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Abstract

Starches from two yam species, viz. Dioscorea alata and Dioscorea esculenta were subjected to heat moisture treatment
(HMT) with 20 and 30% moisture at 110 °C for 3 h and annealing (ANN) at 1:2 and 1:4 starch to water ratio and 50 °C for
24 h, and their effect on functional, thermal, pasting, morphological, and rheological properties, and in vitro digestibility
was investigated. HMT and ANN modifications decreased the swelling and solubility of the starches compared to the native
starches. D. alata showed a higher amylose leaching than D. esculenta due to its higher amylose content. An increase in the
transition enthalpy (AH) after ANN and a decrease in AH after HMT were observed. ANN modification increased the setback
viscosity, while HMT modification decreased the setback viscosity compared to the corresponding native starches of both
the species. Both HMT and ANN decreased the peak viscosity, hot paste viscosity and breakdown viscosity of the starch
granules. The steady shear and dynamic rheological properties of the starch paste at 25 °C were evaluated by the power-law
model and indicated non-Newtonian flow properties with shear-thinning behaviour. ANN modified starch exhibited a greater
impact than HMT on the rheological properties, indicating stronger molecular interactions in the pastes. An increase in slowly
digestible and resistant starch with a decrease in rapidly digestible starch was noticed after HMT and ANN modifications.
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Introduction

The genus Dioscorea is an herbaceous, woody, and climber
plant with underground tubers. Species of the genus
Dioscorea are commonly referred to as ‘yams’ and only
about a hundred species are edible either as such or after
detoxification and long or quick cooking. Of the 50 spe-
cies of Dioscorea found in India, about 19 are known to
occur only in Assam [1]. Sharma and Hore [2] reported 28
species and 25 cultivars of the genus Dioscorea in north-
eastern India. In recent decades, this genus has emerged
as one of the most important sources of diosgenin, a plant
sapogenin used in the pharmaceutical industries for the syn-
thesis of steroid drugs [3, 4]. However, starch, which is the
most abundant carbohydrate in the rhizomes of different
Dioscorea species, is always neglected and eliminated dur-
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ing the isolation of small bioactive molecules, resulting in
a significant waste of starch resources. Although the starch
content of Dioscorea species can be up to 80% on a dry
weight basis [5], research on the food applications of these
starches is limited.
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Since some native starches do not have the requisite tech-
nological and functional properties desired by the target
market, efforts are must to modify them as a value addi-
tion for local and industrial food applications [6]. Modi-
fied starches can provide desirable functional properties
not found in native starches and can be used to improve
viscosity, shelf life stability, processing parameters, parti-
cle integrity, texture, solubility, shape and emulsion, among
other things. Physical modification of starch by moisture,
heat, shear or radiation is increasingly applied as no chemi-
cal reagent by-products are found in modified starch. Heat-
moisture treatment (HMT) and annealing (ANN) are physi-
cal modifications that alter the physicochemical properties
of starch without destroying its granular morphology [7-10].
These two processes are related and both require control
over the starch-to-moisture ratio, temperature, and heating
time [11]. However, these treatments differ in the amount of
moisture and the temperature being used for modification.
HMT runs under limited moisture content (10-30%) and
high temperatures (90-120 °C), whereas ANN works under
large excess moisture (50-60%) and is accompanied by rela-
tively low temperatures below the gelatinization point of
starch [12]. Regardless of starch origin, HMT promotes an
increase in the gelatinization transition temperature, widens
the gelatinization temperature range, reduces granular swell-
ing and amylose leaching, and increases the thermal stability
of starch. However, depending on the botanical origin of
the starch and the processing conditions, HMT can cause
changes in X-ray patterns, formation of amylose—-lipid com-
plexes, disruption of crystalline structure, and increased or
decreased enzyme sensitivity [13]. In addition, ANN modi-
fies the physicochemical properties of starch, improves crys-
talline perfection and facilitates interactions between starch
chains [14]. More specifically, ANN causes reorganization
of starch molecules and the amylopectin duplex adopts a
more organized configuration.

Starches of yams have been comparatively underutilized
and underexploited in comparison to the starches from other
tubers, roots, cereals, fruits and even legumes. Lack of ade-
quate information on the structure, function and potential
application of the starches is one of the limiting factors for
industrial application of starches such as that from underu-
tilized yams [15—17]. The physicochemical, functional, and
pasting qualities of native and modified starches of culti-
vated Dioscorea species from northeastern India have not
yet been thoroughly studied. Meanwhile, there is no report
on the comparative study of HMT and ANN treatments on
yam starch, and on the effect of moisture levels during these
treatments on yam starch. Therefore, a study was designed to
investigate and compare the effect of HMT and ANN (with
different moisture levels) on the functional, thermal, pasting,
morphological and rheological properties of underutilized
yam starches.
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Materials and methods
Materials

Two locally grown yams were collected from Kuthori Bagi-
sha, Morigaon, Assam, India (26° 04' 46.6" N 92° 16' 10.6"
E) and were identified to be species belonging to Dioscorea
alata (purple yam) and Dioscorea esculenta (Lour.) Burkill.
The harvesting period of the yams was in December before
the Bihu festival of Assam. Amylose (potato), amylopectin
(potato), a-amylase, and amyloglucosidase were purchased
from Sigma-Aldrich Co. LLC., India. All other reagents used
in the study were of analytical grade.

