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ARTICLE INFO ABSTRACT

Keywords: Multi-scale structural interactions of the arrowhead starch-linoleic/stearic acid complexes under different du-
Arrowhead rations (20, 40 & 60 min) of dual-frequency power ultrasound (DFPU, 20/40 kHz) and their underlying
RESiS.tam Star_Ch mechanisms were discussed. Differential scanning calorimetry and X-ray diffraction (XRD) revealed V6 type (V6-
EEZ?_;CC(::E?S: I, II) crystalline structure for ultrasonically-treated arrowhead starch-linoleic acid (UTAS-LA) complexes. An
Digestion increased degree of short-range molecular order as IR ratios of 1045/1022 cm™! was evident from the FTIR
Ultrasound results. The complexing index (CI) values of the complexes were greater than 65%, and the highest CI values of
Fatty acid 83.04% and 81.26% were found in the case of UTAS-LA40 and UTAS-LA60, respectively. SEM results showed

that LA-complexes had a sponge-like structure with smooth surfaces, while the SA-complexes exhibited flaky
structures with irregular shapes and rough surfaces. The V-type complexes exhibited a higher digestion resistance

Starch-lipid complex

than native AS and un-sonicated AS-LA/SA complexes due to partial RDS convention to RS.

1. Introduction

Arrowhead (Sagittaria sagittifolia L.) is one of the species of the genus
Sagittaria belonging to the aquatic family Alismataceae. Since, Tang
Dynasty, in Traditional Chinese Medicinal (TCM) philosophy, arrow-
head tuber has been employed as the restorative, also known as Kue [1],
Jiandaocao [2], Duck Potato, or Swan Potato [3]. Adequate processing is
needed regarding raw tuber for removal of bitter and unpleasant taste
prior to consumption by intended consumers. Looking at the nutritional
profile of arrowhead, it is mainly rich in carbohydrates (54.60 g/100 g),
protein (16.4 g/100 g) [6], and fat (0.47 g/100 g), including others
[4,5].

The digestion of starch is an important topic to research as starches
are employed to get half of the energy from foods by the human body
after ingestion [7]. Based on in-vitro digestibility determined by the
Englyst method [8], starch is divided into three fractions, namely slowly
digestible starch (RDS), rapidly digestible starch (SDS), and resistant
starch (RS). RDS has a high glycemic response and is digested in the

small intestine. In contrast, SDS, with the comparably lower glycemic
response, is digested slowly. On the other hand, RS is fermented into
short-chain fatty acids by microbial action in the large intestine. The
digestion of RS is not possible to render release of glucose, therefore, the
RS consumption might not be useful in mitigation of the metabolic
disorders and prevention of several lifestyle disorders, such as cardio-
vascular diseases, Type II diabetes, and obesity. Both SDS and RS are
reported to cause the glycemic index lowering effect. Starchy foods
having a lower degree of RDS content and high SDS and RS content can
deliver many human health benefits [9,10]. From previous research, RS
has been categorized into five groups (RS1 to RS5) with very different
nutritional properties (most of the studies focused on RS2 and RS4)
[11,12]. RS5 is recently developed and formed by complexing the
amylose with lipids known as the amylose-lipid complex. The formation
of V-type starch-lipid complexes usually involves the guest molecules
(lipids, emulsifiers, or other aromatic compounds) embedded in the
helical interior of starch and stabilized through hydrophobic in-
teractions and hydrogen bonding.
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Recently, the introduction of ultrasonic-assisted extraction (UAE)
has brought up many advantages. Besides being an eco-friendly method,
it reduces the extraction time, energy, and solvent while increasing the
reaction rate and extraction yield [13-15]. Also, the extraction through
sonication is responsible for changing the structure, molecular weight,
and glycosidic linkages based on the origin of the starch, physical state,
the concentration of slurry, and conditions used for the sonication pro-
cess, including time, temperature, frequency, and power [16-18].
Furthermore, the use of ultrasonication is accepted as an emerging
concept of “green chemistry and technology” to process food for eco-
friendly applications [14]. According to Wang et al. [19], the ultra-
sound can change the starch’s physicochemical properties, ultimately
changing the supramolecular structure and making the starch suscepti-
ble to enzymatic hydrolysis depending on the treatment conditions of
ultrasound. Wang et al. [20] has recently studied the effect of different
treatment methods to understand the properties of the potato starch-
lauric acid complex. Upon the use of ultrasound at a power density of
320 W/cm? for 10 min interval, an increase in the release of amylose
molecules was observed as facilitated by the ultrasonic treatment. In
another study by [21], the corn starch-lipid complex was formed using
ultrasonication for 15 min at 320 W/cm? and an interval pulse of 4 5. The
lipids included were octanoic acid (OA), capric acid (CA), and lauric
acid (LA) in a liquid and solid state. The properties of the complexes
were significantly affected by the physical state of the lipids and applied
ultrasonication conditions. Microwave and ultrasonication food pro-
cessing were also used by Zhao and his team [22] to understand the
physicochemical properties of lotus starch complexed with green tea
polyphenols. While understanding the digestibility mechanism of ul-
trasonically regulated retrograded corn starch, [7] discovered that
ultrasonication was also useful to facilitate the complexation of amylose
with lipid as arbitrated by the XRD and DSC exothermic peaks results
with V-type complex.

