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Abstract
The present study evaluated Amaranthus caudatus (AC) and A. hypochondriacus (AH) starches obtained as coproduct 
during protein extraction for composition, granule size, amylopectin fine structure, thermal, retrogradation, pasting and 
dynamic rheological-properties to elucidate structure-function relationships. The starches exhibited unimodal particle size 
distribution with mean granule size of 1.26–3.12 μm. AC starch with larger granules (mean granule size 3.12 μm) than AH 
starches (1.26–1.59 μm) gelatinized at lower temperatures (lower DSC transition and pasting temperatures), showed higher 
paste viscosities and produced more elastic gels (lower tan δ and higher Gʹ). Starch granule size related positively with the 
proportion of amylopectin chains with DP < 12, paste viscosities and dynamic rheological moduli while negatively with 
non-starch components, gel tan δ and the proportion of amylopectin chains with DP > 12. Starches with greater proportion 
of amylopectin chains with DP > 12 showed higher gelatinization temperatures, while shorter chains (DP < 12), lipids and 
proteins contributed to reduced retrogradation tendencies (lower percent retrogradation).
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Introduction

Amaranth, collectively known as Amaranthus, belongs to 
family Amaranthaceae. There are about 75 species of ama-
ranth, of which six produce starchy seeds [1]. Amaranthus 
hypochondriacus (AH) and A. caudatus (AC) are two most 
commonly cultivated seedy species [1, 2]. AH produces 

pale to dark-yellow coloured grains while the grains of AC 
are characterized by pinkish-red colour. Starch is the most 
abundant constituent of amaranth grains. Amaranth starch is 
mainly amylopectin in nature (many varieties being waxy), 
exists in the form of very small granules (around 1-µm) and 
exhibits unique functional properties like low-gelling and 
retrogradation, high freeze-thaw stability, resistance to shear 
and high digestibility [1, 2]. Therefore, it can have numerous 
food and non-food applications, e.g. as fat-replacers, thick-
eners, encapsulation materials, stabilizers, paper coatings, 
dusting powders, laundry starch and biodegradable films. 
However, their ultimate application is determined by ther-
mal, rheological and retrogradation properties which depend 
in turn on purity (content of non-starch constituents) as well 
as on physicochemical, morphological and structural fea-
tures of starches that vary widely amongst different species/
cultivars [1, 3–5].

Amaranth starch is mostly produced employing an 
alkali wet-milling process that involves steeping of grains 
or immersing/mixing of flour in dilute NaOH solution 
(0.05–0.1 %) for few hours, followed by grinding, washing, 
blending, centrifuging and drying to get starch [1]. The pro-
cess produces starch of satisfactory purity with high recov-
ery. However, in recent years, amaranth grains have been of 
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great interest primarily because of high quality proteins that 
are characterized by balanced essential amino acids com-
position, high digestibility, health beneficial activities and 
functional properties [2]. Amaranth proteins products (e.g. 
isolates and concentrates) have been evaluated for nutritional 
and functional improvement of traditional and novel foods. 
They are usually prepared by alkaline extraction method 
involving protein solubilisation at pH 8.0–11.0, followed by 
recovery (separation of proteins from solution) at isoelec-
tric pH or using membranes, neutralization and drying. In 
this process, an appreciable amount of sediment/residue is 
left behind, which should be utilized for extracting starch 
in order to ensure optimum utilization of grains and ben-
efits of processor. Therefore, the present work was carried 
out to (1) compare composition, granule size, amylopectin 
chain length, thermal, retrogradation, pasting and dynamic 
rheological properties of AC and AH starches from residues 
obtained during protein extraction and (2) to evaluate rela-
tionships between the measured properties.

Materials and methods

Materials

Grains of four cultivars/lines of AH (IC 35407, PRA 1, PRA 
3 and Annpurna) and one of AC (NIC 22549) were obtained 
from National Bureau of Plant Genetic Resource, Shimla, 
India. Grains were cleaned and ground to pass through a 
sieve with 250-µm apertures. Flours, thus obtained, were 
defatted three times using hexane at a flour-hexane ratio of 
1:4 for 8 h. Finally, solvent was separated and residue was 
dried at 35 °C for 24 h [6].

