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ABSTRACT

This study investigated the impact of microwave treatment on the formation of starch-lipid complexes, and
physicochemical properties of wheat starch (WS) fortified with lipids, such as lauric acid (LA), glycerol mono-
laurate (GML), and stearic acid (SA). Specimens were prepared using a conventional water bath and microwave
heating and evaluated using macrostructural and microstructural analyses. Iodine staining and scanning electron
microscopy revealed interplay between WS and LA. Diffraction peaks around 7.5°, 13°, and 20° and the absence
of the absorption band in the 2850 cm™! were observed in microwave treated WS-lipid samples than conven-
tional water bath samples. Further, more type I complexes were formed in WS-LA microwave-assisted samples, as
demonstrated by differential scanning calorimetry. Additionally, more resistant starch was formed in specimens
treated by microwave than water bath treated counterparts, the finding that was proved by in vitro enzymatic
hydrolysis. In short, the current study may suggest the applications of microwave treatment in foods for

hypoglycemia.

1. Introduction

Amylose, the essentially linear glucose polymer of starch, is a well-
known host molecule that forms higher-order inclusion complexes
with suitable guest molecules, such as iodine, alcohols, lipids, and hy-
drophobic organic polymers (Kadokawa, Kaneko, Nagase, Takahashi &
Tagaya, 2015; Nimz, Gessler, Isabel, Sheldrick & Saenger, 2004;
Rodriguez-Garcia et al., 2021). The amylose left-handed single helical
inclusion complexes are often called amylose-lipid complexes. The
complexes between starch and lipids, which readily occur when starch is
subjected to heat (known as the resistant starch type 5 (RSs)), appear to
decrease the susceptibility of the starch granules to enzymatic digestion
(Buddrick, Jones, Hughes, Kong & Small, 2015).

Targeting weight and managing type II diabetes have spurred
remarkable growth in methodologies used to supplement the resistant
starch (RS) content in starchy foods. In particular, the RSs that can carry
essential fatty acids into the small intestine has attracted a great deal of

attention (Putseys, Lamberts & Delcour, 2010; Siegfried, 2007). The
approaches for the production of amylose-lipid complexes include the
classical synthesis method, in which starch and lipids were added into a
solvent (water, dimethyl sulfoxide, acid or alkali solutions) and treated
at 90-100°C (Biliaderis, Page, Slade & Sirett, 1985; Eliasson & Krog,
1985; Gelders, Vanderstukken, Goesaert & Delcour, 2004; Karkalas, Ma,
Morrison & Pethrick, 1995; Le-Bail et al., 2015; Zhou, Robard, Helliwell
& Blanchard, 2007). Alternatively, the complexes can be formed
through the enzymatic method, in which short-chain amylose is syn-
thesized by phosphorylase and then interact with lipids (Gelders, Goe-
saert, Delcour, 2005; Putseys, Derde, Lamberts, Goesaert & Delcour,
2009). Previous studies have stated that the formation and physico-
chemical characteristics of starch-lipid inclusion complexes could be
linked to amylose content, pH of the solution, temperature, the carbon
atom number, and degree of saturation of fatty acids (Karkalas, Ma,
Morrison & Pethrick, 1995; Kang et al., 2021; Putseys, Derde, Lamberts,
Goesaert & Delcour, 2009; Soong, Goh & Henry, 2013). Additionally,
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multiple studies have recently paid much attention to preparation
methods that could advance the formation of inclusion complexes, such
as physical (Le-Bail et al., 2015; Sullivan, Hughes, Cockman & Small,
2018; Zheng et al., 2018), chemical (Galloway, Biliaderis & Stanley,
1989; Garcia, Pereira-Da-Silva, Taboga & Franco, 2016), and enzymatic
methods (Cheng, Luo, Li & Fu, 2015; Liu, Gao, Zhang, Wu & Cui, 2020;
Liu, Fang, Zhang, Zou & Cui, 2020). Of note, physical modification has
recently become the most popular way to optimize food quality and
safety against the backdrop of an eco-friendly society.

