showed the presence of oval, elongated or
lenticular shaped starch granules with smooth surface. The length of the granules ranged
in size from 10.6 to 48.7 um and 6.5 to 57.9 um for Y2 and Y3 starches, respectively.

1HMT-20 and 1HMT-30 starch granules showed the presence of cavities and
fissures (Fig. 4B.2) on starch granules and granular aggregation, which may be linked to
the partial gelatinization of starch induced by HMT. Similar studies have been reported
for heat moisture-treated elephant foot yam starch [39] and pearl millet starch [31]. No
cavities and fissures were found on the starch granules of 2HMT-20, 2HMT-30, 3HMT-
20 and 3HMT-30 except for granular aggregation. A more aggregated structure of starch
granules was observed for HMT granules compared to native and ANN granules. This
changes in granular morphology might be due to the exposure of starch granules to high
moisture content during hydrothermal treatment, which promotes the partial
gelatinization and morphological changes of starch [10]. Similar observation on more
aggregated HMT starch granules than ANN starch granules was reported on buckwheat
starch by Liu et al. [26]. HMT and ANN starch granules had higher number of smaller
granules in comparison to the native starches. These changes might be due to the
compaction of granular matter induced by heating and pressure during HMT [26, 45].
Lower size of the ANN starch granules than native samples might be due to the
strengthening of the granular structure and perfection of crystalline structure due to the
thermal treatment [28]. Moreover, the morphology of starch depends on the treatment
conditions of HMT and ANN, and starch source [27].
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1YNS 1HMT-20 ~ 1HMT-30 . 1ANN-12 1ANN-14

3HMT-20 3ANN-14

F|g 4B 1 Scanmng eIectron mlcroscopy (SEM) of natlve and mOdIerd yam starches at 5000x for yam spemes 1, and 500x for yamspemes
2 and 3. YNS, HMT, and ANN indicate native, heat-moisture treated, and annealed yam starch, respectively. Prefix 1, 2 & 3 indicate the
three yam species. Suffix —20, —30, —12 and —14 indicate 20% moisture level, 30% moisture level, 1:2 starch to moisture ratio and 1:4 starch

to moisture ratio, respectively.
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1IHMT-20 1HMT-30

Fig. 4B.2: Scanning electron microscopy (SEM) of 2HMT-20 and 2HMT-30 starch

granules at 15000x magnification. Highlighted circles indicate fissures and cavities.

4B.5 ATR-FTIR spectroscopy

Fig. 4B.3 illustrates the ATR-FTIR spectra of the native, heat moisture treated,
and annealed yam starches. HMT and annealing did not alter the ATR-FTIR spectra of
the starch granules and exhibited similar vibration peaks at 2924 cm™ (C-H stretching
vibration), 1641 cm™ (H-O-H bending vibration), 1150 cm™ and 1077 cm™ (C-O, C-C,
and C-O-H stretching), 930 cm™ (skeletal mode vibration of a-(1-4) glycosidic linkage),
and 860 cm™ (C—H and CH2 deformations) [21, 39, 44]. However, some variations in the
peak intensities were observed in the ATR-FTIR spectra of the HMT and ANN starch
granules. Higher intensities of the peak at 3293 cm™ representing O-H stretching
vibrations were observed in the annealed starches, and it indicates a stronger interaction
of hydrogen bonds and more crystalline perfection [38]. HMT starches showed a
decrease in the intensities of the peak at 3293 cm™ indicating a weaker interaction of
hydrogen bonds. HMT modification led to a decrease in the intensities of the peak at
1641 cm™ which indicates lower moisture content in the amorphous region of HMT-
modified starch granules, while no change in the intensities of the peak at 1641 cm™ was
observed for annealed starches [38]. A reduction in the intensities of the peak at 1000

cm™ was observed in HMT and ANN starches indicating the breakdown of C-H bonding

[3].
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Fig. 4B.3: ATR-FTIR spectra of native and physically modified yam starches. YNS,
HMT, and ANN indicate native, heat-moisture treated, and annealed yam starch,
respectively. Prefix 1, 2 & 3 indicate the three yam species. Suffix —20, -30, —12 and —14
indicate 20% moisture level, 30% moisture level, 1:2 starch to moisture ratio and 1:4
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starch to moisture ratio, respectively.

4B.6  Swelling power and solubility

The effect of temperature on swelling power and solubility of the native and
modified starches of the yam species is presented in Fig. 4B.4 (A)-(F). The swelling
power and solubility of all the starches increased as the temperature increased from 55 to

95 °C, due to the gelatinization of starch.
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Native starches exhibited greater swelling power and solubility than the HMT and
ANN-treated starches as the treatment temperature increased. The reduction in swelling
power and solubility of HMT-treated starch in comparison to native counterparts might
be due to the decrease in the amylose leaching as a result of increased interactions
between amylose-amylose chains and amylose-amylopectin chains, and the formation of
amylose-lipid complex or highly ordered amylopectin side-chain clusters leading to a
stable and rigid granular structure of starch after HMT that prevents amylose leaching [9,
13, 39]. Furthermore, a decrease in the swelling power and solubility was noticed along
with the increase in moisture levels of the HMT treatment of starch due to the greater
mobility of the amylose chains resulting in enhanced amylose-amylose and amylose-
amylopectin interactions [8, 40]. Similar observations on the decline of swelling power
and solubility after HMT were noticed for mango kernel starches [5], maize starch [27],

buckwheat starch [13], oat starch [22], and purple yam flour [40].

The decrease in swelling power and solubility of ANN-treated starch in
comparison to their native counterparts might be due to the degree of crystalline
perfections and interactions between amylose/amylose and/or amylose-amylopectin,
which decreases the hydration of the amorphous regions of starch granules [24]. The
strengthening of bonds between amylose/amylopectin or amylopectin/amylopectin
molecules prevents amylose leaching, thereby reducing the solubility of the granules
[37]. The increase in the moisture levels of ANN-treated starch decreased the swelling
power and solubility and similar results on sohphlang starch [29] have been reported.
The higher swelling power and solubility of ANN than HMT treated starch at higher
temperatures might be due to the destruction of the starch’s internal structure at high
temperatures and weaker interactions between the functional groups of starch [41]. The
higher swelling power shown by Y1 starches than Y2 and Y3 starches is probably
influenced by crystallinity (D. esculenta > D. alata) and extent of interaction between
AM-AP and AM-AM chains (D. esculenta > D. alata) [19].

4B.7 Thermal properties

Gelatinization, which is modulated by water and heat, can determine the starch
quality. In the presence of an appropriate amount of water and high temperature, the
semicrystalline regions in starch change to amorphous form; and induce changes in the

functional properties such as viscosity and gel-forming ability of starch, which are
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desired for industrial food applications [48]. Table 4B.3 presents the information on the
gelatinization properties of the native starches, HMT, and ANN-treated starches. The
gelatinization onset (T,), peak (Tp) and conclusion (T¢) temperature for 1YNS were
72.34 + 0.19 °C, 77.22 £ 0.18 °C, and 82.67 + 0.11 °C, respectively, with a transition
enthalpy (AH) of 17.87 + 0.12 J/g. The gelatinization onset (T,), peak (T,) and
conclusion (T¢) temperature for 2YNS were 71.16 = 0.23 °C, 78.52 + 0.18 °C, and 84.08
+ 0.19 °C, respectively, with a transition enthalpy (AH) of 17.58 + 0.15 J/g. The
gelatinization onset (T,), peak (Tp) and conclusion (T¢) temperature for 3YNS were
71.60 £ 0.11 °C, 75.50 £ 0.16 °C, and 79.32 £ 0.15 °C, respectively, with a transition
enthalpy (AH) of 16.33 = 0.09 J/g. The gelatinization parameters of the native starches
were in the range or close to that for Dioscorea esculenta (T,, 72.30-72.55 °C; Tp,
75.00-75.73 °C; T, 81.65-85.40 °C; AH, 17.32-18.07 J/g) [19], Dioscorea alata (T,,
68.80-75.80 °C; Ty, 73.50-82.40 °C; T, 79.90-88.40 °C; AH, 11.80-18.00 J/g) [16], and

Dioscorea bulbifera (To, 71.50-75.26 °C; Tp, 75.69-78.10 °C; T, 82.50-93.05 °C) [20].