Starch extraction and purification

The defatted flours were dispersed in deionized water (flour-
water ratio of 1:10) and pH of dispersions was raised to 9.0 
with 1 N NaOH solution. The dispersions were stirred on a 
magnetic stirrer at room temperature for 1 h and then cen-
trifuged at 8000×g for 20 min. Sediments were re-dispersed 
with deionised water (1:5), stirred magnetically for another 
1 h (pH 9.0) and centrifuged (8000×g for 20 min). Super-
natants were used for protein isolation [7], while sediments 
for starch extraction. Sediments were dispersed in deionized 
water (1:5) and then washed with fresh deionized water on 
a sieve with 105-µm apertures to collect starch milk rela-
tively free of fibres. Washings were continued until white 
starch milk washed out. The starch milks were centrifuged at 
3000×g for 20 min. The upper yellow layer (tailings) in the 
sediments/pellets were carefully removed using a spatula. 
Starches were further purified by re-suspending in deion-
ized water and centrifuging at 3000×g for 20 min. Four such 

purification cycles were carried out to wash out alkali and 
to obtain starch with high purity. Starches were finally dried 
at 40 °C in a laboratory oven, ground using a mortar-pastel, 
sealed in plastic pouches and stored at room temperature 
till evaluation.

Composition and blue value

Protein (N×5.85), ash and fat content of extracted starches 
were determined following standard methods [8]. Total 
carbohydrate content was calculated as difference. Blue 
value (BV) was recorded at 635-nm using a UV/Vis spec-
trophotometer (Lambda Bio 35, Perkin Elmer, Norwalk, CT, 
U.S.A.) following the method elaborated by Chandla et al. 
[9].

Laser diffraction particle size analysis

Granule size was determined using a laser diffraction par-
ticle size analyser (S3550, Microtrac Inc., USA) equipped 
with a delivery system for wet samples (SDC, Microtrac 
Inc., USA). For, the determination, starches were added to 
the sample port of the wet sample delivery system contain-
ing deionized water until the analyser read ≈ 40 % loading 
factor and ultrasonication was done for 60 s to achieve com-
plete separation of granules. The particle size distribution 
of granules was expressed as volume percent of equivalent 
spheres.

Amylopectin chain length distribution

Unit chains of amylopectin between degree of polymeriza-
tion (DP) 6 and 30 were analyzed by fluorophore-assisted 
capillary electrophoresis as described previously [10]. 
Starch was debranched with isoamylase and labeled with 
8-amino-1,3,6-pyrenetrisulfonic acid (APTS) according to 
Edwards et al. [11]. The amylopection chains were grouped 
as short, medium and long chains based on their DP (short 
= DP6–12; medium = DP13–24; long = DP > 24) to elucidate 
the relationship of amylopectin chain length with other prop-
erties of starches.

Thermal and retrogradation properties

Thermal properties of starches were measured using a dif-
ferential scanning calorimeter (DSC-822e, Mettler Toledo, 
Greifense, Switzerland) equipped with a thermal analysis 
data station as reported earlier [12]. To study the retrograda-
tion, starch gels were again scanned between 40 and 100 °C 
after storage of 14 days at 4 °C.
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Pasting properties

Pasting properties of starches (10 % suspensions) were 
determined using a dynamic rheometer (MCR301, Anton-
Paar, Austria) equipped with starch cell and stirrer probe 
as reported earlier [6]. The temperature-time conditions 
included a heating phase from 50 to 95 °C at the rate of 6 °C/
min and a holding phase at 95 °C for 5 min, a cooling phase 
from 95 to 50 °C at a rate of 6 °C/min and a holding phase 
at 50 °C for 2 min. Pasting temperature (PT), peak viscos-
ity (PV), hot paste viscosity (HPV), breakdown viscosity 
(BDV), cold paste viscosity (CPV) and setback viscosity 
(SBV) were noted.

