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ABSTRACT

The effects of thermomechanical treatment and guar (GG) addition on thim vitro digestibility

of rice starch have been investigated. Rice stadoted with GG at concentrations of 0, 0.025, 0.05,
0.075, or 0.10 g/100 g (wet basis) was subjectrtocao-extrusion process. The vitro digestibility,
predicted glycemic index (pGl), and multi-scaleustures (granule, lamellar, crystalline, and
molecular structures) were examined. Micro-extrudeg starch (MERS) with GG presented
reduced digestion rate and pGl, a higher degrestroictural ordering, and altered crystalline,
single-helical and double-helical structures. Usigarson correlation analysis, the relationships
among extrusion, the molecular interaction and kseile structure, and the digestibility were
established. The content of resistant componer@y (Ras positively correlated with crystallinity (

= 0.836,p < 0.05), fractal dimensionm £ 0.966,p < 0.05), A-type crystallinityr(= 0.954,p < 0.01),
V-type crystallinity ¢ = 0.987,p < 0.05),Ri047/1022(r = 0.987,p < 0.05), single-helix content &
0.897,p < 0.05), and double-helix contemt£ 0.991,p < 0.01); and was negatively correlated with
pGl (r = —0.947 p < 0.05). Overall, this study showed that thermdma@dcal treatment assisted the
complexation of GG with starch, which could be dfecive means to improve the resistant
properties of rice starch.

Keywords. Rice starch; Extrusion; Guar gum; Molecular intéitag Digestive properties



34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

1 Introduction

With the social development and the evolution eflkman diet and disease spectrum, there has
been an increasing focus on dietary nutrition aedlth (Crawford et al., 2014; Fang, Li, & Liu,
2016). Rice is the main source of carbohydratepeople, especially in Asia. It can be easily
digested in the human digestive tract, providing lody with energy to prevent the occurrence of
symptoms such as hunger and fatigue (Guerrantheyt& Brown, 1937). However, rice has a high
glycemic index (Gl), resulting in a high blood ghse response level after consumption, which leads
to unstable blood sugar levels. This can causdimsesistance and induce type Il diabetes mellitus
and related complications, thus, worsening humaitin¢Miller, Pang, & Bramall, 1992; Roberts,
2000). Starch is an important component of ricesoanting for more than 80% of the total
composition of rice. It is crucial to develop ripeoducts with lower postprandial blood glucose
response levels (Thompson, Winham, & Hutchins, 20Therefore, improving the resistant
properties of rice starch, suppressing the postiahblood glucose response to rice, and regulating
the nutritional value of rice products are esséftiadeveloping rice-containing healthy foods and
adjusting consumers’ dietary structure.

Guar gum (GG) is another important food compon&né molecular structure of GG consists of
a D-mannose unit connected by-4,4-glycosidic bond to form its main chain, withdalactose as
side chains connected to the main chaimdiy6 glycoside bond. It has a galactose/mannose oht
approximately 1:2, with an average relative molacuahass of 200,000—-300,000 (Mudgil, Barak, &
Khatkar, 2014). GG can affect the functionality andritional characteristics of starch-based food

products by non-covalent actions. Moreover, GG lsarused as a dietary fiber to promote human
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health (Chung, Liu, & Lim, 2007). As a dietary sigpent, GG swells and then intertwines with
other food components to form a network structlifés slows down the process of gastric emptying
and subsides hunger and eating desire, which tgplarly suitable for those who are obese or on
diet (Butt, Shahzadi, Sharif, & Nasir, 2007). Ire thuman colon, GG can be fermented by resident
bacteria, producing short-chain fatty acids thattgut the digestive tract and prevent bowel cancer
(Shahzadi, Butt, Sharif, & Nasir, 2007). Bordoloaé (Bordoloi, Singh, & Kaur, 2012) reported that
when potato starch was added with pectin, cellums&G, the digestion rate of the starch was
significantly reduced owing to the physical embeddof GG. Jang et al. (Jang, Bae, & Lee, 2015)
suggested that GG could induce the structural reamation of starch and significantly reduce the
sugar index of noodles made from wheat flour or lehwheat flour.

The extrusion of starch can be considered as &ngmrocessing technology where starch is
plasticized with water under high temperature, shaad pressure. During the extrusion process,
starch is re-linked with a strengthened intermdechydrogen-bonded network, finally resulting in
kinetic and thermodynamic stabilities (Gomez & Agra, 2010). Extrusion can modify the starch
granule morphology, semicrystalline lamellar thieks, crystalline structure, molecular mass and its
distribution, and linear/branched-chain starch eots (Lai & Kokini, 1991; Ye, Hu, Luo, Wei, &
Liu, 2017). Besides, starch chain aggregates oferdift scales can be formed and the starch
digestibility can be regulated (Fan et al., 2018).