Table 4B.3: Thermal properties of native and physically modified yam starches

Sample T, (°C) T,(°C) T. (°C) AH (J/g)
1YNS 72.34 +0.199 77.22 +0.18 82.67 +0.11" 17.87 £0.12%
IHMT-20  75.29+0.14%®  81.71 +0.26° 86.74 +0.14° 15.51 + 0.10°
1HMT-30  77.25+0.30° 84.77 +0.21° 89.37 + 0.36° 11.39 +0.14’
1ANN-12 7477 +0.245  80.93+0.09  84.62+0.13" 18.95 + 0.15"
1ANN-14  76.34+0.41"™  81.58+0.11°  85.62+0.08° 20.25 +0.12°
2YNS 71.16 +0.23" 78.52 +0.18' 84.08 +0.19° 17.58 + 0.15°
2HMT-20  76.04+0.34*  83.50+0.23° 90.07 + 0.39" 15.97 +0.22"
2HMT-30  79.05 + 0.33° 86.81 + 0.45° 93.33 +0.24° 12.37 +0.19'
2ANN-12 72.05+0.53"  79.71+0.11" 85.06 + 0.25°" 18.12 + 0.14°
2ANN-14  73.84 +0.42 80.45+0.13"  86.79 +0.26° 19.18 +0.32°
3YNS 71.60+0.11%" 7550 +0.16" 79.32 +0.15 16.33 + 0.09°'
3HMT-20  74.56 +0.37% 78.68 + 0.50' 82.33 +0.26" 13.26 + 0.14"
3HMT-30  76.63+0.26  80.13+0.22%"  84.56 +0.10" 11.54 + 0.29
3ANN-12  72.51 +0.59° 76.18 +0.17" 79.76 +0.17! 16.82 + 0.21°
3ANN-14 74.37 +0.21° 77.05 + 0.26’ 81.45 + 0.13' 17.52 +0.10°

Data values are presented as mean + standard deviation. Data with different alphabetic

superscript in the same column are statistically significant (p<0.05).
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The gelatinization parameters in yam starches are found to be higher than in
starches of potato, cassava, and sweet potato [50]. The long interblock chain length,
external chain length, and a low number of building blocks per cluster of amylopectin in
Dioscorea esculenta promote the parallel organization of adjacent double helices and
lead to better packing of amylopectins in the starch granules with less branched
backbone, thereby increasing AH and T, [42]. HMT and ANN-treated starches had
significantly higher T,, T, and T, compared to their respective native starches. HMT
treatments are reported to increase the gelatinization temperatures by a broadening of
gelatinization range and decreasing the swelling power [46]. The reduced mobility of
starch chains in the amorphous regions due to the interactions between amylose-amylose,
amylose-amylopectin, and amylose-lipids could increase the gelatinization temperatures
[14]. ANN reduces the swelling power and hydration capacity of the starch granules,
leading to an increase in gelatinization temperature and narrowing of the gelatinization
range, due to the higher alignment of amylopectin double helices and higher content of

glassy amorphous regions in annealed starch [46].

There was a significant decline and increase in the AH of starch after HMT and
ANN, respectively, compared to their respective native starches and with moisture
levels. HMT treatments decrease the enthalpy of gelatinization, and reflect the
unraveling of the double helix structure present in crystalline and non-crystalline regions
of starch granules [36], whereas, the increase of AH in ANN indicates a more ordered
arrangement of the double helices which forms a tighter starch network with higher
crystallinity [48]. Meanwhile, partial gelatinization of less stable amylose and
amylopectin molecules can also be linked with a reduced value of AH in HMT [27].
Similar results are reported after HMT for maize [27], elephant foot yam [39], and
amaranth [35] starches; and after ANN for potato [47], wheat [37], and maize [27]
starches. There was no gelatinization of native, HMT, and ANN starches below 70 °C;
therefore, the starches can have potential applications in dough and bread making where

an increase in dough volume and higher final bread volume is desired [30].
4B.8 Pasting properties

The pasting parameters of the native and modified yam starches are summarized

in Table 4B.4 and the pasting curves are shown in Fig. 4B.5.
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Table 4B.4: Pasting properties of native and physically modified yam starches

Sample PT (°C) PV (cP) HPV (cP) BD (cP) SB (cP) FV (cP)
1YNS 82.7+0.75°® 5813+64° 5548+49% 265+25°  1679+32' 7227 +22'
1IHMT-20 85.3+0.30° 1872+33" 1760+19% 112+15%" 1003 +25' 2763+ 10'
1HMT-30 86.2 +0.53° 1156 +17° 1140+13" 16+ 8 755+ 23" 1895 + 24X
1ANN-12 83.1+0.89"% 5216+20° 5027 +19° 189+2% 2341 +37" 7368 +55%
1ANN-14 85.6+0.35®  4965+35° 4838 +11° 127 +26"" 2574 +15% 7412 + 26°°
2YNS 773+1.28"  4648+42° 4224 +15° 424 +54° 3083 +44" 7307 + 50
2HMT-20 82.2+1.04®" 2988 + 6 2830 + 3' 158 + 69 887 +18™ 3717 + 219
2HMT-30 83.9+0.82*¢ 1526+37™ 1473+13" 53+29" 1223 +69' 2696 + 64'
2ANN-12  79.5+0.44% 4258 +21" 4002 +£27° 256 +14° 3453 +21° 7455 + 15
2ANN-14 80.7 +0.61°°" 4115+18% 3928 +8" 187 +11%" 3505+38" 7523+ 45"
3YNS 754 +1.30 4428 +17° 3429 +28" 999 +11* 4052 +13° 7481 + 39"
3HMT-20 79.7 +1.22"" 2537 +31% 2415+10 122+22"" 1109 +18% 3524 + 28"
3HMT-30 81.5+0.87%" 1345+20" 1250 +22™ 954+ 15%" 883+ 17" 2133+ 18
3ANN-12  77.6 + 0.69" 3839+ 35" 3613+17% 226 +52°® 4172 +19° 7785+ 31°
3ANN-14 78.8+1.13"  3651+29' 3486+23" 165+10° 4380+12° 7866 + 34°

Data values are presented as mean + standard deviation. Data with different alphabetic

superscript in the same column are statistically significant (p<0.05).
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After HMT and with moisture levels, a significant (p<0.5) increase in the pasting
temperature and decrease in the PV, HPV, BD, SB, and FV values was observed (except
SB for 2HMT-30). Similar trends were reported for HMT normal potato and pearl millet
starches, which could be attributed to the decrease in swelling power and amylose
leaching of starch granules, and stronger bonding between starch chains (AM-AM, AM-
AMP, AMP-AMP) leading to increased granular rigidity [9, 33]. HMT promotes
granular rigidity by strengthening granular bonding due to increased intermolecular
association of starch chains, restricts swelling power and AML, and thus indicates a
higher temperature requirement to disrupt the HMT starch granules to form paste [9, 14,
39]. The increase in moisture levels of HMT was found to increase the PT in elephant

foot yam starch [39].

After ANN and with moisture levels, an increase in the PT, SB, and FV values
with a decrease in the PV, HPV, and BD was observed. The increase in PT of ANN
granules might be due to the complex changes in the crystalline regions and
strengthening of intragranular binding forces in the granules, thereby rendering better
thermal resistance [14, 47]. A remarkably higher decrease in the PV values was observed
after HMT than ANN compared to native starch. This reduction in PV could be
attributed to the reduction in the swelling power and AML of the starch granules induced
by HMT and ANN. BD indicates the thermal stability and resistivity to shear or
deformation of the starch granules during gelatinization at 95 °C under constant mixing
and agitation. BD values were found to be significantly (p<0.5) lower after HMT than
ANN compared to the native starch, and with moisture levels. These results indicated the
increased thermal stability of the HMT and ANN modified starches, and thus the extent
of granular rupture was more pronounced in the native starches compared to the HMT
and ANN modified starches. In comparison to the native starch, a decrease in moisture
content and HPV of the starch granules after HMT and ANN was observed. Setback
(retrogradation) depends on the extent of viscosity breakdown and size of the granules,
and the presence of rigid and large granules embedded in leached amylose network can
show a higher degree of SB [14, 19]. After ANN, the setback viscosity increased
steadily, whereas a decrease in SB was observed after HMT, compared to the native
starch. The final viscosity was found to be higher for ANN starches and lower for HMT
starches as compared to the native starch granules. An increase in the FV after ANN

could be attributed to insufficient gelatinization, decreased swelling power, and
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increased rigidity of the ANN granules that can cause the amount of leaching out

starches to remain unchanged, leading to the formation of a continuous gel structure, and

hence increased FV [1, 18]. These differences in the pasting and viscosity properties

between the starches could be explained more clearly with molecular insights on the

change of amylose/amylopectin ratio, chain length distribution, and internal helix

arrangements during the modification processes, and hence needs further research.
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Fig. 4B.6: (A), (B) and (C) are the flow curves of steady shear testing of Y1, Y2 and Y3

yam starches, respectively. YNS, HMT, and ANN indicate native, heat-moisture treated,

and annealed yam starch, respectively. Prefix 1, 2 & 3 indicate the three yam species.

