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A B S T R A C T   

Phenol is a competitive inhibitor for digestive enzymes, moreover, it can form complexes with starch either 
inclusion (V-type) or non-inclusion. These complexes can resist enzymatic digestion and are considered as RS 
type 5. However, phenol is usually bulky and does not easily enter the amylose helix cavity. The dual starch–-
phenolic complexation was proposed to increase single helix using heat moisture treatment (HMT) altogether 
with pre-gelatinization. The dual complexation of rice starch and Riceberry extract (HMT-RSP-Riceberry) 
exhibited the highest V-amylose and % crystallinity (30.8%, 31.5%) compared with native starch (14.5%, 
19.8%). The high total phenolic and hydroxycinnamic acid content especially ferulic acid in Riceberry extract 
were effectively inhibited α-amylase activity. The complexing index of HMT-RSP-Riceberry was double (10.2%) 
the conventional process (5.1%). The single helix fraction which promote loose structure, allowing more phenol 
to move inside and between the helix cavities, increased noticeably in the HMT-RSP-Riceberry (30.7%) 
compared with native starch (4.3%). HMT-RSP-Riceberry had lower RDS but higher SDS and RS (77.2%, 7.1%, 
15.8%) than conventional process using 15% gallic acid (positive control) (87.6, 5.3, and 7.1%), and native 
starch (negative control) (95.9, 1.5, 2.6%, respectively). The dual complexation process was more applicable in 
terms of reasonable amount of phenol used, no undesirable taste, and no chemical used during process. This 
physically modified inclusion complexes could improve starch digestibility with potential application in healthy 
foods.   

1. Introduction 

Rice has a high glycemic index (GI), especially after cooking, which 
has led to its reduced consumption. Attempts to reduce rice GI include 
parboiling or rice breeding program. Phenolic compounds act as 
competitive inhibitors of digestive enzymes (Sun, Warren, & Gidley, 
2019). This inhibitory activity is caused by hydrogen bonding between 
the aromatic ring of phenolic compounds and tryptophan residue of 
α-amylase (Kwon et al., 2007). Hydroxycinnamic acid had a C––C 
double bond, which formed a highly conjugated system with the 
carbonyl group; hence stabilized the binding forces at the enzyme’s 
active site, resulting in an inhibition of α-amylase (Sun et al., 2019). 
Phenol and starch can form two types of complexes: inclusion (V-type) 
and non-inclusion complexes (Zhu, 2015). The formation of the V type 
inclusion complex was based on the hydrophobic interaction within the 
cavity of the single helix of amylose with small guest molecules, such as 
phenol, lipid, iodine, etc. (Obiro, Sinha, & Emmambux, 2012). The 
amylose–phenol inclusion complexes showed a V-type structure 

decreased starch granule swelling and formed a denser starch network, 
which limited enzyme accessibility. This starch is usually defined as 
resistant-starch type 5 (RS 5), which was not absorbed in the small in-
testine but could be fermented in the large intestine. RS 5 was reported 
to considerably reduce GI, positively impacting the blood glucose level. 
However, this complex could be achieved with high phenol concentra-
tion because of its bulky size, making it impossible to enter the amylose 
helix cavity. Furthermore, an excessive amount of phenol was used to 
obtain desirable complexation. Gallic acid is commonly used in many 
studies and was applied at approximately 30%–50% by starch weight 
(Chen et al., 2006; Chi et al., 2018, 2019; Han, Bao, Wu, & Ouyang, 
2020; Li, Yao, Du, Deng, & Li, 2018; Liu, Chen, Xu, Liang, & Zheng, 
2019). This attempt was not applicable due to the high cost of excessive 
phenol and unacceptable consumer taste, as gallic acid has an unfa-
vorable bitter/astringent taste. Rice bran, an abundant byproduct from 
rice milling, and milky-stage rice were reported to have high total 
phenol and hydroxycinnamic acid. Hydroxycinnamic acids found in rice 
include ferulic, p-coumaric, caffeic, and sinapic acids, which efficiently 
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form a complex with starch (Ratseewo, Warren, & Siriamornpun, 2019; 
Sun et al., 2019). 