Starch isolation and modifications

Isolation of starches from the yams was carried out by the
method described by Nindjin et al. [18] with modifications.
The washed and cleaned tubers were cut into small pieces
and immediately dipped in distilled water containing 0.2%
(w/v) sodium metabisulphite. The pieces were crushed in a
blender and suspended in excess distilled water containing
4% (w/v) NaCl to maintain a solid to liquid ratio of 1:5.
The slurry was filtered through cheesecloth and the filtrate
was centrifuged at 3000 rpm for 10 min using a laboratory
centrifuge (Hermle Labortechnik, Germany). The obtained
starch cake was re-suspended in distilled water and centri-
fuged. The process was repeated till no brownish layer on the
surface was seen. The purified starch cake was dried in a tray
drier overnight at 40 °C, followed by pulverization, sieving,
and storage for further analysis. The native starches obtained
from D. alata and D. esculenta were coded as 1 YNS and
2YNS, respectively. The moisture content, protein content,
lipid content, ash content and yield of 1YNS and 2YNS were
10.79+0.13%, 1.53 +0.03%, 0.41 +0.05%, 0.15+0.10%
and 16.48 +0.86%, and 11.04+0.11%, 0.85+0.01%,
0.32+0.04%, 0.16 £0.10% and 21.52 + 1.14%, respectively.
For HMT treatment of the isolated starches, the method
described by Piecyk et al. [19] was followed with slight
modifications. Samples were adjusted to 20% and 30%
(w/w) moisture levels and kept at 4 °C for 24 h in a sealed
container. The sealed sample containers were then placed
in a hot air oven at 110 °C for 3 h with occasional shaking
of the containers. The treated samples were cooled down to
ambient temperature and dried at 40 °C overnight. Accord-
ingly, the treated starches were named 1HMT20, 1HMT30,
2HMT20, and 2HMT30, where the prefix ‘1’ and ‘2’ indi-
cate the yam species D. alata and D. esculenta, respectively,
and the suffix -20 and -30 indicate moisture levels.
Annealing of the starches was carried out using the
method reported by Yeh and Lai [20] with modifications.
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Samples were suspended in distilled water (1:2 and 1: 4,
w/v), mixed well in a sealed container for equilibration,
and incubated at 50 °C in a water bath for 24 h. After
incubation, the samples were cooled to ambient tempera-
ture and dried at 40 °C for 24 h. Accordingly, the treated
starches were coded as 1ANN-12, 1ANN-14, 2ANN-12,
and 2ANN-14, where the prefix ‘1’ and ‘2’ indicate the
yam species D. alata and D. esculenta, respectively, and
the suffix -12 and -14 indicate starch to water ratio of 1:2
and 1:4, respectively.

Total amylose content, amylose leaching, water
and oil absorption capacity

Total amylose content (AM) was determined using a stand-
ard curve prepared by mixtures of amylose and amylopec-
tin standards, according to the method described by Hoover
and Ratnayake [21]. Amylose leaching (AML) of the native
and modified starches was determined at 80 °C according to
the method of Jayakody et al. [22] using the amylose con-
tent determination method of Hoover and Ratnayake [21].
Water absorption capacity (WAC) and oil absorption capac-
ity (OAC) of the native and modified yam starches were
determined following the method of Ashwar et al. [23].

Scanning electron microscopy

The native and modified starch powdered samples were
dried initially at 40+2 °C in a hot air oven for 4 h. The
samples were first gently placed on a double-sided carbon
tape attached to a metal stub. The stub along with the sample
was later coated with a gold layer of 20 nm using a mag-
netron sputtering machine (Q150R ES, Quorum, England).
The samples thus prepared, were morphologically examined
under a scanning electron microscope (FESEM, Sigma 300,
Zeiss, Germany) at 5 kV.

ATR-FTIR spectroscopy

The ATR-FTIR spectra of the samples were recorded using
Spectrum-2 spectrometer (Perkin-Elmer, USA). The IR
spectra were obtained with the help of Universal Attenu-
ator Total Reflectance (UATR) and spectra in the range of
4000400 cm™! were recorded with a resolution of 4 cm™!
at ambient temperature.