Suffix —20, —30, —12 and —14 indicate 20% moisture level, 30% moisture level, 1:2

starch to moisture ratio and 1:4 starch to moisture ratio, respectively.
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Table 4B.5: Power law fitted parameters of steady flow and oscillatory testing of Y1, Y2 and Y3 starches, respectively

Flow behavior G’ G~
Sample 5 5 5

k (Pa.s") n R k’ n’ R k™~ n” R
1YNS 19.84 +0.73% 0.54 +0.005° 0.9851 161.90 + 0.89  0.12 +0.000° 0.9605 33.14 + 1.24%"  0.25+0.005%" (0.9989
1HMT-20 10.70 £ 0.35'  0.54 +0.005° 0.9907 150.03 +1.05"  0.12+0.001° 0.9651 20.98 + 1.15"  0.26+0.005%"  0.9987
1HMT-30 5.73+0.29  0.56+0.007% 0.9954 53.62 + 2.09° 0.06 + 0.002" 0.8184 438+0.98¢  0.48+0.046°  0.9840
1ANN-12 2250 +0.43° 0.60+0.003° 0.9789 232.67+3.34  0.09+0.001° 0.9238 35.16 +2.679  0.25+0.013%" 0.9942
1ANN-14 2443 +0.49° 0.63+0.003% 0.9787 315.62 +5.70"  0.05+0.001° 0.8496 2555+ 1.94"  0.36£0.015°  0.9958
2YNS 20.86 +0.56™ 0.49 +0.004" 0.9856 262.30 £2.14'  0.07 £0.000° 0.9494 26.89+0.65' 0.31+0.004° 0.9976
2HMT-20 14.70 £ 059" 0.48 +0.006" 0.9869 134.79 +2.29™  0.12 +0.001° 0.9684 25.44 +1.29"  0.24+0.007%"  0.9987
2HMT-30 6.04+055  0.49+0.014" 0.9980 11558 + 1.60"  0.12+0.001° 0.9673 21.38+0.58'  0.29+0.005%  0.9989
2ANN-12 22.10 + 0.60°" 0.57 +0.004% 0.9871 408.83 +5.35°  0.07 +0.001° 0.9137 4578 +2.02"  0.25+0.007%" 0.9978
2ANN-14 23.66 + 0.36% 0.58 +0.002° 0.9920 648.60 + 3.28°  0.08 + 0.000® 0.9402 92.71+3.58° 0.21+0.005%"  0.9906
3YNS 28.87 +0.99° 0.45+0.005¢ 0.9950 985.64 +0.91°  0.05+0.000° 0.8816 133.67 £ 0.55° 0.17+0.001'  0.9432
3HMT-20 19.94 +0.43°% 0.49+0.003" 0.9842 601.65+0.81°  0.06 +0.000" 0.8591 54.28 +0.36° 0.23+0.001™  0.9933
3HMT-30 11.32+0.25'  0.57 +0.003% 0.9891 500.20 + 1.14"  0.07 £ 0.000° 0.9173 63.95+0.29°  0.27+0.001°® 0.9919
3ANN-12 43.12 +0.81* 0.43+0.002" 0.9873 1758.05 + 0.61° 0.03 +0.000" 0.9281 131.38 + 0.84® 0.18+0.001"™  0.9550
3ANN-14 30.71+0.62° 057 +£0.003* 0.9912 1594.06 + 0.55° 0.16 + 0.000* 0.8202 110.03 + 0.93° 0.18+0.001"  0.9921

Data values are presented as mean + standard deviation. Data with different alphabetic superscript in the same column are statistically

significant (p<0.05).
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4B.9 Steady shear testing

The steady-state flow behaviors of the native and modified starch pastes at 25 °C
are shown in Fig. 4B.6 (A), (B) & (C). The experimental data fitted with power-law
models were used to explain the flow behavior of the sample pastes with high R* values
(0.9787 — 0.9980). Consistency coefficient (k), flow behavior index (n), and
determination coefficient were the model parameters used to accurately analyze the flow
curve of each starch paste (Table 4B.5).

The flow curves of all the sample pastes were non-linear and behaved as non-
Newtonian fluids as shown in Fig. 4B.6. There was an increase in shear stress with an
increase in the shear rate of all the sample pastes. However, after HMT treatment, there
was a marked and significant decrease (p<0.5) in the shear stress compared to the native
sample paste. This reduction in shear stress might be due to the limited water absorption
by starch granules during HMT treatment which leads to partial gelatinization of the

starch granules, resulting in weaker molecular interactions in the starch pastes.

Limited exudation of starch molecules, especially the amylose fractions, can also
lower the shear stress required to achieve the same shear rate [7]. Compared to native
starch, ANN-treated starch showed a significant (p<0.5) higher value of shear stress,

indicating stronger molecular interactions among starch granules in the pastes.

All the sample pastes exhibited a pseudoplastic and shear-thinning fluid behavior
(n<1), and the observed values of flow behavior index (n), which indicates the shear-
thinning behavior ranged between 0.43 — 0.63. There was no significant (p<0.5) change
in the n values of HMT treated starches (except 3HMT-20 and 3HMT-30) compared to
native starches; however the n values of ANN treated starches increased significantly
(p<0.5) compared to native starches, and also with moisture levels (except for 3ANN-
12), indicating lower shear thinning behavior than native and HMT treated starches.
Similar results on increase of n values have been reported for annealed starches of
potato, lentil, and wheat; and this might be attributed to the decrease in swelling power
of the modified starches, indicating reduced susceptibility of the starch granules towards
shear deformation and disintegration [15]. LANN-14 had the highest n values of 0.63 *
0.003. 2YNS and 3YNS exhibited a higher shear-thinning tendency compared to 1YNS,
and this behavior could be attributed to the higher amylose content of D. alata starches.
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Starch with higher amylose content contains more amylose pre-gel cluster, which
contributes more micro-particles in the paste, and this eventually leads to higher severity
of particle to shear thereby showing higher shear-thinning tendency [25]. The
consistency coefficient (k) for native starch pastes was significantly reduced after the
HMT treatment, indicating lower structural strength of the HMT-treated starch pastes.
This reduction in the values of k may be due to the reduction in the swelling power of
HMT-treated starch granules and a similar decrease was observed in HMT-treated
potato, lentil, wheat, and pearl millet starches [15, 33]. Clearly, the results of this
experiment showed a conspicuous decrease in swelling power for HMT-treated starches,
and a reduction of k values can also be attributed to the decrease in AML from HMT-
treated starches. Such flow properties contradicts earlier reports on sweet potato starch,
where higher values of k and lower value of n has been reported [25]. This indicates that
the type and source of starch can influence the flow properties, and efficient comparisons
of consistency coefficient (k) between samples can only be done with a constant value of
flow behavior index (n) in the samples. However, k values of all the ANN-modified
starches (except for 2ANN-12) significantly (p<0.5) increased compared to native
starches and with moisture levels, indicating stronger structural strength due to enhanced
starch structure interactions during ANN. Similar trends for k values were observed for
ANN-modified starches of potato despite lower swelling power and AML [15]. After the
starch granules reach the maximum viscosity, the extent of granular collapse and
disintegration under shear might be less pronounced for annealed starches than native
starches, thereby increasing the thermal stability of ANN-treated starches during the
holding cycle (at 95°C), which could lead to higher k values of ANN treated starches
than their native counterparts. These results were consistent with the results of RVA
shown in Table 4B.4.

4B.10 Oscillatory testing

Dynamic rheological properties such as storage modulus (G”), loss modulus
(G™), and loss tangent (tan 6 = G"'/ G”) as a function of frequency () for the native and
modified starch pastes at 25°C are presented in Fig. 4B.7 (A)-(1). Loss tangent (tan 8) > 1
indicates the predominance of viscous properties (behavior like liquid) whereas a tan ¢ <

1 indicates the predominance of elastic properties (behavior like solid) of a gel.
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All the tested starch pastes showed a predominance of G” over G™” and no
crossover was observed at the frequency range of 0.1-100 rad/s, and both G" and G~
increased with the increase in frequency, indicating weak gel characteristics of the starch
pastes. Both the modulus (G” and G™") for native and modified starches for Y2 and Y3
were found to be higher than the moduli (G" and G™) for Y1 native and modified
starches, possibly due to its reduced swelling power and AML, and indicated better
viscoelastic properties (Fig. 4B.7 (A)-(F). Tan & values of the native and modified
starches of Y2 and Y3 were found to be lower than the tand values (0.30-0.53) of the
native and modified starches of Y1, respectively (Fig. 4B.7 (G), (H) & (I). After HMT
and with moisture levels, a conspicuous reduction in G” (Fig. 4B.7 (A), (C) & (E)) and
G” (Fig. 4B.7 (B), (D) & (F)) was observed compared to their native counterparts. In
addition, the HMT samples (except 3HMT-20) were highly viscous compared to native
samples as indicated by the higher tand values (Fig. 4B.7 (G), (H) & (1)) than native. A
similar trend was reported for hydroxypropylated sweet potato starch where a reduction
of G" and G was observed with an increase in water uptake capacity of the starch

granules, indicating weaker granular integrity [23].

Therefore, the results indicated that the decrease in moduli after HMT could be
attributed to the decrease in granular integrity of the granules, and hence reduction of G”
and G'" with increased tan & was noticed. This observation can also be correlated with
the RVA results of lower setback and final viscosities of starch after HMT (Table 4B.4),
indicating lower retrogradation tendency (lower reassociation of amylose/amylopectin
chains) leading to decreased gel strength. Moreover, granular rupture and increased
water exudation from starch granules during gelatinization or shearing can reduce the
frictional resistance to flow properties and make the adjacent starch granules easily slide
each other, thereby can reduce G” and G™". After ANN and with moisture levels, there
was a remarkable increase in the moduli (G” and G™") and decrease in tan 9, indicating
stronger interactions between the starch chains in the starch pastes leading to increased
gel strength. A higher value of G" and G™* (except 3ANN-14) after ANN compared to
their native counterparts may be due to their higher retrogradation as indicated by the
higher setback and final viscosity during RVA analysis (Table 4B.4). These findings are
consistent with results reported for kithul starch after ANN, which could be associated

with a higher rate of retrogradation due to stronger associations between
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amylose/amylopectin chains leached from starch granules leading to increased gel
strength of starch pastes [38].
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Fig. 4B.7: (A), (C) and (E) are the storage modulus vs. angular frequency curves for
oscillatory testing of Y1, Y2 and Y3 starches, respectively. (B), (D) and (F) are the loss

modulus vs. angular frequency curves for oscillatory testing of Y1, Y2 and Y3 starches,
respectively.
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Fig. 4B.7: (continued) (G), (H) and (I) are the tand vs. angular frequency curves for
oscillatory testing of Y1, Y2 and Y3 starches, respectively. YNS, HMT, and ANN
indicate native, heat-moisture treated, and annealed yam starch, respectively. Prefix 1, 2
& 3 indicate the three yam species. Suffix —20, —30, —12 and —14 indicate 20% moisture
level, 30% moisture level, 1:2 starch to moisture ratio and 1:4 starch to moisture ratio,

respectively.

