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Abstract: This work concerns how the multi-scale supramakacstructure of starch relates to its
digestion rate from a view of structural heteroggndhe untreated granule starch displayed a dual-
phase digestion pattern, ascribed to two digestrhlgions within the heterogeneous multi-scale
structure of starch, which had prominently diffdrdigestion rates. Not only amorphous starch but
also part of molecular orders (crystallites witdwik) were digested at a same fatat the first

phase; densely-assembled starch including ordensfewer flaws was digested at a rather slow rate
ko (ca. 2/5 ofk;) at the second phase. When alkali altered thedggaeous supramolecular structure
of starch, the digestion behaviors were also chénfjiee 0.1% (w/v) alkali solution slightly

disrupted the starch multi-scale structure, whedtuced the molecular orders, disrupted the
lamellae, weakened the molecular organization wigmowth rings, and enlarged the granule pores.
Then, part of resistant starch was transformedshawly-digestible fraction with a digestion rate
close toky. In contrast, when stronger (0.5% w/v) alkali waed, the starch multi-scale structure
was more apparently disrupted, causing even graweding. This structural change resulted in a
triple-phase digestion with three different digestrates. Moreover, especially with stronger alkali
along with the structural disruption, some ordeith & higher thermal stabilty emerged and reduced
the accessibility of starch molecules to the enzyiméhis case, the digestion rate decreased Wwéh t

treatment time.

Keywords. Starch; Multi-scale; Supramolecular structuregé3ition rate
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1. Introduction

The digestion of food biopolymers.g, starch, and protein, always involves enzymes
that depolymerize the macromolecular substancesoilgomer/monomer units under certain
kinetics. Starch, as a storage biopolymer in higitents, is a key carbohydrate providing
energy for humans (Juansang, Puttanlek, Rungsangltffuncha-arnon, & Uttapap, 2012).
Starch contains two majorglucansj.e., amylose and amylopectin (Liu, Halley, & Gilbert,
2010). These two polymers assemble on differeféscaa the starch granule to form a multi-
scale supramolecular structure with heterogeneigyinly including the whole granule (< 1
um-100um), the growth rings (100-400 nm), and the semtatise lamellae (9-10 nm)
(Perez & Bertoft, 2010; Zhang, et al., 2015b; Zhaial., 2014b). The digestion of starch
releases glucose, which relates to metabolic déseas), Type Il diabetes, obesity and
cardiovascular diseases (Robertson, Currie, Morganell, & Frayn, 2003; Zou, Sissons,
Gidley, Gilbert, & Warren, 2015). Thus, to maintpeople’s health, considerable attention
has been paid to the modulation of starch digdityilfe.g, digestion rate and degree) (Chen,
et al., 2016).

Despite for human diets starch is usually congsuafter processing, granule starch is
also used widely, for example for low-moisture fedelg, biscuits) (Blazek & Gilbert,

2010), fruits, vegetables, animal feeds, and irdlstonversions. For the granule starch
digestion, the enzyme firstly diffuses toward aimtlb the substrate, followed by the
adsorption and catalytic events (Bertoft & Manelil)892). The tight assembly of starch
molecular chains in the multi-scale supramolecsiarcture of granule starch can suppress
the enzyme diffusion/absorption and hydrolysis {8fret al., 1992). The digestion rate of
untreated granule starch by amylase is normallgreg¢vimes lower than that of starch after
processing such as cooking (Blazek, et al., 20D@ta\et al., 2008; Zhang, Dhital, & Gidley,

2013). This lower digestion rate was proposed dubé existence of ordered structure in
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granule starch before processing, which reduceadbessibility of starch molecules to the
digestive enzymes. However, an increasing numbstugfies have shown contradictory
results, revealing that the degree of moleculaassismbly (structural disorganization) of
granule starch during processing, such as gelatioiz, only has little effects on starch
digestibility including digestion rate (Chung, Li&,Lim, 2006; Tamura, Singh, Kaur, &
Ogawa, 2016; Wang, Sun, Wang, Wang, & CopelandoR®ence, it is still inconclusive
how the multi-scale structure of granule starchegos the digestion rate of starch.

As mentioned above, the multi-scale supramoéeatiucture of granule starch is
heterogeneous. That is, starch molecules pack#utistructures on multiple scales have
varied degrees of compactness and thus show stlbiterogeneity. This heterogeneity
probably endows starch molecules assembled in patarch with prominently different
susceptibilities to enzyme hydrolysise(, digestion rates). However, though numerous
reports evaluate the effect of starch structureh ss crystallites and helices, on starch
digestibility (Zhang, et al., 2014a; Zhang, Chehad, & Li, 2013), there is limited
understanding of how the multi-scale supramolecstiarcture of granule starch relates to its

digestion rate from a structural heterogeneity viéherefore, based on this view, we may

better explore the links between specific strucufegranule starch and starch digestion rate,

which is crucial for the rational development adrshy foods with tailored digestibility.