The combination of extrusion treatment and GG &aldlits likely to produce rice starch with
increased enzymatic resistance, which is conduoiveiman health. However, limited research can

be found regarding the effect of extrusion on tie €édmplexation with starch. GG molecules may
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induce chain rearrangement and aggregation throwghcovalent interactions, such as hydrogen
bonding and van der Waals forces, thus, changiagtisceptibility of starch molecules to enzymes
(Zheng et al., 2019). This current study aimedrateustanding the combined effects of GG addition
and extrusion treatment, for which the digestipitt micro-extruded rice starch (MERS) complexed
with GG was analyzed using scanning electron mampg (SEM), Fourier-transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), smalhgle X-ray scattering (SAXS), andC
nuclear magnetic resonance (NMR). Based on thesdysms, we explored how the altered
multi-scale structure of rice starch influencedigestibility. A relevant model was established and

the mechanism for these effects was elucidated.

2 Materials and methods

21 Materials

Rice starch (GABIOSTA-F) was supplied by Jiangxinéing Biotechnology Co., Ltd. (Wuxi,
China), which contains 11.55% (d.b) moisture, 0.2@Pb) lipid, 0.65% (d.b) protein, and 0.38%
(d.b) ash. Food-grade guar gum (GG) was provideGbgngzhou Feibo Biotechnology Co., Ltd.
(China). Pancreatia-amylase (A3306) was purchased from Sigma (USAyIukose oxidation kit
(GOPOD) was bought from Megazyme (Ireland). Allatbhemical reagents used in this study were

of analytical grade.

2.2 Preparation of micro-extruded rice starch (MERS) with guar gum (GG)
Rice starch (20 g, dry weight) was mixed with G2, 5%, 7.5%, 10%, w/w, based on rice

starch) in a flask. The mixture of rice starch &@ was adjusted to 40% moisture content, which



96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

was then extruded in a Haake MiniLab Il micro-compder (Thermo Fisher Scientific, USA) at 150
rpm and 85 °C. The material was directly extrudéthout circulation in the micro-compounder. The
residence time was about 5 min. The extrudates wdweeel at 40 °C for 24 h, and ground with a
laboratory-scale grinder to pass through a 100-rs&ste. According to the different amounts of GG
added, micro-extruded rice starch (MERS) sampleth véG were named in the form of

“MERS/GG-X", in which “GG” represented guar gum,datX” represented the content of added
GG (%). The MERS sample without GG was named MERSIG These samples were compared

with native rice starch (NRS).

2.3 Invitro starch digestibility

In vitro digestibility was measured based on the Englyshatke(Englyst & Cummings, 1985)
with slight modifications (Wang, Wang, Li, Chen, &hang, 2017). Considering the chemical
structure of GG, non-digestive components may bhelmot only resistant starch but also GG.
Therefore, the digestive properties of MERS sampiiéis GG were measured by the proportions of
rapidly digestible components (RDC), which were foygked by incubation within 20 min, of
resistant components (RC), which were remain urdiyded after 120 min of incubation, and of

slowly digestible components (SDC), which were ghlted as the difference between RDC and RC.

24 Predicted glycemicindex (pGl)
The hydrolysis index (HI) was calculated on theidba$the starch hydrolysis curve (0—180 min)
as the percentage of total glucose released owemil8in comparison with that released from white

bread over the same duration (Gofii, Garciaalons8a&racalixto, 1997; Jenkins et al., 1981). The
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glycemic index (Gl) was then estimated by usingdafeation used by Goni et al. (Goiii et al., 1997)

with slight modifications (Gl = 44.78 + 0.3797 x)HI

25 First-order kinetic analysisof in vitro digestibility

The logarithm of the slope (LoS) graphical methaswsed to study thee vitro digestibility of
MERS samples and to predict their physiologicapoese (Butterworth, Frederick, Terri, Hamung,
& Peter, 2012; Dhital, Warren, Butterworth, Eli& Gidley, 2017; Xu, Kuang, Wang, Zhou, & Wang,
2017). The digestibility was fitted to the firstear kinetic as shown in Eq. (1):
C, = C (1 - e-’“) 1)
whereC; is the digested components ratio of the samplgs,is the digested components ratio at the
end of the reaction, arldis the first-order rate constant.