To further investigate the frequency dependence of G” and G™*, the experimental
data of G” and G™~ were fitted to power-law models (Egs. 2 & 3) to obtain the model
parameters k', k™, n” and n”’, with high coefficients of determination (R?: 0.8184-0.9684
for G” and R% 0.9432-0.9989 for G**) as given in Table 4B.5. A linear decrease in k’
(elastic) and k™ (viscous) was observed after HMT with increase in moisture levels
(except k™~ for 3HMT-30) compared to native starch whereas an opposite phenomenon

was observed for k™ (except for 3ANN-14) after ANN with increase in moisture levels
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with decreasing k™" (except for 2ANN-14). The n” and n”" values of the starch pastes
represent the increased or decreased susceptibility of G* and G, respectively, with
changes in the angular frequency. An increase in the frequency dependence of G~ was
noticed after HMT for Y2 and Y3 starches compared to native starch, and either constant
or decrease after HMT for Y1 starch. After ANN, a decrease in the frequency
dependence of G” was noticed compared to native starch for Y1 starches, either constant
or increase after HMT for Y2 starches. The frequency dependence of G was found to
be decreasing after HMT and ANN for all the starches of Y2 (except constant for
2HMT30). The frequency dependence of G™° was found to be increasing at higher
moisture levels after HMT and ANN for Y1 starches.

Therefore, based on the rheological results of the yam starches, HMT-modified
yam starches can find suitable applications in food products such as bread making, ice-
creams, puddings, salad dressing, etc., where a low viscosity is desired, whereas ANN-
modified yam starches can be used in food products like jam, thickeners, etc. and more
appropriately as an ingredient in making food products such as paneer to increase the
viscosity as well as to improve the gel strength and consistency, which is the desired

phenomenon to maintain the texture.
4B.11 In vitro starch digestibility

The data on in vitro digestibility of native and modified yam starches are
presented in Table 4B.6. A significant (p<0.5) increase in the SDS and RS and a
decrease in the RDS content were found after HMT and ANN.

ANN starches registered substantial increase in SDS and RS as compared to
HMT starches. Among the ANN starches of Y1, Y2 and Y3, 1ANN-14 had the highest
SDS content (24.18 %) and 3ANN-14 had the highest RS content (43.11 %), while, in
comparison, their native forms recorded SDS content of 13.35% and RS content of
29.75 %, respectively. The increase in SDS and RS after HMT may be due to increased
interactions between starch chains; perfection of existing starch crystallites; and reduced
accessibility of enzymes for digestion [4, 33]. The decrease in RDS with an increase of
SDS and RS after ANN could be attributed to a decrease in enzyme susceptibility;
enhanced crystallites perfection; and increased amylose-amylose and/or amylose-
amylopectin interactions [48]. An increase in starch granular porosity can decrease the
content of RS during ANN, and no pores or fissures were seen on the ANN starch
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granules in this study. Many reports on the increase of SDS with a decrease of RS and
decrease of SDS with an increase of RS after HMT and ANN have been published [8,
12, 26, 27, 43, 49]. Thus, the amount of SDS and RS produced after hydrothermal
modifications appeared to be dependent on the moisture levels of starch during
treatment, treatment temperature, treatment time, and source of starch. Moreover, the
enzyme hydrolysis of starch depends on various factors like starch crystallinity, the
morphology of starch granules, polymorphism, and amylose/amylopectin content [51].
Higher RS content starches with low digestibility are desired for the production of food
products with the low glycemic index.

Table 4B.6: In vitro starch digestibility of the native and hydrothermally treated starches

Sample RDS (%) SDS (%) RS (%)
1YNS 70.22 +0.172 13.35 + 0.55" 15.51 + 0.31¥
1HMT-20 61.13 + 0.27° 16.25 + 0.46" 21.38 + 0.58
1HMT-30 56.25 + 0.11° 19.53 + 0.14% 23.84 + 0.23'
1ANN-12 41.31 + 0.56' 20.72 + 0.21" 36.72 + 0.57¢
1ANN-14 34.23+0.21' 24.18 + 0.35° 41.01 £0.12°
2YNS 61.11 +0.17° 15.68 + 0.88¢ 22.32+0.19
2HMT-20 55.71 + 0.39° 17.14 + 0.44" 26.13 + 0.32"
2HMT-30 46.37 + 0.58° 21.25+0.18° 31.51+0.19'
2ANN-12 45.29 + 0.35 19.44 + 0.26% 34.67 +0.19°
2ANN-14 37.83+0.18 21.26 + 0.16" 40.63 +0.11°
3YNS 56.25 + 0.18° 13.45 + 0.29" 20.75 + 0.479
3HMT-20 51.17 + 0.22¢ 16.22 +0.17" 3152 +0.12f
3HMT-30 44.06 + 0.16° 19.36 + 0.12% 35.91 + 0.04%
3ANN-12 4254 +0.19" 18.51 + 0.23° 38.03 +0.16°
3ANN-14 35.85 + 0.12% 20.07 + 0.38% 43.11 + 0.50°

Data values are presented as mean + standard deviation. Data with different alphabetic

superscript in the same column are statistically significant (p<0.05).
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Chapter 4C

Hydroxypropylation and cross-linking of underutilized yam starches

and their physical and rheological properties

4C.1 Introduction

This chapter deals with the chemical modification of isolated starches from
Dioscorea esculenta (Y1), Dioscorea alata (purple yam, Y2), and Dioscorea alata
(yellow yam, Y3). There is a lack of adequate information on the chemical modification
of yam starches, which is one of the limiting factors for industrial application of yam
starches. Therefore, 1YNS, 2YNS and 3YNS, the isolated starches from Y1, Y2, and Y3,
respectively, were chemically modified through hydroxypropylation using propylene
oxide and cross-linking using sodium trimetaphosphate (STMP). The hydroxypropylated
starches were named 1YHP-05, 1YHP-10, 2YHP-05, 2YHP-10, 3YHP-05 and 3YHP-10,
where the prefix 1°, ‘2°, and ‘3’ indicate the yam species D. esculenta, D. alata (purple
yam), and D. alata (yellow yam) respectively, and the suffix —05 and —10 indicate starch
modified with 5 ml and 10 ml propylene oxide, respectively. The cross-linked starches
were named 1YCL-02, 2YCL-02, and 3YCL-02,, where the prefix ‘1°, 2°, and ‘3’
indicate the yam species D. esculenta, D. alata (purple yam), and D. alata (yellow yam)
respectively, and the suffix -02 indicates starch modified with 2 g STMP. The effect of
both the chemical modifications on the physical and rheological properties of starch was
investigated. The chemically modified starches was studied to drive desirable changes in
the properties of starch that can help to determine the end use of the chemical modified

starches.

4C.2 Molar substitution and Degree of substitution

The hydroxypropyl groups (HP), molar substitution (MS), phosphorus (P)
content, and degree of substitution (DS) of the starches are shown in Table 4C.1. With
the raise of propylene oxide from 5 ml to 10 ml, there was a corresponding increase in
the MS value of the starches. Similarly, STMP increased the phosphorus content of the

starches, which resulted in increased value of DS.
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Table 4C.1: Hydroxypropyl groups (HP), molar substitution (MS), phosphorus (P)

content, and degree of substitution (DS) of the yam starches

Samples %HP MS P content DS

1YNS - - 0.004 + 0.001 -

1YHP-05 0.58 +0.025 0.0172 +0.0012 - -

1YHP-10 1.023 + 0.037 0.0358 +0.0018 - -

1YCL-02 - - 0.052 + 0.012 0.0025 + 0.0002
2YNS - - 0.005 + 0.015 -

2YHP-05 0.67 = 0.056 0.0184 +0.0016 - -

2YHP-10 1.192 + 0.048 0.0439 +0.0025 - -

2YCL-02 - - 0.061 + 0.008 0.0029 + 0.0003
3YNS - - 0.005 + 0.003 -

3YHP-05 0.77 £0.019 0.0216 +0.0021 - -

3YHP-10 1.325 +0.021 0.0523 +0.0015 - -

3YCL-02 - - 0.064 + 0.011 0.0033 + 0.0002

Data values are presented as mean = standard deviation.