This work was aimed at disclosing the relatiopdetween the multi-scale
supramolecular structure of granule starch andigsstion rate from a view of structural
heterogeneity. Regarding this, the multi-scalecttmal features of the starch were
interrogated by different techniques. The digektyb{digestion rate) of the starch was
evaluated using a modified vitro method (Zou, et al., 2015). Besides, alkali wasiuse
vary the multi-scale supramolecular structure afdt with heterogeneity. Intense alkali can

quickly disrupt the starch structure and promined#grades starch molecules (Han & Lim,
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2004) due to th@-elimination of reducing semi-acetal groups. Irstiork, we chose to use
moderate alkali treatment (alkali concentration$2®w/v and 0.5% wi/v) with long-term
periods (6 and 12 days) to modify the starch stmectvithout degradation of starch
molecules (Cai, et al., 2014, Jiang, et al., 2MNaidiha, Fazilah, Bhat, & Karim, 2010;
Praznik, Buksa, Ziobro, Gamfyu& Nowotna, 2012; Wang & Copeland, 2012). Alsoxwa
starch has advantages for this study, as its gedrag a loose surface (typically with pores)
and an interior structure with weak-points. Thikesany evolutions in the supramolecular

structure and thus in the digestion rate of staxdhced by alkali more apparent.

2. Materials & methods

2.1 Materials

Waxy maize starch was purchased from Penfordralies Pty Ltd. (Lane Cove, NSW,
Australia). The starch has an amylose contesho3%, as measured using the iodine
colorimetric method (Tan, Flanagan, Halley, Whiggk& Gidley, 2007). A moisture
analyzer (MA35, Sartorius Stedim Biotech GmbH, Gamng) was used to measure the
moisture content of each starch sample. Sodiumdxydie, sodium azide, and ethanol were
of analytical grade, and were purchased from Tmakgmeou Chemical Reagent Co., Ltd.
(China).a-Amylase from porcine pancreas (A-3176; 23 unit E®®/mg solid; one unit
liberates 1.0 mg of maltose from starch in 3 miB&atC), phosphate buffered saline tablet
(P4417-100TAB), 4-hydroxybenzhydrazide (PAHBAH, 828 and maltose (M-9171) were

supplied by Sigma-Aldrich Pty Ltd. (Castle Hill, M& Australia).

2.2 Preparation of alkali-treated starch

Approx. 10.0 g of the starch was added into 150smdlium hydroxide aqueous solution
at a concentration of 0.1% (w/v) or 0.5% (w/v),etger with 0.1% (w/v) sodium azide as a

chemical preservative. The starch slurries weré &ep5 °C for 6 or 12 days with

5
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intermittent shaking to fully re-suspend the statter the treatment, the starch was washed
with deionized water, followed b95% ethanol (Jiang, et al., 2014; Wang, et alLl220and
centrifuged for 3-5 times until the slurry becaneaitnal. The starch sediment was dried in an
oven at 35 °C for 48 h. In the following, codesitgb as “S-0.5-12" was used, where “S”
indicates the starch, “0.5” denotes the concewomgtio) of sodium hydroxide, and “12”

means the days of treatment. Also, “S” represdr@sative ie., untreated) starch.

2.3 Scanning electron microscopy (SEM)

The granule morphology of the starch was obskusing a Zeiss Merlin Ultra
Resolution SEM (Carl Zeiss AG, Oberkochen, Germahk® samples were mounted on a
metal stage and then coated with iridium. The irsagere obtained at an accelerating

voltage of 2 kV.

2.4 Laser diffraction analysis

Granule size distribution was evaluated by a MalvMastersizer 2000 laser diffraction
analyzer (Version 5.22, Malvern, UK). The obscumatvalue was 12% to 17%, with a pump
speed 2050 r/min. The refractive index of the $tamed the dispersing reagent ethanol was

1.54 and 1.36, respectively.

2.5 Synchrotron small-angle X-ray scattering (SAXS)

SAXS measurements were performed on the SAXS/Wh&&nline (flux, 1013
photons/s) at the Australian Synchrotron (Claywin, Australia), at a wavelength
4 =1.47 A. The starch suspensions with a starckemmnation of 40wt% were placed on a
multi-well stage, and then the SAXS data were rdedrfor an acquisition time of 1 s. The
scattering of pure water with Kapton tape (5413 ABRB3/4IN X 36YD, 3M, USA) on the

stage window was used as the background datah@lMllata were background subtracted and



137  normalized. The data in the range of 0.002p<0.20 A* were used as the SAXS pattern,
138  whereq = 4rsind/4, in which 2 is the scattering angle aadhe X-ray wavelength.

139 For the SAXS patterns, the data in the range@JIZD <q < 0.04 A* were fitted using a
140 unified model Eq. (1) (Zhang, et al., 2015Db).

141

)° (1)

142

143 Here,G is the pre-factor of the Guinier function corresgimg to a radiu&y; andC ando are
144  the pre-factor and the exponent of the power-lavction, respectively.

145 SAXS data in the lamellar peak range (0.0#<0.20 A-1) were fitted using a power-

146  law plus Gaussian function (Zhang, et al., 201&b)shown in Eq. (2) below.

147
AVIn4 2ln4(qg - 2
I(q) =B+ Pq“+ exp (— < 5 %) ) (2)
w2 w
A
148

149  Where the first termB is the background; the second term is the powerfliaction whereP is the
150 power-law pre-factor and is the power-law exponent; the third term is a €3g&n function whera
151 is the peak are&V (A™) the full width at half maximum (FWHM) of peak ieciprocal space, arg
152 (A™) the peak center position (Blazek, et al., 201@f,@outch, Gilbert, & Gilbert, 2012). Data

153  fitting was performed using least-square refinemetthe NCNR analysis macros.