Swelling power and solubility

Swelling power and solubility of the starches were meas-
ured by following the method reported by Bernardo et al.
[24] with minor modifications. Briefly, 50 mg of starch was
mixed with 10 ml of distilled water and heated at 55, 65, 75,
85 and 95 °C for 1 h. After cooling to room temperature, the

mixture was centrifuged at 4000 g for 15 min. The super-
natant was dried in a hot air oven at 105 °C for 4 h and the
solubility was calculated as follows:

dried supernatant(g)

Solubility (%) = x 100

mass of starch(g)

For determination of swelling power, the sediment was
weighed and the swelling power was calculated as follows:

Swelling power (g/g)
sediment weight(g)

= x 100
mass of starch(g) X (100% — % dried supernatant)

Thermal properties

Differential scanning calorimeter (Micro DSC III, Setaram,
France) was used to analyze the starch gelatinization using
the method reported by Liu et al. [25]. Starch samples (3 mg)
in distilled water at a ratio of (1:3.5) were scanned from 30
to 150 °C at a heating rate of 10 °C/min in a sealed alu-
minum pan. An empty sealed DSC pan was used as refer-
ence. The onset temperature (T,), peak temperature (P,),
conclusion temperature (T,), and endothermic enthalpy
(AH) were determined.

Pasting properties

The pasting properties of the starch samples (12% w/v) were
evaluated in a Rapid Visco Analyzer (StarcMaster2, New-
port Scientific, Australia). The programmed cycle was set at
50to 95 °C in 5 min (heating), 95 °C for 2 min (holding), 95
to 50 °C in 4 min (cooling), and 50 °C for 2 min (holding).
Pasting temperature (PT), Peak viscosity (PV), Hot-paste
viscosity (HPV), Final viscosity (FV), Breakdown (BD), and
Setback (SB) were recorded.

Static and dynamic rheological parameters

The static and dynamic rheological properties of the flour or
starch gelatinized paste (12% w/v) obtained from RVA were
studied by following the procedures described by Qin et al.
[26] using a rheometer (MCR 101, Anton Paar, Germany),
which was equipped with parallel-plate geometry (50 mm
diameter) with 0.5 mm gap at 30 °C. The steady shear (flow
behavior) test was performed by varying the shear rate from
0 to 400 s~! to measure the impact of shear rate on apparent
viscosity and shear stress. The dynamic frequency sweep
(frequency range of 0.1-100 rad/s) test was performed at
a strain value of 1% (within the linear viscoelastic region)
to record the loss modulus (G"), storage modulus (G’), and
loss tangent (tan 8 =G"/G’) as a function of frequency ().
To further investigate the rheological behavior, Power-law
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as mentioned in Egs. (1)—(3) were fitted to the experimental
data of steady shear and oscillatory testing conducted on the
starch pastes, respectively.

o = k(y)n (1)

where ¢ =shear stress (Pa); y=shear rate (1/s); k=con-
sistency coefficient (Pa.s"); n=flow behaviour index
(dimensionless).

Storage modulus (G) = k'(w)n’ )

Loss modulus (G”) = k" (w)n” 3)

where, k', k”, n’ and n" are the corresponding fitting
parameters.

In vitro starch digestibility

The percentage of rapidly digestible starch (RDS), slowly
digestible starch (SDS), and resistant starch (RS) of the
native and modified yam starches were determined follow-
ing the method of Huang et al. [27] with slight modification.
Briefly, 200 mg starch was weighed in a centrifuge tube and
15 ml of phosphate buffer (pH 5.2 +0.2) was added to it.
The mixture was allowed to boil in a water bath for 20 min
and then equilibrated at 37 °C for 5 min. After equilibration,
5 ml of enzyme solution (1200 U/ml a-amylase and 15 U/
ml amyloglucosidase) was added and incubated in a shaking
water bath at 37 °C and 180 rpm. After 20 min and 120 min,
0.5 ml aliquots of hydrolyzed solution were mixed with 4 ml
of ethanol (80%) in a centrifuge tube to stop the activity of
the enzymes. Then, the tubes were centrifuged at 3000 g for
10 min and the supernatant was collected to measure the
content of glucose using the Anthrone method. The percent-
age of hydrolyzed starch was determined by multiplying the

glucose content with a factor of 0.9. The RDS (%), SDS (%),
and RS (%) in each starch sample were determined using
Eq. (4), (5) and (6), respectively.

RDS (%) = S29=FG 9.9 100 )
TS

sDS (%) = S120=G20 595 100 (5)
TS

RS (%) = BS=RDS=SDS ©)

TS

where, G20 and G120 are the content of glucose determined
after 20 min and 120 min of hydrolysis, respectively; FG is
the free glucose content in starch; and TS is the total starch
content.