The authors also found that ultrasonication could be used as a po-
tential approach to control the digestion of starch-rich foods. Further-
more, comparative studies have proved that dual-frequency ultrasound
is more effective for processing modified starches, which can be used in
food or other chemical industries [23]. However, the reports on the
elucidation of mechanistic details of starch-lipid complexes under the
physical field are still lacking with a profound understanding of the
digestibility of starch-lipid compounds. Therefore, this study was aimed
to select dual-frequency (20/40 kHz) ultrasound for different treatment
times of 20, 40, and 60 min and the fatty acid in liquid (linoleic acid) and
solid (stearic acid) state to complex with native arrowhead starch to
systematically understand the effects of ultrasonic treatment on the
multi-scale structure of the composites and influence of these in-
teractions on digestibility. The structure and morphology of these
complexes were characterized by X-ray diffraction (XRD), differential
scanning calorimetry (DSC), Fourier transforms infrared spectroscopy
(FTIR), and scanning electron microscope (SEM). This is the first study
to characterize arrowhead resistant starch (RS5) using dual-frequency
ultrasonication to the best of our knowledge. Our work will further
give insights into ultrasound as green processing on the interaction of
starch and lipids in different states, which will help in controlling the
quality of foods and help in formulating a more sophisticated food for
patients with type 2 diabetes.

2. Materials and methods

Procurement of the arrowhead tubers was carried out from the local
market named “JiangDa Farmer’s Market” located in the vicinity of
Jiangsu University, Zhenjiang, China. The extraction of arrowhead
starch was performed as per the following procedure of Qin et al. [24].
Linoleic acid (LA) and stearic acid (SA) as well as amyloglucosidase
(AMG) (No. 9913, 2500 U/mg) and porcine pancreatic a-amylase (PPA)
(10 U/mg) were procured from Sigma-Aldrich Chemical Co. (St. Louis,
MO, USA).
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2.1. Preparation of starch-lipid complex under ultrasound

RS5 was prepared by using the method of [21]. LA and SA (10%, dry
starch basis) were stirred with starch at 90 °C for 20 min. The pastes
were then sealed into high-pressure resistant plastic bags and sonicated
at 20/40 kHz for 20, 40, and 60 min with on and off intervals of 10 s and
4 s, respectively at 300 W/L power density by means of ultrasonic bath
(manufactured at Jiangsu University with 20,084,798 Model no.) as
depicted in Fig. 1. The samples were named as ultrasonically-treated
arrowhead starch-linoleic/stearic acid complex UTAS-LAx/SAx,
where x represented the time of sonication as 20, 40, and 60 min. A
coldwater bath equipped with the thermostat was used to set the tem-
perature at 20 °C. The sonicated samples were centrifuged at 4000 rpm
for 10 min and washed three times with a 50% ethanol/water mixture to
remove the uncomplexed or free fatty acids. The pastes not exposed to
ultrasound treatment (UT) were also centrifuged and washed. Finally,
the precipitates were dried at 40 °C for 24 h and kept in a desiccator for
further use.

2.2. Complexing index (CI) value determination

The inclusion complex formation of arrowhead starch-linoleic acid
(AS-LA/SA) was determined by the CI value [16]. Two grams of dried
samples were weighed and mixed with the distilled water (20 mL) fol-
lowed by heating at 95 °C for 30 min with continuous mixing. After
heating, 5 g of pastes were taken and transferred to centrifuge tubes of
50 mL followed by distilled water addition in an amount of 25 mL. The
vortexing of centrifuge tubes was carried out for 2 min and then sub-
jected to centrifugation at 4000 rpm for 15 min intervals. Aliquots in an
amount of 500 uL were taken and thoroughly mixed with the distilled
water (15 mL) and 2 mL of iodine solution (2.0 g of KI, 1.3 g of I, and
distilled water of 100 mL). The supernatant was analyzed for absorbance
using a UV-Vis spectrophotometer (Varian Inc., Palo Alto, USA) at 690
nm (Ag). The starch paste (without LA/SA) was subjected to spectro-
photometric analysis by employing as the reference (A,). The following
equation was used to determine the values of CI.

CI(%) =

w % 100 o)

2.3. FTIR analysis of starch-lipid complex

The functional groups’ analysis of AS-LA/SA complexes was carried
out by means of Fourier Transform Infrared Spectroscopy (FTIR)
through Tensor-27 FTIR spectrometer (Nicolet IS50, Thermo Electron
Corp., USA). Samples (2 mg) were milled with that of the KBr pellets
(100 mg) and FTIR spectra were observed from in the spectral range of
4000 to 400 cm™! by scan accumulation rate of 32 scans at 4 cm™!
resolution.

