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A B S T R A C T

This study investigated the effects of microwave treatment (MWT) on the molecular structure and properties of 
starch and proteins, as well as on the pasting properties of flours. MWT was performed under uniform conditions 
(25 % moisture, 100 ◦C, 30 min) for amaranth, buckwheat, quinoa, and sorghum in two forms: grain and flour. 
MWT generally caused fragmentation of amylose and amylopectin, reducing amylopectin molar mass by up to 
39 % and amylose long chains by up to 18 %, disrupting protein secondary structure (α-helix content up to − 5 
%), and altering morphology of starch granules and protein. All flours presented an orthorhombic crystal 
structure that was maintained after MWT. MWT changes were generally more pronounced in flour than in grain 
treatments, with amaranth showing the greatest change and buckwheat the least. Microwave-induced changes in 
pasting properties depended on intrinsic flour properties and structural modifications. Principal component 
analysis revealed a consistent change in all treated samples, but to varying degrees depending on botanical origin 
and treatment form. This study contributes to a deeper understanding of structural changes of starch and proteins 
by MWT and their contribution to altered pasting properties depending on whether the treatment is applied to 
grain or flour.

1. Introduction

There is a growing interest in the use of alternative grains as main 
ingredients in cereal-based foods, particularly those with high intrinsic 
nutritional or health-related value, such as amaranth, buckwheat, 
quinoa, and sorghum [1,2]. These matrices exhibit differences in prox
imate composition and structure of their main biopolymers, namely, 
starch and protein. Starch is the main component of these flours, typi
cally ranging from 55 to 65 % for amaranth, 54 to 72 % for quinoa, 68 to 
78 % for buckwheat, and 55.6 to 70 % for sorghum (referred to as dry 
matter) [1,3,4]. Starch is located in the endosperm as granules of 
different sizes: 0.5–2 μm for amaranth, 1–2 μm for quinoa, 2–15 μm for 
buckwheat and 5–30 μm for sorghum [5]. All these matrices have an A- 
type diffraction pattern of starch [4]. Protein is the second major 

component in these matrices, ranging from 13 to 22 % for amaranth, 
9–17 % for quinoa, 6–15 % for buckwheat, and 7–15 % for sorghum 
(referred to dry matter) [1,6]. The main proteins in sorghum are pro
lamins, primarily located in the endosperm, whereas in amaranth, 
quinoa, and buckwheat the predominant proteins are globulins, which 
are more concentrated in the embryo [1,6].

Native starches and flours often have limited functionality, which 
affects the sensory and textural properties of final products, depending 
on the composition and the interaction of the components during food 
processing [3,7,8]. Consequently, various techniques have been devel
oped to modify the functionality of starch and flour to better align them 
with the requirements of the food industry, including physical, chemi
cal, and enzymatic modifications [7,9]. Heat moisture treatment (HMT) 
is a physical modification that has been widely applied to modify the 
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functionality of starch [9,10]. This method involves subjecting starch to 
high temperatures (above the glass transition temperature) but limiting 
the moisture content (typically 10–30 %) to avoid or minimise its 
gelatinisation [11]. HMT has been demonstrated to be effective in pro
ducing structural modifications of amylose and amylopectin that change 
functionality, i.e., rheological, pasting, and thermal characteristics of 
starches [9].

Microwave treatment (MWT) has been proposed as an interesting 
alternative technique to perform HMT, as microwave radiation produces 
a faster heating of the sample, reduces energy consumption, and offers 
greater efficiency [12]. MWT is an effective method for modifying starch 
structure, resulting in the formation of cracks and a rough surface on the 
starch granules, alterations in crystallinity and crystal type, rearrange
ments in crystalline and amorphous regions, and a reduction in its mo
lecular mass and short-range molecular order [7,12,13]. Changes in 
molecular structure of starch subjected to thermal modifications have 
been studied using various techniques, including Fourier transform 
infrared spectroscopy (FTIR), nuclear magnetic resonance (NMR), size- 
exclusion chromatography (SEC) coupled with different detectors, and 
high-performance anion exchange chromatography-pulsed ampero
metric detection (HPAEC-PAD) [9,13]. The commonly used HPSEC 
technique presents limitations in accurate determination of amylopectin 
structure due to possible shear scission of this highly branched polymer 
[14]. Asymmetric flow field-flow fractionation (AF4) is a powerful 
separation technique for characterising amylopectin because it pre
serves its integrity and structure [4,14]. This technique has been used to 
characterise native starches; however, to the best of our knowledge, it 
has not yet been used to determine the impact of MWT.

As extracted from the reviews by Yi et al. [12] and Zhao et al. [7], 
most studies on MWT have focused on the treatment of individual 
components, mainly starch, particularly when evaluating structural 
modifications. The trend to use wholemeal grains/flours for the pro
duction of clean label and nutritious-dense food products makes it 
important to assess the effect of MWT when performed on whole flours 
and grains instead of isolated starches. The different components, 
mainly starch and protein, present in these matrices may interact during 
MWT, potentially leading to different structural and functional modifi
cations [15]. Recent studies have evaluated the MWT of more complex 
grain matrices, including different grains or flours of cereals and pseu
docereals [5,15–20]. These studies identified a significant impact of the 
treatment conditions (power, frequency, temperature, time, moisture, 
etc.) and the botanical origin of the sample on the modification of its 
properties, as previously reported for starch. Although most studies on 
MWT have been performed on flours, the treatment of the whole grains 
prior to milling presents several advantages, particularly in terms of 
processing and long-term storage, as grains are relatively resistant to 
deterioration during preservation [16]. The grain treatment simplifies 
the process, improves homogeneity, and eliminates the risk of handling 
powdery systems [21]. It has also been reported that the use of grains 
instead of flour in MWT results in different water mobility and distri
bution during heating, leading to variations in thermal properties, 
colour, and functional properties such as water absorption and emulsi
fying capacity [5]. However, the differential effects of MWT on the 
structural properties of grain treatment versus flour treatment remain 
underexplored. Understanding how MWT alters the structure of flour 
components depending on their initial characteristics and how these 
modifications influence pasting behaviour is crucial for elucidating the 
structure-function relationships in MWT-induced modifications.

This study aimed to investigate the structural modifications of starch 
and protein by MWT and their contribution to modified pasting prop
erties. For this aim, four matrices of different botanical origins 
(amaranth, buckwheat, quinoa, and sorghum) and two treatment forms 
(grain and flour) were evaluated. The findings of this study will 
contribute to a deeper understanding of the effect of MWT on pasting 
properties in relation to the structural modifications of starch and pro
teins in complex matrices.

2. Materials and methods

2.1. Raw materials

Amaranth grains (Amaranthus spp.) were purchased on the local 
market, dehulled buckwheat grains (Fagopyrum esculentum Moench) of 
the Kora variety were obtained from Grupa Producentów Ekologicznych 
Dolina Gryki Sp ZOO (Miedzylesie, Poland), quinoa grains (Chenopodium 
quinoa Willd.) of the Vegarosa variety were provided by Herba Ricemills 
(Sevilla, Spain), and sorghum grains (Sorghum bicolor L. Moench) were 
provided by Salutef (Palencia, Spain). The proximate composition of the 
matrices used in this study (amaranth, buckwheat, quinoa, and sor
ghum) was previously reported by Vicente et al. [5].