Dynamic oscillatory measurements

Dynamic oscillatory measurements were performed using 
dynamic rheometer (Haake RS6000, Thermo Electron, 
Germany) equipped with parallel plate geometry (35-mm). 
The suspensions (20 %) were mixed on a magnetic stirrer at 
room temperature for 60 min before being loaded on the bot-
tom plate of the rheometer. A thin layer of low-density sili-
con oil was applied to minimize evaporation. Gap between 
plates, strain and frequency were set at 1.0-mm, 1 % and 
1-rad/s, respectively. A preliminary strain sweep test was 
performed to determine linear viscoelastic region. The sus-
pensions were heated from 50 to 95 °C at a rate of 2 °C/min 
and then held at 95 °C for 10 min followed by cooling from 
95 to 30 °C at same scan rate. Storage modulus (Gʹ, solid 
component), loss modulus (G″, liquid component) and their 
ratio i.e. loss tangent (tan δ = G″/Gʹ) were recorded. Fol-
lowing thermal sweeps, frequency sweeps of gels were also 
recorded over an angular frequency range of 1 to 100 rad/s.

Statistical analysis

The data reported is mean of triplicate values. The data was 
subjected to analysis of variance (ANOVA) employing Dun-
can’s test (P < 0.05) and Principal component analysis using 

Minitab Statistical Software (Minitab Inc., State College, 
PA, USA).

Results and discussion

Proximate composition and blue value

Non-starch constituents (protein, ash and lipids) were present 
in starches as minor components. Protein, ash and lipids con-
tent ranged from 0.24 to 0.62 %, 0.48 to 1.10 % and 0.34 to 
0.98 %, respectively (Table 1). AC starch showed lower ash 
content (0.48 %) and higher carbohydrates content (98.90 %) 
than AH starches (0.56–1.10 % and 97.92–98.34 %, respec-
tively). Starch purity has been reported to depend on extrac-
tion method [1]. However, the amaranth starches obtained 
from residues compared well with commercial (0.06–0.4 % 
proteins, 0.05–0.8 % lipids and 0.1–0.4 % ash on dry basis) 
and amaranth starches (0.02–0.98 % proteins, 0–1.8 % lipids 
and ash content up to 1.2 %) for protein, ash and lipids con-
tents [1, 3, 13].

Starches from different amaranth lines/cultivars showed 
low BV (0.020–0.054). BV/iodine binding capacity of 0.031 
and 0.085 have been reported for Rajgeera Amaranthus [14] 
and A. cruentus starches [15], respectively. Low BV sug-
gested that starches were mainly amylopectin in nature; 
however, higher BV for AC starch (0.54) than AH starches 
(0.020–0.032) indicated relatively higher amylose content. 
BV measures the capacity of starch chains to bind iodine, 
which depends in turn on structural features of starch mol-
ecules. Amylose with essentially linear and long chain struc-
ture exhibits stronger affinity to iodine than highly branched 
amylopectin, hence starches with higher amylose content 
give deep blue complex with iodine (higher BV), while amy-
lopectin gives reddish-yellow colouration [14]. PCA also 
corroborated the relationship as BV related positively with 
total carbohydrate content (as their curves laid close to each 
other on PCA loading plot and negatively with non-starch 
constituents (protein, lipids and ash-content) as their curves 
ran in opposite directions on the PCA loading plot (Fig. 1).

Table 1  Proximate composition 
(dry basis) of amaranth starches 
from residues of protein 
extraction

Values are means ± SD. Means with similar letters shown as superscript in a column did not differ significantly (P < 0.05) 

Line/cultivar Protein content (%) Ash content (%) Fat content (%) Total carbohydrates (%)