2.4. X-ray diffraction patterns of starch-lipid complex

The changes in crystallinity of the AS-LA complexes were elucidated
through the diffractometer (D8 Advance, Bruker AXS Advanced X-ray
Solutions GmbH, Karlsruhe, Germany). The XRD diffractograms were
analyzed with the generator voltage and current set at 45 kV and 40 mA,
respectively in conjunction with the samples scanning at 20 angle
ranging from 4° to 40° in 0.02° steps at 1 s/step.

2.5. Thermal properties (DSC)

AS-LA/SA complexes (3-5 mg dB) were taken in the stainless steel
pans and weighed and about 16 uL of distilled water was mixed with by
means of a microsyringe. Then, the pans were subjected to hermetical
sealing. Moreover, the equilibration of the samples was also carried out
at ambient room temperature for 24 h time intervals prior to scanning.
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Fig. 1. Pictorial scheme of multi-frequency power ultrasound (MFPU) with various modes of operation: single-frequency power ultrasound (SFPU, 20, 40, 60 kHz),
dual-frequency power ultrasound (DFPU, 20/40, 40/60, 20/60 kHz), and tri-frequency power ultrasound (TFPU, 20/40/60 kHz).

DSC thermograms were achieved by scanning the samples at a temper-
ature ranging from 25 to 150 °C at a 10 °C/min rate. The determination
of the DSC thermal parameters was carried out including the onset (T,),
peak (Tp), and conclusion melting temperature (T.), as well as the
enthalpy (AH) of the endotherms of complexes, were determined. The
thermodynamic data were subjected to analysis through the DSC soft-
ware (TA Instruments, New Castle, DE, USA).

2.6. Scanning electron microscopy (SEM)

Arrowhead starch powder and its respective lipid complexes (AS-LA/
SA) were subjected to affixation on aluminum pin-type stubs through the
use of the carbon paste. High-pressure air was employed for the removal
of the excessive powder. Samples coating was also performed with the
aid of the gold-palladium by means of the mini sputter. The samples
were photographed to elucidate the microstructural changes through
the use of a scanning electron microscope (SEM) (Hitachi S-3400 N,
Hitachi High Tech., Tokyo, Japan) at 500-5000 x resolution.

2.7. Particle size distribution (PSD) analysis

The AS and AS/LA/SA complexes were analyzed for their respective
particle size distributions by employing the Laser Particle Size Meter
(MS 3000, Malvern Inst., Co., Ltd.). The specified amount of each dried
AS and AS-LA/SA complex powder (250 mg) was mixed with the
distilled water (50 mL), and the measurement of the particle size was
performed at a constant refractive index of 1.33.

2.8. Ultrasonication effect on color properties of starch-lipid complex

AS and AS/LA/SA complexes were analyzed for their color properties
by employing the Hunter Lab colorimeter (Model 45/0 L: Hunter As-
sociates Lab., Indiana, USA). The color parameters of L*, a*, and b* were
indicative of the degrees of the lightness, redness/greenness, and yel-
lowness/blueness, respectively, and the Hunter colorimeter was sub-
jected to calibration for L*, a* and b* values against a white tile prior to

conducting colorimetric analysis.

2.9. Invitro starch-lipid complex digestion

In vitro digestibility of arrowhead starch (AS), AS-LA/SA, and UTAS-
LA/SA complexes were determined as per the reported method of Eng-
lyst with slight modifications [7]. Following digestion intervals were
followed for each starch fraction as; RDS, < 20 min; SDS, 20-120 min,
and RS, >120 min [25].

2.10. Statistical analyses

All the measurements were performed in triplicate (n = 3), and re-
sults were recorded as mean + standard deviation (SD). The experi-
mental data obtained were employed to carry out the statistical analysis
of the AS complexes through one-way analysis of variance (ANOVA) and
the differences between the means were compared for their statistical
significance by means of Tukey’s test (p < 0.05) using the SPSS Statistics
19.0 (IBM, Inc., New York, NY).

3. Results & discussion
3.1. CI values of the starch-lipid complexes

The values of CI of starch-lipid complexes using linoleic and stearic
acid under different conditions of ultrasound are determined and results
are depicted in Fig. 2. The CI values of the AS complexes with LA and SA
were greater than 68%, and the highest CI values of 83.04% and 78.51%
were found in the case of UTAS-LA40 and UTAS-SA40, respectively. This
implied that LA exhibited a greater ability to cause the formation of
complex molecules of starch when LA was subjected to specific experi-
mental conditions. The higher CI values give the indication of the
enhanced degree of formation of V-type inclusion complexes between
fatty acids and amylose molecules. CI is based on starch-iodine complex
formation in starch that represents the degree of starch complexed to
lipids [26]. The degree of complexation was increased by increasing the
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Fig. 2. Effect of DFPU on the complexing index of AS-LA/SA complexes at
different sonication times.

