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Abstract: The hierarchical structure, pasting and digestibitif adlay seed starch
(ASS) were investigated compared with maize sté@wt®) and potato starch (PS). ASS
exhibited round or polyglonal morphology with apgrarpores/channels on the surface.
It had a lower amylose content, a looser and meterbgeneous C-type crystalline
structure, a higher crystallinity, and a thinneystalline lamellae. Accordingly, ASS
showed a higher slowly digestible starch contemhlmioed with less resistant starch
fractions, and a decreased pasting temperatureaemed tendency to retrogradation
and an increased pasting stability compared wittsgéhof MS and PS. The ASS
structure-functionality relationship indicated thlaé amylose content, double helical
orders, crystalline lamellar structure, and surfpo#oles should be responsible for
ASS specific functionalities including pasting beisas andin vitro digestibility.
ASS showed potential applications in health-prongtioods which required low

rearrangement during storage and sustainable epeogiding starch fractions.

Keywords: Adlay seed starch; multi-scales structures; pastipigpperties;

digestibility
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1. Introduction

Adlay (Coixlachryma-jobi L. var. ma-yuenSapf), commonly known as adlay or
Job’s tears, is an annual crop widely cultivated East and South-East Asia
(Chaisiricharoenkul, Tongta, & Intarapichet, 20Chang, Huang, & Hung, 2003).
Adlay seeds contain a great number of health-beaéhioactive components (e.g.,
protein, polysaccharide, polyphenols, coixenolideixol, oil, etc.) and have been
considered as a traditional oriental medicine famtaries for the treatment of edema,
rheumatism, and neuralgia (Liu et al., 2017; Ts&fang, Chang, Lee, & Mau, 2006;
Zhu, 2017). Besides, numerous studies have beentegpthat adlay seeds have the
ability to prevent the formation of tumors, redun8ammation, ameliorate metabolic
syndrome, and aid in gastrointestinal tract reguta¢Chen, Lo, & Chiang, 2012; Tsali,
Yang, & Hsu, 1999; Wenchang, Cheng, Mengtsan, &gkiom, 2000). Owing to its
perceived nutritional and health benefits, adlagdseare increasingly utilized in the
food industry.

The major component of adlay seeds is starch, atogufor approximately
54.26%-58.15% of its dry mater (Chaisiricharoen&uél., 2011; Liu, Han, & Sun,
2012). Over the last decade, adlay seed starch )(A8S been served as a food
ingredient through several food products such deedagroducts, soups, broths,
distilled liquor, etc. (Yang, Peng, Lui, & Lin, 280 Zhu, 2017) . Besides, the
relationships between supramolecular structures pasting features of adlay seed
starches have been revealed (Miao et al., 2018etXal., 2017). However, studies
focused on ASS physicochemical properties and fomalities such as the content of
rapidly digestible starch (RDS), slowly digestilstarch (SDS), and resistant starch
(RS) are scarce (Chaisiricharoenkul et al., 2011& ICorke, 1999). Importantly,

long-term consumption of starchy foods enrichedhwiRDS was regarded as a
3
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fundamental cause to a wide variety of metabolmplications such as obesity and
type Il diabetes (Brandmiller, Dickinson, Barclagelermajer, 2007; Brandmiller,
2007).

The SDS fractions which provide a slow and prolahgdease of glucose, and
the RS that cannot be digested in human upperogat&tstinal tract but is used by
microflora in the colon are more than encouraged dohealth-promoting diet
(Lehmann & Robin, 2007). With a never growing p@iadn and human health
interests, there could be a shortage of commornthpadbmoting starches for industrial
food applications in the future. Therefore, itssential to identify, characterize and use
non-conventional starches for industrial applicadio Based on the excellent
functionalities of adlay, further insights into th&®SS multi-scale structure and
functionalities such as pasting properties and digdity are inevitable and
necessary.