Statistical analysis

All the tests of this study were conducted in triplicate. The
results were expressed as mean + standard deviation and
evaluated for significance using one-way ANOVA and
Turkey post hoc test at a significance level of p<0.5 using
IBM SPSS Statistic Version 20 software (IBM Corporation,
Armonk, N.Y., USA). For the graphs and plots, OriginPro
8.5 software (OriginLab Corporation, Northampton, MA,
USA) was used.

Results and discussion

Total AM content, AML, WAC and OAC

The data on amylose content, AML, WAC, and OAC
of native and modified starches of yams are presented in

Table 1 Total amylose content,

amylose leaching, water Sample Total amylose con-  Amylose leaching (%) WAC OAC
absorption capaci’ty and oil fent (%) (e/e) (&)
absorption capacity of native 1YNS 26.58+£0.17° 17.23+0.36* 2.16+0.01° 1.94+0.04*
and modified yam starches IHMT-20 28.1240.15¢ 6.81+0.19" 2.66+0.03° 1.65%0.04%
1HMT-30 29.25+0.32° 3.63+0.18" 2.76+0.03* 1.22+0.05°
1ANN-12 31.45+0.19° 12.66+0.11¢ 2.38+0.02¢ 1.56+0.04°
1ANN-14 33.93+0.14% 10.95+0.25¢ 2.52+0.07° 1.46+0.02¢
2YNS 21.34+0.56" 15.46+0.22° 2.10+0.04° 1.68+£0.02°
2HMT-20 24.55+0.33¢ 5.62+0.08¢ 2.64+0.01° 1.59+0.03%
2HMT-30 25.61+0.21° 2.75+0.17 2.77 +£0.02? 1.16+0.03f
2ANN-12 26.97 +0.13¢ 12.14+0.35¢ 2.31+0.00¢ 1.31+0.02°
2ANN-14 29.53+0.39° 9.86+0.17° 2.48+0.02° 1.25+0.01°

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

@ Springer



Impact of hydrothermal treatments on the functional, thermal, pasting, morphological and... 2289

Table 1. Amylose content of native and modified starches
of D. alata (Y1) and D. esculenta (Y2) ranged from 26.58
to 33.93% and 21.34 to 29.53%, respectively. The above
values of amylose content were within the range (9.9-47%)
of amylose content reported for Dioscorea starches [28].
Amylose content of Y1 was found to be higher than Y2, and
the species D. alata tend to have higher amounts of amyl-
ose compared to D. esculenta [29]. Various factors such as
method of quantification, endogenous lipid content, environ-
mental and agronomic practices may affect the content of
amylose in yam starches [28]. A significant (p <0.5) increase
in amylose content was induced by HMT and ANN and with
moisture levels of treatment. A similar increase in amylose
content after HMT has been reported for buckwheat starches
[30], 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 dur-
ing HMT or ANN [25, 31]. However, the amylose content
was found to be higher after ANN compared to HMT. In
hydrothermal treatments, heat and moisture disrupt the crys-
talline matrix of starch granules leading to AP degradation
and causing an increase in the interactions within the amor-
phous matrix [32]. 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 treatment. Similar trends of WAC and OAC have been
reported for HMT-modified buckwheat starch [33], amaranth
starch [34], and sohphlang starch [35]; and ANN-modified
maize starch [25] and white yam starch [36]. The decrease
in AML after HMT treatment may be due to additional inter-
actions between the amylose-amylopectin and the amylose-
amylose chain during HMT [37]. The observed difference
in AML of Y1 and Y2 was due to the total amylose content
of the starches.

Scanning electron microscopy

Figure 1a illustrates the SEM images of the native, heat
moisture treated, and annealed yam starches. D. escu-
lenta (Y2) 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 (Y1) starches micrographs
showed the presence of oval, elongated or lenticular shaped
starch granules with smooth surface, and the length of the
granules ranged in size from 10.6 to 48.7 um.

2HMT-20 and 2HMT-30 starch granules showed the pres-
ence of cavities and fissures (Fig. 1b) 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 [38] and pearl millet starch [39]. No cavities and
fissures were found on the starch granules of IHMT-20 and

ITHMT-30 except for granular aggregation. A more aggre-
gated structure of starch granules was observed for HMT
granules compared to ANN granules. This changes in granu-
lar morphology might be due to the exposure of starch gran-
ules to high moisture content during hydrothermal treatment,
which promotes the partial gelatinization and morphological
changes of starch [40]. Similar observation on more aggre-
gated HMT starch granules than ANN starch granules was
reported on buckwheat starch by Liu et al. [31]. HMT and
ANN starch granules had higher number of smaller granules
in comparison to the native starches. These changes may be
attributed to the compaction of granular matter induced by
heating and pressure during HMT [31, 41]. 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 [42].
Moreover, the morphology of starch depends on the treat-
ment conditions of HMT and ANN, and starch source [25].