time for sonication, and it was more profound for UTAS-LA at 40 min.
The value of CI was higher for all samples of LA that showed better
complexation ability of arrowhead starch with fatty acids in liquid form,
probably due to the better dispersibility of liquid lipids compared to
solid lipids in arrowhead starch suspension. The results were further
confirmed by SEM, where AS-LA and UTAS-LA were found to have more
compact and uniform distributions. The results of XRD were also
consistent with CI values where the complexes of linoleic acid had
increased V-type crystallinity compared with stearic acid. The values of
CI rose from 68.06% to 75.98% and 70.97 to 83.04% for SA and LA,
respectively. Conversely, among sonicated samples, UTAS-SA20 and
UTAS-LA20 exhibited the lowest CI values of 70.20 and 74.39%,
respectively. The increase in the CI values occurred due to the cavitation
effect of UT, which disintegrated the swollen starch granules to release
more amylose from their inner matrices resulting in enhanced avail-
ability of amylose to bind with the lipids. Moreover, higher CI values in
the case of UTAS samples implied that exposure to sonication treatment
might cause swollen starch granules to disintegrate accompanied by the
increased mass transfer of amylose from the inner matrices of starch
granules structures. The sonication process has also been reported to
improve ligand dispersibility in the suspension of gelatinized starches
which ultimately increased starch contact with fatty acids resulting in
better v-type inclusion complex formation [21].

3.2. Changes in the crystalline structure

The X-ray diffractograms and relative crystallinities (RC) of AS and
its respective complexes with LA and SA under different sonication
conditions are shown in Fig. 3(a-b). All complexes were found to have
prominent peaks (20) at 13.0° and 20.0° indicating the formation of a V-
type complex [27,28]. The complexes further showed additional peaks
at 20 = 7.0° for LA and 7.5°, 9.0°, 22.0% and 24.0° for SA. The additional
peaks by SA-complexes at 22.0° and 24.0° appeared as a result of free
fatty acid aggregations [26]. The free fatty acid crystals trapped around
the helices of the complex could be further seen from the results of SEM
micrographs (Fig. 6). On the other hand, arrowhead starch (AS) was
ascribed to a typical A-type structure with peaks at 11.5°, 15.0°, 17.0°,
and 23.0° (26).

As evident from Fig. 3 (a, b), the intensities of the peak regarding
linoleic acid complex were stronger than the complexes with stearic
acid, which showed a better semi-crystalline structure by liquid lipid
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Fig. 3. XRD patterns and degree of relative crystallinity (RC) of (a) AS-LA
complexes (b) AS-SA complexes.

compared to the lipid in the solid phase. The RC values ranged from
34.11% to 40.75% for LA-complexes and 29.07% to 33.01% for SA-
complexes, while the RC value of AS was 29.31%. The highest RC
value was found in UTAS-LA40, indicating better complexibility of
liquid lipid at sonication time of 40 min. The results were further
affirmed by the particle size distribution (Table 3), where the diameter
at D(50) was significantly larger in UTAS-LA40 than the rest of the
samples resulting in the stronger formation of LA with starch granules as
clumps or aggregation. Another reason for liquid lipids to form better
complexes is their smaller size compared to solid lipids, which helped
them easily entrap in the hydrophobic cavities of the starch [21]. The RC
of AS-SA-complexes was increased with corresponding rises in sonicat-
ion times from 20 to 60 min. The ultrasonication increased leaching out
of the amylose content to interact with lipids while degrading the
amylopectin. However, in the case of UTAS-LA60, the formation of the
bubble by sonication was so big that the time available for its collapse
was insufficient to break the gelatin cluster [22]. Furthermore, the
sonicated complexes showed a better degree of structural order resulting
in stronger interactions between AS and fatty acids that are likely to
reduce the susceptibility of complex to enzymatic digestion. Hence it
was implied based on in vitro digestibility results that as compared to the
reference (AS), all sonicated samples showed increasing tendencies in
RS contents whereas exhibited decreasing trends in RDS contents. This
indicated that UTAS-LA and UTAS-SA V-type complexes were found to
exhibit a possibly higher degree of resistance to digestion as compared to
AS and LA due to partial RDS convention to RS.
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3.3. FTIR spectra of AS and starch-lipid complexes to understand the
changes in short-range ordered structure

The spectra of AS with LA and SA complexes are shown in Fig. 4 (a,
b), and their specific bands at different wavenumbers in Table 2. Two
additional peaks were found for starch-lipid complexes; peak one at
2856-2851 cm ! and 2850 cm ™!, and peak two at 1716 cm ™ for starch
complexes with LA and SA, respectively. One broader peak at 3354 cm ™!
for AS was associated with hydroxyl groups, while the peak at 3420
cm ! appeared as a result of stretching vibrations of the O-H groups in
starch-lipid complexes. The bands at 2850 cm ™! and 1716 cm™! were
linked to stretching vibrations of C-H and C = O of lipids as discussed
previously [29,30]. The intensities of the bands decreased for all com-
plexes as compared with AS. The absorbance was further reduced with
increasing sonication time, and it was more obvious for LA complexes.
This could be due to the increase in hydrophobicity of lipids as a result of
UT, which is consistent with the results of XRD and CI. Furthermore, the
decrease in absorbance in LA-complexes is more prominent, suggesting
the ability of liquid fatty acids to form better complexes. The weaker
band intensities further clarified the stronger interaction of unsaturated
lipids and arrowhead starch in a crystalline network that could ulti-
mately reduce the accessibility of the enzymes, hence slowing down the
digestibility.