At variance to conventional heating (heat-moisture and annealing),
microwave heating changes the proper orientation of dipoles (Yuan
etal., 2020). Microwave radiation’s electric and magnetic field vibrating
around 5.0 x 10° times/s can lead to polar molecules’ friction, collision,
vibration, and a rapid increase in temperature (Ozel, Dag, Kilercioglu,
Sumnu & Oztop, 2017; Yuan et al., 2020). Over the past few decades,
several studies have reported changes in the physicochemical properties
of starches after microwave treatment. For instance, NMR relaxometry
was used to demonstrate the effect of microwave heating (at 800 W for
5-30 s) on starch-water interactions and gelatinization behaviour (Ozel
et al., 2017). Further, dynamic measurement of starch granule swelling
during microwave heating was described by Casasnovas & Anan-
theswaran (2016). Moreover, Fan et al. (2013a,b, & Fan et al., 2014)
investigated the differences between microwave and conventional
heating by NMR through relaxation times (T; and T5), glass transition
temperatures, small-angle X-ray scattering, thermogravimetry (TGA),
and differential scanning calorimetry (DSC) operating at a power
ranging from 1200 to 300 W at different time. They found similar trends
between microwave and conventional heating and implied that fast
microwave heating is more convenient in saving time and resources (Fan
et al., 2013a; Fan et al., 2013b; Fan et al., 2013c; Fan et al., 2014).
However, up to the author’s knowledge, far too little attention has been
paid to the effects of microwave heating on the formation of amylo-
se-lipid crystalline structure. We hypothesized that starch could form an
inclusion complex with lipids under suitable microwave heating. Here-
in, we characterized the amylose-lipid complexes formed in a high-
moisture model system based on microwave heating and compared it
with conventional water bath heating. We aimed to apply an efficient
method for the formation of starch-guest inclusion complexes.

2. Materials and methods
2.1. Materials

Native wheat starch (WS), extracted from wheat flour (Wudeli Flour
Group Co., Ltd, Hebei, China) with 87% carbohydrate, was procured
from Baby Sugian Biotechnology Co., Ltd. (Jiangsu, China). Guest
molecules, including LA (lauric acid), SA (stearic acid), and GML
(glycerol monolaurate) with 98% purity, were all acquired from Tianjin
Fuyu Chemical (Tianjin, China). a-amylase of 100 U/mg (CAS #
9032-08-0) and amyloglucosidase of 10 x 10* U/mL (CAS # 9032-08-
0) were supplied by Sigma-Aldrich (St. Louis, MO, USA) and Yuanye
Biotechnology (Shanghai, China), respectively. All other chemicals were
of analytical grade unless otherwise specified.

2.2. Preparation of WS-lipid complex by conventional water bath and
microwave heating

2.2.1. Preparation of WS-lipid complexes by conventional water bath
heating

WS paste solution: WS (10 g) and 150 mL deionized water were
mixed in a glass bottle with a breathable cap (diameter = 6 cm) and
heated in a water bath to 100 °C with continuous stirring for one hour.
Subsequently, fatty acids, LA, SA, and GML (0.3 g of each) were
dispersed in 20 g absolute ethanol (>99.7%) and respectively mixed
with WS paste solution. The paste solution was maintained at 100 °C for
another hour under continuous stirring. After cooling to 20 °C, the
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mixture was washed four times with absolute ethanol and centrifuged
(TDL-5-A, Shanghai Anting Scientific Instrument Co., Ltd., Shanghai,
China) at 5000 rpm for 15 min each time. Ultimately, the supernatant
was discarded, and the residue was dried in an oven (Shanghai Boxun
industrial Medical Instrument Factory, Shanghai, China) at 40 °C for 36
h. The dried samples are then ground into a fine powder and pass
through a 60 mesh sieve (Heding Wire Mesh Co., Ltd, Hebei, China).
Starch paste without lipid was used as a control.

2.3. Preparation of WS-lipid complexes by microwave heating

WS paste solution: WS (10 g) and 150 mL deionized water were
mixed in a glass bottle without a cap (the height of the liquid column is
4.5 cm) and heated with an M3-L236E Midea microwave oven (Foshan,
Guangdong, China) operating at a power of 900 W for 2 min. During
microwave heat treatment, the temperature of samples increased from
room temperature to 80 °C in the first min and 95 °C in the next 30 s;
then, the heat treatment was suspended for 20 s followed by 30 s heating
at the centre of the oven. After that, fatty acids, LA, SA, and GML (0.3 g
of each) were dispersed in 20 g absolute ethanol and respectively added
to the WS paste solution. Next, the mixture was heated in the microwave
for another two min, with an interval of 20 s for 30 s heating. Other
operations were the same as stated above. The temperature throughout
the samples was measured during microwave heat treatment.

2.4. Microstructure and iodine staining analysis (ISA)

The Olympus BX53-P polarizing microscope (Tokyo, Japan) was
used to characterize the microstructure, and iodine staining analysis of
water bath and microwave treated WS-lipid complexes at a magnifica-
tion of 400 x . Accurately weighed potassium iodide (3.6 g) and iodine
(1.3 g) were dispersed in 10 mL deionized water, and then the volume
was adjusted to 100 mL. The iodine solution should be diluted 300 times
before staining.