Starch–phenolic inclusion processes were applied either with phys-
ical, chemical, or enzymatic methods. Physical modification included 
pre-gelatinization and non-thermal processing, such as high hydrostatic 
pressure (Guo, Zhao, Chen, Chen, & Zheng, 2019), ultrasound (Zhao 
et al., 2019; Zhao, Wang, Zheng, Chen, & Guo, 2019), microwave (Zhao 
et al., 2019), high-speed shear, high-pressure homogenization (Chi 
et al., 2019; Zhao et al., 2019), and plasma (Gao et al., 2021) (Table 1). 
Pre-gelatinization was an easy and common method for complexing 
starch and phenol. This process caused the starch granules to be 
destroyed, thereby increasing amylose leaching to form phenolic com-
plexes. During cooling, phenol was trapped in the starch structure either 
by inclusion or non-inclusion. However, the inclusion efficiency of this 
method was quite low (Han et al., 2020). There were attempts to force 
the phenol into the helices by combining pre-gelatinization with 
ultrahigh-pressure (100–600 MPa), high-speed shear (6000 rpm), or 
high-pressure homogenizer (150 MPa) (Chi et al., 2019; Liu et al., 2019). 
This molecular rearrangement, as well as the competitive inhibition of 
phenol itself, were then used to control starch digestibility (Wang, Gao, 
Liu, Zhang, & Guo, 2016). 

In this study, the dual starch–phenolic complexation using a com-
bined method of heat moisture treatment (HMT) and pre-gelatinization 
was proposed to increase complexation efficiency. HMT was reported to 
be able to increase single helix of amylose, loosen the tight double he-
lices structure, which ease phenol to enter the single amylose cavity or 
trapped between amylose chains. This inclusion process was proposed to 
accelerate complex forming either by inclusion (V-type) or non- 
inclusion. Moreover, the crude phenolic extracts from rice brans of 
Riceberry, Jasmin rice, and milky stage rice were used to study the effect 
of total phenolic content and hydroxycinnamic acid on complexation 
and starch digestibility. Milky stage rice was interested as it was re-
ported to have high phenolics, flavonoids, and ferulic than mature rice 
(Pantoa et al., 2020). 

2. Materials and methods 

2.1. Starch isolation 

High amylose rice (Chainat 1 variety, Watcharawan Green Farm, 
Phayao, Thailand) (apparent amylose content 25–27%) was soaked in 
water for 12 h and milled using super mass colloider (MK PB6-2, Masuko 
Sangyo, Saitama, Japan). The slurry was centrifuged using a basket 
centrifuge (CE-03, Thai-Wasino Electric, Samutprakarn, Thailand). The 
precipitate was extracted for starch by soaking with 0.1 M NaOH with 

stirring for 3 h and centrifuged (3,000×g) for 10 min. The precipitate 
was soaked again with 0.1 M NaOH with stirring for 1 h and centrifuged. 
The yellow layer on the precipitate’s surface was scraped out and the 
white starch layer was washed with distilled water and centrifuged five 
times. The final starch solution was neutralized with 1 M HCl, dried at 
40 ◦C until moisture content reached 10%–12%, passed through a 100- 
mesh sieve, and stored at 4 ◦C in a sealed plastic bag. 

2.2. Crude phenolic extraction 

Rice bran of colored rice (Riceberry variety), white rice (KDML 105, 
or Jasmine rice), and milky stage rice (Riceberry variety) (Watcharawan 
Green Farm, Phayao, Thailand) were selected as phenol sources, ac-
counting for the hydroxycinnamic acid content. Crude phenol was 
extracted using 80% methanol at a ratio of sample:solvent (1:5 w/v), 
stirred at 30 ◦C for 2 h, and centrifuged (3000 g) for 10 min. The residue 
was re-extracted under the same condition and the supernatant was 
combined. The solvent was removed using a rotary vacuum evaporator 
(R152, Buchi, Flawil, Switzerland) at 40 ◦C. The concentrate slurry was 
lyophilized and stored at − 20 ◦C (Butsat & Siriamornpun, 2010). 