2.2. Microwave treatment (MWT)

To obtain the untreated/native flours, the native grains of amaranth, 
buckwheat, quinoa, and sorghum were ground in a hammer mill (LM 
3100, Perten Instruments, Stockholm, Sweden) with a 500 μm mesh. The 
moisture content (MC) of the flours and grains was determined 
following the official AACC method 44–15.02 (AACC, 2010). The native 
grains and flours were subsequently hydrated to attain a MC of 25 % by 
incorporating distilled water while mixing and allowing equilibration 
for 24 h [21]. The MC of 25 % and the treatment conditions were 
selected based on previous studies and preliminary tests to achieve 
structural changes without completely disrupting the starch and protein 
[21]. MWT was carried out at 900 W and 2450 MHz using a customised 
microwave oven (R342INW, SHARP, Japan). The microwave was 
equipped with a computer-controlled system to regulate the microwave 
application pattern and time according to the following specifications: 
the programmed temperature was 100 ◦C, with a gradual temperature 
increase from ambient temperature (22 ± 2 ◦C) to this value in 5 min, 
followed by 25 min of maintenance at 100 ± 3 ◦C. The treatment was 
conducted on a 250 ml hermetic and heat-resistant borosilicate glass 
container containing 120 ± 0.05 g of grain or flour. Additionally, a 
temperature data logger (Pico VACQ, TMI-Orion, Castelnau-le-Lez, 
France) was placed within the vessel in direct contact with the sample to 
record the temperature evolution during treatment. The obtained flour 
and grain samples were dried at 35 ◦C to ~12 % MC. Subsequently, the 
treated grains were milled in a hammer mill (LM 3100, Perten In
struments, Stockholm, Sweden) to obtain the flour, and the treated 
flours were disaggregated using stone mill Fidibus Medium (Komo, 
Hopfgarten, Austria). Each treatment was conducted in triplicate. The 
samples were named according to the type of MWT: untreated-native 
(UN), treated in the form of grain (TG), or treated in the form of flour 
(TF), followed by the matrix: amaranth (A), buckwheat (B), quinoa (Q), 
or sorghum (S). This resulted in the generation of 12 samples to be 
characterised.

2.3. Asymmetric flow field-flow fractionation (AF4-MALS-dRI)

Starch was isolated from the flours according to the method 
described by Syahariza et al. [22] with slight modifications. Briefly, 
flour containing the desired amount of starch (50 mg) was incubated for 
30 min at 37 ◦C for 30 min with a protease solution (0.2 U/mg starch) in 
tricine buffer (250 mM, pH 7.5), and subsequently, in sodium bisulfite 
solution (0.45 % w/w). The precipitate was dissolved in 1.5 ml of 
dimethyl sulfoxide (DMSO, HPLC grade, 99.9 %) in an incubation 
thermal shaker (ISTHBLCTS, Ohaus, Parsippany, NJ, USA) at 80 ◦C for 
24 h. Samples were then precipitated twice with 10 ml of absolute 
ethanol to obtain isolated starch, transferred to an 11 ml glass container, 
freeze-dried, and stored in a desiccator. Immediately prior to analysis, 
the isolated starch samples were solubilised by the addition of 3 ml of 
DMSO and stirred for 1 h at 100 ◦C. Subsequently, the sample was 
diluted with the carrier liquid to a final concentration of 1 mg/ml and 
stirred for 5 min at 100 ◦C.
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The isolated starch samples were fractionated and characterised 
using asymmetric flow field-flow fractionation (AF4) (Eclipse WEC-04, 
Wyatt Technology, Santa Barbara, CA, USA) connected to an online 
multi-angle light scattering (MALS) (Dawn WD3–04, Wyatt Technology) 
and a differential refractive index (dRI) detector (Optilab WOP1–03, 
Wyatt Technology), both operating at 658 nm. The fractionation chan
nel was a long channel (LC400WL, Wyatt Technology, Santa Barbara, 
CA, USA) with trapezoidal geometry and a nominal height of 400 μm. 
The ultrafiltration membrane forming the accumulation wall was a re
generated cellulose membrane with a nominal cut-off of 10 kDa (Merck 
Millipore). The performance of the AF4 system was evaluated using 
bovine serum albumin (BSA) (Sigma Aldrich, St. Louis, MO, USA) so
lution (1 mg/ml, w/v). The carrier liquid was deionised water con
taining 10 mM NaNO3 and 200 ppm NaN3 [4]. An isocratic pump 
(Agilent 1260 Infinity II, Agilent Technologies, Waldbronn, Germany) 
with a vacuum degasser was used to deliver the carrier flow. Sample 
injection was performed with an auto-sampler (Agilent 1260 Infinity II), 
injecting 120 μg of the sample into the channel at a flow rate of 0.2 ml/ 
min. The analysis was performed using a channel flow rate of 0.6 ml/ 
min and a detector flow rate of 0.3 ml/min. After the injection, focus
sing/relaxation was performed at a constant cross-flow of 3.5 ml/min for 
5 min. The crossflow rate was programmed to decay linearly from 3.5 
ml/min to 0 ml/min in 25 min. The total duration of each run was 60 
min. An identical assay was conducted using a blank, the profile of 
which was used to subtract the baseline from the dRI. Data were pro
cessed using ASTRA software (v. 8.1.2.1, Wyatt Technology, Santa 
Barbara, CA, USA). Mw (weight-average molar mass), Mn (number- 
average molar mass), Ð (dispersity), and Rz (z-average root-mean-square 
radius) distributions were calculated using the first-degree fit of the 
Berry method [23,24]. The second virial coefficient (A2) was neglected, 
and a specific refractive index (dn/dc) of 0.151 ml/g was used [25].

2.4. Size-exclusion chromatography (SEC-dRI)

The chain-length distribution of debranched starches was analysed 
in duplicate using an Agilent 1260 size exclusion chromatography (SEC) 
system (Agilent Technologies, Santa Clara, CA, USA) equipped with a 
dRI (Optilab, Wyatt Technology, Santa Barbara, CA, USA). A set 
comprising GRAM pre-column, GRAM 100, and GRAM 1000 analytical 
columns (PSS GmbH, Mainz, Germany) connected in series was used for 
analysis. The carrier liquid was a solution of DMSO containing 0.5 % (w/ 
w) LiBr at a flow rate of 0.6 ml/min and temperature of 70 ◦C 
[14,26,27]. Starch was isolated from the flours in accordance with the 
methodology described in Section 2.3 [22]. However, only 6 mg of 
starch was weighed. Furthermore, following the precipitation of starch 
with ethanol, a debranching reaction was conducted by dissolving the 
starch in 0.9 ml of warm water, adding 0.1 ml of acetate buffer (0.1 M, 
pH 3.5), 5 μl of sodium azide solution, and 2.5 μl of isoamylase (Meg
azyme, Wicklow, Ireland), and incubating at 37 ◦C for 3 h [27]. The 
samples were then freeze-dried to obtain the dried debranched starch.

Pullulan standards (PSS GmbH, Mainz, Germany) with molecular 
weights ranging from 342 to 6.36 × 105 were employed for calibration 
purposes. This enabled the conversion of the elution volume to hydro
dynamic volume (Vh) in accordance with the Mark-Houwink equation, 
with the parameters K = 2.424 × 10− 4 dl/g and α = 0.68 [14], and was 
converted into the degree of polymerisation (DP) [28]. The SEC weight 
distributions, w(log Vh), were obtained from the dRI signal and plotted 
as a function of DP. To enable more accurate comparisons between 
treatments, all samples were normalised to yield the same area under the 
curve (AUC). The amylose (AM) ratio was calculated as the AUC of the 
amylose peak (DP ≥ 100) divided by the total AUC of both the amylo
pectin (AP) and AM peaks [26,27]. Amylose chain-length distributions 
(CLD) were divided into three regions: short chains (AM1: DP ~ 
100–300), medium chains (AM2: DP ~ 300–1600), and long chains 
(AM3: DP > 1600) [26,27]. Subsequently, the amylose region was fitted 
to individual peaks by iterative fitting, assuming Gaussian band shapes, 

using OriginPro 2023 (OriginLab Corporation, Northampton, MA, USA). 
The amount corresponding to each region was determined as the AUC of 
the region divided by the total AUC of the three regions, allowing for a 
better quantitative comparison of amylose structural differences. 
Amylopectin chains were divided into two categories: short branches 
(AP1) and long branches (AP2). The positions of the peaks (XAP1 and 
XAP2) and the height ratio (hAP2/hAP1) were calculated using a previ
ously reported method [27].