2.5. Scanning electron microscope (SEM)

SEM (Hitachi Regulus 8220, Tokyo, Japan) operated at 15 kV was
employed to image complex samples with a magnification of 5000 x .
The samples were fixed with double-sided sticky carbon tape, coated
with Au/ Pd.

2.6. Fourier transform infrared spectroscopy analysis (FTIR)

A NICOLET iS10 Thermo Fisher Scientific (Waltham, MA, USA) ac-
quired the spectra of all water bath, and microwave treated WS-lipid
complexes. A 70 mg KBr was mixed with 0.7 mg starch samples, and
then a thin sheet with a diameter of 1.15 cm and a thickness of 0.2 mm
was obtained by pressing at a pressure of 10 MPa for 30 s. The FTIR
spectra were recorded between 4000 cm™! to 400 ecm™!, and the
absorbance ratio at 1047/1022 cm™! was calculated after
deconvolution.

The following formula calculated the absorption coefficient for each
IR band:

A =¢ecd
where A is absorbance, ¢ is molar absorption (extinction) coefficient, c is

the concentration of a measured substance, and d is the sample
thickness.

2.7. X-ray diffraction (XRD)
The water bath and microwave treated samples’ diffraction patterns

were measured using a Bruker-AXS X-ray diffraction analysis (Karlsruhe,
Germany) executed at 40 kV, 40 mA, 20 scanning from 5° to 40°. The
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Fig. 1. Microscopically observed WS samples treated by microwave and water bath heating with and without lipid incorporation. (a-d): for microwave treatment, (e-
h): for water bath treatment, (a & e) WS, (b & f) WS-LA, (c & g) WS-SA, (d & h) WS-GML.
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Fig. 2. Scanning electron microscope (SEM) images of microwave and water bath treated WS samples with and without lipid. (a-d): for microwave treatment, (e-h):
for water bath treatment, (a & e) WS, (b & f) WS-LA, (c & g) WS-SA, (d & h) WS-GML.

JADE6 (America, TILAB) software calculated the relative crystallinity

RO). 2.8. Thermogravimetric analysis (TGA)

- Crystal area
 Amorphous area + Crystal area The thermal stability curves of water bath and microwave treated
WS-lipid complexes were determined using a PerkinElmer thermal
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analysis (STA-6000, Melbourne, Australia). Each sample (5 mg) was
placed in an unsealed ceramic pan and heated from 30 °C to 700 °C at a
rate of 20 °C per min. The second derivative was used to define the
position of the proposed peaks.

2.9. Differential scanning calorimetry (DSC)

The DSC melting curves of the water bath and microwave treated
WS-lipid complexes were determined by a NETZSCH DSC analyzer
(DSC-200FC, NETZSCH, Selb, Germany). The powder sample (3 mg) was
blended with 10 pL distilled water in an aluminum pan. Next, the sealed
pans were placed at 20 °C for 24 h. The samples were heated from 40 to
140 °C at a heating rate of 10 °C per min.

2.10. Invitro digestibility

In vitro hydrolysis of all samples prepared by water bath and mi-
crowave heating was determined by Englyst & Cummings (1985)
method with minor modifications. The dried powder (40 mg) was
dispersed in acetate buffer (35 mL, pH 5.2). After that, 290 U/mL
a-amylase and 30 U/mL amyloglucosidase enzyme mixture solution
(acetate buffer, pH 5.2) 10 mL was added. Subsequently, the suspension
was placed at a 37 °C water bath with continuous stirring at 150 rpm.
The amount of glucose released during hydrolysis at 20, 60, 120, 180,
and 240 min was determined using an SBA-40D glucose analyzer
(Shandong Academy of Sciences, Jinan, China).

2.11. High-performance size-exclusion chromatography (HPSEC)

HPSEC method was carried out as provided by SANSHU Biotech-
nology Co., Ltd (Lin et al., 2016). Starch sample (5 mg) was thoroughly
mixed with 5 mL DMSO (cellulose nanowhiskers) solution containing
lithium bromide (0.5% w/w, Sigma) (DMSO/LiBr); heated at 80 °C for 3
h with a thermomixer. Various fractions’ homogeneity and molecular
weight were measured by size-exclusion chromatography with multi-
angle light scattering (SEC-MALLS) paired with refractive index (RI)
detection. The weight-and number-average molecular weight (Mw and
Mn) and polydispersity index (Mw/Mn) of various fractions in DMSO/
LiBr (0.5%, w/w) solution were measured on a DAWN® HELEOS™.11
laser photometer (He-Ne laser, A, = 663.7 nm, Wyatt Technology Co.,
Santa Barbara, CA, USA) equipped with three tandem columns (300 x 8
mm, Shodex OHpak SB-805, 804, and 803; Showa Denko K.K., Tokyo,
Japan); held at 60°C using a model column heater. The flow rate was 0.3
mL/min. A differential refractive index detector (Optilab T-rEX, Wyatt
Technology Co., Santa Barbara, CA, USA) was simultaneously connected
to give the concentration of fractions and the dn/dc value. The dn/dc
value of the fractions in the DMSO solution was determined to be 0.07
mL/g. Data were acquired and processed using ASTRA6.1 (Wyatt
Technology).