2.3. Total phenolic content 

The total phenolic content was determined using the Folin–Ciocalteu 
method (Liu & Yao, 2007). Briefly, the extract solution (0.4 mL) was 
shaken for 1 min with diluted (1:10 with water) Folin–Ciocalteu reagent 
(Merck, Darmstadt, Germany) (2 mL). After that, 5% Na2CO3 (1.6 mL) 
was added and kept in a dark place at room temperature for 30 min. The 
absorbance was measured at 760 nm using a UV–Vis spectrophotometer 
(Genesys 10S, Thermo Fisher Scientific, MA, USA). The phenolic content 
was determined using gallic acid (GK7318, Glentham Life Sciences, 
Corsham, UK) as a standard. 

2.4. Characterization of phenolic acid using HPLC 

Crude phenolic solution (20 μL) was fractionated using HPLC (LC- 
10A series HPLC, Shimadzu, Kyoto, Japan) equipped with a diode array 
detector and Inertsil C18 analytical column (250 × 4.6 mm, 5 μm). The 
mobile phase consisted of purified water and phosphoric acid at pH 2.58 
(solvent A) and acetonitrile (solvent B) at a 0.8 mL/min flow rate. 
Gradient elution was from 0 to 5 min (linear gradient from 5% to 9% 
solvent B), 5–15 min (9% solvent B), 15–22 min (linear gradient from 
9% to 11% solvent B), 22–38 min (linear gradient from 11% to 18% 
solvent B), 38–43 min (18%–23% solvent B), 43–44 min (23%–90% 
solvent B), 44–45 min (linear gradient from 90% to 80% solvent B), 

Table 1 
Summarization of starch-phenolic complexation process and its properties.  

Phenolic type Complexation process Complex Digestibility Ref 

RDS SDS RS 

Polyphenol (from apple) Starch mixed with polyphenol (5%) at various pH and gelatinized 
95 ◦C, 20 min 

V    Chou et al. (2020) 

Starch mixed with polyphenol (5%), under ultrahigh pressure 
(100–600 MPa) and gelatinized 95 ◦C 15 min 

V    

Proanthocyanidin (from Chinese 
berry leaves) 

Starch mixed with proanthocyanidins (4%) in 30% methanol, 
heated at 70 ◦C, 20 min 

A + V 45.6–67.7  13.3–36.3 Zheng et al. (2021) 

Gallic Starch mixed with gallic acid (4%–50%) at 37 ◦C under high-speed 
shear (6000 rpm) for 30 min 

– 47.9–75.8 7.1–15.6 12.2–45.9 Chi et al. (2019) 

Gallic Starch gelatinized at 95 ◦C 30 min, add gallic acid (5%–30%), high 
pressure homogenizer (150 MPa) for 3 times 

V 72.4–95.0 1.5–9.2 1.6–29.7 Liu et al. (2019) 

Gallic, Chlorogenic, 
Epigallocatechin- gallate, 
Tannic 

Starch and polyphenols (10%) gelatinized at boiling water for 30 
min, cooled and lyophilized 

– – – – Chen, Gao, He, Yu, 
and Zeng (2020) 

Gallic Starch: gallic acid (1 : 0.4) was mixed at pH 4, 37 ◦C, high speed 
shearing (6000 rpm), neutralized, air dried at 40 ◦C 

B 39.6–85.8 2.2–10.3 4.4–50.0 Chi et al. (2017) 

Ferulic, Caffeic, 
Gallic 

Starch and phenol (20:1) were mixed and dispersed in HCI solution 
(pH 2), oscillated overnight at 5 ◦C, washed, and lyophilized 

– 64.4–77.4 5.4–19.9 2.3–19.2 Li et al. (2018)  
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45–55 min (isocratic at 80% solvent B), 55–60 min (linear gradient from 
80% to 5% solvent B). The re-equilibration period of 5 min with 5% 
solvent B were used between individual runs. The column temperature 
was 38 ◦C. Hydroxybenzoic and hydroxycinnamic acids were detected at 
a 280 and 325 nm wavelength, respectively. Phenolic compounds were 
identified using relative retention times and UV spectra of the authentic 
compounds and were detected using an external standard method 
(Butsat & Siriamornpun, 2010). The response (area) for a known con-
centration of reference standard was calculated (area/concentration) to 
generate a calibration factor. This value was divided into the area for an 
unknown concentration and the result was the concentration of the 
unknown. 