A. hypochondriacus
 IC 35407 0.41 ± 0.08b 0.56 ± 0.07b 0.98 ± 0.12d 98.05 ± 0.14a

 PRA 01 0.33 ± 0.01b 1.10 ± 0.10c 0.44 ± 0.09b 98.13 ± 0.03b

 PRA 03 0.24 ± 0.06a 1.08 ± 0.11c 0.34 ± 0.01a 98.34 ± 0.18c

 Annpurna 0.62 ± 0.03c 0.64 ± 0.13b 0.83 ± 0.06c 97.92 ± 0.22a

A. caudatus
 NIC 22549 0.26 ± 0.05a 0.48 ± 0.05a 0.37 ± 0.03a 98.90 ± 0.01d
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Granule size

Starches from different amaranth lines/cultivars showed 
unimodal particle size distribution with granule size rang-
ing between 0.4 and 7.5 μm (Fig. 2). AH starches dif-
fered significantly from AC starch for their granule size 
(Table 2). AH starches consisted mainly of smaller gran-
ules of 0.47 to 3.31 μm (mean granule size = 1.26–1.59 μm) 
in size, while AC granules were larger in size (mean 

Fig. 1  Principal Component Analysis loading plot illustrating rela-
tionship amongst various properties of amaranth starches from resi-
dues of protein extraction. BV blue value, Carb total carbohydrates, 
AC ash content, PC protein content, LC lipids content, PT past-
ing  temperature, PV peak viscosity, HPV hot paste viscosity, CPV 
cold paste viscosity, BDV breakdown viscosity,  GS mean granule 
size, To, TP, Tc  onset, peak and endset transition temperatures of 
native starch granules,  respectively;  dH gel,  enthalpy of gelatini-
zation, Tor, Tpr, Tcr,  onset, peak and endset transition tempera-
tures of  retrograded starches, respectively; dHr  enthalpy of retro-
graded starches, PR  percent retrogrdation, tand  Tan δ of  starch 
gel; Gʹp, Gʹʹp peak Gʹ and Gʹʹ, respectively; Gʹ95, Gʹʹ95 Gʹ and Gʹʹ of 
starch gels at 95°C, respectively; Gʹb, Gʹʹb Gʹbreakdown and Gʹʹbreakdown, 
respectively

Table 2  Mean granule size and thermal (gelatinization and retrogradation) properties of amaranth starches extracted from residues of protein 
extraction

Values are means ± SD. Means with similar letters shown as superscript in a column did not differ significantly (P < 0.05)

Line/cultivar Mean particle 
size (µm)

Thermal properties

Native starches (gelatinization) Retrograded starches

To (°C) Tp (°C) Tc (°C) Enthalpy (J/g) To (°C) Tp (°C) Tc (°C) Enthalpy (J/g)

A. hypochondriacus
 IC 35407 1.59±0.00c 64.52±0.10b 69.21±0.16b 73.73±0.23b 11.81±0.16d 47.81±0.11b 54.11±0.02c 59.57±0.03c 1.54±0.06a

 PRA 01 1.32±0.00b 65.47±0.54c 70.13±0.92c 74.27±0.14c 10.99±0.03a 46.43±0.16a 53.76±0.19b 58.32±0.57b 2.88±0.04c

 PRA 03 1.57±0.01c 64.22±0.39b 69.06±0.17b 74.13±0.44bc 11.26±0.09b 46.64±0.37a 53.77±0.49b 58.40±0.48b 2.56±0.18b

 Annpurna 1.26±0.01a 64.02±0.75b 69.61±0.49bc 74.54±0.66c 11.94±0.19d 46.51±0.08a 53.95±0.28bc 58.51±0.17b 2.84±0.01c

A. caudatus
 NIC 22549 3.12±0.01d 60.79±0.12a 65.56±0.14a 72.66±0.25a 11.47±0.10c 47.49±0.49b 53.29±0.32a 56.58±0.49a 2.70±0.02bc