ATR-FTIR spectroscopy

Figure 2 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) [38, 43, 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 crystal-
line perfection [45]. 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 [45]. 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 [46].

Swelling power and solubility

The effect of temperature on the native and modified
starches of the yam species is presented in Fig. 3a—d. 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. Native starches exhibited greater
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Fig. 1 Scanning electron microscopy (SEM) of a native and Prefix 1 and 2 indicate the two yam species. Suffix — 20, — 30,
modified starches of yam species 1 and 2 at X500 and x5000 — 12 and — 14 indicate 20% moisture level, 30% moisture level,
magnification, and b 2HMT-20 and 2HMT-30 starch granules at 1:2 starch to moisture ratio and 1:4 starch to moisture ratio,
x15,000 magnification. YNS, HMT, and ANN indicate native, respectively. The fissures and cavities in (b) are encircled
heat-moisture treated, and annealed yam starch, respectively.

@ Springer



Impact of hydrothermal treatments on the functional, thermal, pasting, morphological and...

2291

2HMT-20

Fig.1 (continued)

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 [30, 37, 38]. Further-
more, a decrease in the swelling power and solubility was
noticed along with the increase in moisture levels of the
HMT treatment of starch, which may be due to the greater
mobility of the amylose chains resulting in enhanced amyl-
ose-amylose and amylose-amylopectin interactions [47, 48].
Similar observations on the decline of swelling power and
solubility after HMT were noticed for mango kernel starches

()
THMT-30
1HMT-20 [/V\
y!
S 1ANN-12 7/
3
<9
g Ta\
£ 1ANN-14 g
: L |
= . A
£ 1YNS W\v/* '
=
T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Fig.2 ATR-FTIR spectra of native and modified yam starches. YNS,
HMT, and ANN indicate native, heat-moisture treated, and annealed
yam starch, respectively. Prefix 1 and 2 indicate the two yam species.

[49], maize starch [25], buckwheat starch [30], oat starch
[50], and purple yam flour [47]. 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 [51].
The strengthening of bonds between amylose/amylopectin
or amylopectin/amylopectin molecules prevents amylose
leaching, thereby reducing the solubility of the granules
[52]. The increase in the moisture levels of ANN-treated
starch decreased the swelling power and solubility and simi-
lar results on sohphlang starch [35] 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 tem-
peratures and weaker interactions between the functional

(b)
2HMT-20
2HMT-30
§ - 2ANN-12
@
<
s
£
E
zr
o 2YNS
-
=
T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

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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Fig.3 Effect of temperature on the swelling power and solubility of
native and modified yam starches. a and ¢ are the swelling power vs.
temperature curve of Y1 and Y2 yam starches, respectively. b and d
are the solubility vs. temperature curve of Y1 and Y2 yam starches,
respectively. YNS, HMT, and ANN indicate native, heat-moisture

groups of starch [53]. The higher swelling power shown
by Y2 starches than Y1 starches is probably influenced by
crystallinity (D. esculenta> D. alata) and extent of interac-
tion between AM-AP and AM-AM chains (D. esculenta> D.
alata) [54].

Thermal properties

Gelatinization, which is modulated by water and heat, can
determine the starch quality. In the presence of an appro-
priate amount of water and high temperature, the semic-
rystalline regions in starch change to amorphous form; and
induce changes in the functional properties such as vis-
cosity and gel-forming ability of starch, which are desired
for industrial food applications [55]. Table 2 presents the
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treated, and annealed yam starch, respectively. Prefix 1 and 2 indicate
the two 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

information on the gelatinization properties of the native
starches, HMT, and ANN-treated starches. The gelatini-
zation onset (T,), peak (Tp) and conclusion (T,) tempera-
ture for 1YNS 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 (T,) and conclusion (T,) temperature for 2YNS 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 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) [54], Dioscorea
alata (T,, 68.80-75.80 °C; T, 73.50-82.40 °C; T,
79.90-88.40 °C; AH, 11.80-18.00 J/g) [56], and Dioscorea
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O e and mochfien yam Sample T, (0 T, (0 T.CO AH Ulg)

starches 1YNS 71.16+0.23" 78.52+0.18" 84.08+0.192 17.58 +0.15¢
THMT-20 76.04 +0.34% 83.50+0.23° 90.07+0.39° 15.97+0.22¢
ITHMT-30 79.05+0.33% 86.81+0.45" 93.33+0.247 12.37+0.19
1ANN-12 72.05+0.53¢" 79.71+0.11° 85.06+0.25° 18.12+0.14°
1ANN-14 73.84+0.42F 80.45+0.13° 86.79+0.269 19.18+0.32°
2YNS 72.34+0.198 77.22+0.18¢ 82.67+0.11" 17.87+0.12%¢
2HMT-20 75.29 +0.14% 81.71+0.264 86.74+0.149 15.51+0.10°
2HMT-30 77.25+0.30° 84.77+0.21° 89.37+0.36° 11.39+0.148
2ANN-12 74.77 +0.24% 80.93 +0.09° 84.62+0.13 18.95+0.15°
2ANN-14 76.34+0.41% 81.58+0.114 85.62+0.08° 20.25+0.12%