154 The one-dimensional (1D) correlation functiofn) (Kuang, et al., 2017; Yang, et al., 2016;

155  Zhang, Chen, Li, Li, & Zhang, 2015a), as given on B) andFig. S1 (supplementary material), was

156  used to study the parameters of the starch lansthacture.
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J,” 1(9)q? cos(qr) dg
Iy 1(@)q*dq

L(r) = (3)

In which,r (nm) is the distance in real spadas the second maximum bfr) (i.e., the thickness of
semi-crystalline lamellaedl, the average thickness of amorphous lamellae nvéimicrystalline
lamellae, is acquired by the solution of the linesgion and the flat(r) minimum (sed-ig. S1in
supplementary material) (Zhang, et al., 2018pg)the average thickness of crystalline lamellae

within semi-crystalline lamellae, is calculateddyy= d—d..

2.6 Polarized light microscopy

A polarization microscope equipped with a CMQ@$era was used, and the magnification was

x 400 (40 x 10). For the observation, suspensiatis@M5% starch were prepared in glass vials.

2.7 X-ray diffraction (XRD)

The crystalline structure of the starch was eat&@ld using an X-ray powder diffractometer (D8
Advance, Bruker AXS Inc., Madison, WI, USA), opemtat 40 kV and 30 mA. XRD patterns were
acquired for a 2 range of 4-40°, with a step size of 0.02° ancep sate of 0.5 s per step. The

relative crystallinity X, %) was calculated using PeakFit software (Ver2}t.according to Eq. (4).

n
i=1Aci

X. =
C At

(4)

WhereA,; is the area under each crystalline peak with indardA is the total area of the

diffraction pattern.

2.8 Differential scanning calorimetry (DSC)
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The thermal behaviors of the starch were meaausig) a PerkinElmer DSC 8500. A high-
pressure stainless steel pan with a gold-plategerogeal was used. The samples {2-15 mQ)
with 70% moisture content were heated from 30 @ (2 at a rate of 10 °C /min. All results were

reported as averages of three replicates.

2.91n vitro digestion

Due to the complexity of human digestive proaetls multiple enzymes and the hormonal
control of these enzymes, the investigatiomaofivo starch digestion is challenging and thus is
typically mimicked byin vitro methods conducted by one or more enzymes (Haksgwgu, Gidley,

& Gilbert, 2010).In vitro digestion of starch was carried out in triplicaiecentrifuge tube with

90.0 mg of starch and 16.0 mL of deionized wates imaubated at 37 °C. Then, 5.0 mL of
phosphate buffer solution (PBS; one phosphate frdfsaline tablet dissolved in 200 mL of
deionized water yields 0.01 M phosphate bufferQR7M potassium chloride and 0.137 M sodium
chloride, pH 7.4, at 25 °C) with 9.0 mg of porciramylase (23 unite amylase/mg solid) was
pipetted into the tube. Afterward, 10QuD of the digestion solution was collected at eactetpoint
and transferred into a prepared centrifuge tubéadang 900.QuL of 0.3 mol/L NaCQO; solution to
terminate enzymatic digestion. 1.0 mL of the migetlition was then centrifuged at 80§ €or

10 min before 100.QL of supernatant was pipetted into 1.0 mL of PAHBA®lution (prepared by
dissolving 500.0 mg of PAHBAH powder into 10.0 miL0o5 M HCI, followed by addition of

90.0 mL of 0.5 M NaOH). The resultant solution wasubated in boiling water for 5 min. After
cooling to ambient temperature, the absorbancé@n# (McDougall, et al., 2005; Nwosu, et al.,
2011) was recorded by using a UV-1700 spectropheten{Shimadzu Corp., Kyoto, Japan).
Maltose solution (1.0 mol/L) was used as a stanttarquantifying the amount of reducing sugar
released during starch digestion. The percentadegested starch (maltose equivalent released) was

calculated according to Eq. (5).
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SD(%) = A 100uL x 1.0mg/L .~ . 100% 324
= X X X X X —
o/~ fsample Amattose 90mg ~ 342

(5)

Here,SDis the percentage of starch digested; AagpeandAmaroseare the absorbance values for
the starch digestion solution and maltose standasgpectively. The value of 10 x 210 is the
computational multiple from 10040 aliquots to 21.0 mL reaction solution, and 32£/8lthe

transformation coefficient from maltose to stanchwveight.

2.10 First-order kinetics

Other than the commonly-used first-order kinetmdel (Eq. (6)), the accompanying logarithm of
the slop (LOS) plot (Poulsen, Ruiter, Visser, &rsen, 2003; Zou, et al., 2015) (Eq. (7)) was used t

fit the digestion data for describing the sequéfitisi-order kinetics of the starch digestion.

Cr = Cor(1 —e7*) (6)

dc,
1HE =—k-t+In(Cy - k) (7)

WhereC; (%) is the proportion of the starch digested givan time { (min)), C,, (%)is the
estimated percentage of the starch digested @nth@oint of a digestion stage, dafinin™) is the
coefficient of starch digestion rate. The calcudadegestion datdrf[(Ci+» — C)/(ti+2 — t))]) at each
time point (.2 + ti) /2), except the last two points, was used toiolitee LOS pattern and the
related fit curve.
The LOS plot visibly reveals the number of stadaestion phases throughout the whole reaction
period according to the changes in the slope adslign patternli§(dC/dt)) vs.time ). Hence,
using the LOS plot derived from digestion data,dHhferent digestion stages with different digestio

rate coefficientsk) could be shown. The obtaink@&ndC,, were used to plot the starch digestion

10
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curve according to Eg. (6) to compare the origdsh with the fitted starch digestion curves

generated by the fit model.