2.5. Complexation process 

2.5.1. Conventional complexation process 
The conventional pre-gelatinized starch–phenol complexation pro-

cess was modified from Chi et al. (2018). Briefly, starch suspension 
(10%, w/v) (30 mL) was gelatinized in a water bath at 95 ◦C for 30 min 
with stirring. Next, crude phenolic extract calculated as total phenolic 
content based on gallic acid (5%, 10%, and 15%) was added to the 
gelatinized starch paste, stirred for 5 min, and cooled down to room 
temperature. The rice starch paste was washed twice with 40% ethanol 
and centrifuged (3000 g) for 5 min to remove uncomplexed phenol. The 
precipitate of rice starch–phenolic complex (termed RSP) was lyophi-
lized, ground, sieved, and kept at 4 ◦C. Native rice starch was used as the 
negative control, and starch with gallic acid (15%) was used as the 
positive control. 

2.5.2. Dual complexation process 
The combined HMT and pre-gelatinized starch-phenolic complexa-

tion process was proposed to enhance complexation in this study. The 
HMT process was modified from Cham and Suwannaporn (2010). First, 
starch suspension (10%, w/v) (30 mL) was added with crude phenolic 
extract (5%) for 5 min and equilibrated at 4 ◦C for 24 h. The suspension 
was dehydrated in a hot air oven (40 ◦C) until the desired moisture 
content for HMT (25%) was achieved. The moist starch was then put in a 
screw-capped bottle to avoid moisture lost, and put in an oven at 110 ◦C 
for 1.5 h. After that, the starch sample underwent a second 
pre-gelatinization complexation process. HMT starch was suspended in 
water (10%, w/v)ม gelatinized in a 95 ◦C water bath, and stirred for 30 
min. The second portion of crude phenolic extract (0%, 5%, 10%) was 
added into the starch paste to obtain a total crude phenolic at 5%, 10%, 
15%, stirred for 5 min, and cooled down. The final starch paste was 
washed twice with 40% ethanol to remove uncomplexed phenol and 
centrifuged. The precipitate of HMT-rice starch-phenolic complex 
(termed HMT-RSP) was lyophilized, ground, sieved, and kept at 4 ◦C in a 
sealed plastic bag. Native rice starch was used as the negative control, 
and starch treated with gallic acid (15%) was used as the positive 
control. 

2.6. Complexing index 

All samples were accurately weighed (20 mg, db), suspended in 
dimethyl sulfoxide (D/4121/PB15, Fisher Scientific, Loughborough, 
UK) (4.0 mL), and vortexed for 2 min until completely dissolved. Solu-
tion (0.5 mL) was mixed with Folin–Ciocalteu reagent (2.0 mL) and 20% 
Na2CO3 (5.0 mL). The mixture was vigorously shaken and kept in a dark 
place at 25 ◦C for 60 min, and centrifuged at 3000 g for 1 min. The 
supernatant was measured at 760 nm using a UV–Vis spectrophotometer 
(Genesys 10S, Thermo Fisher Scientific, MA, USA). The complexing 
index (CI) was calculated as following equation (Meng, Ma, Sun, Wang, 
& Liu, 2014): 

Complex index=
Abs(sample) − Abs(control)

Abs(control)

Where, Abscontrol was absorbance of sample without phenol. 

Abssample was absorbance of sample with phenol 

2.7. In vitro starch digestibility 

The sample was accurately weighed (0.5 g) and added with 95% 
ethanol (0.5 mL) and maleate buffer (17.5 mL). The capped tube was 
placed on a shaking water bath at 37 ◦C for 5 min. The α-amylase/ 
amyloglucosidase solution (PAA 40 KU/g and AMG 17 KU/g, Mega-
zyme, Wicklow, Ireland) (2.5 mL) was added and incubated in a shaking 
water bath at 37 ◦C. The reaction solution (1.0 mL) was removed at 20, 
120, and 240 min, added into 50-mM acetic acid solution (20 mL), and 
then mixed thoroughly. Each solution (2 mL) was centrifuged at 13,000 
rpm for 5 min, and 100-U/mL amyloglucosidase (0.1 mL) was added 
immediately. The solution was placed in a water bath at 50 ◦C for 30 
min, GOPOD reagent (3.0 mL) (Megazyme, Wicklow, Ireland) was 
added, and then was incubated at 50 ◦C for 20 min. The solution was 
measured at absorbance 510 nm against a reagent blank. RDS, SDS, and 
TDS (total digestible starch) content were calculated using MegaCalc™ 
Excel® (K-DSTRS, Megazyme, Wicklow, Ireland). 