By expressing the first derivative of the first-ercequation in a logarithmic form, we obtained a
logarithmic slope (LoS) plot:
In(5) =-kt + In(Cork) ()
where In(dC/dt) represents the logarithm of the sloge,and C,, were used to construct a

model-fitted starch digestion curve according to 9,

26 GPC-MALSanalysis

The weight-average molecular mab4,J, mean square radius of gyration, and moleculaasma
(M) distribution of the samples were analysed usigglgpermeation chromatography (GPC) system
coupled with a multi-angle light scattering deteciad a refractive index (RI) detector, as descdribe

in our previous studies (Liu, Chen, Xu, Liang, &efig, 2019).



136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

2.7 Determination of amylose content

The amylose content of starch was determined usiagodine reagent method (Lim et al.,
2015). 100 mg of starch was accurately weigheddasgersed in a 1M NaOH solution, which was
then diluted with distilled water to form a 1 mg/mblution. This solution was then mixed with
iodine-KI reagent, and measured at 620 nm using\atution 201 UV-Visible Spectrophotometer
(Thermo Scientific Inc., Waltham, USA). The amylosentent was determined using a standard

curve established by a mixed solution of amylostanylopectin.

2.8 Scanning electron microscopy (SEM)

MERS samples were spread onto circular metal stdvered with double-sided adhesive
carbon tape and then sputter-coated with gold. émayf starch granules were obtained using an
EM-30 Plus scanning electron microscope (SEM, COXEMduth Korea) under an accelerating

voltage of 20 kV at 500x magnification.

2.9 Small-angle X-ray scattering (SAXYS)

SAXS measurements were performed on a SAXSess -amglk X-ray scattering (SAXS)
system (Anton-Paar, Austria) according to our pyasi methods (Zhang, Chen, Li, Li, & Zhang,
2015; Zhang, Chen, Zhao, & Li, 2013; Zhang, Li, lXie, & Chen, 2013). Samples were measured
at 50 mA and 40 kV using a PW3830 X-ray generd®Nalytical) equipped with an X-ray source
of Cu Ka radiation § = 0.1542 nm). Each sample with a moisture conténabout 60% was
prepared and equilibrated at room temperature 4oh,2before being placed into a paste cell and
measured for 5 min under X-ray. The data, recoidezh image plate, were collected using the IP

Reader software using a PerkinElmer Storage Phospystem. All collected data were normalized,
8
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and the background intensity and smeared intensdye subtracted by using SAXSquant 2D

software and SAXSquant 3.0 software, respectively.

2.10 X-ray diffraction (XRD)

XRD analysis was performed using an Xpert PRQJrdctometer (PANalytical B.V.,
Netherlands), operated at 40 mA and 40 kV with arayXsource of Cu-K radiation { = 0.15424
nm). The range of the diffraction angled2vas from 5° to 40° with a scanning speed of 1@%/m
and a scanning step of 0.033°. The characterifffraction peaks of the A-type crystal are mainly
9.9°, 11.2°, 15°, 17°, 18°, and 23.5°, and thos¢hefV-type crystal were mainly 7.4°, 13.1°, and
20.1° (Singh, Dartois, & Kaur, 2010).

The MDI Jade 6.0 software was used to compute thstatlinity between 4° and 30°62
according to our previous studies (Xu, Tan, Chen,& Xie, 2019). The integrated areas of all
crystalline peaks halo on the X-ray diffractogramswhe crystallization areAd}, and the integrated
areas of the amorphous halo on the X-ray diffragtog was the amorphous regioAg)( The
equations used for calculating A-type or V-typestajlinity are:Xa (%) or Xy (%) = 100 xAJ/(Ac +

A); and the total crystallinity is calculated usiXga (%) =Xa (%) + Xv (%).

211 Fourier-transforminfrared (FITR)

FTIR spectra with a range of 4000 to 400 tmwere obtained on a Tensor 37 spectrometer
(Bruker, Germany) with a DTGS (deuterated triglgcisulfate) detector using an attenuated total
reflectance accessory. For each spectrum, 64 sedéimsair as the background were obtained at a

resolution of 4 cnt.
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2.12 '3C Cross-polarized magic angle spinning nuclear magnetic resonance (CP/MASNMR)
spectroscopy
Solid-state*C CP/MAS NMR analysis was performed on a Bruker N@E 1Il HD 400
spectrometer (Bruker, Germany) equipped with a 4-omoadband double-resonance MAS probe.
Approximately 500 mg of the sample was placed thespinner and inserted into the center of the
magnetic field. The NMR spectrum with CP and MASsweacorded at 100.613 MHz at a
temperature of 295 K. Over 6000 scans were accuetufar each spectrum with a recycle delay of

2 s (Mihhalevski et al., 2012; Tan, Flanagan, HaN&hittaker, & Gidley, 2007).