2.12. Statistical analyses

The data are displayed as mean + standard deviations (SDs). Sig-
nificant differences between mean values were performed through the
software Statistix 9. A P value < 0.05 was assigned as statistically
significant.

3. Results and discussion

Herein, we have tested whether WS-lipid complexes could be formed
and whether the structures and properties of the complexes would be
consistent with those of the conventional hydrothermal (water bath)
method after microwave treatment. First, the microstructure and iodine
staining performance of WS-lipid complexes of all samples were
compared. After that, the diffraction pattern, FTIR, and thermodynamics
properties of microwave-treated WS-lipid complexes were compared
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Fig. 3. Fourier transformation infrared spectroscopy (FTIR) of WS, WS-LA, WS-
SA, and WS-GML samples. (a) water bath treatment, and (b) micro-
wave treatment.

with specimens prepared by a water bath. Then, the in vitro digestibility
was investigated to gain insight into the digestion pattern of microwave-
treated WS-lipid samples. Ultimately, the molecular weight size was
determined by HPSEC through a multi-angle laser light scattering and
differential detector.

3.1. Microstructure and iodine staining analysis

The microscopic images of the iodine-stained WS-lipid complexes
prepared by microwave and conventional water bath at a magnification
level of 400 x are presented in Fig. 1 a-h. As shown in Fig. 1a, WS
samples treated with microwave heating (without lipid incorporation)
displayed a massive structure. A greater part was decorated purple and a
few coloured blues by iodine solution. A small size structure with dark
blue-purple colour was noticed for WS samples treated with conven-
tional heating (without lipid incorporation). It is well-known that
amylose gives a blue colour, whereas amylopectin gives a purple colour
when stained with iodine (Evans, Mcnish & Thompson, 2003). The ex-
istence of the WS-lipid complex owes to the combination of amylose and
lipids; in turn, the content of free amylose was decreased in samples
incorporated with lipids. Hence, the blue colour was not noticed in Fig. 1
(b-d & f-h). Further, part of the block structure exhibited the colour of
iodine solution, as shown in Fig. 1 (b & d). This result could be explained
on the basis that the compact and ordered structure of WS-LA and WS-
GML prepared by microwave (Fig. 1 b & d) cannot be stained with
iodine solution.
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Fig. 4. X-ray diffraction patterns and relative crystalline of WS, WS-LA, WS-SA,
and WS-GML samples. (a) water bath treatment, and (b) microwave treatment.
(c) the X-ray diffraction patterns of LA, SA, and GML, respectively.

3.2. Scanning electron microscope (SEM)

The morphological characterizations of starch and fatty acid com-
plexes formed under water bath and microwave heat treatment at 5000
x magnification are shown in Fig. 2 (a-h). Li et al., 2021 reported that
the aggregation of starch-fatty acid complexes’ crystal structures was
similar to the semi-crystalline structure of polymers in parallel lamellar
shapes. Fig. 2 (a & e) shows that large masses and rough surfaces were
noticed in WS samples without lipid addition. Similar microstructures of
starch-lipid complexes were perceived in a water bath and microwave-
treated samples (Fig. 2 b-d & f-h). All prepared starch-lipid complexes
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samples showed dense, layered porous structure, except the water bath
treated WS-SA sample. This phenomenon proves that WS-LA and WS-
GML prepared by microwave (Fig. 1 b & d) cannot be stained using
iodine solution. As the number of fatty acid carbon atoms increased,
more parallel lamellae could be observed in both water bath, and mi-
crowave treated WS-GML samples than others. Additionally, samples
treated with microwave heating showed more parallel lamellae than
water bath treated ones. Combined with section 3.1, the parallel
lamellae were positively correlated with complex content.