2.11 Statistical Analysis

Data were reported as means * standard deviaiwhsvere analyzed by one-way ANOVA and
multiple comparison tests with the least signiftcdifference using the IBM SPSS software ver. 20.0
(Chicago, IL, USA). A statistical difference Bf< 0.05 was considered to be significant. Linear

regression fitting was carried out using Microdetel 2010 (Redmond, WA, USA).

3. Results and Discussion

3.1 Granule morphology and size

The SEM micrographs of the starch granules leedod after alkali treatment are presented in
Fig. 1. Untreated starch granules showed a relativelyosimand compact surface with typical pores.
The 0.1% concentration alkali increased the sunfaughness and enlarged the surface pores for the
starch granules. When 0.5% alkali was used, pastanth granules were broken. Regardless of the
alkali concentration, the increased treatment fimdeced negligible changes to the granule
morphology.

Table 1 shows the granule size distribution of the staruthits alkali-treated samples. After the
0.1% alkali treatment, a decrease was seen inrtmulg fraction in the size (diameter) range oB> 2
um (Pp3), accompanied by increases in the granule fragtiothe size ranges of < 7 up() and
7-28 um Ppy). The longer treatment time (12 days) inducedrénén increase in the proportion of
small size (< 7 um) granules. This indicates thatrhild (0.1%) alkali solution reduced the starch
granule size rather than induced granule swelling.

With a stronger (0.5%) alkali treatment, thesvan apparent increase in the starch granule size
fraction of > 28 pm but a decrease in that of +88 the proportion of starch granule size fraction

of <7 um kept constant. These data suggestedib&.5% alkali treatment induced granule

11
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swelling and increased the granule size of thelstdfowever, as the treatment time increased, the
increase in the granule size fraction of > 28 pih hwe decrease in that of 7-28 um became less
prominent. Regarding this, we suggest that conatigeanule swelling and molecule leaching
occurred during the 0.5% alkali treatment. Thisrsgler alkali treatment for 6 days mainly swelled
the starch granuleg€., increased granule size); a longer treatment (iifedays) could reduce the
increase of granule size by inducing molecularieagfrom the superficial and interior regions of

the starch granule.

3.2 Large-scale structure

Fig. 2A-E presents the SAXS patterns of native and alkeéted starche3.able 1 records the
parameters of the large-scale structures for @iretsincluding growth rings and blocklets. The
starch samples showed typical surface fractalextagf .e., power exponent; > 3) at very lowg
values ofca. 0.0020-0.01 A'. This was ascribed to interfacial scattering frgmowth rings with a
radius of gyrationRg) ca. 1000 A (Zhang, et al., 2015b). After the alkadigtment especially at
high concentration (0.5%), there was a reduction ifwith slightly changedy,), indicating a
decrease in the compactness of molecular organizafithe growth rings.

By fitting the SAXS data in second-leveglange Fig. 2A-E andTable 1), a structure with &g,
of approx. 195 A was revealed, corresponding tdtheklets and mass fractal structufg < 3)
within the growth rings (Doutch & Gilbert, 2013).r@duction inRy; was seen after 0.1% alkali
treatment, indicating that this mild alkali centriglly removed starch molecules from blocklets and
mass fractals. With the 0.5% alkali treatment,@pnent increase iRy, was seen, mainly related to
the alkali-induced molecule swelling in the blod¢kland mass fractals. Besides, similar to the
granule size evolution, the increase in treatmem tvith 0.5% alkali slightly weakened the degree

of increase iRy, due to the alkali-induced molecule leaching fritwe blocklets and mass fractals.

3.3 Lamellar structure

12



270 FromFig. 2, a scattering peak a&.0.06 A* was seen for the semicrystalline lamellae
271 (Zhang, et al., 2015b) of the starch sampledhle 2 lists the fitted lamellar parameters. Both
272 the peak areApeakand the peak intensityeakshowed a moderate increase after the 0.1%
273 alkali treatment but an evident reduction with 8h8% alkali treatment. This evolution in
274  lpeakWas also confirmed by the brightness changesar2bhscattering circle of the

275  semicrystalline lamellae in the inserted graphBigm 2A-E.

276 While the peak area indicates the degree of lamelrdering (Zhang, et al., 2014d), the peak
277  intensity positively correlated to the electron signdifferenceAp (=pc- pa) between the crystalline
278 lamellae fc) and the amorphous lamellag)( Hence, it is concluded that although the 0.1Ralal
279  mildly affected the whole semicrystalline lamellagyreferably altered the amorphous lamellae
280 rather than the crystalline lamellae, leading wreases in the lamellae ordering aad the 0.5%
281  alkali effectively disrupted especially the crybita lamellae to reduce the lamellae ordering And
282 With the increased treatment time, although thé&walkali further increasefyeakandlpeas the 0.5%
283  alkali less effectively reduced these two paransefEnis indicates that the 0.5% alkali induced
284  molecular out-phasing and/or swelling in particdtarthe amorphous lamellae, and/or the

285  realignment of starch molecular chains into thestaljine lamellae. Either scenario could offset par
286  of decreases in lamellae ordering awdwith the 0.5% alkali treatment for a longer tim@ @ays).
287 According to the paracrystalline model (Camerob@&nald, 1993), while the major effect of
288 increasing\p is to increase the overall scattering intenshig, increase inp, (= py—pa), the electron
289  density difference between the amorphous backgrguh@nd the amorphous lamellae, has the
290 concurrent effects of raising the low-angle intgnéatq values lower than the peak center) and
291 lowering the peak definitiorkig. 2F shows the Lorentz-corrected SAXS patterns of theek

292  samples. The 0.1% and 0.5% alkali solutions fded#int times resulted in an increase in the low-
293  angle intensity but a decrease in the peak dedmifThis suggests that alkali increased by

294  inducing a lower destruction to the amorphous bemkgd (.e., amorphous growth rings) than that
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to the amorphous lamellae. In other words, botrelamand non-lamellar amorphous starch could
be affected by alkali.