2.5. Fourier transform infrared (FTIR) spectroscopy

Infrared (IR) spectra of the flour samples (equilibrated at 6 % MC) 
were recorded using a nitrogen-cooled FTIR spectrometer (Nicolet 
Nexus 670, Thermo Fisher Scientific, Madison, WI, USA) equipped with 
an attenuated total reflectance (ATR) accessory. Spectra were obtained 
between 4500 and 800 cm− 1 at resolution of 4 cm− 1, and 36 scans were 
performed. Amide I peak (1700–1600 cm− 1) was studied to analyse the 
secondary structure of the protein, as described by Ozturk et al. [29] and 
Fevzioglu et al. [30]. The spectra were subjected to autobaseline 
correction, the Amide I peak was deconvoluted (half-bandwidth of 30 
and enhancement factor of 3), and a curve-fitting procedure assuming 
Gaussian band shapes was performed using OMNIC software (Thermo 
Fisher Scientific, Madison, WI, USA). The integrated areas were used to 
calculate the relative amounts of protein secondary structures from the 
assigned bands in the spectrum: high-frequency β-sheet (1700–1690 
cm− 1), β-turns (1690–1665 cm− 1), α-helix (1665–1650 cm− 1), random 
coil (1650–1640 cm− 1), low-frequency β-sheet (1640–1615 cm− 1), and 
side chains (1615–1600 cm− 1) [30,31]. The region between 1065 and 
950 cm− 1, located within the starch fingerprint region (1200–800 
cm− 1), was analysed as it contains vibrational bands associated with the 
molecular organization of starch. Four replicates were analysed for each 
sample.

2.6. X-ray diffraction (XRD)

A Bruker-D8-Discover-A25 diffractometer (Bruker AXS, Rheinfelden, 
Germany) was employed for XRD analysis, equipped with a CuKα ra
diation (λ = 0.154 nm) operating at 40 kV and 30 mA. Samples were 
equilibrated to 15 % humidity using an incubation chamber (Memmert 
ICP260, Schwabach, Germany) at saturated humidity and 15 ◦C prior to 
analysis. The diffraction patterns and relative crystallinity were ob
tained in the range of 5–40◦ (2θ) at a rate of 1.2◦/min. The scan step size 
was 0.02◦, the divergence slit width was 1◦, and the scatter slit width 
was 2.92◦.

2.7. Confocal laser scanning microscopy (CLSM)

Carbohydrates were labelled using the periodic acid-Schiff (PAS) 
reaction [32], and proteins were labelled with fluorescamine [33] in 
accordance with the procedure described by Ozturk et al. [29]. 20 mg of 
flour was oxidised with 0.5 % (v/v) periodic acid for 5 min, rinsed three 
times with deionised water, and then 500 μl of Schiff reagent was added 
and allowed to stain for 10 min. Subsequently, the samples were rinsed 
twice with 0.5 % (v/v) potassium sulfite and five times with deionised 
water. Samples were then treated for protein labelling with 200 μl of 0.1 
% (w/v) fluorescamine in acetonitrile and 300 μl of 0.1 M sodium (tetra) 
borate buffer (pH 8.0) for 5 min and rinsed five times with deionised 
water. Following each step, the samples were centrifuged at 13,000 rpm 
for 5 min and the supernatant was removed. 0.1 ml of 75 % (v/v) 
glycerol solution was added to ensure the stability of labelling. 10 μl of 
the stained samples was placed on microscope slides, and coverslips 
were adhered using nail varnish. Samples were examined using a 
confocal laser scanning microscope (LSM 880, Carl Zeiss Microscopy, 
Oberkochen, Germany) equipped with an air-cooled 10 mW output 
Krypton/Argon laser (ILT Laser, Bio-Rad Laboratories, Hercules, USA), a 
water-cooled Innova Enterprise 60 mW output Argon ion laser 
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Table 1 
Starch structural parameters of flour samples obtained from untreated and microwave-treated flours and grains.

AF4-MALS-dRI SEC-dRI

Sample AM MW 

(106 g/mol)
AM rz 

(nm)
AM Ð AP MW 

(108 g/mol)
AP rz 

(nm)
AP Ð AM ratio 

(%)
AUCAM1 

(%)
AUCAM2 

(%)
AUCAM3 

(%)
hAP2/hAP1

UN-A 6.4 ± 0.3 a 44 ± 3 a 1.09 ± 0.01 a 10.6 ± 0.8 c 387 ± 4 c 3.5 ± 0.7 b 2.4 ± 0.1 a nd nd nd 0.594 ± 0.006 b
TF-A 14.0 ± 2.0 b 96 ± 8 b 1.21 ± 0.02 a 6.5 ± 0.4 a 290 ± 3 a 2.1 ± 0.2 a 1.8 ± 0.2 a nd nd nd 0.578 ± 0.006 a
TG-A 24.7 ± 3.0 c 134 ± 5 c 1.22 ± 0.17 a 8.0 ± 0.6 b 326 ± 19 b 2.3 ± 0.4 a 1.9 ± 0.5 a nd nd nd 0.594 ± 0.002 b

UN-B 3.1 ± 0.1 a 52 ± 3 b 1.03 ± 0.01 a 2.5 ± 0.1 a 207 ± 3 a 1.4 ± 0.1 ab 30.8 ± 1.4 a 18.1 ± 0.4 a 44.5 ± 0.4 a 37.5 ± 0.1 b 0.617 ± 0.004 a
TF-B 5.5 ± 0.5 b 71 ± 6 b 1.08 ± 0.02 b 2.5 ± 0.1 a 196 ± 8 a 1.4 ± 0.1 a 31.7 ± 1.4 a 20.6 ± 0.2 c 45.0 ± 0.1 a 34.5 ± 0.4 a 0.641 ± 0.008 b
TG-B 3.6 ± 0.5 a 58 ± 9 ab 1.07 ± 0.02 b 2.4 ± 0.1 a 201 ± 6 a 1.3 ± 0.1 b 31.5 ± 1.1 a 19.6 ± 0.1 b 45.3 ± 0.4 a 35.2 ± 0.4 a 0.631 ± 0.003 ab

UN-Q 3.5 ± 0.2 a 38 ± 6 a 1.22 ± 0.04 a 8.1 ± 0.2 c 354 ± 2 c 4.7 ± 0.2 c 22.9 ± 0.6 a 29.3 ± 0.4 a 48.6 ± 0.4 a 22.2 ± 0.7 c 0.622 ± 0.004 a
TF-Q 4.8 ± 1.1 a 70 ± 7 b 1.22 ± 0.12 a 5.7 ± 0.3 a 282 ± 4 a 2.8 ± 0.1 a 21.9 ± 0.4 a 31.8 ± 0.3 b 50.1 ± 0.2 b 18.2 ± 0.1 a 0.616 ± 0.001 a
TG-Q 4.0 ± 0.6 a 66 ± 7 b 1.24 ± 0.07 a 7.2 ± 0.3 b 312 ± 7 b 3.3 ± 0.3 b 22.5 ± 1.4 a 30.7 ± 0.6 b 49.2 ± 0.2 a 20.3 ± 0.8 b 0.619 ± 0.005 a

UN-S 4.8 ± 0.1 a 67 ± 7 a 1.18 ± 0.06 a 2.3 ± 0.2 b 185 ± 10 b 1.5 ± 0.2 a 32.7 ± 0.8 a 21.9 ± 1.3 a 42.3 ± 0.3 ab 35.8 ± 1.0 b 0.542 ± 0.006 a
TF-S 4.5 ± 0.4 a 68 ± 5 a 1.29 ± 0.05 b 2.0 ± 0.1 a 174 ± 3 a 1.6 ± 0.2 a 32.7 ± 0.6 a 22.3 ± 0.1 a 41.6 ± 0.4 a 36.2 ± 0.5 b 0.540 ± 0.001 a
TG-S 4.3 ± 0.4 a 66 ± 4 a 1.27 ± 0.02 b 2.1 ± 0.1 ab 188 ± 4 b 1.5 ± 0.1 a 33.6 ± 0.1 a 24.9 ± 0.4 b 42.7 ± 0.1 b 32.5 ± 0.5 a 0.555 ± 0.006 a