Furthermore, the short-range ordered structure of AS and starch-
fatty acid complexes were analyzed by employing a deconvoluted
spectrum in the spectral regions of 1200-800 cm L. The IR absorbance
ratios at 1045/1022 cm ™! and 1022/995 cm ™! were shown in Table 1.
The presence of the crystalline and amorphous regions in the starch

2856cm’!

_/-vv"/_\\\/\

1716cm’

UTAS-LAGO el T—

Absorbance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
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T NN_UTASSAR D N
A~ \W_UTAS-SA40 i o N\ ]
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Absorbance (a.u.)

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 4. FTIR spectra of arrowhead starch and starch-linoleic/stearic
acid complexes.
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Table 1
Changes in color and IR ratios.

Sample L* a* b* IR ratio IR ratio
1022/995 1045/1022
em ! em !

AS 96.47 + —0.14 + 3.87 = 1.750 + 0.767 +

0.07a 0.00c 0.03 g 0.007a 0.009¢

AS-LA 94.72 + —-0.23 + 7.18 £ 1.293 + 0.808 +

0.46bc 0.02d 0.03b 0.006¢ 0.006ab

UTAS- 94.67 + —0.45 + 7.10 £ 1.268 + 0.796 +

LA20 0.39bc 0.04f 0.09b 0.002de 0.005b
UTAS- 94.40 + —0.39 + 6.63 + 1.248 + 0.814 +
LA40 0.02 cd 0.00e 0.01d 0.002f 0.004a
UTAS- 93.56 + —0.40 + 7.74 £ 1.265 + 0.814 +
LA60 0.56e 0.0le 0.23a 0.004e 0.007a

AS-SA 95.16 + 0.05 + 4.33 £ 1.310 + 0.775 +

0.26b 0.02a 0.16f 0.003b 0.006¢

UTAS- 94.93 + —-0.03 + 4.62 + 1.295 + 0.778 +

SA20 0.35bc 0.01b 0.13e 0.005¢ 0.006¢
UTAS- 94.69 + —0.03 + 4.87 £ 1.256 + 0.797 +
SA40 0.01bc 0.01b 0.04d 0.004e 0.008b
UTAS- 93.94 + —0.21 + 4.47 + 1.275 + 0.775 +
SA60 0.08de 0.01d 0.00ef 0.003d 0.006¢

AS, arrowhead starch; AS-LA, arrowhead starch-linoleic acid complex; UTAS-
LA20, arrowhead starch-linoleic acid complex UT for 20 min; UTAS-LA40,
arrowhead starch-linoleic acid complex UT for 40 min; UTAS-LA60, arrow-
head starch-linoleic acid complex UT for 60 min; AS-SA, arrowhead starch-
stearic acid complex; UTAS-SA20, arrowhead starch-stearic acid complex UT
for 20 min; UTAS-SA40, arrowhead starch-stearic acid complex UT for 40 min;
UTAS-SA60, arrowhead starch-stearic acid complex UT for 60 min.

molecules was corresponded by the IR spectral regions of 1045 cm ™' and
1022 cm ™}, respectively. An increase in the IR ratios of 1045,/1022 cm
was found for all complexes with the profound increase in LA-
complexes, whereas the ratios of 1022/995 cm ' decreased for all
complexes relative to AS, showing an increased degree of short-range
molecular order, which was endorsed by the XRD results.

3.4. Psds of the starch-lipid complex at different ultrasonication times

The PSD of AS and AS-complexes with LA and SA are shown in Fig. 5.
The results of the particle size distribution of D[3,2], D[4,3], and D(50)
are given in Table 3. Compared to AS, an increase in the granule size was
observed for all starch composites. The D(50) of LA-complexes
decreased from 24.25 uym to 19.05 pm, whereas the D(50) of SA-
complexes reduced from 19.90 um to 18.20 um after the increase in
ultrasonication time from 40 min to 60 min. The median diameters D
(50) of AS-LA and AS-SA were 22.35 pm and 16.50 pm, respectively. It
could be seen from the results that the granule size of LA-complexes was
much bigger than SA-complexes, probably due to agglomeration or
clumping of starch and lipid particles, which could be further seen by the
results of SEM. Our present results of in-vitro starch digestibility indi-
cated that the increase in the granule size might be may lead to a
reduction in contact between the enzymes and substrate as well as in-
fluence of particle size increase on digestibility where the complexes
showed resistance against the enzymatic digestion, ultimately
increasing the RS contents compared with native starch. The effect of
particle size on the digestibility of starch was also discussed by Ma et al.
[31] who concluded that a rising tendency in the size of granules could
reduce the contact between the substrate and the enzymes. Our present
results of in-vitro starch digestibility indicated the same effect of the
increase in particle size on digestibility where the complexes showed
resistance against the enzymatic digestion, ultimately increasing the RS
contents compared with native starch [32].