Although most native starches are semi-crystal{centaining crystalline and
amorphous lamellae) in nature, their granule sstegpe and microstructures are
diverse, depending on their botanical source, grgveind harvesting conditions (Liu
et al., 2017). The granule size of starches rarfiged 1.5um to 100um, while the
shape varied from irregular to elliptical, tetrateddpolygonal and spherical forms.
And the hierarchical structures of starch granuiese been confirmed to be the
critical determinant of starch functionalities fmod processing and human nutrition
(Chi et al, 2017). Thus, understanding the reteingps between hierarchical
structures and functional properties (e.g. digédtikand pasting properties) of starch

is very important for optimizing food and industri@gpplications (Syahariza, Sar,

Hasjim, Tizzotti, & Gilbert, 2013)



81 The aim of this study was to investigate the plyaiemical, micro-structural,
82 thermal, pasting and digestibility properties of ASThe relationships of structures
83 and functionalities of ASS were also discusseddtesvhether the ASS is suitable for
84 the health-promoting foods or other specific indasapplications. The results were
85 compared with commercial maize starch (MS) andtpattarch (PS). This study will

86 provide a scientific basis to extend the commeiaggilications of ASS.

87 2. Materials and Methods

88 2.1. Materials

89 The adlay was planted in May and harvested in Dbeeenm Pucheng, the county
90 of FuJian in China. The county showed an averaggéeature of 17.4 °C, annual
91 rainfall of 1780 mm, and annual sunshine time &3LB.

92 Commercial potato and maize starch were purchasead Kang yuan Co., Ltd,
93 (Henan, China) and used for comparison with AS&cR=atin from porcine pancreas
94 and amyloglucosidase were purchased from Sigmaehd?o., Ltd. The D-glucose
95 assay kit (GOPODK-GLUC) was purchased from Megazyme Internatiomalahd
96 Co., Ltd. (Wicklow, Ireland). All chemical reagentgre of analytical reagent grade.

97 Commercial starches and chemicals were used dinedtiout further purification.

98 2.2.Isolation of ASS

99 Starch was isolated from adlay seeds followinggheviously published methods
100 with some modifications (Kim et al., 2008). Thedswere steeped in excess water for
101 4 h at 25 °C, grounded in an organization brokingchme (JJ-2B, Four Red
102 Instrument, Co., Ltd., Shanghai, China) at fullesppdor 1 min and filtered through
103 200-mesh sieves. The NaOH (0.05g/L) was addedthediltrate, with stirring for 10

104 min and then after stewing for 3 h at 25 °C, theesnatant and the top, yellowish layer
5
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of protein was removed. The sediment was washegtaleimes with deionized water.
The ethanol and diethyl ether were added to thectstauspension to eliminate
non-starch polysaccharide and lipid. Then the btawspension was centrifuged at
5000>g for 10 min. After centrifugation, the supernatand dark tailing layer were
discarded and the residue was washed several tntlesdeionized water until the
supernatant was clear. Then the residue was driéd &C and milled below 50 °C to

yield the starch and stored in a sealed plastic bag

2.3. Chemical Composition Analysis of starches

The starch content, moisture, protein, lipid and alsstarch were determined by
the standard methods of AOAC (Scott & Helrich, 199@ocedures. The amylose
contents were determined by the method of iodiharicoeter at 620 nm using a potato
starch standard mixture (Yu, Ma, Menager, & Suri,2)0 The results were reported on
a dry weight basis. All the experiments were peried at least in triplicate and results

were presented as the mean value.

2.4. Crystal structure analysis

The crystal structure of starches was determinduan Xpert PRO diffractometer
(Rigaku, Corp., Tokyo, Japan), operated at 40 md\4hkV with an X-ray source of
Cu Ka radiation {= 0.1542 nm). The range of the diffraction ang®) (2as from 5° to
60° with a scanning speed of 10°/min and scannteg sf 0.033°. The moisture
content of each sample was equilibrated at 40 Watlrwere approximately 10%. The

crystallinity of starch was calculated by followieguation:

- A
Crystallinity(%) = x100
A+ A

where A is the crystalline area and, & amorphous on the X-ray diffractogram.
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2.5. Lamellar structure

Lamellar structure of starches was detected bynahsgtron small angle X-ray
scattering (SAXS) system at Shanghai Synchrotratid®an Facility (SSRF, China).
A monochromatic beam of 0.124 nm was used and dh®le-to-detector distance
was 1860 mm, which provided @range from 0.10 to 1.5 nirh Samples were
presented in 2 mm sealed quartz capillaries asessg8ms containing excess water
and scattering was measured for 60 s. A sealed 2gomrtz capillary filled with
water was used as a background. SAXS curves werenatiged to sample
transmission and background-subtracted using fis@ware. The Bragg spacing d,
i.e. the thickness of starch lamellar structures walculated from the position of the
peak () according tadl=27/q.