granule size = 3.12  μm). Smaller granule size of AH 
starches suggested that they would be suitable in applica-
tions where dispersion and coating are required [16]. Mean 
granule sizes of starches were in agreement of reports of 
Chandla et al. [9] for starches from Chaulai amaranth, AH 
and A. paniculates (1.182–1.431 μm) and Kong et al. [17] 
for AH (1.05–1.09 μm), A. hybridus (1.21 μm) and A. cru-
entus starches (1.12–1.32 μm). The genetic basis of starch 
morphology is not fully understood [1]; however, varia-
tions in starch granule size amongst different cultivars/
species have been attributed to differences in amylopec-
tin fine structure and packing within granule [18]. PCA 
revealed a negative relationship between granule size and 
non-starch constituents (Fig. 1), suggesting that smaller 
granules might contained higher amounts of proteins and 
lipids (possibly residual) on surface likely due to greater 
surface area per unit mass. Proteins and lipids locate both 
at surface and within interiors of starch granules from 
different botanical sources, though they tend to enrich at 
granule surface [19].

Amylopectin chain length distribution

The amylopectin chain length distribution for AC and AH 
starches from residues obtained during protein extraction is 
shown in Fig. 3. The starches exhibited a smooth polymodal 
distribution with the peak maxima at DP = 11, which was 
consistent with the findings of Singh et al. [10] for wheat 
starches. The proportion of short, medium and long-chains 
was 49.0 %, 46.6 and 4.5 %, respectively for AC starch, while 
it varied from 44.9 to 48.8 %, 47.0 to 49.8 % and 4.2 to 5.2 %, 
respectively for AH starches. PRA 1 starch showed the low-
est proportion of short (44.9 %) and the highest proportion 
of medium and long amylopectin chains (49.8 and 5.2 %, 
respectively). In general, starches with higher proportion 
of long and medium-amylopectin chains contained lower 
proportion of short chains (Fig. 1). The amylopectin fine 
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29.30-32.02 %, 10.04–13.09 % and 2.75–4.2 %, respectively 
for AC. PCA revealed a negative relationship of medium 
and long-amylopectin chains while positive of short chains 
with starch granule size (Fig.  1), which suggested that 
amylopectin molecules in larger granules had greater pro-
portion of short amylopectin chains with DP6–12 than in 
smaller granules and vice-versa. Inconsistent results for 

Fig. 2  Particle size distribution of A. caudatus and A. hypocondriacus starches extracted from residues of protein extraction

Fig. 3  Amylopectin chain 
length distribution of A. cau-
datus and A. hypocondriacus 
starches extracted from residues 
of protein extraction

structure of starches from residues obtained during pro-
tein extraction compared well with AH and AC starches 
extracted using alkaline wet-milling procedure as reported 
in a previous study [5], in which proportions of amylopec-
tin chains with DP6–12, 13–18, 19–24 and 25–30 were 
reported to be 43.60-55.72 %, 31.59–34.49 %, 10.14–16.37 % 
and 2.56–5.53 %, respectively, for AH and 50.67–57.53 %, 
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relationships between amylopectin chain length and gran-
ule size have been reported in literature for starches from 
different sources. While Dhital et al. [20] reported no rela-
tionship of amylose and amylopectin branch chain lengths 
with granule size for maize and potato starches, Singh et al. 
[5] reported a positive correlation of amylopectin chains of 
DP6–12 with the proportion of 1–10 μm granules and nega-
tive with 11–30 μm granules of amaranth starches.

Thermal and retrogradation properties

Thermal/gelatinization properties of waxy starch granules 
depend primarily on quality and quantity of crystalline 
structures which depend in turn on double-helical structure 
and arrangement of amylopectin molecules within granules. 
DSC transition temperatures reflect the degree of crystalline 
perfection, while enthalpy measures energy required for dis-
sociation of molecular order/double helices.