3.5. Microstructure morphology

The morphological changes in the arrowhead starch and its com-
plexes with lipids could be seen in Fig. 6a-i. The images are shown at a
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Table 2
Changes in the functional groups.
Functional group AS AS-LA UTAS-LA20 UTAS-LA40 UTAS-LA60 AS-SA UTAS-SA20 UTAS-SA40 UTAS-SA60
OH 3354 3420 3420 3420 3420 3420 3420 3420 3420
C-H 2929 2927 2926 2924 2920 2917 2917 2917 2917
CH —_— 2856 2856 2855 2851 2850 2850 2850 2850
C = O ketone e 1716 1716 1716 1716 1716 1716 1716 1716
C = O amide 1647 1646 1647 1646 1647 1647 1647 1647 1646
CH3 bend 1362 1457 1457 1457 1457 1457 1457 1457 1457
C-0 1158 1157 1158 1158 1158 1158 1157 1159 1158
C-O-H 1081 1082 1081 1082 1082 1081 1081 1083 1082
OH 1015 1022 1020 1020 1020 1022 1021 1019 1020
C = C bending 930 933 934 938 939 935 936 939 938
Cc-C 861 863 863 865 867 863 864 866 865
C-0 763 760 760 760 760 759 759 759 759
C-0-C 575 575 575 575 575 575 575 575 575

AS, arrowhead starch; AS-LA, arrowhead starch-linoleic acid complex; UTAS-LA20, arrowhead starch-linoleic acid complex UT for 20 min; UTAS-LA40, arrowhead
starch-linoleic acid complex UT for 40 min; UTAS-LA60, arrowhead starch-linoleic acid complex UT for 60 min; AS-SA, arrowhead starch-stearic acid complex; UTAS-
SA20, arrowhead starch-stearic acid complex UT for 20 min; UTAS-SA40, arrowhead starch-stearic acid complex UT for 40 min; UTAS-SA60, arrowhead starch-stearic

acid complex UT for 60 min.

Table 3
The particle size distribution of starch-lipid complex at different ultrasonication
times.

Sample D [3,2] D [4,3] D(10) D(50) D(90)
AS 6.36 + 11.70 + 3.665 + 10.25 + 21.60 +
0.08d 0.14d 0.16e 0.21d 0.28d
AS-LA 13.60 &+ 40.45 £ 5.71 + 22.35 + 94.75 £
0.14ab 4.74bc 0.04bc 0.35ab 5.59b
UTAS- 14.45 + 46.30 £ 5.96 + 2415 + 100.65 +
LA40 1.48a 26.16ab 0.38ab 3.18a 21.71b
UTAS- 13.85 &+ 68.50 £ 6.12 & 19.05 + 161.00 +
LA60 0.07a 7.78a 0.01a 2.47bc 11.31a
AS-SA 10.90 + 15.90 + 4.94 + 16.50 + 47.90 +
0.71c 4.24 cd 0.20d 1.13c 13.86¢
UTAS- 12.25 + 26.30 + 5.36 + 19.90 + 53.40 +
SA40 0.07bc 0.14bcd 0.03c 0.14bc 0.85¢
UTAS- 11.75 + 22.80 + 5.40 &+ 18.20 + 45.80 +
SA60 0.07c 0.71bed 0.02c 0.00c 0.85 cd

AS, arrowhead starch; AS-LA, arrowhead starch-linoleic acid complex; UTAS-
LA40, arrowhead starch-linoleic acid complex UT for 40 min; UTAS-LA60,
arrowhead starch-linoleic acid complex UT for 60 min; AS-SA, arrowhead
starch-stearic acid complex; UTAS-SA40, arrowhead starch-stearic acid complex
UT for 40 min; UTAS-SA60, arrowhead starch-stearic acid complex UT for 60
min.

resolution of 100 um and 10 pm diameter for all samples. The AS
exhibited round or oval shapes Fig. 6a, and their particle size ranged
from 3.5 pm to 21.5 pm with an average size of 10 ym. On the other
hand, the SEM micrographs of LA-complex were presented in Fig. 6b-e
and SA-complex in Fig. 6f-i. There was a significant increase in the sizes
of the granules for the complexes, as discussed in the previous section.
The complexes further showed the phenomenon of reorientation and
crystallization. Although the granules of both the LA and SA complexes
were aggregated into bigger particles but LA showed a better crystalline
arrangement compared with SA. The presence of free fatty acid aggre-
gates could be seen in micrographs of stearic acid complexes. Further-
more, the LA-complexes had a sponge-like structure with smooth
surfaces, while the SA-complexes exhibited flaky structures with irreg-
ular shapes and rough surfaces. Zhao et al. [22], while studying the
effect of ultrasound-microwave treatment on starch-green tea poly-
phenol, also reported the increase in particle size and agglomeration of
spherical crystalline particles. Chen et al. [26] also observed the
aggregated spherulites formation of lotus starch-fatty acid complexes as
a result of microfluidization.
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Fig. 5. Particle size distributions of native starch and its complexes with
linoleic/stearic acid.