2.13 Statistical analysis

The data were statistically analyzed using the SES@ statistical package and presented as the
mean * standard deviation (SD). The differencesvéen the groups were estimated using an
analysis of variance (ANOVA), anp < 0.05 was considered to indicate a statisticsigynificant
difference between the two groups. Pearson coioalanalysis was also conducted to determine the

relationships between GG content, the structurdsdagestibility.

3 Results

3.1 Invitrodigestibility

Table 1 shows the digestibility of NRS and MERS gkes. Compared with those of NRS, the
SDC and RC contents of MERS samples remarkablgasad. The migration of water molecules to
the interior of the starch granules driven by thermomechanical energy during extrusion could

destroy the hydrogen bonding between the starclecutds and induce the reorganization of starch

10
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molecules to form a more thermodynamically stablecture, leading to a significantly RDC content
(Wang et al., 2018). The addition of GG apparengiguced the digestibility of MERS. With the
addition of GG, the RDC content of MERS samples dexgeased by 26-41.8% and the RC content
was increased by 27.1-41.5% gradually. The effécextrusion on the SDC content was less

significant, with an increase from 9.2% to 20.6%.

Table 1. RDC, SDC and RC contents and pGl of NRBMEBERS samples

Samples RDC content (%) SDC content (%) RC cor{féint pGl
NRS 95.0+0.2 3.4+1.F 1.60.8 -
MERS/GG-0 75.2+0% 10.3+0.6 14.5+0.8 82.3+1.5
MERS/GG-2.5% 49.2+1° 9.2+0.8 41.6+1.2 64.3+2.3
MERS/GG-5% 42.8+0% 11.2+0.5 46.0+0.3 63.2+0.9
MERS/GG-7.5% 33.2+1% 16.4+1.4 50.4+1.7 63.0+1.3
MERS/GG-10% 23.4+1%1 20.6+0.3 56.0+0.9 61.8+1.2

" Mean value + standard deviation of duplicate asialis given. Values with dierent letters within

the same column dier significantly p < 0.05).

3.2 Predicted glycemic index (pGl)

Table 1 also shows the pGl values of NRS and MERSptes. Specifically, the interaction with
GG significantly reduced the pGIl of MERS. With ieasing amounts of GG added, the pGl of
MERS decreased gradually. Along with the resultmuaRC and SDC contents, it could be proposed

that the formation of SDC and RC reduced the pGQIBRS.

11
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3.3 First-order kineticsanalysis

Fig. 1 shows the digestibility curves and LoS plfis NRS and MERS samples. Table 2
shows the&k and C,, values obtained from the LoS plots derived from finst-order kinetics of the
digestion of MERS samples. In the first 1 h, MERS8nples were digested rapidly and nearly
reached a plateau at 80-120 min (Fig. 1A). In @difor all MERS samples, the LoS plot exhibits
a linear relationship with a constaht value, suggesting that the digestion of MERS was a
single-phase process. Tlevalue for MERS/GG-0 was significantly higher thdrat for MERS
samples with GG (Table 2., represents the theoretical percentage of staggsthd at the end of
the reaction. The addition of GG obviously reduttezl C,, values for MERS samples. These results

were consistent with the digestibility data as shawTable 1.

100 5

A B

80+

60+

[ ] [ ]
" " = MERS/GG-0

Digested components ratio (%)

%

- v o y=-0.1218x+2.2579 R0.99764

—-104 e MERS/GG-2.5%
40 y=-0.0995x+1.5500 #0.99736

= MERS/GG-0  R0.99798 A MERS/GG-5%
o MERS/GG-2.5% R0.99357 -15 y:-0.0915x+1.5022??—0.9972

20- A MERS/GG-5%  R=0.98085 M MERS’GG'7-5°£
v MERS/GG-7.5% R:0.96052 y=0.054x+2.0.9792 120.99546

20 MERS/GG-10%

MERS/GG-10% R=0.99373

y=-0.0314x+0.2481 #0.9799

OI‘ T T T T T T T T T T T T T T

T
T T T T
0 20 40 60 80 100 120 140 160 180 200 20 0 20 40 60 80 100 120 140 160 180 200
Time (min’ Time (min)

Fig. 1. Digestibility curves (A) and associated La8ts (B) for MERS samples.