3.3. Fourier transform infrared spectroscopy analysis

As shown in Fig. 3 (a & b), the FTIR spectra of all samples were
similar. In comparison with WS, new group characteristic peaks at 2850
ecm™! and 1710 cm™, assigned to asymmetric C—H stretching and C=0
stretching vibration, were found in WS-LA and WS-SA samples, respec-
tively. Moreover, an absorption band at 1735 em ! had appeared in the
spectra when the GML was added to WS. In line with the results of ISA,
obvious peaks at 2850 cm ! and 1710 cm ! might be attributed to the
aggregation of free SA. This finding denotes no interplay between starch
and lipids, and the binding mechanism could be ascribed to hydrophobic
interaction. Further, compared with water bath treated WS-lipid sam-
ples, the infrared spectrum of 2850 cm ™! was absent in the microwave-
treated samples because lipid was included in the amylose helix struc-
ture. This means that the corresponding groups were masked, and the
less noticeable group meant that more lipid was wrapped by amylose
helix, which is consistent with the changing trend of XRD results.

3.4. X-ray diffraction

X-ray diffraction was used to identify the crystalline structures of
starch samples, formed by: the combined areas of crystalline and
amorphous contributions, noise (background), and instrumental func-
tion (Rodriguez-Garcia et al., 2021; Londono-Restrepo et al., 2019). To
illustrate the diffraction peaks of starch-lipid complexes, the X-ray
diffraction pattern of LA, SA, and GML are shown in Fig. 4c. Similar
diffraction peaks were observed in LA and SA, different from the samples
shown in Fig. 4 a and b, and Table 3. Two prominent intensity peaks at
20 = 13.4713° and 20.5207°, corresponding to the (111) and (201)
diffraction planes for the hexagonal structure and one small peak around
260 of 7.8400° were displayed, respectively (Cervantes-Ramirez et al.,
2020). Those characteristic peaks for the amylose-lipid complex were
attributed to the crystallization of amylose-lipid complex with second
derivative criteria 12.6278, 6.4622, and 4.3507 for 20.5207, 13.4713,
and 7.8400°, respectively, which was similar to previous reports (Cer-
vantes-Ramirez et al., 2020; Zabar, Lesmes, Katz, Shimoni & Bianco-
Peled, 2010; Zhang, Huang, Luo & Fu, 2012; Zobel, 1988; Bhatnagar
& Hanna, 1994a). The peaks observed for WS-GML and WS-LA were the
tallest and clearest in the water bath and microwave heat treatment,
respectively. These results illustrate that the optimal lipid chain lengths
that form complexes with amylose might differ under different heating
conditions. Notably, there were different assumptions on the optimum
chain length that would favour the formation of starch-lipid complexes.
Some evidence stated that lipids with a number of carbon atoms < 10 are
too short to induce amylose single helical structure formation, and lipid
with 14 carbon atoms would be the best for inclusion complex forma-
tion. Others have declared that 16 or 18 carbon atoms are preferred
(Putseys, Lamberts & Delcour, 2010; Karkalas et al., 1995; Krog &
Jensen, 1970). As shown in Fig. 4b, the diffraction peaks of microwave-
treated samples became higher and sharper than water bath treated
ones. That is to say, the crystalline peaks of microwave heat-treated
samples were sharper than those of water bath. This behaviour further
elucidates that microwaves could promote the interplay between WS
and lipid. During microwave treatment, the WS granules can swell and
rupture within a short time under the effect of a fast heating rate, which
in turn would trigger the release of amylose molecules. Further, the
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Fig. 5. Thermogravimetric and second derivative criteria curves of WS, WS-LA, WS-SA, and WS-GML samples. (a & c¢) water bath treatment, and (b & d) micro-

wave treatment.

energy efficiency in the microwave is more intense than that of the water
bath, which endows starch and lipid with higher energy density and
increases the mobility of molecules, thereby promoting the formation of
starch-lipid complexes. This finding was in line with the FTIR analysis
results. In addition, diffraction peak at 260 value = 9.5° and 21.8406°,
corresponding to the crystalline pattern of LA and SA aggregates with a
monoclinic crystalline structure, was observed in water bath treated WS-
SA and WS-LA samples (Cervantes-Ramirez et al., 2020). In addition,
there was a diffraction peak at 7.5°, which is different from the LA and
SA aggregated peaks at around 6.5°. Therefore, it could be concluded
that peaks that appeared at 7.5°, 13.4713°, and 20.5207° were the
diffraction peaks with the formation of amylose-lipid complexes. It has
to be noted that only WS-SA complexes treated with microwave heating
showed small aggregates of SA diffraction peak. This result could be
attributed to the fact that more ligand molecules interplay with amylose.
Hence, fewer free lipids have remained in microwave-treated WS-lipid
samples.