In order to further clarify the structural paramstef semi-crystalline lamellae,
one-dimensional correlation function profiles wesdculated according to following

equation (Chi et al., 2017; Kuang et al., 2017):

[ 1 (@)a” cosr X
[RIGLR

f(r)=

wherer represents the distance in real space.

2.6. Morphology observation and particle size anasis

Granule micrographs were observed at 3000 x maguidin under a scanning
electron microscope (XL30, Philips, Holand), and tight property of granule were
observed viewed under the Olympus BX53 polarizgitmicroscope according to the
method of Man et al. (2012). The granule size asiglgarried out with JEDA-801D
particle size analyzer (Jiangsu JEDA Science-TdodgyoDevelopment Co., Ltd.,

Nanjing, China).
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2.7. Gelatinization properties

The gelatinization properties of the samples wéundisd by using a differential
scanning calorimeter (DSC-200F3 NETZSCH-Geratebmbi®, Germany). Indium
was used as the calibration standard. Starch etumere prepared at 1:3 dry
starch/ratios and sealed, reweighed. Samples tkem allowed to heat from 1TC to
110 °C at a heating rate of 10C per minute. The onset temperatuiig),( peak
temperatureT(), conclusion temperaturé&d, gelatinization temperature range-{lo)
temperatures, as well as enthalpyge), were calculated. All thermal analyses were

conducted in triplicate for each starch.

2.8. Pasting properties

The pasting properties of starches were analyzed ubing Brabender
Visco-Analyser (Brabendviscograph-E, Brabender Gm&HCo. KG, Germany).
Briefly, the starch sample (8% w/w, d.b.) were sgbgd to the following heating and
cooling program: equilibrated at 3% for 5 min, heated to 95C in 40 min, held at
95 °C for 30 min, cooled to 50C in 40 min, and held at 50C for 30 min. All

measurements were performed in triplicate.

2.9.1n vitro starch digestibility

In vitro starch digestibility was analyzed according to teglyst method
(Englyst, Kingman, & Cummings, 1992) with slight difications. Enzyme working
solution containing 780 USP porcine pancreatin anghits amyloglucosidase was
freshly prepared before use. Starches (1.0 g, wsbg dispersed in 20.0 mL acetate
buffer solution (0.1 M, pH 5.2) with 4 mM CaClthen six glass balls were added to
the starch suspension and incubated with 5mL enzsohgtion under continuous

shaking (190 rpm) at 37 °C. An aliquot (0.5 mL)tbé hydrolysate was removed at

8
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time intervals of 20 min and 120 min, and then rdixgth 20 mL 70% ethanol to
denature the enzymes. The samples were centrifag&00% for 5 min and the
glucose content in the supernatant was measurddtiaet Megazyme glucose assay
kit (GOPOD method). The glucose content at intergdl20 and 120 min was labeled
as G20 and G120, and the contents of rapidly dlgesstarch (RDS), slowly
digestible starch (SDS) and resistant starch (R#)tent were calculated by the
following equations:

RDS=G20x0.9/TSx100%

SDS=(G120-G20)x0.9/TSx100%
RS=[TS-RDS-SDS]/TSx100%
where the TS means the total starch (TS) contettieofomplexes used for digestibility
measurement. Herein, the TS equals to 1 g.
2.10. Statistical analysis

One-way analysis of variance (ANOVA) was perfornvath Tukey’'s HSD test

(*p<0.05) using SPSS (20.0 version, IBM). The sigatfice level was set ap< 0.05.

3. Results and Discussion

3.1. Proximate composition analysis of ASS

The chemical components of starches are presentddble S1. The starch
content of adlay seed (yield of (43.2 £ 0.13)%,.9).i5 lower than that extracted from
adlay seed planted in Japan, Burma and Thailand, @Warles, & Huang, 2007),
which may be attributed to the variation in diffiereultivation climates and regions.
Careful isolation and washing procedures resultediean ASS (the purity reached

97.54+0.61%). The range of moisture contents isdalsarches varied from 7.74% to
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9.37%. ASS showed slightly higher moisture con{8rt0+0.17) % than maize starch
(7.74+0.06%). The residual protein and lipid cotdeaf ASS were (0.38 £ 0.05) % and
(0.07 £0.01) %, respectively, which is lower thiat of MS and PS, indicating protein
and lipid are extracted extensively from ASS. Thie eontents of ASS, potato starch
and maize starch are (0.14+ 0.01) %, (0.20+£0.04)n%(0.19+ 0.03) %, respectively.
The amylose content of these starches ranged fr@s @ 24.60%. It was
observed that the amylose content (2.25+0.76%) $% Avas much lower than that of
potato starch (23.32+0.42%) and maize starch (20.2%%), respectively. The
amylose content of ASS is considerably differentptilished data in a previous
literature (Li et al., 1999), i.e., the amylose tort of normal ASS and waxy ASS is
15.9%-25.8% and 0.7%-1.1% respectively. These tesuldicated that the
physicochemical properties of ASS maybe signifisardifferent to other cereal

starches.