3.6. Thermograms of sonicated complexes

The parameters of thermal transitions for AS and its complexes with
LA and SA are presented in Table 4. AS showed the single endothermic
peak centered at 67.35 °C. Compared to AS, the complexes showed
higher temperatures, suggesting that LA and SA could produce a more
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Fig. 6. Effects of DFPU SEM micrographs of native arrowhead starch and starch-linoleic/stearic acid complexes.

ordered and compact structure. Previous studies have shown the for-
mation of V6-type I and II complexes when fatty acids are incorporated
with starch [33]. In our study, the formation of V6 type (V6-1, II) com-
plexes was observed. UTAS-LA showed the formation of type II V6-
complex with (T, = 103.83 °C to 112.77 °C), (T, = 113.79 °C to
116.51 °C) and (T.= 118.64 °C to 129.12 °C). Furthermore, peak tem-
peratures (Tp) values for type I V6-complexes for LA-complexes and SA-
complexes were 80.77 °C to 85.47 °C and 83.47 °C 84.31 °C, respec-
tively. An increase in T, for both LA and SA complexes exhibited the
effect of sonoprocessing. The effect was most obvious for LA-complexes
which means the UT was more suitable for altering the properties of
complexes formed with liquid lipids. The increase in T; could further be
associated with increased interactions of amylose with the lipids and a
reduction in mobility of amylopectin chains [34].

The values of AT were higher for the complexes of LA compared to
SA. The melting enthalpies AH were decreased for the complexes
compared to AS, but an increasing trend could be seen with the increase
in sonication time from 20 to 60 min except for UTAS-LA60 where AH
was 1.333 J/g for peak 1 and 0.197 J/g for peak 2. The rise in AH values

with increasing reaction time was also observed by [35] while studying
the effect of enzymatic debranching on starch-stearic acid complex
formation. The formation of type II complexes in starch-linoleic acids
was noticed as an aggregate of type I complexes and was more ordered in
structure, which could be further seen by the results of XRD where the
peak intensities at 20° were significantly higher.

3.7. Changes in color

The changes in color parameters as a result of lipids inclusion in
arrowhead starch at different sonication times are presented in Table 1.
The colors were identified according to CIELAB color space index where
the values of L* accounted for lightness (black to white, 0-100), a*
(green to red, —a* to + a*), and b* (blue to yellow, -b* to + b*). The
values of L* decreased for all complexes compared to AS. Although the
decrease in L* was non-significant among complexes, UTAS-LA60
exhibited the lowest value, 93.56. The reduction in lightness could be
associated with the formation of the complexes. Furthermore, a signif-
icant increase in yellowness (+b*) for complexes was observed. The
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Table 4
Thermal properties of AS and AS-linoleic/stearic acid complexes under dual-frequency power ultrasound.
Peak 1 Peak 2 AH
total
Sample To Tp Tc AH To Tp Tc AH
AS 53.35 + 0.318f 67.35 + 0.537f 82.52 + 0.268f 4.259 + ND ND ND ND 4.259
0.011a
AS-LA 72.27 + 0.240e 80.77 £ 0.311e 89.86 + 0.127¢ 1.135 £+ 0.006 103.83 + 113.19 + 129.12 + 0.338 + 1.473
h 0.417c 0.490b 0.593a 0.008a
UTAS- 73.03 + 0.249 82.345 + 91.10 + 0.311b 1.221 £+ 0.013 105.83 + 115.17 + 125.30 + 0.317 £ 1.538
LA20 0.318d g 0.474b 0.368ab 0.368b 0.006a
UTAS- 76.49 + 85.06 + 93.61 + 0.396a 1.442 + 112.59 + 116.51 + 119.39 + 0.219 + 1.661
LA40 0.156d 0.382ab 0.014e 0.191a 0.382a 0.516¢ 0.006b
UTAS- 78.77 £ 85.47 £+ 0.042a 94.130.092a 1.333 + 112.77 £ 115.72 + 118.64 + 0.197 + 1.530
LA60 0.177b 0.008f 0.191a 0.247a 0.544c 0.008c
AS-SA 79.51 + 83.47 +£0.184 88.00 + 0.04% 1.575 + ND ND ND ND 1.575
0.177ab cd 0.005d
UTAS- 79.75 £ 0.311a 83.87 £+ 0.156¢ 88.54 4 0.106de 1.621 + ND ND ND ND 1.621
SA20 0.006¢
UTAS- 79.25 + 84.08 + 89.36 + 0.290 1.651 + ND ND ND ND 1.651
SA40 0.134ab 0.134bc cd 0.003c
UTAS- 77.47 + 0.141c 84.31 + 91.16 + 0.240b 1.737 + ND ND ND ND 1.737
SA60 0.141bc 0.008b