Analysis of variance and significance (p-values)
Matrix (F1) *** *** *** *** *** *** *** *** *** *** ***
Treatment (F2) *** *** * *** *** *** ns *** * *** *
F1 × F2 *** *** ns *** *** *** ns ** ** ** **

Flours obtained from untreated-native (UN), microwave-treated grain (TG), and microwave-treated flour (TF) samples of amaranth (A), buckwheat (B), quinoa (Q), and sorghum (S). AM: amylose, AP: amylopectin, Mw: 
weight-average molar mass, Mn: number-average molar mass, rz: z-average root-mean-square radius, Ð: dispersity calculated as Mw/Mn. AM ratio: area under the curve of amylose peak related to the total area of amylose 
and amylopectin. AUCAM1, AUCAM2, AUCAM3: percentual area under the amylose peak corresponding to short, intermediate, and long amylose chains, respectively. XAP1, XAP2: degree of polymerisation (DP) of the 
maximum peak for short and long amylopectin chains, respectively. hAP2/hAP1: height ratio of AP2 to AP1. nd: non-detectable. Data are expressed as mean ± standard deviation. Significant statistical differences (p < 0.05) 
are indicated by different letters for the same parameter and matrix. Analysis of variance and significance of matrix (A,B,Q,S), treatment (UN, TG, TF), and their interaction: ***p < 0.001, **p < 0.01, *p < 0.05, ns: non- 
significant.
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(Coherent Inc., Santa Clara, USA), three fluorescence detection chan
nels, and various lenses (20× and 63×). The excitation and emission 
wavelengths for carbohydrates were 488 nm and 590/60 nm, respec
tively, while those for proteins were 405 nm and 450/80 nm, respec
tively [29]. The pinhole size was set to 1 AU, and images were recorded 
as Z-stacks incorporating the visible range of each sample using the Zen 
BLACK software (Carl Zeiss imaging, Oberkochen, Germany). Image 
analysis and 3D image formation were conducted using Zen Blue soft
ware (Carl Zeiss imaging, Oberkochen, Germany).

2.8. Pasting properties

Flour pasting properties were determined using a Rapid Visco Ana
lyser (RVA) model 4500 (Perten Instruments, Stockholm, Sweden) in 
duplicate. A mixture of 3.5 g of flour (14 % MC) with 25 ml of water was 
prepared, and the Standard 1 temperature profile of AACC official 
method 76-21.01 [34] was used. The following parameters were 
calculated from the pasting curve: pasting temperature (PT), peak vis
cosity (PV), trough viscosity (TV), breakdown viscosity (BV), final vis
cosity (FV), and setback viscosity (SV).

2.9. Statistical analysis

The statistical analysis was performed using Statgraphics Centurion 
19 software (Bitstream, Cambridge, MN, USA). Significant differences 
between samples (p < 0.05) were assessed using an analysis of variance 
(ANOVA) with the least significant difference (LSD) test. The results 

were reported as the mean values of different replicates, accompanied 
by the standard deviation. Additionally, a multivariate analysis of 
variance (MANOVA) study was conducted to examine the effects of the 
studied factors: the matrix (amaranth, buckwheat, quinoa, and sor
ghum) and the MWT (untreated-native flour, microwave-treated grain, 
and microwave-treated flour), as well as their interactions. Principal 
component analysis (PCA) was performed using OriginPro 2024 
(Northampton, MA, USA).

3. Results and discussion

3.1. Starch molecular structure

The molecular structure of the starch samples was studied using AF4- 
MALS-dRI for the whole starch molecules, and SEC-dRI for debranched 
starch molecules. A summary of the results of both analyses is provided 
in Table 1. Fig. 1 shows the fractograms obtained from the AF4-MALS- 
dRI. For each matrix, the MALS signal at a 90◦ scattering angle and 
the calculated molar mass profiles for the native and the two treated 
samples are presented to highlight the effect of treatment on the molar 
mass profile. In addition, Supplementary Fig. 1 presents the complete 
data for each sample, including the MALS and dRI signals and the 
calculated molar mass and radius profiles. The fractograms were divided 
into three zones corresponding to three fractions of starch molecules 
according to their molecular mass and radius profiles: a) a fraction 
related to the molecules of the highest molecular weight and size with 
the main peak in the MALS signal that corresponded to amylopectin 
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Fig. 1. Fractograms from AF4 showing molar mass (left axis) determined by MALS-dRI detection (symbols) and MALS signal at a 90◦ scattering angle (right axis) 
(lines) of amaranth (a), buckwheat (b), quinoa (c), and sorghum (d). In each graph, untreated-native flour (black, circle) is compared with microwave-treated flour 
(blue, diamond) and microwave-treated grain (brown, square).
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molecules (amylopectin zone) b) a second fraction related to amylose 
molecules, which eluted earlier, in the region between ~10 min and 
20–30 min (depending on the starch) (amylose zone), and c) an inter
mediate fraction between the other two of unresolved high-molecular- 
weight amylose and low-molecular-weight amylopectin (intermediate 
zone) not taken into account in the calculations.

Amaranth displayed the largest amylopectin size among the native 
starches studied (weigh-average molar mass, Mw, of 1⋅109 g/mol), fol
lowed by quinoa (Mw of 8⋅108 g/mol), buckwheat (Mw of 2.5⋅108 g/ 
mol), and sorghum (2.3⋅108 g/mol). Large amylopectin molar mass and 
radius values were previously reported for native amaranth starch using 
AF4 by Fuentes et al. [4]. The authors indicated that these sizes may 
have an error of up to 25 % in molar mass owing to neglecting the second 
virial coefficient. Furthermore, the radius size was in the upper limit of 
the Rayleigh–Gans–Debye light scattering theory. Therefore, the molar 
mass and radius values of amaranth and quinoa should be considered 
apparent. MWT resulted in a clear reduction in Mw and rz (z-average 
root-mean-square radius) for the amaranth and quinoa samples. As 
illustrated in Fig. 1, treated amaranth and quinoa exhibited a reduction 
in molecular size at higher retention times (corresponding to larger 
molecules), resulting in lower Mw and rz values than their native 
counterparts. This effect was amplified when the treatment was per
formed in flour rather than in grain form. For instance, TF-A presented a 
reduction of − 39 % in Mw and TG-A of − 25 % when compared to UN-A. 
Sorghum showed a similar trend, albeit to a lesser extent, with re
ductions of approximately 10 % for TF-S compared to UN-S. A possible 
explanation for the smaller effect of the grain treatment compared to the 
flour treatment can be attributed to the intact structure of the grain, 
which preserves cell integrity and limits component interactions during 
MWT [5,21]. In contrast, milling in flour disrupts the cells, increasing 
molecular interactions and facilitating starch hydrolysis. It is important 
to highlight that native amaranth and quinoa samples had a high degree 
of amylopectin dispersity (Ð), with values of 4.7 and 3.5, respectively, 
while sorghum and buckwheat samples had values of 1.6 and 1.4, 
respectively. The largest reduction in molecular mass observed in the 
amaranth and quinoa samples was accompanied by a decrease in Ð, 
suggesting that the molecules became more uniform in size because of 
preferential fragmentation of larger molecules.