3.2. Crystal propertiesof starches

X-ray diffraction patterns of ASS, MS, and PS anewn in Fig.1. The MS and
PS displayed typical A- and B-type patterns, reSpely. It can be seen that ASS
exhibited diffraction peaks at 5.6 °, 15.2 °, 1718 4° and 23.6%2¢), suggesting that
ASS showed a C-type (hybrid of A-type and B-typedax pattern (Man et al., 2012).
This observation was consistent with the resuloreal by a previous literature (Kim
et al., 2008). The degree of crystallization of AB& 35.79% (Table 1), which was
higher than that of PS (29.83%) and MS (31.25%)SABntained a vast number of
branched short chains, which was more readily phakéo double helices and
arranged to form starch crystals. Therefore, ASS Klae highest degree of
crystallization which follows the orders of ASS >SW+ PS. According to previous

studies (Chi et al., 2017; Lopez-Rubio, Flanagdne&ha, Gidley, & Gilbert, 2008),
10
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starch crystalline structures, especially the aflisity, were significantly related to
starch gelatinization properties, pasting behavemd digestibility. Understanding
crystalline structures would be of help to acceerSS-based food development and

applications.

3.3. Lamellar structure of starches

As the alternating stack of amorphous and cryselhegions, semi-crystalline
lamellae assembled with a repeat distance of 9400 A characteristic peak at
approximately 0.6 nit was observed for all starches from Fig.2, indimptihe
existence of starch semi-crystalline lamellae. €ariore accurate, ASS had a peak at
0.6624 nrit and PS, MS showed peaks at 0.6503 and 0.6528 naspectively,
corresponding to the Bragg distances of 9.48, @88 9.62 nm calculated from
Woolf-Bragg’'s equationd=2z/q) (Table 1). Starch lamellar thickness was highly
associated with the susceptibility of enzymes &ttand hydrothermal treatment
(Wang et al., 2018). To further understand the attaristics of starch lamellar
structures such as the thickness of crystallineelen(d.), amorphous lamellalf) and
long repeated distancd, Ed,+d;), the one-dimensional function profile was alsedus
in this work (Fig. S1). Adopting the method, lorgpeated distance of semi-crystalline
lamellae @) can be calculated as the value @t the second maximum &f), d, is
representing the solution of linear regressiorhm duto correlation triangle &fr) =
value of the flat minimum (Fig.S1). Hence, the ager thickness of the crystalline
lamellaed., equals tod, —d,). As seen from Table I, showed similar changes to
that ofd and always showed a smaller value when calculatad #Woolf-Bragg’s
equation. It could have resulted from the differstairch model hypothesis (Fan et al.,
2014), i.e.,d value was obtained based on a paracrystalline h{tite three-phase

model which contained amorphous background, ciystabnd amorphous phases)
11
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and the d linear correlation function approach which onlyncerned the
crystalline/amorphous phases. Notably, although A#8 smallestd or d,, it
possessed the largabt (2.99 nm), which was higher than that of PS (2169 and
MS (2.84 nm). This observation could be attributedthe differences in the fine

structure of amylose and amylopectin from differeotanical origins.

3.4. Morphology and size distribution of starch graules

The scanning electron micrographs (SEM) and padrlight microscope (PLM)
of MS, PS and ASS are presented in Fig.3. It casdaem that MS and ASS granules
are round or polyglonal in shape with smooth sw$a(Fig.3a, €), while PS had a
different morphology (oval or polyglonal) with laggranules (Fig.3b). According to
the SEM photos, MS and PS did not showed any sarfacholes, while ASS
apparently observed with channels or pinholes amgar surface. To our knowledge,
channels always provide direct access of reagemasidosely organized region at the
hilum, which makes it possible to increase the ssibdity of enzymes to starch
(Buléon, Colonna, Planchot, & Ball, 1998). This ebstion indicated that the surface
pinholes should be one of the critical factors deteed the differential digestibility
among MS, PS and ASS.