Thermal properties of native and retrograded starches 
from different AC and AH lines/cultivars extracted from 
residues of protein extraction are shown in Table 2. AC 
starch showed lower onset, peak and endset transition tem-
peratures (To, Tp and Tc, respectively) than AH starches. 
Enthalpy (ΔHgel) was 11.47 J/g for AC starch, while it var-
ied between 10.99 J/g and 11.94 J/g for AH starches. The 
observed values were comparative to that reported by Mar-
cone [21] for AH starch (To, Tp, Tc and ΔHgel = 62.0 °C, 
70.6 °C, 78.9 °C and 13.0 J/g, respectively) and Singh et al. 
[5] for different AH (63.20–70.01  °C, 68.88–72.88  °C, 
74.47–76.95 °C and 7.78–13.94 J/g, respectively) and AC 
starches (60.46–63.28 °C, 65.05–67.05 °C, 70.93–74.40 °C 
and 11.55–14.38  J/g, respectively). PCA loading plot 
showed a negative relation of transition temperatures with 
short amylopectin chains and granule size (Fig. 1) suggest-
ing that crystalline structure of larger granules might have 
disrupted at relatively lower temperature, possibly, due to 
the presence of higher proportion of amylopectin chains with 
DP6–12 that were unable to form stable double-helical struc-
tures, while the smaller granules of AH starches with greater 
proportion of amylopectin chains of DP > 12 gelatinized at 
relatively higher temperature by forming a stronger crys-
talline network [22]. Negative correlation of starch gelati-
nization temperatures with short amylopectin chains while 
positive with medium and long-chains have been reported 
earlier for wheat [10] and kidney bean starches [23]. PCA 
also revealed a positive relation of non-starch constituents 
(proteins, lipids and ash) with transition temperatures while 
negative with ΔHgel (Fig. 1), which is consistent with an 
earlier report [24], in which successive purification of maize 
starch during wet milling decreased transition temperatures 
and increased enthalpy. Increase in ΔHgel from 14.1 to 
14.9 J/g to 15.6–16.5 J/g after removal of proteins using 
protease in different mediums has also been reported for 

commercial waxy maize starch [25]. Rosicka-Kaczmarek 
et al. [26] also reported that fatty acids (particularly linoleic, 
palmitic, erucic and tricosanoic acids) in wheat starches con-
tribute to lesser susceptibility towards gelatinization.

Retrograded AC starch showed transition temperatures 
(Tor, Tpr and Tcr) of 47.5 °C, 53.3 and 56.6 °C, respectively 
against 46.4–47.8  °C, 53.8–54.1  °C and 58.3–59.6  °C, 
respectively for AH gels (Table 2). Enthalpy of retrograda-
tion (ΔHret), a measure of energy required for dissociation 
of reassociated starch chains, was 2.70 J/g for AC and varied 
between 1.54 and 2.88 J/g for AH starches. Percent retrogra-
dation (PR) was calculated as the percentage of ΔHret com-
pared to ΔHgel [27], which varied significantly between 13.1 
and 26.2 %. IC 35407 starch showed the least retrogradation 
tendencies (lowest ΔHret and PR), hence may be considered 
suitable in products (e.g. sauces/ketchups, puddings, dessert-
like products, etc.) where soft texture and slow rate of syner-
esis is desired for getting extended shelf life. PRA 1 and 
Annapurna starches with higher proportion of medium and 
long-amylopectin chains than other cultivars showed higher 
values of ΔHret and PR. PCA analysis also confirmed this 
relationship as long and medium-amylopectin chains related 
positively while short chains negatively with ΔHret and PR 
(Fig. 1). Liu and Ng [28] also reported lesser retrogradation 
tendencies for bran starch with greater proportion of amylo-
pectin chains with DP6–12. As retrogradation in waxy and 
low-amylose starches occurs primarily as a result of hydro-
gen bonding between dissociated/unravelled amylopectin 
molecules [22], it can be inferred that amylopectin chains 
in amaranth starches should have a DP > 12 for promoting 
the formation of double helices during storage. Moreover, 
negative relationships of proteins and lipids with PR and 
ΔHret while positive with short amylopectin chains (Fig. 1) 
further suggested that short amylopectin chains (present as 
external branches on amylopectin molecules) may have also 
contributed to lower retrogradation tendency, possibly by 
complexing with proteins and lipids during gelatinization 
which inhibited amylopectin reassociation during storage 
of gels [29]. Shorts amylopectin chains were reported to be 
located as external branches in amylopectin molecule [30]. 
Li et al. [31] reported increased retrogradation for normal 
and waxy wheat starches after removal of lipids and proteins.