The relative crystallinity (RC) of WS-lipid samples treated with water
bath and microwave heating, the ratio of crystalline domains, and
amorphous regions (Gong et al., 2016) are shown in Fig. 4 (a & b).
Compared with water bath treated samples, treatment with microwave
results in a remarkable increase in RC (from 28% to 50.3% for WS-LA
samples). Based on the FWHM of a characteristic peak, the calculation
of the crystallinity percentage was carried out considering the complete
XRD pattern (Londono-Restrepo et al., 2019). The FHWM value of
diffraction peak at 13.7° and 20.4° around 0.68, 0.62, and 0.83, 0.72
were lower in microwave treated WS-LA and WS-SA than water bath
treated ones, corresponding to 0.69, 0.86, and 1.25, 1.33, respectively
(Table 2). This finding demonstrates that the RC value is directly pro-
portional to the diffraction peak intensity of starch and inversely pro-
portional to the FHWM value.

3.5. Thermogravimetric analysis (TGA)

The analysis diagrams of TGA and second derivative criteria of the

J—— ws-GMmL
—— WS-SA
—— WS-LA
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a)

T T T T
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(A\w) xngy yedy

T T T T 1
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Fig. 6. Differential scanning calorimetry (DSC) curves of WS, WS-LA, WS-SA,
and WS-GML samples. (a) water bath treatment, and (b) microwave treatment.
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Table 1

The effect of heating on the formation of WS-lipid complexes.
Sample To T, Te AH
Water bath heating
WS-LA 105.5 + 2.8 108.9 + 2.1 117.8 £ 2.9 6.8810 £ 0.37°
WS-SA 93.6 £1.9 99.7 £ 1.2 106.0 + 0.8 3.0470 £ 0.14¢
WS-GML 105.5 + 3.0 112.4 +1.6 115.6 £ 1.1 4.3210 + 0.11°
Microwave heating
WS-LA 104.1 +£ 2.3 109.1 £ 1.5 119.4 + 1.4 4.1580 + 0.10¢
WS-SA 1029 + 1.1 111.3+ 1.3 121.0 £ 1.7 4.8640 + 0.27°
WS-GML 102.8 £ 0.9 109.1 £+ 2.0 117.6 + 3.1 7.2860 + 0.12%

Onset temperature (T,), peak temperatures (Tp), conclusion temperature (T,),
and enthalpy (AH). a-c: mean values in the same column with different super-
scripts are significantly different (P < 0.05).

water bath and microwaved WS-lipid complexes are shown in Fig. 5 (a-
d). Experimental temperatures ranging from 30 to 700 °C and two main
stages of weight loss were observed in all samples. The first stage related
to the evaporation process of intramolecular water associates in crystals
appeared near 150 °C. The second thermal decomposition process of
water bath treated WS-LA, WS-SA, and microwave treated WS-SA sam-
ples occurred between 170 and 300 °C that was 100 °C earlier than other
samples. The reason could be attributed to hydrogen bonding between
starch and ligand, which creates a compact structure that would
enhance thermal stability to a certain extent. This result also proved that
microwave treatment is more helpful in forming WS-lipid complexes
than water bath treatment. In addition, the second derivative was used
to identify each thermal transition.

3.6. Differential scanning calorimetry (DSC)

Thermograms of all WS-lipid complexes treated by microwave and
water bath heating are revealed in Fig. 6 (a & b). The thermal param-
eters of endothermic peaks, including onset temperature (T,), peak
temperatures (T},), conclusion temperature (T.), and enthalpy (AH), are
shown in Table 1. These values correspond to amylose-lipid complexes
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and content formed during water bath and microwave heat dissociation.
All WS-lipid complex thermograms revealed T, around 110 °C, except
for WS-SA complexes treated by water bath, which displayed melting
point under 105 °C (Fig. 6b). The crystalline structure of starch-lipid
complexes can be divided into types I and II at different temperatures.
At a low reaction temperature, the formation of type I polymorphs was
generally favoured through rapid nucleation coupled with an arrange-
ment of helical segments randomly, with type I melting under 100 °C.

On the other hand, type II polymorphs are usually obtained at a high
reaction temperature by slow nucleation, with type Il melting above 105
°C (Putseys et al., 2010; Putseys et al., 2009). Lower T, value noticed in
water bath treated WS-SA sample means forming disordered crystal
structure (type I) than water bath treated WS-lipid complexes. In addi-
tion, compared with water bath treated WS-lipid complexes, the melting
point increased from 99 to 111 °C during microwave heating. These
findings could be attributed to the formation of type II WS-SA complexes
during microwave heating. In addition, the high melting temperatures
(T},) of the complexes consist of crystals with ordered structures (Garcia,
Pereira-Da-Silva, Taboga & Franco, 2016; Karkalas et al., 1995). This
finding denotes that more ordered crystalline structures (type II) of WS-
SA inclusion complexes are formed during microwaving than water bath
heating. This finding is consistent with XRD results (microwave treated
WS-SA displayed sharper and higher diffraction peaks). However, we
observed no substantial differences between WS-LA and WS-GML
treated by both methods. It was reported that only type II complexes
could be displayed by XRD (Blazek & Gilbert, 2011), the finding which is
at variance with our study. We may imply from the melting point that
WS-SA prepared by water bath belongs to type I, whereas diffraction
peaks for starch-lipid complexes were displayed in XRD.