For starches with semi-crystalline granules, mdsttarch granules exhibited a
Maltese cross under polarized light microscope ¢8anSingh, & Kaur, 2004) . The
MS and ASS have typical Maltese cross in the ceptisition (Fig.3a and c¢). However,
the Maltese cross of PS is at one end of granu¢e 88). It can also be seen that the
size of PS is bigger than MS and ASS, which iggreament with the scanning electron
micrographs observed.

The size-distribution curves of starch granulesdsplayed in Fig.3g. It can be

observed that ASS and MS showed similar uni-modal distribution at 4-31um, but
12
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the PS exhibit a wider uni-modal size distributadrili7-104um. The average particle
sizes were 14.6@m, 14.15um and 48.18m for ASS, MS and PS, respectively. The
variation of starch granules may be attributechliological origin, biochemistry of
the amyloplast or chloroplast, as well as the piggy of the plant (Man et al., 2012,
Singh, Singh, Kaur, Sodhi, & Gill, 2003). Starclagules with smaller particle size are
less resistant to the permeation of water/digestiveymes into the granules, which
would critically influence the starch pasting prdpes or digestibility (Tan et al.,

2015; Zhang & Hamaker, 2009).

3.5. Gelatinization properties of starches

The gelatinization properties of starches were stigated by DSC. The
endothermic gelatinization properties are displayedable 2. The ASS, MS and PS
illustrate endothermic peaks between 60 an8@5T'he transition temperaturel(Tp,

Tc) andAHge Of starches from adlay seed, corn and potatotstaraere significantly
different (Table 3). Th&, of ASS in water was slightly lower that of MS aR&.
However, theT, and T, of ASS in water were higher than that of MS and PS
respectively. Broader gelatinization temperaturgjes were observed£T,) for ASS

in comparison with that of MS or PS, which indichtthe more heterogeneous
crystalline structure of ASS. Generally, the orddrthe starch double helices, size of
crystallites and length of starch branch chain roagtribute to these diverse views
(Kim et al., 2008). Hence, ASS tends to have adoa®uble helices order, and
thereby theaHgye of ASS was lower than that of MS and PS, respelstivTihese
observation might ascribe to the differences ingtanular structure, amylose content,
crystallinity and content or perfection of the dmbelices of starches (Singh et al.,

2003; Xie, Liu, & Cui, 2006).

13



297 3.6. Pasting properties of starches

298 Starches from different plant sources exhibitedrthaique pasting behaviors,
299 which were important for the evaluation and estiomatof process design, unit
300 operation and quality of the final starch produ@dsiang et al., 2014). The pasting
301 profiles of three different starches were measumgdBrabender viscometer and the
302 parameters obtained from the pasting curve aredlist Table 3. Among the three
303 starches, ASS had the lowest pasting temperaturehwvas in agreement with the
304 DSC results. Moreover, ASS had the highest peakosises (1473.0 BU) and
305 breakdown viscosities (1163.0 BU), but the lowe#back viscosities (395.0 BU), final
306 viscosities (105.0 BU), and pasting temperaturés4(6C). The results indicated that
307 the ASS is suitable for a long-time storage sirtseldw retrogradation. Notably, the
308 amylose content of ASS was negatively correlatedth® peak and breakdown
309 viscosities, but positively correlated to the sekbaiscosities, final viscosities, and
310 pasting temperatures. These observations wereinvaticordance with the previous
311 report that higher amylopectin contents resulted imgher peak viscosity and lower
312 setback viscosity (Ibanez et al., 2007). On thesrotand, some researchers have
313 reported that proteins and lipid influenced thetipgsproperties of rice starch and the
314 forming of amylose-lipid complexes (Dautant, Simas\cSandoval, & Muller, 2007;
315 Marcoa & Rosell, 2008), which significantly affedtthe final viscosity, setback value,
316 and pasting temperature of starch. In this wonkelolipid and protein content in ASS

317 would contribute to the lower pasting temperaturé khigher breakdown viscosity.