Also, the scattering atvalues lower than the peak positiaa.(0.01-0.04 AY) showed an
increase after alkali treatment especially at Oce¥tcentrationKig. 2F). This was related to the
evolution of a structure with a sizelf.. Here, the alkali certainly disrupted the semitalme
lamellae, phasing out starch molecules from thesl® (Zhang, et al., 2015b) to form mass fractals
with Ry2. This was another reason for tRg increase after the 0.5% alkali treatment (Bakele 1).

Table 2 shows the average thicknesses of the semi-criygtddl), crystalline ¢;) and
amorphousdy) lamellae. While a slight increasediwas seen after 0.1% alkali treatment, the 0.5%
alkali induced a greater increasdlirthere was an increasedpand a decrease @h. Thus, alkali
made the semi-crystalline lamellae thicker by swglthe crystalline lamellae rather than the
amorphous lamellae. Specifically, alkali ions peaied into the starch granule to partially break th
hydrogen bonding of starch orders such as cry&s|lieading to the movement of double helices in
crystalline lamellae and thus an increase.irAlso, alkali induced out-phasing of starch molesu
from the amorphous lamellae and made the amorgdamadlae thinner. This is unlike a previous
finding (Thys, et al., 2008) that alkali makes semyistalline lamellae thinner for C-polymorphic
starch (a hybrid of A- and B-polymorphs). Thesailtissdemonstrated that alkali increased the semi-
crystalline lamellar thickness for the starch vatkingle A-polymorph.

Like for Apeakandlyear the 0.5% alkali treatment with a longer time @/s) reduced the
degrees of the increasedpand the decrease d, as compared to the counterpart treatment for 6
days. That is, the 0.5% alkali could cause swellotber than molecular out-phasing) for the
amorphous lamellae, contributing to increasiggand also induce molecular realignment

(accompanying the lamellae disruption) within tigstalline lamellaei.e., a decrease i..

3.4 Crystalline structure
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The polarized light micrographs of untreated alkali-treated starch granules are showRim
3A. Untreated starch granules showed typical polaozarosses, the intensity of which is related to
the crystallinity and the microcrystalline oriembett of starch (Zhang, et al., 2014c). The cross was
almost unchanged after the 0.1% alkali treatmauritth®e integrity of part of polarization crosses
could be broken by the stronger (0.5%) alkali. Tieathe stronger alkali partially disorganized the
starch crystallites.

Fig. 3B shows the XRD patterns for the starch sampleséeiiod after alkali treatment. The
untreated starch displayed a typical A-type criisilstructure, as confirmed by intense diffraction
peaks ata. 15° and 23° (2) and an unresolved doubletcat 17° and 18°. The alkali treatment
induced no change to the polymorphic type, whiclk imaagreement with previous findings (Cai, et
al., 2014; Cardoso, Putaux, Samios, & da Silv@@®,7; Jiang, et al., 2014; Wang, et al., 2012).
Table 3 presents the relative crystallinit{d). The alkali treatment especially at high concaiin
(0.5%) decreaseX.. Crystallite disruption is usually seen for alkméated starch (Cardoso, et al.,
2007; Thys, et al., 2008; Wang, et al., 2012). Agtie time increase under 0.5% alkali condition
resulted in a less evident reductiorXya Accounting for this, during this stronger alkiéatment,
starch multi-scale structure,g, lamellae and crystallites, were apparently dited, which
promoted the leaching€., out-phasing) of amorphous molecular fractiomsnfistarch structures,

accompany by the formation of starch orders witlnareased stability (DSC analysis).

3.5 Thermal behaviors

The DSC thermograms for the starch subjectélde@lkali treatment are shownkig. 3C. An
endotherm G was observed for the untreated steoctesponding to the melting of the short- and
long-range molecular orders of the staiidah, crystallites and double-helices (Liu, Yu, Xie,Ghen,
2006). The thermal parameters of the starch sanapéesecorded it able 3. The enthalpywH was
positive to the quantity of melted starch molecwlaters, which showed a changing trend similar to
that of starch crystallinity.
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After the 0.1% alkali treatment, the starch shwecreases in the ons&t)(and peakT))
temperatures. Specifically, this mild alkali treatmhonly reduced the perfection of part of starch
orders especially those containing flaws.(reduced’, andT,) rather than totally disrupted them
(confirmed by slightly reduce¥. andAH). Besides, the increaseTaconfirmed the formation of a
proportion of starch orders with a higher thermabaity. Then, the transition temperature range
(=TTo) was widened by mild (0.1%) alkali.

With stronger (0.5%) alkali treatment, the stad@dplayed evident increasesTinandT,. This
stronger alkali sufficiently disorganized part tdreh orders with flaws (shown by prominent
reductions inX; andAH). Otherwise, those orders would show [eyandT,. Again, starch orders
with a greater thermal stability (shown by a motiyaincreased ) emerged. In this way, the
apparent increase i, and the modest increaseTigled to a narrowedT. These evolutions were
similar to the changes in the molecular ordersthednal parameters of starch induced by heat-
moisture treatment (Hoover, 2010; Zhang, et all42k).