Table 2. Digestibility parameters obtained from & plots for MERS samples

Samples k (min™ Co

(%)

12
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MERS/GG-0 0.122+0.003 83.169+1.104
MERS/GG-2.5% 0.099+0.063 56.898+1.353
MERS/GG-5% 0.092+0.062 51.682+2.148
MERS/GG-7.5% 0.054+0.082 46.504+2.956
MERS/GG-10% 0.031+0.002 44.124+1.283

"Mean value + standard deviation of duplicate ansligsgiven. Values with dierent letters within

the same column dier significantly p < 0.05).

3.4 Molecular massdistribution and amylose content

The weight-average molecular mass,), mean square radius of gyration, and molecular
mass distribution of NRS and MERS/GG-0 were ingaddd by GPC-MALS. The parameters of the
different samples are shown in Table 3. MigandRy of NRS were 2.250xI@/mol and 112.9 nm,
respectively. After extrusion, thé,, of MERS/GG-0 decreased to 1.048%gmol. Along with that,
the Ry of MERS/GG-0 also decreased. These results shaivitte thermomechanical treatment could
break starch chains, reducing the molecular weggiat the size of chain aggregates. Table 3 also
shows the cumulative weight fractions at differemblecular mass distribution ranges for MERS
samples. For NRS, the fractions higher than I>gifhol accounted for 100%. After extrusion, the

molecular mass distribution of MERS/GG-0 moved talsdower values.

Table 3 GPC-MALS parameters of NRS and MERS/GG-O0.

Amylose Molecular mass distribution (%)
Samples My, (g/mol) R
content <10®® 1-5x16° 0.5-1x16° >10"
NRS 22.90%  2.250x10 112.9 (0.5%) 0 0 0 100%

13
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(1%’

1.048x106
MERS/GG-0  25.30% 94.0 (0.5%) 0 23.6% 30.7% 45.8%
(0.9%)

a. Fitting precision. b. g/mol.

Table 3 also shows the amylose contents of NRSMIERS/GG-0. Along with the molecular
mass distribution results measured by GPC-MALS;oiild be found that the thermomechanical
treatment caused the breakage-df,4 glyosidic andi-1,6 glyosidic bonds, with increasing amylose

content.

3.5 Granule microscopy

Fig. 2 shows the granule morphology of NRS and MERS8iples. The granules of MERS
presented irregular shapes and a rough surfack, peites on the surface. This indicates that the
thermomechanical treatment significantly destroyedgranule structure of NRS. In comparison, the
size of MERS became more homogeneous, ranging 8@rto 150um. MERS samples with GG
were in the form of polygonal chunks with a smostinface without apparent porosity, and the size
of MERS with GG was approximately 120n. This indicates that the addition of GG signifittg

destroyed the granule morphology of MERS.

14
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Fig. 2 SEM images of NRS and MERS samples (scalelb@um; magnification: x500)

3.6 Fractal structure

Fig. 3 shows double-logarithmic SAXS curves for NRBd MERS samples. While NRS
showed a characteristic scattering peak af 0.614 nm' representing its lamellar structure, this
peak disappeared for all MERS samples either witbowvith GG, indicating the lamellar structure
was completely destroyed by thermomechanical treatnTheo value (Table 4) was calculated by
fitting the SAXS scattering signal to the power-l@guation,l(g)~q % wherel is the SAXS
scattering intensity and, obtained from the slope of the regression linghef double logarithmic
SAXS curves, can be used to analyze@heharacteristics of the surface/mass fractal sirectThe
scattering objects displayed a surface fractacsire with a fractal dimensidds = 6-o in the case
of 3 <a < 4, whereas a mass fractal structure was desicviltth a fractal dimensioDy, = a in the

case of 1 <« < 3 (Cameron & Donald, 1993a, b). The fractal disien of rice starch after extrusion
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272
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274

275

276

277

278
279

280

281
282

increased significantly. This suggests that thentibenechanical treatment caused the migration of
water molecules to the interior of the starch glasuwhich destroyed the hydrogen bonding
between starch chains and induced the reorgamizaticstarch chains to form new aggregates.
Compared with that of MERS/GG-O0, the fractal dimensof MERS with GG was significantly

larger. With increasing amounts of GG added, tlaetéd dimension of MERS and the density of

nano-aggregates increased moderately.

I ——NRS
e ~+— MERS/GG-0
e —+— MERS/GG-2.5%
""-,» \y ~+ MERS/GG-5%
ﬁ,,f“\,‘ MERS/GG-7.5%
by 8 MERS/GG-10%

Intensity (a.u.)

Fig. 3 Double-logarithmic SAXS patterns of NRS &HERS samples.