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

bulbifera (T,, 71.50-75.26 °C; T, 75.69-78.10 °C; T,
82.50-93.05 °C) [57]. The gelatinization parameters in yam
starches are found to be higher than in starches of potato,
cassava, and sweet potato [28]. 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 heli-
ces and lead to better packing of amylopectins in the starch
granules with less branched backbone, thereby increasing
AH and T, [58]. HMT and ANN-treated starches had sig-
nificantly higher T, T, and T, compared to their respective
native starches. HMT treatments are reported to increase
the gelatinization temperatures by a broadening of gelati-
nization range and decreasing the swelling power [59]. 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 gelatini-
zation temperatures [13]. 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 amy-
lopectin double helices and higher content of glassy amor-
phous regions in annealed starch [59].

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 gran-
ules [33], 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 [55].
Meanwhile, partial gelatinization of less stable amylose and
amylopectin molecules can also be linked with a reduced
value of AH in HMT [25]. Similar results are reported after
HMT for maize [25], elephant foot yam [38], and amaranth
[34] starches; and after ANN for potato [60], wheat [52],

and maize [25] 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 [61].

Pasting properties

The pasting parameters of the native and modified yam
starches are summarized in Table 3. After HMT and with
moisture levels, a significant (p <0.5) increase in the past-
ing temperature and decrease in the PV, HPV, BD, SB, and
FV values was observed (except SB for IHMT-30). Simi-
lar 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
[37, 62]. HMT promotes granular rigidity by strengthening
granular bonding due to increased intermolecular associa-
tion of starch chains, restricts swelling power and AML, and
thus indicates a higher temperature requirement to disrupt
the HMT starch granules to form paste [13, 37, 38]. The
increase in moisture levels of HMT was found to increase
the PT in elephant foot yam starch [38]. After ANN and
with moisture levels, an increase in the PT, SB, and FV val-
ues 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 strengthen-
ing of intragranular binding forces in the granules, thereby
rendering better thermal resistance [13, 60]. 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
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Table3 Pasting properties Sample PT (°C) PV (cP) HPV (cP)  BD (cP) SB (cP) FV (cP)

of native and modified yam

starches 1YNS 773 +1.288 4648 +429 42244159 4244542 3083+44° 7307 +50%
IHMT-20  822+1.04%  2088+6° 2830+ 3¢ 158 +6% 887+18  3717+21°
IHMT-30  83.9+0.82>¢  1526+37 1473 13 534297 12234698 2696+ 641
1ANN-12 79.5+0.44% 4258 +21°  4002+27°  256+14>  3453+21°  7455+15%
1ANN-14 80.7+0.61° 4115+18" 3928 +8f 187+ 11¢ 3595438 7523 +45°
2YNS 82.7+0.75%  5813+64*  5548+49° 265425 1679+32F 72274224
2HMT-20 8534030  1872+33"  1760+£19"  112+15¢%  1003+£25"  2763+10
2HMT-30  86.2+0.53% 115617 1140+ 13 16+ 82 755 +231 1895 +248
2ANN-12 83.1+0.89%  5216+20°  5027+19° 18942 2341437 7368 +55%
2ANN-14 85.6+0.35% 4965+35°  4838+11° 127426%  2574+15¢ 7412426

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

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 mois-
ture 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 gran-
ules, and the presence of rigid and large granules embedded
in leached amylose network can show a higher degree of
SB [13, 54]. 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 gelati-
nization, decreased swelling power, and 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 [14,
63]. 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 arrange-
ments during the modification processes, and hence needs
further research.

Steady shear testing

The steady-state flow behaviors of the native and modi-
fied starch pastes at 25 °C are shown in Fig. 4a and b. 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
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behavior index (n), and determination coefficient were the
model parameters used to accurately analyze the flow curve
of each starch paste (Table 4).