4C.3 Scanning electron microscopy

Fig. 4C.1 illustrates the SEM images of the native, hydroxypropylated, and cross-

linked yam starches. D. esculenta (Y1) native starch micrographs presented irregular
polygonal or polyhedral shaped starch granules with smooth surfaces. D. alata (purple
yam, Y2) and D. alata (yellow yam, Y3) starch micrographs presented oval, elongated or
lenticular shaped starch granules with smooth surface. Micrographs of 1YCL-02 showed
the presence of agglomerated starch granules, which may increase the particle size of
starch granules. Similar observations were reported for STMP modified commercial
soluble starch, and this behavior may be related to the phosphorylation of starch, which
can increase the intermolecular interactions between starch chains due to insertion of
phosphate groups [11]. Moreover, after cross-linking with STMP, the surface of all the

starch granules appear to be rougher and having surface dents.
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1YHP-05 1YHP-10 1YCL-02

Fig. 4C. 1: Scanmng electron microscopy (SEM) of natlve and chemlcally modified yam starches at 15000x for yam species 1, and 2000x
for yam species 2 and 3. YNS, YHP, and YCL indicate native, hydroxypropylated, and cross-linked yam starch, respectively. Prefix 1, 2 &
3 indicate the three yam species. Suffix —05, —10, and —02 indicate starch modified with 5 ml propylene oxide, 10 ml propylene oxide, and 2
g STMP, respectively.
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Similar starch granules with rough surface and dents were observed after cross-
linking of corn starch using STMP [3]. Hydroxypropylated starch showed the presence
of small attachments around the starch granules and some indents, which may be due to
the damage caused by sodium hydroxide. The starch granules were found to be rough in
surface, and some granules melted together and lost their structural integrity after

hydroxypropylation. Similar micrographs of hydroxypropylated starch for rice was
observed by Shen et al. [12].
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Fig. 4C.2: ATR-FTIR spectra of native and chemically modified yam starches. YNS,
YHP, and YCL indicate native, hydroxypropylated, and cross-linked yam starch,
respectively. Prefix 1, 2 & 3 indicate the three yam species. Suffix —05, —10, and —02

indicate starch modified with 5 ml propylene oxide, 10 ml propylene oxide, and 2 g
STMP, respectively.
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4C.4 ATR-FTIR spectroscopy

Fig. 4C.2 presents the ATR-FTIR spectra of the native, hydroxypropylated, and
cross-linked yam starches. Hydroxypropylation and cross-linking did not alter the ATR-
FTIR spectra of the samples, and exhibited similar absorption peaks at 860 cm™ (C—H
and CH2 deformations) 930 cm™ (skeletal mode vibration of a-(1-4) glycosidic linkage),
1150 cm™ and 1077 cm™ (C-O, C-C, and C-O-H stretching), 1641 cm™ (H-O-H bending
vibration), 2924 cm™ (C-H stretching vibration), and 3293 cm™ (O-H stretching
vibrations) [5, 14, 15]. As shown in Fig. 4C.2, there is no clear difference between the
O-H, C-H and C-O vibrational bands of native, hydroxypropylated and cross-linked
starches. This may be attributed to the fact that the basic chemical structure of cross-
linked starch, hydroxypropylated starch and native starch are similar, which are reflected
in the similar absorption peaks. However, the peak intensity at 3293 cm™ representing O-
H stretching vibration was found to be lower for 1YCL-02 compared to the native and
hydroxypropylated starches of Y1.

4C.5 Swelling power and solubility

The effect of temperature on swelling power and solubility of the native and
chemically modified starches of the yam species is presented in Fig. 4C.3 (A)-(F). The
swelling power and solubility of all the starches increased as the temperature increased
from 55 to 95 °C, due to the gelatinization of starch. There was a significant (p<0.5)
increase in the swelling power and solubility of the hydroxypropylated starches
compared to native, and increased with an increase in MS. Generally,
hydroxypropylation increases the swelling power and solubility of starch by disrupting
the intramolecular and intermolecular hydrogen bonds in starch chains, thereby
weakening the granular structure of starch and increasing the water uptake [7].
Meanwhile, a decrease in the swelling power and solubility of the cross-linked starches
was observed, which may be due to the increase in density of cross-links between the
starch chains or formation of a hard crust around the starch granules that may restrict

swelling [6].
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Fig. 4C.3: Effect of temperature on the swelling power and solubility of native and

chemically modified yam starches. (A), (C), and (E) are the swelling power vs.

temperature curve of Y1, Y2, and Y3 yam starches, respectively. (B), (D), and (F) are the

solubility vs. temperature curve of Y1, Y2, and Y3 yam starches, respectively.
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4C.6 Paste clarity and freeze thaw stability

Table 4C.2 presents the information on the paste clarity of the native and
chemically modified yam starches. Hydroxypropylated yam starches exhibited a better
clarity than the native starches. The high paste clarity of hydroxypropylated yam starches
could be due to the incorporation of hydrophilic hydroxypropyl groups that inhibits
association of the starch chains after pasting and have greater swelling than native
starches, resulting in more light transmittance [7]. The paste clarity of cross-linked
starches was found to be lower than those of native starches, which may be due to the
generated covalent bonds between the starch chains that makes the paste hard to absorb

water, resulting in incomplete gelatinization of granules [6]. A similar decrease in paste

clarity of cross-linked elephant foot yam was reported by Shukhija et al. [13].

Table 4C.2: Paste clarity and freeze thaw stability of chemically modified starches

Syneresis (%)
Sample Paste clarity

1'FTC 2" ETC 3"FTC
1YNS 15.33 + 0.05' 41.36+0.51° 4521 +0.66° 48.24 + 0.56°
1YHP-05 23.51 +0.03" 35.22 +0.33° 37.46+0.51° 38.13 + 0.25°
1YHP-10 32.15 + 0.03f 26.39+0.39¢ 28.21 +0.34" 30.91 + 0.469
1YCL-02 5.12 + 0.02' 53.44 + 0.44%°  57.33 +0.23% 59.32 + 0.54°
2YNS 26.54 + 0.06° 36.27 +0.47°  39.35+0.39¢ 41.12 + 0.23°
2YHP-05 34.23 + 0.05° 26.54 +0.54%9 29.33+0.13" 30.12 + 0.28°
2YHP-10 41.36 + 0.06° 21.48+026' 2251+ 0.53 23.17 +0.21'
2YCL-02 8.22 + 0.04¥ 44.45+0.12°  48.29 +0.64° 50.11 + 0.19°
3YNS 34.64 + 0.07° 32.46 +0.60°  35.32+0.32f 38.93 + 0.37°
3YHP-05 42.82 +0.04° 23.41+021"  26.47 +0.47 28.53 +0.41"
3YHP-10 55.43 + 0.10° 18.31+0.200  20.64 + 0.44% 20.87 +0.10'
3YCL-02 10.35 + 0.10' 20.23+0.14"  33.74+0.319 36.53 + 0.54f

Data values are presented as mean + standard deviation. Data with different alphabetic

superscript in the same column are statistically significant (p<0.05).
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The data representing the syneresis (%) of the native and chemically modified
yam starches are shown in Table 4C.2. Freeze thaw stability or syneresis is the tendency
of starch paste or gel to exclude water from the gel due to increased molecular
associations of starch chains [8]. Cross-linked starches showed a higher percentage of
syneresis than the native and hydroxypropylated starches. Generally, cross-linked starch
retards the association of starch chains, recrystallization, and mobility of amylopectin
branches, resulting in higher syneresis from the crosslinked starch paste [1]. High freeze-
thaw stability of hydroxypropylated starch gels may be attributed to the decreased
retrogradation of starch caused by the incorporation of hydroxypropyl groups in the
starch molecules [7]. The difference in the syneresis of starches from the yam species
may be due to the size and amylose content of the starch granules [10]. There was an
increase in the syneresis (%) with the increase in freeze thaw cycle (FTC) in all the

starches.

4C.7 Steady shear testing

The steady-state flow behaviors of the native and chemically modified starch
pastes at 25 °C are shown in Fig. 4C.4 (A), (B) & (C). The experimental data fitted with
power-law models were used to explain the flow behavior of the sample pastes with high
R? values (0.9851 — 0.9992). Consistency coefficient (k), flow behavior index (n), and
determination coefficient were the model parameters used to accurately analyze the flow
curve of each starch paste (Table 4C.3). The flow curves of all the native and
chemically modified starch pastes were non-linear and behaved as non-Newtonian fluids
as shown in Fig. 4C.4. There was an increase in shear stress with an increase in the shear
rate of all the sample pastes.