Pasting properties

Pasting curves exhibited viscosity behaviour of starch sus-
pension as a function of temperature at high shear rate. Dur-
ing heating, the viscosity of starch suspensions started to 
increase at temperatures between 67.5 and 69.8 °C (Fig. 4). 
This temperature was represented as PT which indicated 
the minimum temperature required for paste formation. AH 
starches showed higher PT (68.9–69.8 °C) than AC starch 
(67.5 °C). PCA revealed that PT of starches depended on 
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their gelatinization temperature as PT related positively 
with To, Tp and Tc (Fig. 1). In addition, PCA also revealed 
a positive relation of PT and transition temperatures with 
non-starch constituents while negative with granule size, 
suggesting that smaller granules in amaranth starches were 
more resistant to swell and gelatinize likely due to greater 
amounts of residual non-starch constituents, e.g. proteins 
and lipids, which may have contributed to increased resist-
ance towards gelatinization by competing for available 
water, delaying water absorption and forming starch-lipids 
complexes. Decrease in gelatinization and pasting tempera-
ture after removal of proteins and lipids has been reported 
for starches from normal and waxy maize [32] and wheat 
[31]. PV (the capacity of starch granules to swell), HPV (the 
minimum viscosity of paste during heating), BDV (suscep-
tibility of swollen granules to disintegrate), CPV (viscosity 
of paste after cooling) and SBV (increase in viscosity during 
cooling) ranged from 2845 cP to 4563 cP, 1408 cP to 1757 
cP, 1430 cP to 2806 cP, 1820 to 2841 cP, and 405 cP to 
1084 cP, respectively. AC starch showed higher PV, HVP, 
BDV, CPV and SBV (4563 cP, 1757 cP, 2806 cP, 2841 cP 
and 1084 cP, respectively) than AH starches (2845–3088 cP, 
1408–1469 cP, 1430–1680 cP, 1820–2055 cP and 405–621 
cP, respectively). It seems that granules of AC starch swelled 
to a greater extent and occupied greater volume in the paste 
than AH granules because of higher proportion of short 
amylopectin chains and presence of bigger granules [10], 
hence contributed to higher paste viscosities. Also, the swol-
len AC granules might have undergone disintegration to a 
greater extent than AH granules, hence showed higher BDV. 
Positive relationship amongst granule size, swelling power, 
PV and BDV has been reported previously for starches from 
different cultivars of common wheat [12], durum wheat [33] 
and potato [34, 35]. PCA also supported this relationship as 
PV, HPV, BDV, CPV and BDV related positively with starch 
granule size (Fig. 1). However, the effect of non-starch 

constituents, such as residual proteins, lipids and minerals, 
cannot be denied as negative relationships between paste 
viscosities and non-starch constituents were also observed. 
Han et al. [36] also highlighted increased paste viscosities 
and shear-induced breakdown of maize starch pastes in the 
absence of proteins, while Du et al. [37] showed that pres-
ence of higher levels of lipids in flours may affect paste vis-
cosities by retarding molecular reassociation through inhib-
iting directional arrangement of dispersed starch chains in 
paste.

Dynamic rheology

The changes in Gʹ and Gʹʹ of starch suspensions during heat-
ing, holding and cooling are illustrated in Fig. 5. During 
heating, Gʹ and Gʹʹ increased and started to decrease after 
reaching a peak. The increase in moduli was possibly due 
to the ability of granules to swell freely and fill available 
space in gels. Peak moduli values during heating (Gʹpeak 
and Gʹʹpeak) ranged from 20 to 198 Pa and 14 to 297 Pa, 
respectively. AC starch showed higher values of peak moduli 
(198 and 297 Pa, respectively) than AH starches (20–35 Pa 
and 14–24 Pa, respectively). This further supported that AC 
starch granules swelled to a greater extent during heating 
and occupied relatively greater available volume of the sys-
tem than smaller AH granules. The differences in dynamic 
rheological moduli amongst starches from different rice cul-
tivars were attributed to the difference in degree of granular 
swelling to fill the entire available volume of the system 
[38]. During extended heating, moduli decreased owing 
to rupturing and disintegration of swollen starch granules, 
melting of crystallites and weakening of inter-chain interac-
tions as a result of increased molecular mobility [39]. The 
minimum Gʹ and Gʹʹ during heating (Gʹ95 and Gʹʹ95, respec-
tively) ranged from 15 to 87 Pa and 9 to 55 Pa, respectively. 
The difference between Gʹpeak and Gʹ95 (Gʹbreakdown) varied 