Table 4.a, total crystallinity Krota), A-type crystallinity Ka), and V-type crystallinityXy) of NRS

and MERS samples

Samples o Xotal (%0) Xa (%) Xv (%)
NRS 1.66+0.02 32.4+0.5 32.0£0.4 0.4%0.F
MERS/GG-0 2.100.02 17.8+0.3 16.0+0.F 1.840.2
MERS/GG-2.5% 2.27+0.61 19.7+0.3 16.5+0.2 3.240.F
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284
285

286

287

288

289

290
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292

293

294

295

296

MERS/GG-5% 2.28+0.02 21.5+0.3 17.6+0.f 3.9+0.T
MERS/GG-7.5% 2.31+0.63 22.5+0.3 18.3+0.9 4.2+0.1
MERS/GG-10% 2.33+0.01 23.3+0.4 18.7+0.2 4.6+0.2

"Mean value + standard deviation of duplicate ansiy&s given. Values with dierent letters

within the same column dier significantly p < 0.05).

3.7 Crystallinestructure

Fig. 4 shows the XRD spectra of MERS samples. Adigrusion, the rice starch maintained its
A-type crystal structure, but the intensity of dweristic diffraction peaks at 15°, 17°, 18° aBd32
(20) was significantly reduced, indicating reduced ype crystallinity. The V-type crystalline
scattering peak increased significantly after esttm. Regarding this, the thermomechanical
treatment may have caused the unwinding of doutlieds into single helices and the complexation
between amylose and the starch granule endogeipdig\Wang et al., 2018). MERS/GG-0 shows
an A+V hybrid crystalline type. For MERS sampleshwGG, while the starch crystalline type
remained the same, the diffraction peak intensitygased. As shown in Table 4, the addition of GG

apparently increased the crystallinity of MERS, ethwas more so with a higher content of GG.
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Fig. 4 X-ray diffraction patterns for NRS and MER&mnples.

3.8 FTIR analysis

Fig. 5 shows the FTIR spectra for GG and MERS samplhe bands at 1047 ¢tin1081 cm®
and 1022 cit can be attributed to the<© stretching vibration of the anhydroglucose UABU):
and additional strong signals at 3320 trand 2932 cit could be assigned to-& and G-H
stretching vibrations (Fang, Fowler, Tomkinson, &1,H2002; Zhou et al., 2014). The infrared
spectrum of GG was similar to that of MERS samplgkout or with GG. No new reflections were
detected for the complexation between rice starth@G. With increasing amounts of GG added,
this absorption peak at around 3,300 tned-shifted gradually with increasing intensitydicating

hydrogen-bonding interactions between GG and stzreins.
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311 Fig. 5 FT-IR spectra for GG and MERS samples.

312

313 The complexation between GG and rice starch coliohge the starch molecular conformation
314 and chain interactions. Fig. 6 shows the secondraldrivative infrared spectra for MERS samples.
315 The peak at 991 crhrepresents the vibration absorption e@-H, which is related to hydrogen
316 bonding associated with thes @ydroxyl group of the AGU of starch (Soest, TousndVNit, &
317 Vliegenthart, 1995). Compared with MERS/GG-O0, tlieliaon of GG red-shifted the absorption
318 peak of G-O—H at 991 cm', and higher amounts of GG led to a greater shifis result suggests
319 that GG molecules could destroy the original hyérogonding in starch molecules by forming new
320 hydrogen bonds with the starch AGU, which is ineggnent with the infrared spectroscopy data in

321  Fig. 5.
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324 Fig. 6 Second-derivative infrared spectra for MERRBples.
325
326 A mechanistic analysis of the change in starch diigdity was performed by studying the

327 change in the short-range ordered structure oflstd&ig. 7 shows an infrared deconvolution map for
328 MERS samples, which could be used to calculateddégree of short-range ordering of the starch
329 granule surface structure based on the ratio ehsity at 1,045/1,022 cth As shown in Table 5,
330 during extrusion, the semi-crystalline structureswampletely destroyed, and the degree of starch
331 ordering was reduced; however, the hydro-thermohaeical treatment could lead to the reassembly
332 of starch chains and thus a higher degree of aggoeg(Wang, Li, Copeland, Niu, & Wang, 2015;
333 Wang, Wang, Wang, & Wang, 2017). Complexation v@@ improved the ordered structure of the

334 starch granule surface, which was more apparehthigiher amounts of GG added.
20
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337 Fig. 7 Infrared deconvolution map for MERS samples.