There was a significant (p<0.5) increase in the n values of hydroxypropylated
starch pastes and with an increase in MS, compared to native starch pastes, indicating
low shear thinning behavior of the hydroxypropylated starch pastes. The magnitudes of
consistency coefficient (k) of the hydroxypropylated starch pastes was found to be lower
than the native starch pastes, indicating a low structural strength of the
hydroxypropylated starch pastes. This behavior of hydroxypropylated starch paste may
be due to the incorporation of hydroxypropyl groups and disruption of hydrogen bonds in
the starch molecules. Such flow properties of hydroxypropylated starch paste is

consistent with previous reports on hydroxypropylated sweet potato starches with

160



Shear stress (Pa)

Chapter 4C

different MS [7]. However, the n values of cross-linked starch pastes decreased
significantly (p<0.5) compared to native starch pastes, indicating high shear thinning
behavior of the cross-linked starch pastes. The magnitudes of consistency coefficient (k)
of the cross-linked starch pastes were found to be much higher than those of the native
starch pastes, indicating a high structural strength of the cross-linked starch pastes. This
behavior of the cross-linked starch pastes may be attributed to the lower level of

disruption of intermolecular and intramolecular bonds in the starch granules [2].
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Fig. 4C.4: (A), (B) and (C) are the flow curves of steady shear testing of Y1, Y2 and Y3

yam starches, respectively. YNS, YHP, and YCL indicate native, hydroxypropylated,

and cross-linked yam starch, respectively. Prefix 1, 2 & 3 indicate the three yam species.

Suffix —05, —10, and —02 indicate starch modified with 5 ml propylene oxide, 10 ml

propylene oxide, and 2 g STMP, respectively.
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Table 4C.3: Power law fitted parameters of steady flow of Y1, Y2 and Y3 native and

chemically modified starches

Flow behavior

Sample k (Pa.s") n R?

1YNS 19.84 +0.73° 0.54 + 0.005° 0.9851
1YHP-05 6.60 +0.51™ 0.62 +0.012 0.9947
1YHP-10 5.23 + 0.26° 0.62 + 0.007° 0.9978
1YCL-02 106.86 + 1.81° 0.41 +0.003" 0.9974
2YNS 20.86 + 0.56° 0.49 + 0.004° 0.9856
2YHP-05 9.74 + 0.36' 0.59 + 0.006" 0.9990
2YHP-10 5.94 + 0.49° 0.62 +0.013° 0.9992
2YCL-02 81.84 +0.74° 0.39 +0.001" 0.9927
3YNS 28.87 + 0.99" 0.45 + 0.005° 0.9950
3YHP-05 21.59 + 0.94° 0.47 + 0.006" 0.9872
3YHP-10 10.02 + 0.28" 0.60 + 0.004% 0.9966
3YCL-02 65.96 + 3.09° 0.35 + 0.009¢ 0.9942

Data values are presented as mean + standard deviation. Data with different alphabetic
superscript in the same column are statistically significant (p<0.05).

4C.8 Oscillatory testing

Rheological properties such as dynamic moduli (storage modulus, G”; and loss
modulus, G"), and loss tangent (tan 6 = G'’/ G") as a function of frequency () for the
native and chemically modified starch pastes at 25 °C are presented in Fig. 4C.5 (A)-(F).
A loss tangent (tan 0) value greater than one indicates the predominance of viscous
properties (behavior like liquid), whereas a tan o less than 1 indicates the predominance

of elastic properties (behavior like solid) of a gel.

All the native and chemically modified starch pastes showed a predominance of
G” over G™’, and no crossover was evident at the tested frequency range of 0.1-100 rad/s.
Both the moduli (G” and G™") increased with an increase in frequency, indicating weaker
Both the moduli (G° and G™) of

hydroxypropylated starch pastes were found to be lower than the moduli (G” and G™") of

gel characteristics of the starch pastes.

native starch pastes, and with an increase in MS. Lower dynamic moduli of

hydroxypropylated starch paste may be due to the weak granular integrity of starch
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molecules caused by the presence of hydroxypropyl groups in hydroxypropylated starch

paste that increases the water uptake capacity of swollen granules in the paste [7].
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Fig. 4C.5: (A), (C) and (E) are the storage modulus vs. angular frequency curves for

oscillatory testing of Y1, Y2 and Y3 starches, respectively. (B), (D) and (F) are the loss

modulus vs. angular frequency curves for oscillatory testing of Y1, Y2 and Y3 starches,

respectively.
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Fig. 4C.5: (continued) (G), (H) and (I) are the tand vs. angular frequency curves for
oscillatory testing of Y1, Y2 and Y3 starches, respectively. YNS, YHP, and YCL
indicate native, hydroxypropylated, and cross-linked yam starch, respectively. Prefix 1, 2
& 3 indicate the three yam species. Suffix —05, —10, and —02 indicate starch modified
with 5 ml propylene oxide, 10 ml propylene oxide, and 2 g STMP, respectively.

However, the cross-linked starch HPSPS pastes showed a much higher value of
both the moduli than the native starch paste. The tan ¢ (ratio of G"/G’) values (Fig. 4C.5
(G), (H) & (1)) of all native and chemically modified starch paste indicated that all the
sample pastes were more elastic than viscous. The hydroxypropylated starch pastes were
found to be highly viscous compared to the native starch paste, as demonstrated by their
higher tan ¢ values. Similar observations was previously reported on hydroxypropylated
sweet potato with different MS [7] and potato starches with different MS [9].
Meanwhile, the cross-linked starch pastes were found to be highly elastic compared to

the native starch paste, as evident by their lower tan ¢ values. Our results are consistent
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with the previously reported results on dynamic rheological properties of cross-linked
potato starch using STMP/STPP [4].
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Chapter 4D

Native and hydrothermally treated yam starch-based edible film
incorporated with walnut oil and its coating to study the shelf life of

grapes

4D.1 Introduction

This chapter presents the results and discussion on the characterization and
starch-based edible films with and without walnut oil, and application of the film-
forming solutions as coatings to study the shelf life of grapes. The native and
hydrothermally treated Dioscorea esculenta starches were used for the film preparation.
The characterization of the films were done, and various parameters such weight loss,
pH, TSS, titratable acidity, DPPH scavenging activity, total phenolic content and total
monomeric anthocyanin content of the uncoated and coated grapes were studied for
investigating the effects of native and hydrothermally treated starch-based coatings with
or without walnut oil on shelf life of grapes.

4D.2 Properties of films
4D.2.1 Thickness, moisture content, swelling index and solubility of films

The thickness, moisture content, swelling index, and solubility of the edible films
(Fig. 4D.1) are shown in Table 4D.1.

Thickness is an important property of the film as it affects barrier properties such
as water vapor permeability (WVP) and other gases. In particular, the thickness affects
the water vapor transmission rate due to the difference in water vapor pressure and

moisture accumulation at the film-air interface [10].

It was observed that the thickness of the native film increased significantly from
0.18 + 0.02 to 0.22 + 0.03 with the addition of walnut oil (WO). A similar trend was
observed for millet starch edible film incorporated with clove essential oil, and
increasing material concentration when using different components in edible films can

increase film thickness [9].
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NSOF NSWF H1IWF

H2WF AIWF A2WF

Fig. 4D.1: Edible films prepared from native and hydrothermally modified starches. NSOF: native starch film without walnut oil; NSWF:
native starch film with walnut oil; HIWF and H2WF: films prepared from HMT starch with 20% moisture level and 30% moisture level,

respectively, and walnut oil; AIWF and A2WF: films prepared from annealed starch with 1:2 and 1:4 starch to moisture ratio, respectively,

and walnut oil.
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Table 4D.1: Thickness, moisture content, swelling index and solubility of edible films

Thickness Moisture
Sample Swelling index Solubility (%0)
(mm) content (%)
NSOF 0.18+0.02°  21.53+0.16* 0.77 +£0.02° 20.00 + 0.49°
NSWF 0.22+0.03°  20.26+0.11° 0.67+0.02° 18.37 + 0.55"
H1WF 0.19+0.02°  18.09+0.42°  0.44 +0.02° 16.36 + 0.35°
H2WF 0.18 +0.02°  16.60+0.73* 0.52 +0.02° 18.60 + 0.39"
AIWF 0.18 +0.02°  17.37+0.40 0.63+0.01° 18.56 + 0.55"
A2WF 0.18 +0.02° 15.79+£0.11°  0.45 +0.01° 18.41 +0.38"

Data values are presented as mean + standard deviation. Data with different alphabetic
superscript in the same column are statistically significant (p<0.05). NSOF: native starch
film without walnut oil; NSWF: native starch film with walnut oil; HIWF and H2WF:
films prepared from HMT starch with 20% moisture level and 30% moisture level,
respectively, and walnut oil; AIWF and A2WF: films prepared from annealed starch

with 1:2 and 1:4 starch to moisture ratio, respectively, and walnut oil.

In addition, the physical bonding between film and oil, and the formation of
micro-droplets from hydrophobic oil during film-forming solution homogenization can
also increase the thickness of the film [32]. Meanwhile, no significant (p<0.05) variation
in the thickness between the hydrothermally treated starch films with walnut oil (H1WF,
H2WF, A1WF, and A2WF) and native starch film (NSOF) was noticed. Compared to
native starch film with walnut oil (NSWF), significant (p<0.05) decrease in the thickness
of hydrothermally treated starch films with walnut oil may be due to the greater degree
of interaction and rearrangement of amylose and amylopectin molecules of

hydrothermally treated starches within the film matrix [28].