2.8. Resistant starch (RS) 

The solution (4.0 mL), which was digested for 240 min, was mixed 
with 95% ethanol (4.0 mL) and centrifuged (4,000 g) for 10 min. The 
pellet was resuspended in 50% ethanol (8 mL), 1.7-M NaOH (2 mL), and 
stirring for 20 min in an icee bath. The 1.2-M sodium acetate buffer (pH 
3.8) (401,392, Carlo Erba, Italy) (8 mL) was added into a solution and 
stirred well. Amyloglucosidase (3300 U/mL, Megazyme, Wicklow, 
Ireland) (0.1 mL) was added immediately, incubated in a water bath at 
50 ◦C for 30 min, and centrifuged (13,000 g) for 5 min. An aliquot (0.1 
mL) was added with GOPOD reagent (3.0 mL) and incubated at 50 ◦C for 
20 min. The solution was measured for absorbance at 510 nm against a 
reagent blank. RS content was calculated using MegaCalc™ Excel® (K- 
DSTRS, Megazyme, Wicklow, Ireland). 

2.9. Fourier transform infrared spectroscopy 

The FTIR spectroscopy analysis was conducted using Fourier 
Transform Infrared Spectroscopy (Tensor 27, Bruker Corporation, Ber-
lin, Germany) with attenuated total reflectance accessory from 4000 to 
500 cm− 1. For each spectrum, 32 scans using air as background were 
obtained at a resolution of 4 cm− 1. Additionally, the spectra over the 
range of 1200− 800 cm− 1 were automatically corrected baseline, 
normalized, and deconvoluted. 

2.10. X-ray diffraction 

The X-ray diffraction (XRD) measurement was performed using an X- 
ray diffractometer (D8 Advances, Bruker Corporation, Berlin, Germany). 
The range of the diffraction angle (2θ) was 5◦–40◦ with a scanning speed 
of 10◦/min and a scanning step of 0.033◦. The moisture content of each 
sample (approximately 10%) was equilibrated at 40 ◦C. The relative 
crystallinity of the samples was calculated by the ratio of the peaks area 
to the total area using OriginPro 2019b software (OriginLab Corpora-
tion, MA, USA). 

2.11. 13C CP/MAS NMR spectroscopy 

The solid-state 13C CP/MAS NMR was conducted on a Bruker Avance 
III HD 400 Spectrometer (Bruker Corporation, Berlin, Germany) equip-
ped with a 4 mm broadband double-resonance MAS probe. Approxi-
mately 200-mg sample was placed into the spinner and inserted into the 
center of magnetic field. The NMR spectrum with CP and MAS was 
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recorded at 400 MHz, temperature 300.3 K. A total of 1000 scans were 
accumulated for a spectrum with a recycle delay of 2 s. All spectra were 
then decomposed into several peaks through deconvolution using 
PeakFit version 4.12 (Sigma Plot, Systat Software, Inc., CA, USA). 

2.12. Statistic analyses 

All tests were conducted in triplicate, and the data were subjected to 
analysis of variance (ANOVA) and least significant difference test to 
determine the difference between means at a significance level of p ≤
0.05 using SPSS software package version 26 (IBM company, Chicago, 
Illinois, USA.). 

3. Results and discussion 

3.1. Complexing index 

When starch was heated in water, the granules ruptured, then 
amylose was leached out and solubilized. Starch and phenol can form 
complex in two ways; an inclusion (phenol was trapped in the helix) and 
non-inclusion complex (phenol was trapped between helices) as shown 
in a schematic diagram in Fig. 1. For the inclusion complex, phenol 
formed a complex by hydrophobic interaction between the aromatic 
ring of phenol and the hydrogen bond of starch inside the amylose single 
helix cavity (Sun et al., 2019). The phenolic size was usually too bulky, 
and thus limited the capacity to enter the starch helix cavity, hence the 
inclusion complex could not be formed. HMT resulted in an orderly 
rearrangement of starch and the loose double helices in the crystalline 
region (Gunaratne and Hoover, 2002; Hoover & Manuel, 1996). The 
loose helices could allow the bulky phenol to move inside the amylose 
helix cavity, hence increasing V-amylose complex formation. The 
starch–phenolic inclusion complex could stabilize and regulate the 
release of phenol, which was considered a delivery system of phenol. 