Debranched amylopectin was studied using SEC-dRI, and the weight 

distributions (w(logVh)) were plotted as a function of the degree of 
polymerisation (DP) of the debranched linear chains (Fig. 2). The sam
ples were normalised to yield the same total area under the curve (AUC), 
thus facilitating the comparison of proportional changes in the different 
components between samples [26]. All the samples presented a typical 
binomial distribution for amylopectin branches (DP < 100). The DP of 
the two peaks corresponded to short, AP1 (DP ~ 16), and long, AP2 (DP 
~ 36), amylopectin chains. Slight significant differences (p < 0.05) were 
observed due to the use of different matrices. The peak corresponding to 
short chains exhibited a DP of 15.6 for quinoa, 15.7 for buckwheat, 16.0 
for amaranth, and 16.6 for sorghum. The DP of the peak corresponding 
to the long chains was 34.7 for quinoa, 36.2 for amaranth, 36.6 for 
buckwheat, and 36.9 for sorghum. However, these peak positions were 
not significantly affected by MWT (p > 0.05), and the height ratio be
tween these peaks (hAP2/hAP1) did not present any strong modification, 
with only slight variations in the treated samples. This result contrasts 
with the substantial variations observed in the molar mass distribution 
of whole amylopectin molecules analysed by AF4. As the SEC profile for 
linear dextrins is derived from the enzymatic hydrolysis of α-(1 → 6) 
bonds, MWT-induced scission likely occurs mainly at branching sites 
(α-(1 → 6) bonds), with non-significant modifications in debranched 
amylopectin chains. Previous studies already reported a greater sus
ceptibility to hydrolysis of α-(1 → 6) glycosidic bonds during MWT, and 
linked it to the larger steric hindrance and stability of α-(1 → 4) glyco
sidic bonds [35,36]. Nevertheless, it is important to acknowledge that 
SEC has inherent limitations in the characterisation of the short chains of 
amylopectin because of the potential for inaccuracies resulting from 
calibration using the Mark-Houwink empirical equation at low DP [37]. 
Consequently, it is possible that a few of the longer amylopectin chains 
were broken and contributed to the lower Mw observed after MWT, 
although this was not detected by SEC. When Tian et al. [13] performed 
short-time MWT on maize starch and analysed the CLD by HPAEC-PAD, 
they observed a reduction in amylopectin chains with DP > 45 
concomitant with an increase in chains with DP < 18, indicating the 
possible preferential breakdown of longer chains attributed to the 
backbone chains and connector chains between backbone and double 
helices.

Regarding the molecular mass of the amylose-associated fraction 
measured by AF4, the average weight of the untreated molecules ranged 
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from 3.1 to 6.4 × 106 g/mol (Table 1, Fig. 1). The MWT resulted in an 
apparent increase in the Mw of amylose in TF-A, TG-A, and TF-B, 
whereas no significant differences were observed in the remaining 
treated samples compared with their untreated counterparts. Further
more, an increase in rz was observed for the samples that exhibited an 
increase in Mw and for the treated quinoa samples. It is particularly 
noteworthy the great change in the Mw and rz of the low molecular 
weight fractions for amaranth samples, with +119 % and +118 % for 
TF-A and +286 % and +205 % for TG-A, respectively, compared to UN- 
A. The increases in Mw and rz for the amylose zone, as measured by AF4, 
are likely due to the presence of hydrolysed amylopectin fragments with 
sizes similar to those of the amylose fractions. The potential coelution of 
degraded amylopectin molecules with amylose was also observed by 
Tian et al. [13] when microwaved maize starch was analysed using SEC 
(whole molecule). The amorphous zones of branching sites have been 
shown to be more susceptible to hydrolysis than the crystalline regions 
because of their looser structure [7]. Given the large size and degree of 
branching of amaranth [4], and to a lesser extent quinoa, along with 
their low amylose content, these matrices may be more susceptible to 
the formation of hydrolysed amylopectin fragments, which are detect
able in the amylose-related zone in AF4.

The amylose CLD (DP > 100) obtained using SEC-dRI for debranched 
molecules is shown in Fig. 2. Notably, the amylose ratio, as calculated by 
the relative proportion of the amylose AUC (DP > 100) to the total AUC, 

did not vary significantly after MWT. The amylose ratio was signifi
cantly influenced by the matrix, while the treatment form (grain or 
flour) had no significant effect (see Table 1). SEC has been determined as 
an accurate method for evaluating the CLD of amylose chains [37]. The 
peak presented at DP > 100, has been shown to comprise three over
lapping peaks, designated AM1 (DP 100–300), AM2 (DP 300–1600) and 
AM3 (DP > 1600) [37]. The relative AUC of each individual peak was 
related to the total AUC of the amylose region to determine the relative 
contribution of each peak (AUCAM1, AUCAM2, and AUCAM3). Due to the 
low amylose content of amaranth (AM ratio ~ 2 %), it was not possible 
to calculate the different amylose fractions in this sample. The remain
ing treated samples, with the exception of TF-S, showed an increase in 
AUCAM1 and a reduction in AUCAM3. This effect was more pronounced in 
flour than in grain treatment for buckwheat and quinoa. The decrease in 
the proportion of long chains and the concomitant increase in the pro
portion of short chains may be attributed to the partial depolymerisation 
of amylose during MWT [26]. Samples with higher amylose content 
(sorghum and buckwheat) exhibited less variation in the amylose group 
proportions, most likely due to the ability of amylose to form stable 
single- or double-helix complexes, which limits susceptibility to heat 
treatment-mediated hydrolysis [38].
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3.2. Short-range molecular order of starch and secondary structure of 
proteins

IR spectra were analysed to assess the vibrational changes closely 
related to the structural changes in the flours resulting from the MWT. 
The spectra of all the samples exhibited bands at similar wavenumbers. 
In addition, no new bands were observed to form or disappear after 
MWT. Nevertheless, differences in absorbance and variations in band 
shape were observed between samples and as a result of MWT (Fig. 3). 
Therefore, starch fingerprint region and Amide I band were evaluated to 
compare the aforementioned modifications in the main flour 
components.

Changes in the secondary structure of proteins were determined by 
Gaussian curve fitting after deconvolution of the Amide I band 
(1700–1600 cm− 1) (Fig. 3b), with the relative contributions of each 
protein secondary structure listed in Table 2. A significant effect (p <
0.001) on the relative proportion of each protein secondary structure 
was observed for the studied parameters (matrix and treatment form) 
and their interaction (matrix × treatment). MWT led to a reduction 
α-helix proportion in all treated samples. The α-helix, an ordered sec
ondary structure mainly stabilized by hydrogen bonds within protein 
chains, reflects protein folding; therefore, its reduction may indicate 
modification in protein folding [39]. In addition, the other ordered 
structures of high-frequency and low-frequency β-sheets, were reduced 
in the treated amaranth and sorghum (only low-frequency β-sheets). 
β-Sheets are mainly stabilized by intermolecular hydrogen bonds in 
peptide chains, and their reduction may indicate protein aggregation 
[39]. These decreases in ordered structures were accompanied by in
creases in side chain vibrations for all treated samples in β-turns 
(amaranth and buckwheat) and random coils (all samples except 
buckwheat). These effects were similar for both grain and flour treat
ments, with the most notable difference observed in TF-A, which 
exhibited a greater increase in random coil content and a more pro
nounced decrease in α-helix structures compared to TG-A. These find
ings are consistent with previous studies reporting reduced β-sheet and 
α-helix proportions along with an increase in β-turns and random coils 
after MWT of millet flour [18] and microwave roasting of quinoa [17]. 
Other authors have observed increases in β-sheets with reductions in 
α-helix [40], or in α-helix and β-turns [16], highlighting the influence of 
different matrices and treatment conditions. However, a general trend 

towards reduced α-helix content with an increase in the proportion of 
disordered structures of β-turns and random coils was observed in this 
study and in most of the previous literature. This shift to a more disor
dered and flexible protein secondary structure may expose the reactive 
groups and enhance the reaction with other components [14–17]. Hy
drothermal treatments, including MWT, have been reported to disrupt 
the hydrogen bonds and hydrophobic/Van der Waals forces that main
tain structural stability, thus disrupting the protein secondary structure 
[18,40]. Furthermore, the unfolding and enhanced flexibility of the 
protein structure may improve protein digestibility, as reported previ
ously for breads made with microwave-treated buckwheat [41].

The starch fingerprint is presented in the region between 1200 and 
800 cm− 1 (Fig. 3c). In particular, the range from 1060 to 960 cm− 1 has 
been associated with the spatial organization of starch, attributed to 
vibrations of the C-O-H functional groups in the polymer chains [42]. 

Table 2 
Results from X-ray diffraction and Fourier transform infrared spectroscopy analysis of flour samples obtained from untreated and microwave-treated flours and grains.