Melting enthalpy (AH) used to measure the quantitative amount of
starch-lipid inclusion complex is shown in Table 1 (Sandhu, Kaur, Singh
& Lim, 2008). For samples prepared by water bath, the AH was inversely
proportional to the chain length of lipid, denoting that short carbon
chains would favour the formation of complexes (Zhang, Maladen &
Hamaker, 2003). The AH of WS-SA and WS-GML prepared by water bath
was lower than microwave treated ones. However, the AH of microwave
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Fig. 7. In vitro digestibility curves of WS, WS-LA, WS-SA, and WS-GML samples. (a & b) water bath treatment, and (c & b) microwave treatment.
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Fig. 8. Molecular size distribution curves of WS, WS-LA, WS-SA, and WS-GML
samples. (a) water bath treatment, and (b) microwave treatment.

treated WS-LA sample (4.158 J/g) was lower than water bath (6.881 J/
g). These results designate that more WS-SA and WS-GML and fewer WS-
LA inclusion complexes were formed following microwave treatment,
the finding which is at variance to XRD results. Therefore, from XRD and
DSC results, it can be inferred that more type I complexes were formed
during microwave treatment when LA was added, and more type II is
formed with other lipids. In sum, microwave heating is a valuable and
convenient way to form amylose-lipid complexes (RSs).

3.7. Invitro digestibility

The hydrolysis plots for digestion of water bath and microwave heat
treated WS samples with and without lipid incorporation are depicted in
Fig. 7 (a & c). As shown, all samples exhibited similar hydrolysis plots
with different lipid or treatments, whereas WS without lipid addition
displayed a higher hydrolysis plot. WS and WS incorporated with lipids
(LA, SA, and GML) for water bath treatment demonstrated a rapid in-
crease in hydrolysis at the first 40 min. Then, a gradual increase to a
plateau of 97.87 76.50, 82.13, and 74.25%, respectively. This phe-
nomenon is in line with the results of XRD and DSC, documenting that
short-chain fatty acids (inversely proportional to the hydrolysis rate)
could form amylose-lipid complexes more easily. Similarly, for micro-
wave treatment, WS and WS supplemented with lipids (LA, SA, and
GML) showed a rapid increase in hydrolysis with increasing time at the
early stage, which declines to 90, 74.5, 76.5, and 77.625% afterwards. It
has to be noted that WS samples prepared by microwave had slightly
lower hydrolysis than those prepared by a water bath. This finding in-
dicates that more complexes were formed in microwave-treated sam-
ples. In other words, microwave promotes the interplay between
amylose and ligand in the starch system.

To further investigate the resistance of WS-lipid complexes prepared
by microwave to amylase hydrolysis, significant correlations between
methods and RS, slowly digestible starch (SDS), and rapidly digestible
starch (RDS) content of WS-lipid were monitored based on the above
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Table 2
The full width at half maximum (FWHM) of XRD at 13° and 20°.

Samples Water bath treatment Microwave treatment
13° 20° 13° 20°
WS-LA 0.6969 0.8650 0.6838 0.6235
WS-SA 1.2587 1.3310 0.8344 0.7287
WS-GML 0.5924 0.7782 0.7404 0.7031
Table 3

Miller indexes, Bragg angles, and interplanar spacings for the hexagonal phase in
the wheat starch-lipid complex.

Miller 20(°) d(A) for Water bath d(A) for Microwave Samples
indexes treatment treatment
(300) 7.8400° 11.1118 11.3425 WS-
GML
11.2693 11.4667 WS-SA
11.6428 11.3479 WS-LA
111 13.4713° 6.6161 6.5769 WS-
GML
6.5535 6.6365 WS-SA
6.7054 6.5617 WS-LA
(310) 20.5207° 4.3272 4.3026 WS-
GML
4.3130 4.3130 WS-SA
4.3854 4.2973 WS-LA