The highest moisture content of the native starch film was due to the higher mass
fraction of starch and glycerol that has a greater affinity for water and can form hydrogen
bonds with water. The incorporation of walnut oil significantly decreased the moisture
content of the films, possibly due to the decrease in hydrophilicity of the membranes
caused by the addition of oil, which can reduce the hydroxyl groups’ interaction with

water [23].
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A significant decrease in swelling index and solubility was observed for the
hydrothermally treated starch films with walnut oil (HIWF, H2WF, AIWF, and A2WF)
and native starch film with walnut oil (NSWF) compared to the native starch film
(NSOF). This decrease in swelling index and solubility can be credited to the
hydrophobic nature of walnut oil, which possibly can cause interaction between oil and
starch matrix, resulting in low swelling index and solubility. Moreover, the formation of
a tight helical structure due to formed links between amylose-lipid complexes and
hydrophobic oil can also contribute to the low swelling power and solubility shown by
oil-incorporated starch films [9]. Among all the films, HIWF and A2WF showed the
lowest swelling index, which may be due to the higher degree of crystallinity of the films
shown by the XRD analysis (Fig. 4D.4). A decrease in swelling power with an increase
in the crystallinity of wheat starch samples was observed and may be linked to the fact

that higher fractions of small crystalline granules exhibit low swelling power [30].
4D.2.2 Transparency and color of films

Transparency is a key characteristic of film that affects its overall appearance and
determines its application. The starch film without walnut oil (NSOF) was more
transparent (indicated by lower transparency value) as compared to films incorporated
with walnut oil (Table 4D.2). The results demonstrated that the transparency value of the
native film markedly increased from 1.47 to 3.53 due to the addition of oil, giving more-
opaque films. This behavior may be due to a change in the film's refractive index at the
polymer interface facilitated by the addition of oil, where oil dispersed in the polymer
matrix promotes increased light scattering, resulting in increased film opacity [8, 26].
Transparency values of HMT starch films with WO were found to be higher than all
other films, indicating lower transparent films. The transparency value was found to be
in the order as follows: H2WF> HIWF > A1WF > A2WF > NSWF > NSOF. This
reduction in transparency of the HMT starch films with WO may be due to the higher
surface roughness as observed in the SEM images (Fig. 4D.2). Furthermore, the
transparency of starch films can be linked to the compactness of the matrix, and the
greater the intermolecular interactions between glycerol and modified starch chains, the

denser and more opaque the formed films [3, 31].

The color parameters (L*, a* and b*) of the native and modified starch films with
or without WO (Fig. 4D.1) are listed in Table 4D.2. A non-significant decrease in the
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brightness (L* value) of the films (except H2WF and A2WF) was observed with the
addition of WO in the starch films. The films with WO (except HIWF) showed a lower
a* value indicating a tendency to green. The addition of WO to the starch films led to a
significant increase in the yellowness (b*) of the films. Similar trends of color

parameters were reported due to addition of essential oils to films [8, 18, 32].

Table 4D.2: Transparency and color values of edible films

Transparency Color values
Samples 1

(mm™) L* a* b*
NSOF 1.47 £0.01° 91.33+0.25* 257 +0.12° -12.60 + 0.26°
NSWF 2.99 + 0.01° 90.63 +0.55®  1.70 + 0.04° -9.50 + 0.50™
H1WF 3.30 + 0.02° 89.83 +0.68™ 2.43 +0.06™ -10.60 + 0.26"
H2WF 3.53 +0.02° 88.70 £0.96°  2.10 £ 0.10° -8.87 +0.60°
A1WF 3.22 +0.08™ 90.01 +0.30* 2.23+0.12" -10.71 +0.70°
A2WF 3.14 + 0.02° 89.33+0.21°  2.30 +0.09™ -10.43 +0.21°

Data values are presented as mean + standard deviation. Data with different alphabetic
superscript in the same column are statistically significant (p<0.05). NSOF: native starch
film without walnut oil; NSWF: native starch film with walnut oil; HIWF and H2WF:
films prepared from HMT starch with 20% moisture level and 30% moisture level,
respectively, and walnut oil; AIWF and A2WF: films prepared from annealed starch

with 1:2 and 1:4 starch to moisture ratio, respectively, and walnut oil.
4D.2.3 SEM morphology of films

SEM micrographs of the of the starch films with and without WO (Fig. 4D.1) are
presented in Fig. 4D.2. The native starch film without WO (NSOF) presented a
homogenous and uniform surface. However, the addition of WO to native and modified
starch films reduced the homogeneity of the surface. The increase in roughness shown by
the WO incorporated films may be due to the hydrophobicity of oil and its density
difference with the aqueous starch solution that could affect the stability of the film

forming solution, and thus can form heterogeneous structures due to phase separation

[8].
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Fig. 4D.2: SEM images of edible films. NSOF: native starch film without walnut oil; NSWF: native starch film with walnut oil; HIWF and
H2WEF: films prepared from HMT starch with 20% moisture level and 30% moisture level, respectively, and walnut oil; AIWF and A2WF:
films prepared from annealed starch with 1:2 and 1:4 starch to moisture ratio, respectively, and walnut oil.
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In addition, the surface roughness or heterogeneity of HMT starch films with WO
(H1IWF and H2WF) was found to be higher, which could be attributed to the increase in
surface roughness due to evaporation of water from the surface of starch granules and
partial gelatinization of the starch granules during HMT [5].

4D.2.4 FTIR spectra of films

Transmittance (%)

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

Fig. 4D.3: FTIR spectra of edible films. NSOF: native starch film without walnut oil;
NSWEF: native starch film with walnut oil; HIWF and H2WF: films prepared from HMT
starch with 20% moisture level and 30% moisture level, respectively, and walnut oil;
AIWF and A2WF: films prepared from annealed starch with 1:2 and 1:4 starch to

moisture ratio, respectively, and walnut oil.

Fig. 4D.3 illustrates the FTIR spectra of starch films with or without WO in the
spectral range from 500 to 4000 cm™. The band at 3421 cm™ corresponds to the
stretching vibrations of OH groups that are abundant in water, glycerol and starch [2].
The band at 2925 cm™ and 2853 cm™ can be associated with the symmetric and
asymmetric stretching CH2 vibrations, respectively [17]. The increase in band intensity
at 2925 cm™ and a slight shift to a higher wave number may be due to the possibility of

interaction between the starch and walnut oil chains [6]. A new bandwidth with a peak at
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1745 cm™ was observed in the walnut oil starch film possibly due to the presence of
saturated aldehyde functional groups [17]. The peak at 1640 cm™ indicates H-O-H
bending vibrations. Additionally, the peak at 1640 cm™ can be associated with ester bond
and more intense reaction between starch and the walnut oil [2]. The peak at 1461 cm™
represents the bending vibrations of CH, and CH3 groups [29]. The decrease in peak
intensity at ~1000 cm ' is a consequence of the interaction between the starch hydroxyls
and stretching of the ether bond C=0 of walnut oil [6]. The peaks at 926, 860 and 763
cm™ are likely related to a-1,4-glycosidic bonds, C—H bending and C—C stretching of
starch chains [12, 15].

4D.2.5 XRD spectra of films
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Fig. 4D.4. XRD spectra of edible films. NSOF: native starch film without walnut oil;
NSWEF: native starch film with walnut oil; HIWF and H2WF: films prepared from HMT
starch with 20% moisture level and 30% moisture level, respectively, and walnut oil;
AIWF and A2WF: films prepared from annealed starch with 1:2 and 1:4 starch to

moisture ratio, respectively, and walnut oil.

XRD diffraction pattern of the starch films with or without WO are shown in Fig.
4D.4. The main peaks of the pure starch film at 16.7°, 19.3° and 21.8° can be attributed
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to the type B polymorphisms. The addition of WO in the starch film induced a slight
peak shift (~1°) at 16.7°, 19.3° and 21.8°, indicating changes in the crystallization of the
amylopectin chain [6, 15].

The native and modified starch films with walnut oil exhibited a higher
crystallinity compared to the native starch film without WO. One reason could be that
the essential oil has partially evaporated, with little effect on crystallinity. Another
possibility is that the essential oil interacts with the starch matrix, reducing phase
separation and facilitating plasticization [20]. Hence, the annealed starch films with WO
that showed higher crystallinity, was observed to be smoother and uniform in surface
than HMT starch films with WO in the SEM micrographs (Fig. 4D.2). The relative
crystallinity (percentage) was found to be in the order as follows: A2WF>A1WF >
HIWF> H2WF > NSWF > NSOF. The increased crystallinity of the modified films may
be due to the strengthened association between starch chains and the realignment of
disrupted double helices within the crystalline regions, resulting in increased crystalline

perfection [14].
4D.2.6 Tensile strength of films

Mechanical properties describe the film's resistance to normal stresses
encountered during transportation, application, and handling to maintain food integrity
and properties [22]. According to Table 4D.3, the addition of WO affected the tensile
strength of the starch films. XRD patterns (Fig. 4D.4) of the films indicated a higher
crystallinity of the films with the addition of WO, and this result is consistent with the
high tensile strength obtained for films with higher crystallinity. Similar behavior was
shown by cassava starch films loaded with lemongrass essential oil [20]. The starch-
starch interactions might have been partially replaced by starch-WO interactions that
formed a strengthened associative network, leading to increase in tensile strength of
films. Moreover, droplet size of the WO could also influence the tensile strength, as
small droplets having higher surface area can increase the level of interactions with the
starch matrix, whereas large droplets disturbs the film formation process [4]. The
increase in tensile strength in the modified starch films may be due to the increase in
coherent forces between starch molecules, and formation of a better-packed crystalline

structure caused by the displacement and arrangement of double helices between starch
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crystals. Similar results was reported for modified sweet potato starch films and higher

crystallinity of the films promoted compactness of the film structure [11].