The flow curves of all the sample pastes were non-linear
and behaved as non- Newtonian fluids as shown in Fig. 4.
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, espe-
cially the amylose fractions, can also lower the shear stress
required to achieve the same shear rate [64]. 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 0.48 and 0.63. There was no sig-
nificant (p <0.5) change in the n values of HMT treated
starches 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 IANN-12 and 1ANN-14), 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
[65]. 1ANN-12 and 2ANN-14 had the highest n values of
0.58 +£0.002 and 0.63 +0.003, respectively. 1 YNS exhibited
a higher shear-thinning tendency compared to 2YNS, and
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Fig.4 a and b are the flow curves of steady shear testing of Y1 and
Y2 yam starches, respectively. YNS, HMT, and ANN indicate native,
heat-moisture treated, and annealed yam starch, respectively. Prefix 1

and 2 indicate the two yam species. Suffix — 20, — 30, — 12 and — 14
indicate 20% moisture level, 30% moisture level, 1:2 starch to mois-
ture ratio and 1:4 starch to moisture ratio, respectively

Table 4 Power law fitted parameters of steady flow and oscillatory testing, respectively

Sample Flow behavior G’ G"
k (Pas") n R? K’ n’ R? K" n" R?

1YNS 20.86+0.56% 0.49+0.004" 09856 262.30+2.14° 0.07+£0.000° 0.9494 26.89+0.65¢ 0.31+0.004° 0.9976
IHMT-20  14.70+0.59°  0.48+0.006" 09869 134.79+2.29" 0.12+0.001* 0.9684 25.44+1.29% 0.24+0.007% 0.9987
IHMT-30  6.04+0.55" 049+0.014" 09980 115.58+1.60' 0.12+0.001°> 0.9673 21.38+0.58°  0.29+0.005°  0.9989
IANN-12  22.10+0.60° 0.57+0.004 0.9871 408.83+5.35° 0.07+0.001° 0.9137 45.78+2.02° 0.25+0.007% 0.9978
IANN-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
2YNS 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
2HMT-20  10.70+0.35%  0.54+0.005° 0.9907 150.03+1.058 0.12+0.001®® 0.9651 29.98+1.15° 0.26+0.005°% 0.9987
2HMT-30  5.73+0.29"  0.56+0.007% 0.9954  53.62+2.09 0.06+0.002° 08184  438+098"  048+0.046°  0.9840
2ANN-12  22.50+0.43% 0.60+0.003° 0.9789 232.67+3.34° 0.09+0.001° 09238 35.16+2.67° 0.25+0.013% 0.9942
2ANN-14 24434049 0.63+0.003* 0.9787 315.62+5.70° 0.05+£0.00128 0.8496 25.55+1.94% 0.36+0.015>  0.9958

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

(p<0.05)

this behavior could be attributed to the higher amylose con-
tent of D. alata starches. 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 [66]. 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 val-
ues 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 [62, 65]. Clearly, the results of this experi-
ment 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 [66]. 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 IANN-12)
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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 [65]. 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 3.

Oscillatory testing

Dynamic rheological properties such as storage modulus
(G"), loss modulus (G"), and loss tangent (tan d=G"/G") as a
function of frequency (®) for the native and modified starch
pastes at 25 °C are presented in Fig. 5a—f. Loss tangent (tan
9) > 1 indicates the predominance of viscous properties
(behavior like liquid) whereas a tan 8 < 1 indicates the pre-
dominance of elastic properties (behavior like solid) of a gel.

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 character-
istics of the starch pastes. Both the modulus (G' and G")
for Y1 native and modified starches (except for IHMT-20)
were found to be higher than the moduli (G’ and G") for Y2
native and modified starches, possibly due to its reduced
swelling power and AML, and indicated better viscoe-
lastic properties (Fig. Sa—d). Tan d values (0.27-0.39) of
the native and modified starches of Y1 were found to be
lower than the tand values (0.30-0.53) of the native and
modified starches of Y2, respectively (Fig. Se, f). After
HMT and with moisture levels, a conspicuous reduction
in G’ (Fig. 5a, b) and G” (Fig. 5c, d) was observed com-
pared to their native counterparts. In addition, the HMT
samples were highly viscous compared to native samples
as indicated by the higher tand values (Fig. Se, f) 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 [67].
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 8 was noticed. This observation can
also be correlated with the RVA results of lower setback
and final viscosities of starch after HMT (Table 3), indi-
cating lower retrogradation tendency (lower reassociation
of amylose/amylopectin chains) leading to decreased gel
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strength. Moreover, granular rupture and increased water
exudation from starch granules during gelatinization or
shearing can reduce the frictional resistance to flow prop-
erties 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 &, indicat-
ing stronger interactions between the starch chains in the
starch pastes leading to increased gel strength. A higher
value of G’ and G" after ANN compared to their native
counterparts may be due to their higher retrogradation as
indicated by the higher setback and final viscosity dur-
ing RVA analysis (Table 3). 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 amylose/amylopectin
chains leached from starch granules leading to increased
gel strength of starch pastes [45].