Sample RC 
(%)

I(031)/I(231) I(031)/I(040) Side chains 
(%)

LF β-sheet 
(%)

Random coil 
(%)

α-helix 
(%)

β-turns 
(%)

HF β-sheet 
(%)

UN-A 47.2 ± 1.1 a 0.87 ± 0.02 a 1.30 ± 0.02 b 8.2 ± 0.1 a 22.8 ± 0.3 b 10.9 ± 0.4 a 25.3 ± 0.6 c 17.9 ± 0.5 a 14.8 ± 0.7 b
TF-A 48.1 ± 0.8 a 0.88 ± 0.01 a 1.24 ± 0.01 a 8.5 ± 0.1 b 21.1 ± 0.2 a 16.6 ± 0.3 c 21.5 ± 0.5 a 19.5 ± 0.3 b 12.9 ± 0.2 a
TG-A 45.6 ± 0.7 a 0.89 ± 0.01 a 1.24 ± 0.01 a 8.5 ± 0.1 b 21.1 ± 0.2 a 15.5 ± 0.6 b 22.6 ± 0.5 b 19.5 ± 0.3 b 12.7 ± 0.4 a

UN-B 44.4 ± 0.6 a 0.90 ± 0.02 a 1.27 ± 0.02 b 7.7 ± 0.1 a 20.4 ± 0.8 a 12.8 ± 0.7 a 27.8 ± 0.6 b 19.9 ± 0.4 a 11.4 ± 0.4 ab
TF-B 43.2 ± 0.9 a 0.87 ± 0.01 a 1.22 ± 0.01 a 8.1 ± 0.1 b 20.9 ± 0.4 a 12.9 ± 0.7 a 25.0 ± 0.4 a 22.1 ± 0.3 b 11.0 ± 0.3 a
TG-B 43.6 ± 0.6 a 0.87 ± 0.01 a 1.20 ± 0.01 a 8.4 ± 0.1 c 20.9 ± 0.6 a 12.7 ± 0.8 a 24.8 ± 0.4 a 21.4 ± 0.9 b 11.8 ± 0.3 b

UN-Q 46.4 ± 1.1 a 0.86 ± 0.01 a 1.33 ± 0.01 b 8.0 ± 0.1 a 22.1 ± 0.3 a 12.4 ± 0.9 a 25.3 ± 0.5 b 18.5 ± 0.5 a 13.6 ± 0.5 a
TF-Q 44.5 ± 0.6 a 0.85 ± 0.01 a 1.24 ± 0.01 a 8.6 ± 0.1 b 21.8 ± 0.4 a 17.6 ± 0.3 b 20.0 ± 0.6 a 18.3 ± 0.7 a 13.2 ± 0.1 a
TG-Q 45.4 ± 0.8 a 0.86 ± 0.01 a 1.24 ± 0.01 a 8.5 ± 0.1 b 21.9 ± 0.1 a 17.5 ± 0.5 b 20.4 ± 0.3 a 18.3 ± 0.5 a 13.3 ± 0.2 a

UN-S 47.0 ± 0.6 a 0.89 ± 0.01 a 1.24 ± 0.01 c 8.5 ± 0.2 a 24.4 ± 0.4 b 14.6 ± 0.3 a 22.1 ± 1.1 b 19.8 ± 0.7 a 11.6 ± 0.6 ab
TF-S 47.2 ± 0.8 a 0.88 ± 0.01 a 1.13 ± 0.01 a 9.0 ± 0.1 b 23.2 ± 0.3 b 17.1 ± 0.3 b 19.2 ± 0.5 a 19.8 ± 0.4 a 11.9 ± 0.1 b
TG-S 46.5 ± 0.7 a 0.86 ± 0.01 a 1.19 ± 0.01 b 8.8 ± 0.1 b 21.6 ± 1.3 a 17.4 ± 0.7 b 20.6 ± 1.2 ab 20.5 ± 0.2 a 11.2 ± 0.2 a

Analysis of variance and significance (p-values)
Matrix (F1) *** * *** *** *** *** *** *** ***
Treatment (F2) ns ns *** *** *** *** *** *** ***
F1 × F2 ns ns * ** *** *** *** *** ***

Flours obtained from untreated-native (UN), microwave-treated grain (TG), and microwave-treated flour (TF) samples of amaranth (A), buckwheat (B), quinoa (Q), 
and sorghum (S). RC: relative crystallinity. I(031)/I(231) and I(031)/I(040): intensity ratio between two diffraction peaks for the orthorhombic crystal structure. LF: low 
frequency. HF: high frequency. Data are expressed as mean ± standard deviation. Significant statistical differences (p < 0.05) are indicated by different letters for the 
same parameter and matrix. Analysis of variance and significance of matrix (A,B,Q,S), treatment (UN, TG, TF), and their interaction: *** p < 0.001, ** p < 0.01, * p <
0.05, ns: non-significant.
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Fig. 4. X-ray diffraction (XRD) patterns of untreated-native flour (UN), 
microwave-treated grain (TG), and microwave-treated flour (TF) from 
amaranth (A), buckwheat (B), quinoa (Q), and sorghum (S). Major diffraction 
peaks are labelled with their corresponding Miller indices (in grey).
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Bands within this region are known to be sensitive to structural changes 
in starch, particularly those at 995, 1022 and 1047 cm− 1 [43]. Following 
MWT, shifts in band position and notable changes in intensity were 
observed. The band near 995 cm− 1 became broader, leading to increased 
overlap with the band at 1022 cm− 1, and resulting in a shift towards 
higher wavenumbers. This effect was more pronounced in samples 
treated in the form of flour compared to grain, with the exception of 
buckwheat, which exhibited a different trend consistent with the mo
lecular and functional modifications (see Sections 3.1 and 3.5). Among 
the matrices, amaranth showed the most pronounced modifications, 
while sorghum exhibited the least. The greater structural disruption 
observed in flour samples aligns with findings from Section 3.1, where 
increased susceptibility to hydrolysis of amylose and amylopectin was 
reported in flour-treated samples. These variations on the IR spectra 
could be related to a partial starch gelatinization, as previously 
described in the literature [42].

3.3. X-ray diffraction pattern and relative crystallinity

The relative crystallinity of the samples, calculated from the 
diffraction patterns, is presented in Table 2, with the corresponding 
graphs provided in Fig. 4. All the samples exhibited an orthorhombic 
crystal structure, which is commonly found in A-type in starches, having 
the main diffraction peaks as reported by Rodriguez-Garcia et al. [44], 
and shown in Fig. 4. This crystal structure is characteristic of cereals and 
pseudocereals, as previously reported by other authors for these un
treated matrices [4,10,44]. The orthorhombic crystal structure was 
maintained after treatment, with only slight variations observed in peak 

intensities. The calculated relative crystallinity significantly varied 
among matrices (p < 0.001) but was not significantly affected by the 
treatment applied (p > 0.05) (Table 2). Despite the partial gelatinization 
observed after MWT of these four matrices [5], no significant changes in 
relative crystallinity were detected. This finding aligns with those pre
viously reported by our research group, in which the MWT of buckwheat 
grains [21], quinoa grains [20], and rice flour [15] at high MC (20–30 
%) caused only minor, generally non-significant, changes in relative 
crystallinity. To further evaluate the effect of MWT on the crystalline 
structure, the relationship between specific crystal planes was analysed 
by calculating the intensity ratios I(031)/I(231) and I(031)/I(040), as pro
posed by Rojas-Molina et al. [45]. These results are presented in Table 2. 
The ratio I(031)/I(231) remained unaffected by the MWT, whereas the 
ratio I(031)/I(040) was significantly reduced in all matrices, showing a 
5–9 % decrease depending on the matrix and treatment conditions. 
These results further confirm that slight modifications to the crystal 
structure occur following MWT, but their magnitude is limited.