338

339 Table 5.Riss11020and proportions of amorphous starch and helicatstres of MERS samples

Samples R1045/1022 Amorphous Single helix  Double helix
starch
MERS/GG-0 0.815+0.062 79.2+0.5 2.5+0.3 18.3+0.8

MERS/GG-2.5% 0.833+0.084  77.7z0.f 3.120.3 19.2+0.2
MERS/GG-5% 0.837+0.062 74.4+0.1 5.9+0.0 19.7+0.%
MERS/GG-7.5% 0.845:0.013  72.6+0.3 6.8+0.3 20.6+0.8
MERS/GG-10%  0.870+0.0066 70.4+0.% 7.9+0.6 21.7+0.6

340 “Mean value + standard deviation of duplicate ansligsgiven. Values with dierent letters within
341 the same column dier significantly p < 0.05).

342
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39 ¥C CPIMASNMR Analysis

The change in the helical structure of MERS sampkes studied by’C CP/MAS NMR and the
results are shown in Fig. 8 and Table 5. For MER®@es with GG, the Cpeak was located
between 96 and 106 ppm, the @ak between 80 and 85 ppm, the; €peak between 68 and 78
ppm, and the £peak between 58 and 65 ppm. Peaks at 99-102 pi@n negion indicate V-type
single helices (eight glucose cycles per turn), B08.2 ppm is also related to the amorphous starch
content associated with the junction points of apgttin double helices. In addition, the peaks
centered on 101.5, 100.5, and 99.4 ppm in thee@ion are characteristic of the double-helical
structure of A-type starch (Gidley & Bociek, 2002orrison, Tester, Gidley, & Karkalas, 1993). The
ratio between the area of these characteristic peakl the area of the; @eak can be used to
calculate the proportions of single/double heliaesl amorphous structure (Fan et al., 2013). The
thermomechanical treatment can easily induce thakage of starch-1,6 glyosidic bonds, further
increasing the amylose content and promoting tlmdton of single helices (Liu et al., 2017).
Increasing amounts of GG led to higher amountsirajle helices, a lower proportion of double

helices, and less amorphous content.
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Fig. 8°C CP/MAS NMR spectra for MERS samples

4 Discussion

The thermomechanical treatment by extrusion fatdg the interaction of starch chains with
water, causes changes in the starch multiscaletstas (granule morphology, semi-crystalline
structure, crystallites, and helical structureg) e structural ordering, and leads to the foromatif
new starch aggregates. These structural changgshe&digestibility and the blood glucose response
level of rice starch.

GG can be incorporated into starch-based food mtsdhrough forming hydrogen bonding, van
der Waals forces, and other non-covalent forcel wiiarch chains. These interactions induce the
rearrangement of starch chains to form more-ordexggregates, which are more resistant to

amylase (Zheng et al., 2019). Besides, the aqusolugion formed by GG has a high viscosity,
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380
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387

which inhibits the migration of amylase in solutiand thus restricts the access of amylase to starch
chains (Sasaki & Kohyama, 2012). Moreover, Slauglde al. (Slaughter, Ellis, Jackson, &
Butterworth, 2002) have suggested that some pdrnocenzyme molecule may have a certain
affinity with GG, making GG a non-competitive infttr for the a-amylase-catalyzed hydrolysis of
starch molecules.

Fig. 9 shows a schematic representation of theaoeatent interaction of GG with rice starch
during extrusion and the associated changes immihié-scale structures and digestibility of rice
starch. The thermomechanical treatment could fatalihydrogen-bonding interactions between GG
and starch chains and the formation of new aggesgéte., single- or double-helices), which
effectively shielded the action sites on starchirch&r amylase and thus reduced the hydrolysis by
amylase.

At a low content of GG addition (up to 10%), themgmexation between GG and starch chains
led to a significantly higher RC content (Table Regarding this, GG increased the ordering of the
aggregated structure (Fig. 3 and Table 4), theetdsitof single- and double-helices (Fig. 8 and&abl

5), Xa andXy (Fig. 4 and Table 4), thereby improving the dig@stesistance.
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Fig. 9 Schematic representation for the changesulti-scale structure and digestibility of MERS

samples.

As the GG content increases, GG begins to adhetevaap the starch granule fragments and
the structure of the rice starch-GG complex becodesser (Zhang, Gu, Hong, & Cai, 2012). In
other words, with more GG added, GG may provideatial resistance (Bordoloi et al., 2012;
Dartois, Singh, Kaur, & Singh, 2010). Increasing tamount of GG enhances the interaction
between GG and starch chains and promotes the tiormaf an ordered, complexed structure
(Zheng et al., 2019). While the ordered structamened by starch chains highly depends on strong
hydrogen bonding interactions and chain arrangesnéhnére are also many weak hydrogen bonds
between starch chains. The co-existence of thedmbgn bonds with different strengths results in a
wider frequency range of the characteristic peakyolroxyls (Bemiller & Huber, 2015). As amylose
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readily forms complexes with organic molecules sashGG especially during thermomechanical
processing (Chaisawang & Suphantharika, 2005),ctimaplexation can lead to increased V-type
crystallinity.