results. Total starch hydrolyzed within 20 and 120 min is depicted in
Fig. 7 (b & d). The addition of lipid significantly decreased the hydro-
lysis rate of inclusion complexes prepared by microwave or water bath
heating. The reduction in the rate of hydrolysis might be accredited to
the formation of amylose-lipid inclusion complexes between WS and
lipids, making them not digested adequately by digestive enzymes than
free amylose molecules because of their compact and ordered crystal
structure. This outcome aligns with a prior study stating that pea starch-
LA complex physicochemical performance was modified when exposed
to maltogenic amylase and pullulanase (Liu, Gao, Zhang, Wu & Cui,
2020). As shown in Fig. 7, the RDS and RS contents of microwave-
treated samples were lower than that of water bath treated ones,
possibly because of increased production of type I complex in micro-
wave treated samples, thereby increasing SDS content. In addition, the
decline in hydrolysis rate was relevant to the structural level of the
complex: the more type I crystalline complexes formed, the higher the
SDS content after microwave heating. This result was in good agreement
with the above conclusions. Further, it has been reported that SDS intake
would result in a beneficial metabolic response to prevent and manage
diabetes (Golay et al., 1992). Therefore, a starch-lipid complex prepared
by this method would be helpful to establish a diabetes meal plan.
Hence, microwave heating is one of the best ways to design starch with
various functional components to create complexes that prevent
elevated blood sugar levels.

3.8. HPSEc

The molecular size distribution of water bath, microwave treated
WS, and WS-lipid samples are shown in Fig. 8 (a & b). Chromatogram
profiles of all samples comprise readily distinguishable regions I, II, and
I1I. The macromolecular size (region I) is principally from amylopectin,
the medium-size molecule (region II) is primarily from intermediate
materials of wheat starch, and the small molecular size (region III) is
mainly from amylose. Compared with water bath treated WS, the area of
region III decreased, and region I increased with lipid addition (Table 4).
While for microwave heating, a considerable increase could be found in
region I. An apparent decrease could be seen in regions II and III in WS-
lipid samples than in samples without lipid. As compiled in Table 5, the
microwave treated WS sample showed a higher Mw/Mn value than the
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Table 4
The area ratio of different molecular sizes (region I, II, and III).
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Water bath treatment

Microwave treatment

Region (%) ws WS-LA WS-SA WS-GML Ws WS-LA WS-SA WS-GML
I 36.36 36.95 43.04 39.89 39.17 46.88 44.84 43.57
I 35.44 35.53 32.60 33.93 36.11 31.45 31.56 32.01
III 28.20 27.52 24.36 26.19 24.72 21.67 23.60 24.42

Table 5
The weight-average molecular weight (Mw), number-average molecular weight
(Mn), and polydispersity index of all samples.

Samples Mw (kDa) Mn (kDa) Polydispersity (Mw/Mn)
Water bath Control 48612.9 9659.7 5.033

Water bath LA 58299.8 9730.9 5.991

Water bath SA 65962.2 11,373 5.8

Water bath GML 54923.4 9300.7 5.905

Micro-control 51020.9 9151.6 5.575

Micro-LA 62709.9 11889.4 5.274

Micro-SA 60,155 11095.1 5.422

Micro-GML 58317.9 10668.7 5.466

water bath treated WS sample, indicating that the starch structure is
entirely destroyed. Further, increased Mw values were observed in the
water-bath and microwave treated samples with lipid, which illustrated
the formation of complexes. However, the formation of starch-lipid
complexes could not form a single size peak.

4. Conclusions

The crystalline structure, thermodynamic stability, molecular size,
and in vitro digestion of WS-lipid samples prepared by microwave and
conventional water bath treatments were tested to illustrate how mi-
crowave heating would affect the pasting properties of starches and
interplay of amylose and lipid, structure, and starch digestibility. The
formation of the WS-lipid complex was illustrated by ISA analysis.
Further, the analysis of XRD suggested that the content of WS-lipid
complexes formed in microwave treated samples was higher than that
of water bath treated samples, implying that microwaves would pro-
mote the formation of starch-lipid complexes. LA and GML are the
optimal carbon chain length for complex formation in the water bath
and microwave heat treatment. Different effects on molecular size could
be noticed in the microwave and water bath treated samples, verifying
that these two heat treatments have varying degrees of destructive im-
pacts on the structure of starch. Further, no new peak appeared with the
formation of complexes, illustrating that the interplay between amylose
and lipid does not influence its molecular size. In addition, the absor-
bance peaks that appeared at 2850 and 1750 em~! were eclipsed with
the formation of starch-lipid complexes. More type I complex corre-
sponds to slow digestible starch content in microwave treated samples
based on thermodynamic and digestion procedures. In closing, micro-
wave heating could be a suitable method for preparing starch-lipid
complexes and benefit mass production.
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