Fig. 4  Pasting properties of A. 
caudatus and A. hypocondria-
cus starches from residues of 
protein extraction
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between 3 and 111 Pa. During cooling, Gʹ increased due 
to the reassociation of starch leached from granules and 
interaction between molecules remaining inside granules 
those reinforced gel structure [12, 40]. Similar as pasting 
properties, AC starch showed higher values of moduli than 
AH starches. AC starch, therefore, may be considered supe-
rior thickening agent, while AH starches would be useful 
in applications requiring high starch concentrations at low 
viscosity e.g. weaning foods and soft candies [41–43]. PCA 
analysis revealed strong positive relationships amongst 
dynamic rheological moduli and paste viscosities (Fig. 1); 
therefore, the differences in dynamic moduli during heating, 
holding and cooling of starches may be attributed to the 
same factors discussed for pasting properties.

Starch gels were also evaluated for frequency sweep 
over a range from 1 to 100 rad/s to get further insights 
about their structure [44]. Amaranth starch gels exhib-
ited frequency dependant behaviour as both Gʹ and Gʹʹ 

increased with increasing frequency (Fig. 5). AC starch 
gel showed the highest moduli at all frequencies measured, 
indicating greater viscoelasticity than AH gels. In addi-
tion, tan δ of cooked starch gels were also measured. The 
value of tan δ is infinity for an ideal liquid and approaches 
to zero for a solid. The starch gels showed a typical semi-
solid (weak-gel) like behaviour as tan δ values ranged 
between 0.24 and 0.53. AC starch gel showed a lower 
value of tan δ (0.24) than AH starches (0.39–0.53). The 
results showed that more elastic gels could be obtained 
from AC starch as compared to AH starches, which might 
be due to greater granular swelling that contributed elas-
ticity to starch gels by filling the entire available volume of 
the system. Tan δ related positively to the transition tem-
peratures, PT and the proportion of medium and long amy-
lopectin chains, but negatively to short amylopectin chains 
and starch granule size (Fig. 1) suggesting that amylo-
pectin chains with DP > 12 might have made the starches 

Fig. 5  Dynamic rheograms of A. caudatus and A. hypocondriacus 
starches from residues obtained during protein extraction.  Thermal 
sweeps (changes in dynamic moduli with temperature) are shown in 

plot a and c. Frequency sweeps (changes in dynamic moduli with fre-
quency) are depicted in plot b and d 
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resistant to gelatinization, hence, gel formation occurred 
to a lesser extent. Short chains, contrarily, promoted struc-
ture formation by unravelling completely, while large AC 
granules may have swollen to a greater extent than smaller 
ones possibly because of higher proportion of short amylo-
pectin chains and thus contributed to elastic and stronger 
gel (lower tan δ) formation.

Conclusions

Amaranth starches extracted from residues of protein 
extraction contained non-starch constituents as minor 
components. AH starches differed significantly from AC 
starch for granule size, thermal, pasting and dynamic rheo-
logical properties. AC starch can be considered superior 
thickening agent because of lower gelatinization tempera-
ture, high paste viscosities and ability to produce strong 
(elastic) gels. Rheological properties of starches depended 
on granule size and amylopectin chains with DP 6–12, 
while retrogradation tendencies on amylopectin chains 
with DP > 12. Non-starch constituents, particularly, resid-
ual proteins and lipids, reduced retrogradation tendencies 
and susceptibility of granules to gelatinize.
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