The complexing index (CI) of all samples increased with the higher 
addition of phenol (Fig. 2). This indicated excessive amylose that was 
ready to form a complex with phenol. Without HMT, the capability of 
phenol to include in the amylose helix was limited, indicated by the non- 
significant difference in CI regardless of different phenolic sources 
(within the same dosage) (Fig. 2A). By applying HMT, the CI of all starch 
samples was noticeably higher than the conventional process. HMT 
significantly promoted starch–phenolic complex formation as it gener-
ated more single helix and sites for the reactions, such as channels and 
hollows within the granules (Kawabata et al., 1994). CI of different 
phenolic sources then showed significant differences in complex for-
mation (Fig. 2B). The highest CI was found in Riceberry, followed by 
KDML and milky stage rice within the same dosage. The dual 
complexation process using 15% Riceberry extract was double (5.03%, 
6.80%, and 10.17%) the conventional process (1.97%, 3.2%, and 
5.14%) at dosage 5%, 10%, and 15%, respectively (Fig. 2). The effect of 

phenolic composition in the crude extract was further investigated in 
Section 3.2. 

3.2. Total phenolic content and its characterization 

According to the previous result in section 3.1, the content of 
starch–phenolic complex is depended on total phenolic content (TPC), 
type of phenol, and inclusion process. The interaction between starch 
and polyphenol mainly depended on the molecular size of the phenolic 
compound (Zhu, 2015). Crude phenolic extract from rice bran of Rice-
berry had the highest TPC and hydroxycinnamic acid, especially ferulic 
acid (Table 2). The main phenolic acid in Riceberry was protocatechuic, 
vanillic, and ferulic acid, whereas ferulic acid and vanillic acid were the 
main phenolic acid found in white rice and young rice, respectively 
(Table 2). Hydroxycinnamic acids, such as ferulic, p-coumaric, caffeic, 
and sinapic acids, effectively inhibited α-amylase activity. Hydroxycin-
namic acid consists of a C––C double bond, which conjugates with the 
carbonyl group and binds with the enzyme’s active site (Sun et al., 
2019). 

3.3. In vitro starch digestibility 

The complexation of starch with phenol by either inclusion or non- 
inclusion could decrease starch digestibility. The starch–phenolic com-
plex reduced starch digestibility in two aspects, the inhibition of phenol 
on digestive enzymes and the starch structure (V-type), which resisted 
digestion. However, after ingestion, only 5%–10% of phenol was 
absorbed in the small intestine, the remaining was transformed, absor-
bed, and utilized by intestinal microflora in the large intestine or dis-
charged with feces (Cardona, Andrés-Lacueva, Tulipani, Tinahones, & 
Queipo-Ortuño, 2013). The V-amylose inclusion complex showed slowly 
or resistance to enzymatic digestion, and was defined as resistant starch 
type 5 (RS 5) (Cohen, Schwartz, Peri, & Shimoni, 2011). Moreover, 
phenol itself acted as a competitive inhibitor for digestive enzymes. The 
aromatic ring of phenolic compound competed with starch to form a 
hydrophobic interaction with tryptophan residue of α-amylase (Sun 
et al., 2019). The dual complexation process using 15% Riceberry 
extract (HMT-RSP-Riceberry) showed much lower RDS (77.19%), 
higher SDS (7.05%) and RS (15.76%) than the conventional process 
(90.27, 3.48, and 6.25%), and even better than the positive control 
(87.59, 5.27, and 7.14%, respectively) (Table 3). Dual complexation 
using crude Riceberry extract obviously improved rice starch di-
gestibility, as HMT promoted more single helix and loosened double 
helices structure, as previously mentioned. 