318 3.7.Invitro digestibility of starches

319 Starch is the most important energy resource fandns, and the digestion

320 behavior is critically related to human health. Breging on the rate and extent of

14
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hydrolysis, starch fractions were classified aswshan Table 4. ASS had higher
digestibility with less RS and higher RDS than thad MS and PS, indicating that
ASS was likely to contribute to a higher glycengsponse after ingestion. In addition,
ASS showed higher SDS content than that of bothaWiPS, suggesting ASS could
provide more sustainable energy for the human bbdg. to starch functionalities are
highly correlated with its original multi-scale wttures (Lopez-Rubio et al., 2008;
Man et al., 2012; Wang et al., 2018), the diffeemnm digestibility among ASS, MS

and PS should be a result of the distinct hierasdtgtructures.

3.8. Mechanism of starch structural properties andunctionalities

In starch granules, linear amylose and highly bdnadcamylopectin are packed
into the amorphous and crystalline starch regionth wifferent length scales,
including the molecular scale (~0.1 nm), lamellaucure (8-10 nm), growth rings
(~0.1um), and whole granular morphology (1-10@) (Pikus, 2005; Zhang, Chen, Li,
Li, & Zhang, 2015). These hierarchical structurésags play key roles in starch
functionalities, such as starch pasting properiesl digestibility (Benmoussa,
Moldenhauer, & Hamaker, 2007; Tan et al., 2015).

Schematic structural differences between ASS, MERS are illustrated in Fig.
4. ASS had smaller granular size and less amylostet entangled on the granular
surface compared with MS and PS. Besides, ASS shavenore heterogeneous
crystalline structure with thicker amorphous larae]lthinner crystalline lamellae and
semi-crystalline lamellae. The less amylose contert heterogeneous crystalline
features should be responsible for the weakerteggis to hydrothermal treatment
(Table 3). The lipids content within starch gramsudways contributed to a higher
pasting temperature/gelatinization temperaturecesifipids would interact with

amylose or long-branched chains of amylopectin danf starch-lipid inclusion
15
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complexes which had a high thermostability. ASS haagch lower lipid content
(Table S1), which might significantly contribute tthe lower pasting and
gelatinization temperatures (Table 3 and Table Mhough ASS showed higher
crystallinity than those of MS and PS, a looser amate heterogeneous crystalline
structure as well as thinner crystalline lamellaentdbuted to its lower
thermostability. However, ASS showed lower setbamdcosity than MS and PS,
which ascribed to the higher amylopectin contert #re difficulty of amylopectin
rearrangement in a short timeframe. Actually, stagarrangement and aging always
decreased food quality which in turn leading to etedoration of consumer
acceptance. Therefore, ASS showed promising pateagplications in the food
industry such as instant soups, sauces and jally,td its low retrogradation during
storage.

On the other hand, starch digestibility was crlticeelated to human health and
was influenced by structural features. Amylose regleed at the starch granular
surface increased starch compactness, which cesist renzymes attack. In addition,
surface pores/channels on the starch granulesiratseased enzyme accessibility to
starches, since enzymes could enter starch intémiough pores/channels. According
to a previous study (Jane, Wong, & McPherson, 19%8%grch with a B type
crystalline structure had most of the branch pof{nts, a-1,6-glycosidic linkages)
clustered in the amorphous region and making them®s susceptible to the enzymatic
hydrolysis, while A or C (A+B) type crystalline stture had ‘weak points'(i.e.,
susceptible to enzymatic hydrolysis) due to itsnbha points scattered in both
amorphous and crystalline regions. Therefore, A&3ypical C type starch, had a
higher RDS content compared with PS. Generallycitarystalline lamellae showed

a more compact structure than that of amorphougllag and in turn, making the
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amorphous lamellae is easily digested when enzymes treated. ASS had a thinner
crystalline lamellae and thicker amorphous lamellaan those of MS and PS,
indicating ASS could be digested by enzymes sualrasylase easily. Importantly,
a looser and more heterogeneous crystalline steicii ASS also contributed to a
higher susceptibility of starch to enzymes. Her&i8S had a higher RDS content and
a lower RS fraction compared with MS and PS. Néwess, ASS showed a higher
crystallinity, which should be responsible forhigher SDS content than MS and PS..
It could be concluded that structural features saglamylose content, surface pores,
crystalline structure and lamellar structures dbnted to ASS digestion behaviors.
ASS, which had a higher SDS content, could be dsedealth-promoting foods

which required a slow and prolonged release ofagac

4. Conclusions

In this work, ASS was extracted by alkaline steg@nd it's physicochemical and
functionalities were investigated in comparisortvabommercial MS and PS. Although
the ASS used in this study cannot represent theh&s from coix in China, the
structural features and functionalities relatiopshiof ASS from the ASS major
planting area were revealed. ASS had low amylosgeod and apparent surface
pores/channels. It exhibited relatively high crifstdy, but a loose and heterogeneous
C type crystalline structure. In addition, ASS reathicker amorphous lamellae and
thinner crystalline lamellae. All these structufeatures contributed to ASS lower
pasting temperature, lower setback viscosity, higRBS content and higher SDS
fractions compared with those of MS and PS. It barconcluded that ASS can be
used as an addictive in health-promoting foods whequired high stability during

storage and are rich energy-providing starch foasti
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556 Table 1. Lamellar structural parameters and relative crystallinity of adlay seed