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 and 3) to obtain the model param-
eters k', k", n" and n", with high coefficients of determination
(R%: 0.8184-0.9684 for G’ and R*: 0.9840-0.9989 for G")
as given in Table 4. A linear decrease in k' (elastic) and k"
(viscous) was observed after HMT with increase in moisture
levels compared to native starch whereas an opposite phe-
nomenon was observed after ANN with increase in moisture
levels (except for k" of 2ANN-14). The n' and n” values of
the starch pastes represent the increased or decreased sus-
ceptibility of G’ and G”, respectively, with changes in the
angular frequency. An increase in the frequency dependence
of G’ was noticed after HMT for Y1 starch compared to
native starch, and either constant or decrease after HMT for
Y2 starch. After ANN, a decrease in the frequency depend-
ence of G’ was noticed compared to native starch for Y2
starches, and either constant or increase after HMT for Y2
starch. The frequency dependence of G” was found to be
decreasing after HMT and ANN for all the starches of Y1
(except constant for IHMT30). The frequency dependence
of G” was found to be increasing at higher moisture levels
after HMT and ANN for Y2 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 appro-
priately 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.
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starch, respectively. Prefix 1 and 2 indicate the two 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 5 In vitro starch digestibility of the native and hydrothermally
treated starches

Sample RDS (%) SDS (%) RS (%)

1YNS 61.11+0.17° 15.68+0.88" 22.32+0.19¢
IHMT-20 55.71+£0.39¢ 17.14 £0.44¢ 26.13+0.32°
ITHMT-30 46.37+0.58¢ 21.25+0.18° 31.51+0.19°
1ANN-12 45.29+0.35° 19.44 +0.26¢ 34.67+0.19°
1ANN-14 37.83+0.18¢8 21.26+0.16° 40.63+0.11°
2YNS 70.22+0.17* 13.35+0.55¢ 15.51+0.31"
2HMT-20 61.13+0.27° 16.25 +0.46° 21.38+0.58¢
2HMT-30 56.25+0.11¢ 19.53+0.14%¢ 23.84+0.23"
2ANN-12 41.31+0.56' 20.72+0.21% 36.72+0.57°
2ANN-14 34.23+0.21" 24.18£0.35" 41.01+0.12°

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

In vitro starch digestibility

The data on in vitro digestibility of native and modified yam
starches are presented in Table 5. 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 and Y2,
1ANN-14 and 2ANN-14 had the highest SDS (21.26% and
24.18%, respectively) and RS (40.63% and 41.01%, respec-
tively) content, while, in comparison, their native forms
recorded SDS content of 15.68% and 13.35%, respectively
and RS content of 22.32% and 15.51%, 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 [62, 68]. 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 [55]. 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 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 [11, 25, 31, 48, 69, 70]. Thus, the
amount of SDS and RS produced after hydrothermal modi-
fications appeared to be dependent on the moisture levels of
starch during treatment, treatment temperature, treatment
time, and source of starch. Moreover, the enzyme hydroly-
sis of starch depends on various factors like starch crystal-
linity, the morphology of starch granules, polymorphism,

@ Springer

and amylose/amylopectin content [71]. Higher RS content
starches with low digestibility are desired for the production
of food products with the low glycemic index.

Conclusion

The effect of hydrothermal treatment on functional, ther-
mal, pasting, morphological, and rheological properties of
starches from two yam species was investigated in the pre-
sent study. After HMT, a significant decrease in peak viscos-
ity, hot paste viscosity, breakdown, setback, and final viscos-
ity was observed, while after ANN, a significant decrease
in peak viscosity, hot paste viscosity, and breakdown with
a significant increase in the setback and final viscosity was
observed. The consistency coefficient and flow behaviour
index of the starch pastes increased after ANN, while a lower
consistency coefficient of the starch pastes was noticed after
HMT. Reduction in G’ and G" was observed after HMT indi-
cating a low retrogradation tendency of the starch granules,
whereas an increase in G’ and G” and decrease in tan o was
observed after ANN indicating a higher retrogradation ten-
dency of the starch granules. ANN caused greater increase
in slowly digestible and resistant starch with a decrease in
rapidly digestible starch than HMT. Hence, in this study,
ANN was found to be an effective modification method for
the yam starches with increased gel strength. HMT modi-
fied yam starches can be used in products such as bread,
ice-creams, puddings, salad dressing. ANN modified yam
starches can be used in food products like jam, thickeners
and as an ingredient in paneer. The suitability of HMT and
ANN modified yam starches for the preparation of edible or
biodegradable films can also be checked. Further investiga-
tions on in vitro digestibility of yam starches are required
to study the influence of treatment conditions, and physico-
chemical properties, functional properties, size, shape, and
other properties of starch granules on enzyme hydrolysis.
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