3.4. Fourier-transform infrared spectrometry 

The FTIR spectra of native starch, RSP, and HMT-RSP complex had 
similar functional groups but with different peak intensities (Fig. 3). 

Fig. 1. Hypothesis and schematic of the formation of starch–phenol complex under a dual inclusion complexation and its ability to control digestibility.  
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HMT did not affect functional groups but decreased the IR absorption 
peak at 1200–1000 cm− 1 (Fig. 3C). The peak intensity of HMT-RSP was 
lower because the interaction between phenol and starch destroyed 
hydrogen bonds and reduced orderly starch structure (Chi et al., 2019; 
Lv et al., 2020). The C––O stretching vibrations at 1697 cm− 1, and strong 
signals at 3276 cm− 1 and 3520 cm− 1 were assigned to C–H stretching 
vibration of unsaturated carbon and phenol hydroxyl stretching vibra-
tions that showed the strong signals of phenolic compounds (Liu et al., 
2019). The IR absorbance at 1045 and 1022 cm− 1 was related to the 
crystalline/ordered and amorphous starch structure, respectively. 

Therefore, the ratio of 1045/1022 cm− 1 was calculated to identify the 
difference in the molecular structure of starch and its complex (van 
Soest, de Wit, Tournois, & Vliegenthart, 1994). After HMT, the ratio of 
1045/1022 cm− 1 increased, indicating a higher crystalline structure 
(Fig. 3D). 

3.5. X-ray diffraction (XRD) 

All starch samples exhibited a V-type diffraction pattern with char-
acteristic peaks (2θ) at 13.0◦ and 19.8◦. However, more distinct peaks 
were seen in samples with starch–phenolic complex than native starch 
paste and HMT starch paste (Fig. 4). A single-helical amylose–phenolic 
complex or V-type starch had a high degree of order resulted in the in-
crease in crystallinity (from 19.82% to 31.54%), and the decrease in 
amorphous (from 80.18% to 68.46%) (Table 4) (Cohen et al., 2011). 
After dual complexation, HMT-RSP-Riceberry showed the highest 
V-type (30.79%) compared with native starch paste (14.49%) and HMT 
starch paste (20.58%) (Table 4). This result agreed with the result of in 
vitro digestibility in section 3.3. 

3.6. 13C CP/MAS NMR spectroscopy 

The 13C CP/MAS NMR spectra were used to identify the short-range 
ordered molecular structure of starch which were single and double 
helices. The signal resonance for C1, C4, and C6 were at approximately 
94–105, 81–83, and 59–65 ppm regions. Peaks for C2, C3, and C5 were at 
approximately 66–74 ppm regions. Within the C1 region, peaks at 
approximately 99–102 ppm were a characteristic of V-type single helix. 
The C4 resonance peak at approximately 81–82 ppm and peak at 103.2 
ppm were related to amorphous starch and were associated with the 
junction points of amylopectin double helices (Liu et al., 2019). The 
detailed alteration of the amorphous and helical conformations was 
shown in Table 5. 

The double helices fraction of starch was noticeably decreased after 
complexation, especially with the dual complexation (9.77%–4.36%). 
As the starch double helices fraction decreased, the single helix fraction 
surged from 4.26% in native starch to 24.72% in the conventional 
process and 30.73% in the dual complexation process. The result agreed 
well with the amorphous fraction, which reduced after complexation 
from 85.97% in native to 67.35% in conventional process and 64.91% in 
dual complexation process. The reduction in amorphous of the dual 
complexation process was not pronounced as the increase in V-type 
crystalline as HMT itself also increased amorphous area in the semi- 
crystalline lamella of starch (Gunaratne & Hoover, 2002). HMT pro-
moted more loose helices that ease the interaction between starch and 
phenolic compounds (Fig. 1), hence increasing more complexation in 
both inclusion and non-inclusion mechanisms. When a single helix 

Fig. 2. Complexing index of rice starch phenolic complex using (A) Conventional (B) Dual complexation process. 
A–C mean value with different superscript indicated a significant difference (p ≤ 0.05) among different dosages. 
a–c mean value with different superscripts indicated a significant difference (p ≤ 0.05) among different phenolic types. 