Hence, the multi-scale supramolecular struchisseembled by starch molecules with
heterogeneity could be altered by alkali, as cardnl by the starch structure disruptierg,
reduction of molecular orders, disruption of serystalline lamellae and weakening of molecular
organization within growth rings. Accompanying stural disruption, the molecule out-

phasing/swelling occurred with the formation ofrskaorders with an increased stability.

3.6 Discussion on the digestion rate of starch feomew of structural heterogeneity

3.6.1 Digestion of untreated starch

Fig. 4A shows the typical digestion curve and LOS pldtm@with their fit curves, for the
native (untreated) starchable 4 records the parameters of starch digestion. Th® ifodel
described starch digestion process accuratelfeaesiduals deduced from the fit data and the
digestion data were in the range of —2~2 (%). T@SIplots displayed two linear ranges, identified
by different rate constantsd., k; andky). This indicated that native starch showed a gialse
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digestion, with the first phase having a higheredign rate than the second okeXk»). k, was just
ca. 2/5 that ok;. At the end of the first digestion phasa, 64.03% () of the starch could be
rapidly hydrolyzed at a ratg (cf. Table 4). Since the amorphous fractions of native starch jwst
ca.50.79% ¢f. Table 3), the digestion at the first phase was proposedttar in both the
amorphous matrix and part of the molecular ordaris/pe crystallitesetc).

The dual-phase digestion for native starch couldttréuted to the heterogeneity of the multi-
scale supramolecular structure assembled by staotdcules. In fact, there were numerous pores on
the starch granule surfaad.(Fig. 1), which connected the granule surface to theimrtéhnilum)
(Chen, et al., 2009). Such pores allowed the patietr ofa-amylase molecules with a sizeaaf.

6 nm (Payan, et al., 1980) into the granule intgiihital, Butardo, Jobling, & Gidley, 2015). The
A-polymorphic starch had numerous short amylopegitie chains (Hizukuri, 1985) and branch
points scattered in both the amorphous and criystalégions. The short double helices (from the
short side chains) and the branch linkages in tysallites led to the formation of flawse., “weak
points” (Jane, Wong, & McPherson, 1997), for tteedi crystallites. Consequently, the untreated
starch contained a large quantity of loosely-packadch molecules.€., amorphous matrix and
orders with flaws) in the hilum, in the growth re{jncluding blocklets and mass fractals), in the
granule surface, and close to the pores. Thesgedingovere highly susceptible to the enzyme and
could be rapidly degraded at the same rate airgtgphase. This finding was different from prevgou
investigations which showed amorphous starch issreasceptible to enzyme digestion, whereas
ordered starch is less easily hydrolyzed by anmez{digestible at a rather lower rate or indigésjib
unless they are disrupted (Lopez-Rubio, Htoon, &&t, 2007).

At the end of second phase, approx. 85.78%) ¢f the starch was hydrolyzed. Here, we
propose that part of the densely- packed matrtk@femainder starchk,g, crystallites containing
fewer flaws (than the orders digested at the filgtse), could be slowly bound and hydrolyzed by

the enzyme at the second phase. This densely-patkigtk had a much lower ratky(ca. 0.4 xk;)
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thank;. It is worth mentioning that with starch digestimmoceeding, the enzyme concentration
reduction and the enzyme deactivation were unabtedas this work was mainly focused on how
the starch multi-scale structure (also with alkaatment) with heterogeneity affects the starch
digestion rate, those enzyme-related factors woatde discussed in the following.

3.6.2 Digestion of alkali-treated starch

The digestion curves, LOS plots and fit curvestii@r alkali-treated starch samples are presented
in Fig. 4B-E. The digestion parameters are summarizeaivle 4. With the 0.1% alkali treatment,
the LOS plots retained the two linear ranges. Coetpto the untreated starch, the alkali-treated
starch could be digested to a similar extenr{) (@ > 0.05) at a similar ratd) at the first stage, and
to an increased digestion exte@bj at a slightly changekb at the second phase. The increased
treatment time did not induce additional changaseadigestion ratek{ andk,) and extentsG;
andCy,). When a higher (0.5%) alkali concentration wasdus digestion course with three different
rates {.e., a triple-phase digestion patterk) ¥ k, > ks; Fig. 4D andE, andTable 4) was observed
for the alkali-treated starch samples. The sampis0.5% alkali treatment had much higlkeand
k. than did those with 0.1% alkali treatment, indiegtenhanced starch digestibility. In additon, with
a longer treatment time (12 days), the 0.5% altalised less increases in digestion ratgar(dky)
but relatively stable digestion proportior@&(andCy,) at the first and second digestion phases. At
the third digestion phase, the digestion rggdnd proportionTs) were almost unchanged.

As the same starch and amylase were used, thk-ialfuced evolutions in the digestion kinetics
of starch should result from the changes in therbgeneity of starch multi-scale supramolecular
structure. The alkali treatment of the starch aateskveral steps, including the alkali penetration
into the granule interior, the alkali-induced dgion (with swelling and molecular reassembly) in
the multi-scale structure, and the out-phasing:{iewsy, etc) of starch molecules from the structure.