In 1*C CP/MAS NMR spectra, the position of 3 related to the helical structure, as the spiral
arrangement of glucose molecules ig V-, and \4 structures is different. In other words, as the
bonding position of hydrogen bonds is differeng themical displacement position of the geak
for the three types of helical structure variese T chemical displacement signals of thg V-,
and Vg helical structures are 102.2-102.7 ppm, 103.341Q%m, and 103.9-104.3 ppm,
respectively (Bail, Rondeau, & Buleon, 2005). Ahleg chemical displacement value of general C
indicates a greater amount of helical structurestarch (Tian et al., 2018). The chemical
displacement of Cfor MERS with GG was close to the; Value, indicating that the single-helical
structure in the complex was of two main types, elgrivs and 4.

Table 6 shows the results of Pearson correlaticaalysis between the GG content and the
structure and digestive properties of MERS with G@ere was a significant correlation between the
RDC, SDC, and RC contents. The RDC content wasfsigntly negatively correlated with the SDC
content (—0.997p < 0.01), RC content (-0.998,< 0.01),a (-0.994,p < 0.01),Xtotar (—0.959,p <
0.05),Xa (-0.955,p < 0.05),Xy (-0.962,p < 0.05),R1047/21024—0.950,p < 0.05), single-helix content
(-0.952,p < 0.05), and double-helix content (-0.99/< 0.01), and was significantly positively
correlated with amorphous starch content (0.975 0.05). In addition, the RC content was
significantly positively correlated with (0.985,p < 0.05), Xtotal (0.970,p < 0.05),Xa (0.964,p <
0.05), Xy (0.976,p < 0.05),R1047/10220.987,p < 0.05), single-helix content (0.950,< 0.05), and
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double-helix content (0.994, < 0.01), and was significantly negatively correthivith amorphous
starch content (-0.98@,< 0.05). The addition of GG was significantly gogly correlated witho
(0.984,p < 0.05), Xrota (0.981,p < 0.05),Xa (0.978,p < 0.05),Xv (0.983,p < 0.05), single-helix
content (0.962p < 0.05), and double-helix content (0.987< 0.05). In addition, GG content was
strongly negatively correlated with pGl (-0.9F0< 0.05), which means the level of postprandial
blood glucose response to MERS could be reduceddogasing the amount of GG added. R&l
pGI were positively correlated with each other 0.9 < 0.05), while the RDC and RC contents
were negatively correlated (-0.998< 0.01). This indicates that GG reduced the RDtertt and
increased the RC content by changing the RC can¥ntX,, and the amounts of single- and

double-helices.

Table 6. Pearson correlation coefficients of GGtennwith starch structures and digestibility

GG content RDC content  SDC content RC content

GG content 1 - - -
RDC content -0.996 1 —~ —~
SDC content 0.987 -0.997 1 —~
RC content 0.998 -0.998" 0.989 1

a 0.984 -0.994" 0.999 0.985

Xrotal 0.981 -0.959 0.940 0.970

Xa 0.978 -0.955 0.938 0.964

Xy 0.983 -0.962 0.941 0.976

R1047/1022 0.925 -0.950 0.948 0.987

Amorphous starch content  —0.992 0.975 -0.957 -0.986

Single helix content 0.962 -0.957 0.906 0.950
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Double helix content 0.987 -0.997" 0.996 0.994
pGl -0.970 0.960 -0.936 -0.976

Mean value + standard deviation of duplicate ansligsgiven: p < 0.05,” p < 0.01.

5 Conclusion

For MERS, the addition of GG significantly incredsthe RC content and reduced pGl.
Moreover, MERS with GG showed increases in the elegyof the ordering of nano-aggregates and
the granule surface structure, higher crystallif€ya, Xa, andXy), and greater amounts of single-
and double- helices. Pearson correlation analyB®vs that Xtoa, Xa, Xv, and single- and
double-helix contents were correlated with the S&@ RC contents. Thus, this study demonstrates
that the starch structure and digestibility coutviell regulated by the addition of GG combined

with thermomechanical treatment.
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Highlights

v' Micro-extruded rice starch (MERS) was prepared with guar gum (GG)
v' GG addition enhanced slowly-digestible (SDC) and resistant (RC) componentsin MERS
v MERS with GG presented reduced digestion rate and predicted glycemic index (pGl)

v Crystallinity and helical structures contributed to SDC and RC in MERS with GG
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