3.4. CLSM observations

The shape and distribution of starch and protein in the flours were 
examined using CLSM. The resulting 3D confocal micrographs illustrate 
the distribution of proteins (green) and polysaccharides (red) in all the 
samples studied (Fig. 5). The appearance of the untreated samples var
ied. Buckwheat and sorghum displayed starch granules encompassed by 
a protein matrix. This observation is consistent with the findings of Choi 
et al. [46], who reported starch granules of 5–30 μm and protein bodies 
of ~2 μm (within the limits of our micrograph resolution) in CSLM 

Fig. 5. Confocal laser microscopy (CLSM) images of untreated-native flour (UN), microwave-treated grain (TG), and microwave-treated flour (TF) from amaranth 
(A), buckwheat (B), quinoa (Q), and sorghum (S) samples at a magnification of ×63. The image shows carbohydrates in red and proteins in green, with the scale 
representing the main division of 20 μm.
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images of sorghum. Untreated amaranth and quinoa showed smaller 
starch granules, with a size of 0.5–2 μm, as reported by Perez-Rea & 
Antezana-Gomez [47]. The starch granules of quinoa and amaranth 
were challenging to discern at the magnification employed, particularly 
when they were presented as compact agglomerates that appeared to 

constitute a single, larger structure. Furthermore, protein, which has an 
average particle size of approximately 200 nm for quinoa [40], was 
concentrated in specific areas and exhibited a less uniform distribution 
around starch granules than in sorghum or buckwheat.

After MWT, the starch granules of amaranth and quinoa were less 
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Fig. 6. Pasting profiles of amaranth (a), buckwheat (b), quinoa (c), and sorghum (d). Untreated-native flour (black, continuous line), microwave-treated flour (blue, 
dashed line), and microwave-treated grain (orange, dotted line) samples. The temperature profile is plotted on the second axis (grey, dash-dotted line).

Table 3 
Pasting profiles of flour samples obtained from untreated and microwave-treated flours and grains.

Sample PT 
(◦C)

PV 
(mPa⋅s)

Pt 
(min)

TV 
(mPa⋅s)

BV 
(mPa⋅s)

FV 
(mPa⋅s)

SV 
(mPa⋅s)

UN-A 76.9 ± 0.5 a 1603 ± 23 a 4.58 ± 0.04 a 1078 ± 19 a 525 ± 9 a 1310 ± 10 a 232 ± 12 a
TF-A 79.7 ± 0.5 c 1894 ± 7 b 4.58 ± 0.04 a 1215 ± 18 b 679 ± 23 b 1560 ± 4 b 344 ± 15 b
TG-A 78.3 ± 0.1 b 2271 ± 46 c 4.55 ± 0.04 a 1447 ± 11 c 824 ± 36 c 1851 ± 30 c 404 ± 20 c

UN-B 74.7 ± 0.5 a 2545 ± 45 c 6.30 ± 0.04 a 2382 ± 77 c 163 ± 33 b 4980 ± 28 c 2599 ± 105 b
TF-B 84.9 ± 0.8 b 1782 ± 67 b 7.27 ± 0.01 b 1782 ± 67 b 0 ± 0 a 2455 ± 108 b 673 ± 67 a
TG-B 88.3 ± 0.3 c 1361 ± 8 a 7.04 ± 0.21 b 1306 ± 34 a 55 ± 35 a 2031 ± 38 a 725 ± 72 a

UN-Q 75.3 ± 0.3 a 2567 ± 27 c 5.44 ± 0.08 a 2370 ± 41 c 198 ± 15 c 3263 ± 31 c 893 ± 21 b
TF-Q 80.5 ± 0.5 c 1272 ± 4 a 6.33 ± 0.14 c 1183 ± 6 a 89 ± 9 b 1765 ± 17 a 582 ± 12 a
TG-Q 79.4 ± 0.5 b 1453 ± 12 b 6.09 ± 0.03 b 1445 ± 18 b 8 ± 7 a 2318 ± 29 b 873 ± 14 b

UN-S 78.2 ± 0.1 a 1605 ± 3 c 5.23 ± 0.40 a 1011 ± 14 a 594 ± 16 c 2201 ± 16 c 1190 ± 25 c
TF-S 88.1 ± 0.1 c 1162 ± 1 b 5.80 ± 0.01 b 1084 ± 4 b 78 ± 5 b 2054 ± 22 b 970 ± 26 b
TG-S 84.8 ± 0.1 b 1083 ± 11 a 5.78 ± 0.04 b 1028 ± 9 a 55 ± 2 a 1901 ± 17 a 873 ± 19 a

Analysis of variance and significance (p-values)
Matrix (F1) *** *** *** *** *** *** ***
Treatment (F2) *** *** *** *** *** *** ***
F1 × F2 *** *** *** *** *** *** ***

Flours obtained from untreated-native (UN), microwave-treated grain (TG), and microwave-treated flour (TF) samples of amaranth (A), buckwheat (B), quinoa (Q), 
and sorghum (S). PT: pasting temperature, PV: peak viscosity, Pt: peak time, TV: trough viscosity, BV: breakdown viscosity, FV: final viscosity, SV: setback viscosity. 
Data are expressed as mean ± standard deviation. Significant statistical differences (p < 0.05) are indicated by different letters for the same parameter and matrix. 
Analysis of variance and significance of matrix (A,B,Q,S), treatment (UN, TG, TF), and their interaction: ***p < 0.001, **p < 0.01, *p < 0.05, ns: non-significant.
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distinguishable, especially in the flour treatment. The small individual 
red dots observed in the native samples changed to more diffuse red 
aggregates. This effect was less pronounced for the larger starch gran
ules of sorghum and buckwheat. The shape varied slightly in treated 
samples, appearing more rounded and less polygonal compared to 
native starch granules. These modifications may be related to the partial 
pasting of starch granules with amylose exudation, as has been 
commonly reported after MWT [15,16]. Regarding the protein effect 
after MWT, the green protein spots became more dispersed, forming a 
fused network surrounding starch in buckwheat and sorghum, and 
appearing as fused groups in amaranth and quinoa, particularly after 
flour treatment. Other authors have previously reported the occurrence 
of protein aggregation and denaturation after MWT of flour and grain 
samples [15,16,20]. These results are consistent with the increased 
disorder observed in protein secondary structure analysis using FTIR. 
The unfolded and/or denatured proteins, with more reactive groups 
exposed, may disperse and adhere between them and to the starch 
granules, contributing to the formation of protein and protein-starch 
agglomerates [16,40].

3.5. Pasting properties

Fig. 6 presents the pasting profiles of the studied flours, while Table 3
lists the resulting pasting parameters. The matrix, treatment, and their 
interaction (matrix × treatment) had a significant effect (p < 0.001) on 
all pasting parameters.

The viscosity profiles of untreated flours from different botanical 
origins were found to be significantly different (Fig. 5), which is in line 
with the profiles reported in previous studies in untreated amaranth, 
buckwheat, quinoa, and sorghum flours [3,10]. MWT had a differential 
impact on the various matrices, resulting in diverse modifications in the 
pasting profiles. Amaranth exhibited higher pasting profiles after MWT, 
whereas buckwheat, quinoa, and sorghum showed lower pasting pro
files. The only common modification for all microwave-treated flours 
and grains was an increase in pasting temperature. This increase was 
greater for flour than for grain treatments, except for buckwheat. A 
delayed pasting temperature following thermal treatment has been 
associated with the formation of cross-linkages within starch granules 
and a reduction in swelling power, which results in greater heat required 
for disintegration of the starch structure and paste formation [19,48].

The peak, trough, breakdown, final, and setback viscosities of 
buckwheat, quinoa, and sorghum were lower in the treated flours than 
those in the corresponding untreated flours. This behaviour has been the 
most frequently reported for the MWT of starch [12]. The reduced peak 
viscosity indicates a decreased swelling capacity of the starch granules 
[10]. Thermal degradation of amylopectin and amylose during heating 
may be responsible for the lower peak viscosity [23]. Moreover, a lower 
breakdown indicates higher stability of the swollen granules towards 
heating and shearing [19]. However, between the grain and flour 
treatments, the changes were not in the same direction for all the 
matrices. Buckwheat and sorghum showed lower viscosity profiles for 
the grain treatment than for the flour treatment, although the relative 
differences were much lower in sorghum than in buckwheat. Never
theless, in the case of quinoa, the reduction in pasting profile was more 
pronounced in the flour treatment than in the grain treatment. The 
observed differences between the grain and flour treatments of these 
matrices may be related to the different sizes and compositions of seeds. 
This was particularly evident in the starch granules and protein char
acteristics, as previously discussed.