The 0.1% alkali solution moderately altered thieregeneous starch structures on multiple

scales. (a) Part of starch molecular ordiees,crystallites and helices, were slightly disrupte
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(reducedX. andAH) with reduced perfection (decreask)t and certain molecular chains
reassembled to form new orders with increased thlestability (increased.). (b) The crystalline
lamellae were swollen (increaség by weakening alignment of double helices witlia tamellae,
while the out-phasing of starch molecules occufoe@morphous lamellae and reduced their
thicknesd,. (c) Then, there was a decrease in the compaabvh@sslecular organization within the
growth rings, as disclosed by reduggdAlso, this alkali caused molecular leaching/obéging

from superficial and internal regions of the grasulthe blocklets and the mass fractals, leading to
reduced granule size aRg.. Also, the granule pores were enlarged. Consetyi¢éimése modest
changes in the starch hierarchical structure cvatisform part of perfect starch orders that are
intrinsic resistant to the enzyme into mainly malac orders with a small amount of flaws. Those
orders, contained a small amount of flaws, coulthdnend and digested by the amylase at a slow rate
k.. Thus, at the end of the second digestion phasgroportion C,) of digestible amorphous and
ordered components was increased foanB85% to> 90% (f. Table 4), though the digestion rates
at dual phases almost remained unchanged. Be#ligascreased time did not cause additional
alterations to the multi-scale supramolecular $tma; and thus led to no difference in the digestio
rates for the 0.1% alkali treated samples.

However, with stronger (0.5%) alkali treatmeng #gtarch supramolecular structure with
heterogeneity underwent more prominent evolutiomparticular, part of starch orders could be
sufficiently disorganized (apparently reducedandAH). The swelling of crystalline lamellae and
the molecular out-phasing from crystalline lamellse enhanced, accompanied by evidently
reduced lamellae ordering. Moreover, the whole gigrthe blocklets and the mass fractals could be
apparently swelling, as seen by increased grameeasioRy,. These drastically-weakened
molecular packing of starch on multiple scales ltedun the emergence of a starch fraction with an
intermediate digestion rake (k; >k > ks, cf. Fig. 4D-E andTable4). That is: 1) part of perfect

starch orders that are resistant to amylase ben@mdy orders with a small amount of flaws, which
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showed a slow digestion rdtgsimilar tok; of the untreated starch; 2) part of original osd&ith a
small amount of flaws showed a further reducedgutidn and probably formed amorphous material,
with an intermediate digestion rdtgwhich was slightly higher thak of the untreated starch; 3)
predominantly amorphous starch packed in the nsglile structure were swollen apparently and
thus had a drastically-accelerated digestionkatlat was evidently higher thq of the untreated
starch. Interestingly, an increase in treatmeng timith this stronger (0.5%) alkali enhanced packing
of starch molecules in the multi-scale structurenulycing the formation of starch orders with an
increased thermal stability. These orders reducedctcessibility of starch molecules to the enzyme,
resulting in evidently reduced digestion ratiesandk;) at the first and second phases and negligibly
altered the digestion ratks) at the third phase and the digestion proportairad! the phase<(,

Ciz, andCys).

4. Conclusions

The link between the multi-scale supramolecuiarcsure of starch and its multi-phase digestion
rates was established from a view of structurerbgemneity. Specifically, the untreated starch
showed a dual-phase digestion, suggesting two tiliigeéractions (within the heterogeneous
supramolecular structure) with different hydrolysages. At the first phase, both amorphous starch
and part of molecular orders (crystallites withwikaetc) were digested at the same rate; at the
second phase, the densely-packed stargh,orders containing fewer flaws, was digestedemath
slowly. Furthermore, alkali altered starch digasti@haviors by changing the heterogeneity of the
starch supramolecular structure on multiple scéisl alkali treatment slightly disrupted the stiarc
multi-scale structure, which transformed a smait paresistant starch into slowly-digestible
fraction rather than increased the digestion r&@&enger alkali treatment (increased alkali
concentration) led to the emergence of a triplesphdigestion with increased digestion rates for
starch, by apparently weakening the multi-scalecstire. Moreover, the formation of starch orders

with an enhanced thermal stability, especially oetlby the stronger alkali, reduced starch digestio
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rate with the treatment time. This work enableargher understanding of the digestion rate of &tarc

which is of value for the design and developmerdtafchy foods with tailored digestibility.
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Table 1 Granule size distribution and large-scale pararsatEnative and alkali-treated starch (S) samples
(first-level coversyrangeca. 0.0020 to 0.01 A; second-leveti-rangeca. 0.01 to 0.04 &) #
S S-0.1-6 S-0.1-12 S-0.5-6 S-0.5-12
Pp1 (%) 6.75+0.1% 10.80+0.17 13.75+0.13 6.92+0.35 6.52+0.19
Pos (%)  86.97+0.24 89.20+0.17 86.24+0.13 35.28+0.45 47.70+0.27
Pps (%)  6.28+0.13 0.00+0.0¢ 0.00+0.0¢' 57.80+0.80 45.78+0.46
01 3.31+0.00 3.12+0.00 3.1620.00 3.00+0.00 3.09+0.00
Ry1 (A) 1065.32+8.82  1062.17+8.06 1076.92+8.61 1022.78+8.96 1046.56+9.89
02 0.95+0.00" 0.96+0.00° 0.92+0.0C 1.58+0.00° 1.60+0.00°
Ry (A) 195.36+1.85  185.67+1.97 187.38+1.95 237.40+2.4F 232.30+2.42
A Parameters obtained by laser diffractiBp;, Pp,, andPp3 are the proportions of starch granules in the
diameter ranges of < 7, 7-28, and > 28 um, respgtiLarge-scale structural parameters fitted fl@AXS
data:d; andd,, power law exponents for the first- and secona@llgwanges, respectiveliR;; andRy,,
radiuses of gyration for the first- and seconddeysanges, respectively. Values are means of three
determinationsr( = 3) values. The different inline letter withim@v means significant differencP & 0.05).
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Table 2 Lamellar parameters of native and alkali-treatadch (S) samples