Table 2 
Total phenolic content and profile in the various crude phenolic extracts of rice.  

Phenolic profile Crude phenolic extract (μg/g) 

Riceberry KDML Milky 

Total phenolic content 3374.00 ± 3.46a 2010.00 ± 2.65b 724.00 ± 1.73c 

Hydroxycinnamic acid 
Ferulic 50.23 ± 6.18a 35.84 ± 0.8b 1.59 ± 0.39c 

p-Coumaric 9.00 ± 0.93a 5.34 ± 0.16b 1.70 ± 0.54c 

Sinapic 6.67 ± 0.20a 3.73 ± 2.58b 3.67 ± 0.64b 

Caffeic 5.90 ± 0.21a 5.40 ± 1.94b 2.69 ± 0.28c 

Hydroxybenzoic acid 
Protocatechuic 80.56 ± 2.53a 7.99 ± 2.10c 18.13 ± 0.27b 

Vanillic 50.80 ± 2.53b 12.30 ± 8.76c 53.47 ± 1.87a 

Gallic acid ND ND 1.75 ± 1.03 

a-c mean value in row with different superscript indicated a significant difference 
(p ≤ 0.05). 
ND: No-detection. 

Table 3 
RDS, SDS, and RS contents of rice starch–phenolic complex.  

Starch–phenolic complex Starch digestibility 

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

Conventional complexation process 
Native starch (–ve control) 95.93 ± 0.18a 1.50 ± 0.05h 2.57 ± 0.05j 

RSP-15%GA (+ve control) 87.59 ± 0.44d 5.27 ± 0.05b 7.14 ± 0.02f 

RSP-KDML 93.07 ± 0.39b 2.86 ± 0.07d 4.07 ± 0.05i 

RSP-Riceberry 90.27 ± 0.18c 3.48 ± 0.08c 6.25 ± 0.03g 

RSP-Milky 93.32 ± 0.21b 1.77 ± 0.03g 4.91 ± 0.03h 

Dual complexation process 
HMT Starch (-ve control) 90.06 ± 0.19c 2.43 ± 0.08e 7.51 ± 0.06e 

HMT-RSP-GA (+ve control) 84.93 ± 0.18f 2.11 ± 0.03f 12.96 ± 0.03b 

HMT-RSP-KDML 88.18 ± 0.17d 1.23 ± 0.04i 10.59 ± 0.04d 

HMT-RSP-Riceberry 77.19 ± 0.14g 7.05 ± 0.07a 15.76 ± 0.04a 

HMT-RSP-Milky 86.41 ± 0.26e 1.75 ± 0.05g 11.84 ± 0.02c 

a-j mean value in column with different superscript indicated a significant dif-
ference (p ≤ 0.05). 
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structure was present in the system, it tended to form a densely packed 
domain which decreased the proportion of amorphous. These results 
were consistent with the result of XRD, which verified the formation of 
V-type structure. 

4. Conclusion 

The ability of starch to form amylose–phenolic complex was 
depended on the amylose content of starch, type and content of phenol, 
and how to incorporate these phenol into the helical structure of 

amylose. Phenolic extract from Riceberry rice showed the highest ability 
to form complex with amylose. The dual process using HMT and pre- 
gelatinization was an effective method to obtain V-amylose of rice 
starch-phenolic complex. The molecular rearrangement that occurred 
during HMT promoted a looser starch structure and increased the 
interaction between starch and phenol to form single helix inclusion 
complex or V-type amylose. Thus, RDS was transformed into SDS and 
RS. The inclusion of phenol into the cavity of single amylose helix or 
trapped between these helical structures could improve starch di-
gestibility with potential application in healthy foods. This 

Fig. 3. FTIR spectra of (A) RSP (B) HMT-RSP (C) overlay spectra of RSP and HMT-RSP (D) ratio of IR absorbance at 1045 cm− 1 and 1022 cm− 1.  

Fig. 4. X-ray diffraction pattern of (A) RSP (B) HMT-RSP.  
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complexation process was a simple and no chemical used technique. 
Moreover, it was applicable in terms of reasonable amount of phenol 
used and no undesirable taste, which made it possible to apply in large 
scale production either with rice starch or rice grain. 

Data availability 

Data will be made available on request. 
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