557 starch (AAS), normal maize starch (MS) and potato starch (PS) granules*
Sample  q(hm?) d d.(nm) da de DC (%)
ASS 0.662%" 0.48 9.25% 2.99 6.26 3579
MS 0.6508 9.83 9.67 2.84 6.77  31.28
PS 0.6528 9.62 9.54 2.59 6.95  29.83

558 * Parameters obtained by SAXS: q, peak positiosenfiicrystalline lamellae; d, average thickness
559 of semicrystalline lamellae calculated by Woolf-§g& equation (d=#q). Parameters calculated
560 from one-dimensional correlation function: dL, lorggeated distance of semicrystalline lamellae;
561 da, average thickness of amorphous lamellae; derage thickness of crystalline lamellae. DC,
562 degree of crystalline of starches obtained from XRifierns.

563 *Values are means of three determinations (n ¥&@)es followed by the different letter within a

564  column differ significantly {p < 0.05)
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565 Table 2.Gelatinization properties parameter for starches

Sample To(°C) T, (°C) Te (°C) Te—To(°C)  AHgel (I/9)

ASS 64.3+0.04c 71.2+0.32a 81.0+0.02a  16.7+0.23a *06802c

MS 66.4+0.13a 70.9+0.01b 76.0£0.01b  9.6x0.12c 10.@5b

PS 64.8+0.20b 69.3+#0.09c  75.3+0.12c  10.5+0.08b 7#R02a

566 T, on set temperatur®;, peak temperaturd;, end temperaturd,-T,, gelatinization range; values

567 followed by the different letter within a columrffer significantly ¢p< 0.05).
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568 Table 3. Viscosity characteristics of starches

sample Pasting Peak viscosities, | Fihgl _Brea@own | Set_b_ack
temperatures, °C Bu viscosities, Bu viscosities, Bu  viscosities, Bu

ASS 66.4+0.0% 1473.0+3.8 395.0+1.4 1163.0+2.1 105.0+0.5

MS 67.4+0.14 514.0+3.1 732.0+1.9 441.0+1.8 441.0+0.8

PS 67.4+0.21 1191.1+2.8 1179.0+1.1 433.0+0.8 594.0+1.0

569 "Values followed by the different letter within alemn differ significantly (< 0.05).
570
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571 Table 4.Digestibility of PS, MS and ASS.

Sample RDS (%) SDS (%) RS (%)
ASS 10.5+1.8 20.6+1.7 68.9+1.1
MS 8.7+0.%% 15.2+1.8 76.0+2.F
PS 4.5+0.6 9.6+0.7 85.9+1.7

572 "Values followed by the different letter within alemn differ significantly (< 0.05).
573
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Figure captions

Fig.1 X - ray diffraction spectra analysis of differetarshes

Fig.2 SAXS curves of ASS, MS and PS.

Fig.3 Morphology (SEM: a, c, e; PLM: b, d, f) and sizetdbution of starch granules
(g). ASS: a b; MS: c, d; PS: e, f. The yellow arsosthowed in Figure 3e indicated the

channels or pinholes on starch granular surface.
Fig. 4 Structural differences between ASS, MS and RSlothg repeated distance of
semicrystalline lamellae; da, average thicknesambrphous lamellae; dc, average

thickness of crystalline lamellae. The weak pointlicates thea-1,6-glycosidic

linkages which cluster in crystalline regions.
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Highlights

*

Structural features of adlay seed starch were determined in comparison with normal maize

starch and potato starch.

¢  Great differences were found comparing with normal maize and potato starches.

+  Functionalities such as swelling power, solubility, pasting properties and in vitro digestibility

were investigated.

+  Factors determining starches functionalities were discussed.

¢ A comprehensive elucidation was proposed to reveal the structure-functionalities

relationships of starches.