Table 4D.3: Tensile strength and water vapor permeability of edible films

Tensile strength Water vapor permeability

Sample (N/mm?) (10° g day* m*Pal)
NSOF 4.41+0.51° 4.28 +0.10°
NSWF 4,75 + 0.56" 3.69 + 0.09"
H1WF 5.07 + 0.45° 2.14 +0.18°
H2WF 4.90 +0.41° 2.79+0.17°
A1WF 6.64 + 0.86 2.11 +0.10°
A2WF 6.92 + 0.56° 1.64 +0.19°

Data values are presented as mean + standard deviation. Data with different alphabetic
superscript in the same column are statistically significant (p<0.05). NSOF: native starch
film without walnut oil; NSWF: native starch film with walnut oil; HIWF and H2WF:
films prepared from HMT starch with 20% moisture level and 30% moisture level,
respectively, and walnut oil; AIWF and A2WF: films prepared from annealed starch

with 1:2 and 1:4 starch to moisture ratio, respectively, and walnut oil.
4D.2.7 Water vapor permeability (WVP) of films

A packaging film's WVP is one of the most important properties for determining
its suitability for use as a packaging material [25]. WVP is one of the important
properties among the various water resistance properties of a film and indicates the film's
ability to cope with the high humidity environment around and on the food surface [16].
As shown in Table 4D.3, the addition of WO in the starch films resulted in decrease of
WVP values of the films 4.28 + 0.10 to 3.69 + 0.09 (10° g day m™ Pa™), indicating a
continuous network of starch matrix formed by the hydrophobic WO [20], which
increased the cohesive force and reduced the transport phenomenon of the film matrix.
WVP generally occurs through the hydrophilic portion of films, and so the hydrophobic
nature of WO was effective in decreasing the WVP of the films [22]. In the modified
starch films, the WVP values increased linearly with the increase in crystallinity as
observed from XRD pattern (Fig. 4D.4) of the films, and this increase in crystallinity is

linearly related to the compactness of the films and can minimize moisture transfer [11].
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The WVP values were found to be in the order as follows:
A2WF<AIWF<HIWF<H2WF<NSWF<NSOF.

4D.3 Shelf life study of grapes

4D.3.1 Weight loss, pH and TSS

The weight loss, pH and TSS of grapes coated with different coating solutions
(Fig. 4D.5) during a 15 days storage period are presented in Fig. 4D.6, 7 and 8,

respectively.

The native starch and modified starch-based coatings with or without WO
significantly decreased the weight loss of grapes (Fig. 4D.6) during the 15 days storage
period compared to uncoated grapes, indicating that the starch-based coatings enabled
the epidermis layer to control water loss associated with weight loss and reduce the
respiratory exchange. Moreover, water loss to the atmosphere can take place through the
pores present in the grapes, and the starch-based coatings were able to block the pores,

thereby preventing humidity loss and reducing respiratory rate.

The uncoated grapes (UC) had the highest percentage of weight loss, with a
significant increase from 3.65 % at day 3 to 14.83 % at day 15 at 4 °C during refrigerated
storage. However, porosity of coatings can also promote the water loss leading to weight
loss. The weight loss of UC stored at 4 °C for 15 days was less than the weight loss of
control grapes stored at 25 °C for 12 days reported by de Souza et al. [7], and this
difference in weight loss can be attributed to the storage temperature as high temperature

favors rapid water evaporation.

The modified starch-based coatings with WO more effectively protected the
grapes from weight loss compared to UC and NSOF. ANN starch-based coatings showed
a reduced value of weight loss than the HMT starch-based coatings, and the results are
consistent with the results of film properties. Our findings have shown A2WF as the best
coating for minimizing weight loss (1.84 % at day 3 to 11.58 % at day 15) compared to
all other coatings during the storage period. These results demonstrated that modified
starch and WO in coating solutions could form a better protective barrier against water

evaporation associated with weight loss of grapes.
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Fig. 4D.5: Grapes coated with different film-forming solutions of NSOF & NSWF:
native starch without and with walnut oil, respectively; HIWF and H2WF. HMT starch
with 20% and 30% moisture level, respectively, and walnut oil; AIWF and A2WF:
annealed starch with 1:2 and 1:4 starch to moisture ratio, respectively, and walnut oil.
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Fig. 4D.6: Weight loss of grapes with different coatings of film-forming solutions during

storage.
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Fig. 4D.7: pH of grapes with different coatings of film-forming solutions during storage.
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As shown in (Fig. 4D.6), there was no significant difference in pH values
between the grapes coated with different coating solutions during the storage period, and
presented the same variation pattern. The pH values ranged from 3.09 to 3.54 for all the
groups during the 15 days of storage period. Treatments applied such as type of edible
coatings do not affect the pH of grapes, rather the natural variability of the fruits are
responsible for such changes [13, 19]. A slight pH change may be due to natural organic
acids that maintain the fruit's pH [27].

18

TSS ('Brix)
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Fig. 4D.8: Total soluble solids (TSS) of grapes with different coatings of film-forming

solutions during storage.

TSS content of the uncoated and coated grapes gradually decreased during the 15
days storing period (Fig. 4D.8). This behavior indicates an increase in soluble solids
consumption with maturation and the possible initiation of senescence in these samples
[7]. In addition, the consumption of soluble solids by the respiratory process leads to a
decrease in SSC of fruit metabolic activity [21]. The modified starch-based coatings with
WO significantly reduced the decrease in TSS compared to uncoated and native starch-
based coatings with/without WO. This positive effect could be due to the decrease in
respiration process caused by WO that forms a gaseous environment at the surface of
fruit [24], and the reduced WVP shown by the modified starch-based films with WO.
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Similar decrease in TSS have been reported for table grapes coated with chitosan edible
nanoparticles that delayed the ripening process due to slow respiration and metabolic
activity in the fruit [19].

4D.3.2 Titratable acidity

The titratable acidity (TA) of the uncoated and all the coated grapes decreased
during the 15 days storage period (Fig. 4D.9). A decrease in TA is associated with the
maturation process as organic acids, mainly malic acid, are metabolized as energy in the
Krebs cycle [7, 24]. The modified starch based coatings with WO showed a high value of
TA than the UC and NSOF at the end of 15-day storage period, indicating their efficacy
to control maturation process by forming an effective barrier to gases. Therefore, the
modified starch based coatings with WO was effective in delaying the ripening process

of grapes by reducing the rate of organic acid biodegradation.
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Fig. 4D.9: Titratable acidity of grapes with different coatings of film-forming solutions

during storage.

4D.3.3 Total phenolic content and antioxidant activity

Phenolic compounds, distributed in different parts of grapes such as stalks, skin,

pulp and seeds, could be positively correlated with the antioxidant activity of grapes.
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Results of total phenolic content (TPC) and antioxidant activity (DPPH scavenging
activity) are shown in Fig. 4D.10 and 11, respectively.
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Fig. 4D.10: Total phenolic content (TPC) of grapes with different coatings of film-

forming solutions during storage.
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Fig. 4D.11: DPPH scavenging activity (% inhibition) of grapes with different coatings of

film-forming solutions during storage.
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TPC and DPPH scavenging activity values in all the samples gradually decreased
with increase in the storage period. The decline in TPC (Fig. 4D.10) and antioxidant
activity (Fig. 4D.11) was efficiently prevented by the modified starch-based coatings
with WO, indicated reduced loss of phenolic compounds during the storage. Similar
observation has been reported for table grapes coated with alginate solutions enriched
with vanillin [24].

A2WF had the highest TPC and DPPH scavenging activity (428.95 + 0.92 mg
GAE/100 g and 42.01 £ 0.15 % , respectively), while UC had the lowest TPC and DPPH
scavenging activity (330.90 £ 0.85 mg GAE/100 g and 30.00 + 0.18 %, respectively) at
the day 15 of storage.

4D.3.4 Total monomeric anthocyanin content
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Fig. 4D.12: Total monomeric anthocyanin content (TAC) of grapes with different

coatings of film-forming solutions during storage.

Fig. 4D.12 illustrates the total monomeric anthocyanin content (TAC) of the
uncoated and coated grapes during the 15 days storing period. Anthocyanins,
polyphenolic compounds that are found in table grapes, have essential functional

properties that promote human health [1]. However, more accumulation of anthocyanins
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in grapes is associated to advanced maturity, which involves synthesis of this pigment

from glucose.

The TAC values of all the samples significantly increased during the storage period
of 15 days. After 15 days of storage, grapes with annealed starch-based coatings with
WO showed the lowest TAC (2.07 + 0.07, mg/L) compared to all other samples,

indicating an inhibitory effect of the coatings on fruit senescence [19].

Studies on reduction of anthocyanin content of grapes has been reported for grapes
coated with lemongrass oil nanoemulsion [13] and strawberries coated with chitosan-
oliec acid [27]. Therefore, we conclude that the modified starch-based coatings with WO
can effectively prevent fruit ripening and can have anti-aging effect on the grapes during

cold storage.
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