AS, arrowhead starch; AS-LA, arrowhead starch-linoleic acid complex; UTAS-LA20, arrowhead starch-linoleic acid complex UT for 20 min; UTAS-LA40, arrowhead
starch-linoleic acid complex UT for 40 min; UTAS-LA60, arrowhead starch-linoleic acid complex UT for 60 min; AS-SA, arrowhead starch-stearic acid complex; UTAS-
SA20, arrowhead starch-stearic acid complex UT for 20 min; UTAS-SA40, arrowhead starch-stearic acid complex UT for 40 min; UTAS-SA60, arrowhead starch-stearic

acid complex UT for 60 min.

values of b* ranged from 6.63 to 7.74 and 4.33-4.87 for LA and SA
complexes, respectively. It could be seen that the increase in yellowness
was more prominent for linoleic acid complexes, and the highest value
of + b* was found in UTAS-LA60. The rising trend in degrees of yel-
lowness and redness while a decrease in the degree of lightness might be
ascribed to the probable presence of pigments that leached into the
starch-lipid complexes after exposure to vibration amplitude of power
ultrasound. Sonication caused enhanced leaching because of increased
cavitation which exerted significant influence on rupturing of the sur-
faces of the starch granules which led to mass transfer of solutes
including pigment compounds through granular cracks existing in starch
granules and hence coloration of starch-lipid complexes was signifi-
cantly affected [17]. Moreover, the coloration changes after exposure of

power ultrasound to starch granules have been reported by the previ-
ously published report [36].

3.8. AS-LA and AS-SA complexes in-vitro digestibility

The glycaemic response is usually influenced by starch fractions (RS,
SDS, and RDS). Digestibility or rate of digestion has been regarded as
one of the most influential determinants of glycaemic response as this
rate of digestion indicates the release rate and absorption of glucose and
maltose in the gut [7]. In vitro digestibility of arrowhead starch fractions
(RS, SDS, and RDS) of AS, AS-LA, AS-SA, and UTAS samples is shown in
Fig. 7. Compared to the reference (AS), all sonicated samples showed
increasing tendencies in RS contents whereas exhibited decreasing
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Fig. 7. Changes of in-vitro starch digestibility of AS and AS-LA/SA complexes.
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trends in RDS contents. In comparison with the AS and LA, this indicated
that the V-type complexes exhibited increased resistance to digestion
possibly because of partial RDS convention to RS. These results are in
agreement with the previously reported findings [7,29,32,34], which
also demonstrated that starch-lipid complexes exhibited reduced
digestion degree as compared to those of reference starch samples. In
comparison with untreated AS-LA and AS-SA complexes, V-type com-
plexes sonicated at 20/40 kHz for 40 min exhibited increasing pro-
portions of RS with the highest content (37.14%) for UTAS-LA40.

Similarly, SDS contents of UTAS-LA and UTAS-SA samples showed a
significantly (p < 0.05) rising tendency with corresponding increases in
sonication time from 20 to 40 min as compared to the reference (AS) and
untreated complexes (AS-LA and AS-SA). However, the SDS contents
after sonication were higher in linoleic acid complexes compared to
stearic acid and UTAS-LA40 exhibited the highest proportions of SDS
(29.25%). Moreover, the decreases in RDS were more prominent for the
LA complexes than SA, providing evidence of a more crystalline struc-
ture formed by liquid fatty acids to inhibit enzymatic activity. Conclu-
sively, it may be implied from these results that variations in applied
sonication time and fatty acid structures significantly influenced the
degree of digestibility of inclusion complexes.

4. Conclusions

Ultrasound can change the starch’s physicochemical properties, ul-
timately changing the supramolecular structure and making the starch
susceptible to enzymatic hydrolysis depending on the treatment condi-
tions of ultrasound. Dual-frequency (DFPU) at 20/40 kHz for different
treatment times of 20, 40, and 60 min was used to systematically un-
derstand the sonication effects on the multi-scale structure of the com-
posites and the influence of these interactions on physicochemical,
structural, and in-vitro digestibility of the starch-lipid complexes pre-
pared with arrowhead starch, linoleic and stearic acids. The XRD results
revealed the V-type crystalline structure with prominent peaks at 20 =
13.0° and 20.0° and short-range ordered structure was observed as an
increase in IR ratios of 1045/1022 cm ™' by FTIR spectroscopy. The
complexing index values were increased when the samples were treated
with DFPU, and the UTAS-LA40 showed a better CI value. SEM results
revealed a flaky structure with irregular shapes and rough surfaces.
Significant rises in RS contents were discovered as a result of DFPU. The
current study results could possibly be employed for developing new RS-
incorporated products through an eco-friendly non-thermal method.
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