S S-0.1-6 S-0.1-12 S-0.5-6 S-0.5-12

Aseax(au.)  3.62+0.15 4.38+0.12 4.50+0.12 1.760.05 2.04+0.07°

lpeak(@.U.)  85.68+0.31 103.60+0.38 106.33+0.37 44.03+0.27 50.20+0.23'

Chi® 4.06 2.27 2.37 0.69 1.03

d (nm) 9.15+0.00 9.20+0.00f 9.20+0.00 9.25+0.0C" 9.23+0.0C
da (nm) 2.83+0.0F 2.78+0.00° 2.79+0.0F 2.68+0.01° 2.74+0.01°
de (nm) 6.32+0.0F 6.42+0.00° 6.41+0.01° 6.57+0.01° 6.49+0.01°

A Lamellar parameters fitted from SAXS datge., area of lamellar peak, respectivdly, area of lamellar
peak;Chi?, reduced chi square. Lamellar parameters obtdige®AXS coupled with 1D correlation function:
d, average thickness of semicrystalline lameltheaverage thickness of amorphous lameligeaverage
thickness of crystalline lamellae. Values are medrbkree determinations £ 3) values. The different inline

letter within a row means significant differenée< 0.05).
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Table 3 Crystalline and thermal parameters of native dkaligreated starch (S) samplés

S S-0.1-6 S-0.1-12 S-0.5-6 S-0.5-12
X (%) 49.21+0.68 47.31+0.75 44.70+1.02 39.62+1.1C 42.52+0.96'
T, (°C) 72.31+0.20 68.96+0.35 67.95+0.19' 77.35+0.23 77.17+0.37
T, (°C) 78.57+0.15 75.98+0.27 75.38+0.16 81.95+0.26 81.27+0.18
T. (°C) 86.14+0.32 89.11+0.24 89.88+0.38 90.06+0.43 89.73+0.23°
AT(°C)  13.83%0.12 20.15+0.1F 21.930.19 12.71+0.2¢ 12.56+0.14
AH (J/g)  15.42+0.18 15.12+0.2F 14.28+0.38 10.55+0.26 11.52+0.22

A Parameter obtained by XRI, relative crystallinity. Thermal transition paraters measured by DS,
onsite temperature; T,, peak temperature; T, conclusion temperature; AT (T, —To), transition temperature
range;AH, transition enthalpy. Values are means of threerghet@tions ( = 3) values. The different inline

letter within a row means significant differenée< 0.05).
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629  Table 4 Digestion parameters of native and alkali-treatagdch (S) samplés
S S-0.1-6 S-0.1-12 S-0.5-6 S-0.5-12
Phase| k. (min") (1.03%0.01)x1G°¢ (0.97+0.09)x1G° (0.95+0.04)x1G° (4.36x0.35)x1G° (2.76+0.09)x1G"
t, (min)  180+0° 180+0? 180+0? 40+0° 50+0°
Cu(%)  64.03+1.49 63.93+0.5F 65.74+2.0% 49.23+0.44 50.59+1.08
Phase Il k, (min®) (0.44£0.01)x1G°¢ (0.41+0.01)x13° (0.41+0.02)x13* (1.48+0.21)x1G3? (0.94+0.13)x1G"
to (Min) 540+0° 540+0° 540+0° 180407 180+0°
Cp (%) 85.78+1.48 92.08+0.65 95.50+2.49 75.92+0.49 76.88+2.00
Phase Ill ks (min?) -- -- -- (0.56+0.05)x18%  (0.48+0.08)x1G2
t3 (min) -- -- -- 540+0° 540+0°
Cu(®%) - - - 96.56+1.04° 95.47+2.18
630 “ky, k. and ks are the rate constants for the first, second aindl pinases of digestioty, t, andt; are the times
631  required for the first, second and third phasedigdstion;Cy;,Ci, andC;; are the digested proportions of
632  starch at the first, second and third phases afstiign. Values are means of three determinatiors3)
633  values. The different inline letter within a row ams significant differencd(< 0.05).
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Figure Captions

Fig. 1 SEM images of native and alkali-treated starchgf@hules.

Fig. 2 Double-logarithmic SAXS patterns and their fitwes (A-E), and Lorentz corrected SAXS
patterns (F) of native and alkali-treated starchsg@nples.

Fig. 3Polarized-light micrographs (A), XRD patterns (BldaDSC thermograms (C) of native and
alkali-treated starch (S) samples.

Fig. 4 Typical digestion curves, LOS plots and fit curfesnative and alkali-treated starch (S) sampies.
Experiment datax, o andyy, LOS plot data in first, second and third phasspectively,— , linear fit
curve for LOS plot data,— — and , fit curve basedhe slope and intercept values of the linear

fit curve for LOS plot in first, second and thirtgses, respectively.
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Highlights

» Relation between supramolecular structure and digestion rate was further disclosed.
» Untreated starch had two digestible fractions with different digestion rates.

» Amorphous starch and partial orders could be digested at a same rate.

» Multi-scale structural changes induced by alkali atered starch digestion date.