Amaranth demonstrated a notable increase in peak, trough, break
down, final, and setback viscosities in treated flours compared with 
untreated flours. These modifications were greater in the grain treat
ment than in the flour treatment. For example, the peak viscosity 
increased from 1603 mPa⋅s for UN-A to 1894 mPa⋅s for TF-A and 2271 
mPa⋅s for TG-A. This behaviour is similar to that observed for hydro
thermal treatment of amaranth grains with a steamer atmospheric 
pressure and at a temperature of 99 ◦C for 3, 6, and 9 min [49]. These 
authors observed that the peak, trough, and breakdown viscosities of 
amaranth flour were higher after treatment. In our study, the starch and 
protein of amaranth were among of the most modified after MWT, 
although these modifications were in line with those observed for the 
other matrices, which exhibited lowered viscosimetric profiles. The 
different effects, with enhanced pasting profiles after MWT, may be 
related to the molecular structure of amaranth, which exhibited the 
most compact structure among the studied samples. MWT may have 
caused partial disruption of the cell walls, facilitating access to water in 
the granules and increasing their swelling capacity [50], leading to a 
higher peak viscosity. In addition, it has been reported that an extensive 
hydrolysis with the formation of small fragments is more likely to 
decrease the paste viscosity [51]. Nevertheless, the MWT of amaranth 
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produces amylopectin fragments of high molecular weight, as explained 
in Section 3.1. Therefore, this particularity in the amaranth structure 
and its modification with MWT may explain its different behaviour 
compared to the other matrices, resulting in a higher pasting profile 
after MWT, particularly when treated in flour form. However, the 
modification of other flour components, such as lipids or fibre, during 
the MWT may have also influenced the differences in the pasting 
profiles.

3.6. Principal component analysis

Principal component analysis (PCA) was employed to further 
describe the correlation between the measured properties and the effects 
of MWT, depending on the matrix and treatment form (Fig. 7). The 
statistical model explained 60.54 % of the total variation, with the first 
principal component (PC1) accounting for 36.82 % and the second 
principal component (PC2) explaining 23.72 %.

The loadings of the parameters on PC1 and PC2 (Fig. 7a) revealed 
distinct contributions of starch-related (red), protein-related (yellow), 
and pasting (blue) properties. PC1 was primarily influenced by starch- 
related parameters, with strong positive loadings for amylopectin 
weight and size (AP Mw and AP rz) as well as the proportion of short 
amylose chains (AUCAM1). Conversely, negative loadings were observed 
for amylose ratio (AM ratio), and proportion of medium and long 
amylose chains (AUCAM2 and AUCAM3, respectively). The XRD param
eters of I(031)/I(040) and crystallinity also influenced PC1, showing strong 
positive loadings. PC2 was strongly influenced protein secondary 
structure, and pasting properties. Among protein-related parameters, 
random coil displayed the strongest positive loading, whereas α-helix 
had the strongest negative contribution to PC2. Pasting properties, 
including trough viscosity (TV), peak viscosity (PV), final viscosity (FV), 
breakdown viscosity (BV), and setback viscosity (SV), exhibited strong 
positive loadings, whereas pasting temperature (PT) had a strong 
negative contribution. These results suggest that PC1 primarily captures 
the structural modifications in starch molecules induced by MWT, 
whereas PC2 reflects the alterations in protein secondary structure and 
flour pasting behaviour.

The PCA score plot (Fig. 7b) revealed that native samples were 
distributed in distinct quadrants, reflecting differences in structural and 
functional properties based on botanical origin. Notably, amaranth and 
quinoa clustered in the same quadrant, suggesting similar structural 
characteristics due to their closer botanical relationship.

MWT induced consistent shifts in the PCA score plot, with all treated 
samples moving towards lower PC1 and PC2 scores (Fig. 7b), indicating 
systematic modifications across all samples, regardless of their original 
properties. The samples exhibited the following modification pattern, 
from most to least modified in terms of the Euclidean distances between 
untreated and treated samples: TG-B > TF-Q > TF-B > TG-Q > TF-A >
TF-S > TG-S > TG-A. Notably, the reduction in PC2 was more pro
nounced than that in PC1 for all treated samples. The reduction in PC1 
scores aligns with the observed hydrolysis of amylopectin (lower AP Mw 
and AP rz) and lower I(031)/I(040) due to MWT. For PC2, the reductions 
could be associated with the overall decrease in pasting profiles (lower 
PV, TV, FV), the lower I(031)/I(040), and the increases in PT. MWT in
creases the disorder in protein secondary structure, as evidenced by 
reductions in α-helix content and increases in random coil content. 
However, the position of the samples in the score plot aligns oppositely 
to what is expected from these vectors, indicating that changes in pro
tein secondary structure have a smaller impact on the overall effect of 
MWT compared to the molecular structure of starch and the pasting 
properties. The shifts in the PCA plot were more pronounced for MWT 
flour than for MWT grain, except for buckwheat. TG-B showed a greater 
reduction in PC2 score than TF-B. This behaviour is likely due to the 
lower pasting profile of TF-B compared to that of TG-B which contrasts 
with the general trend observed in other samples.

Overall, these results demonstrate that MWT induces similar effects 

across all samples, regardless of their initial structural properties, under 
identical treatment conditions. However, the extent of modification is 
influenced by the botanical origin of the samples and whether the 
treatment was applied on grain or flour. This underscores the interplay 
between sample characteristics and treatment form in determining the 
structural and functional outcomes of MWT.

4. Conclusions

This study on the effects of MWT highlights the significant influence 
of botanical origin (amaranth, buckwheat, quinoa, or sorghum) and 
form of treatment (grain or flour) on the molecular structure of starch 
and protein and the pasting properties of the resulting flours. MANOVA 
showed that extent of change in most of the parameters studied 
depended on the matrix, the form of treatment (grain or flour), and their 
interaction (matrix × treatment). MWT consistently caused partial 
fragmentation of the amylose and amylopectin chains, with amylopectin 
being more susceptible to hydrolysis than amylose, particularly at α-(1 
→ 6) glycosidic linkages. Nevertheless, the granular crystalline structure 
was largely preserved, suggesting that the structural changes occurred 
predominantly in the amorphous regions. MWT altered the morphology 
of the starch granules so that they were less angular and more swollen, 
probably due to partial gelatinisation and amylose leaching. These 
changes were accompanied by a more disordered protein secondary 
structure, possibly allowing greater exposure of reactive groups. The 
flour treatments resulted in more pronounced effects than grain treat
ments across all matrices (with the exception of buckwheat for some 
properties), likely due to the removal of the grain outer layers that 
protect starch granules during milling, which allows for greater molec
ular mobility and interaction during MWT. Among the matrices studied, 
amaranth exhibited the greatest change after MWT, showing widespread 
disruption of both starch and protein structures. The greater suscepti
bility to treatment-induced hydrolysis of starch in the amaranth samples 
was attributed to the low amylose content and large amylopectin size. In 
contrast, buckwheat showed the least structural change, while quinoa 
and sorghum showed intermediate behaviour. These differences in 
resistance to modification are probably due to differences in the orga
nization of starch granules and protein characteristics. The extent of 
microwave-induced changes in the pasting properties of the flours var
ied according to their intrinsic properties along with the observed 
structural changes. PCA analysis confirmed all these observations and 
showed consistent structural changes in all matrices, regardless of their 
intrinsic properties. Overall, the results of this study provide novel in
sights into the effects of MWT on different matrices in grain and flour 
forms, thereby enabling a more profound understanding of the struc
ture/function relationship in MWT.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijbiomac.2025.145094.
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