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Abstract: In situ experiment of synchrotron small- and wide-anglea}(-scattering

(SAXS/WAXS) was used to study the lamellar struetehange of starch during
gelatinization. Waxy corn starch was used as a hmodeerial to exclude the effect of
amylose. The thicknesses of crystallirag),(amorphousd,) regions of the lamella
and the long period distancd,d were obtained based on a 1D linear correlation
function. The SAXS and WAXS results reveal the instihge of gelatinization. Firstly,

a preferable increase in the thickness of crysmllamellae occurs because of the
water penetration into the crystalline region. Théme thickness of amorphous
lamellae has a significant increase while thatrgétalline lamellae decreases. Next,
the thickness of amorphous lamellae starts to deereprobably due to the
out-phasing of starch molecules from the lamell&ally, the thickness of
amorphous lamellae decreases rapidly, with the ddon of fractal gel on a larger
scale (than that of the lamellae), which gradudéigreases as the temperature further
increases and is related to the concentration astistmolecular chains. This work
system reveals the gelatinization mechanism of veaxg starch and would be useful

in starch amorphous materials processing.

Keywords:waxy starch, lamellar structure, gelatinization X3A synchrotron
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1. Introduction

Starch is the main component of food and proviaesssential energy for humans.
Recently, starch has attracted much attention esnewable polymer resource for
eco-friendly uses due to its advantages of biodkdpiity and low costs (Yu, Dean, &
Li, 2006). Starch granules are always heated iremia¢fore used, and this results in
an order-disorder phase transition, termed “galadtion”. Gelatinization is one of
the most significant processing methods in indusimg food application of starch,
which determines the proper conversion of starchthm processing of food and
emerging biodegradable starch-based materials ¢tial,, 2011).

The structure of native starch granules is a umitety and organized in different
length scalesi.e., whole granule (um), growth rings (~0.1 um), ldarektructure
(8-11 nm) and molecular scale (~0.1nm) (Pérez &der2010; Tran, et al., 2011). It
is widely recognised that the native starch gransglecomposed of alternating
amorphous and semi-crystalline growth rings. Thenisgystalline growth ring
consists of the repeats of alternating amorphous enystalline lamellae. The
amorphous lamellae are related to branch pointhe@fmylopectin side chains, and
the crystalline lamellae are formed by the shodhthfractions of amylopectin
arranged as double helices and packed in smaliadiitess, respectively (Witt, Doutch,
Gilbert, & Gilbert, 2012). Also, linear amylose reolles and probably less ordered
amylopectin are present in an amorphous staterwdhch native granule (Fan, et al.,
2013; Pérez, et al., 2010)

In our previous papers (Chen, Yu, Kealy, Chen, &4007; Chen, et al., 2011),
the changes of granule and growth rings of stanating gelatinization have been
studied by light microscopy and confocal light sdag microscopy (CLSM).
However, there had been no non-destructive andiefti methods to observe the
lamellar structure of starch until the use of SAXSRAXS measures the variations in
electron density distributions of amorphous andtalline lamellae in granule starch

(Blazek & Gilbert, 2011). Although the lab SAXSwsdely used in starch lamellar



82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

structure characterization (Zhang, Chen, Zhao, &2013), the lab SAXS is still
rarely used fom-situ experiments due to its lower light brightness.

Compared with lab-bench SAXS instruments, synchro8AXS may offer much
higher spectral brilliance, small source size amghhbeam flux (Koch, 2006).
Therefore, synchrotron SAXS is very effective todst thein-situ (real time) lamellar
structure change during gelatinization. Vermeylérale (Vermeylen, et al., 2006a,
2006b) have studied the gelatinization behavioriad starch and potato starch with
bound or limited water byn-situ SAXS experiments. It was found that the water
content plays a major role in gelatinization anel thange of lamellar and crystalline
structures during gelatinization. Waigh et al. (gfaiGidley, Komanshek, & Donald,
2000) also studied the starch structure changegwelatinization byn-situ SAXS
and found two different processes for the A-typd Batype starches. However, the
SAXS analysis in their study did not investigate tthanges in the amorphous and
crystalline layers. Yang et al. (Yang, et al., 20b@ve used synchrotron SAXS
coupled with diamond anvil cell (DAC) to study tleffect of high hydrostatic
pressure on starch gelatinization and used thelation function to reveal the change
in thickness of the crystalline and amorphous Ilaykrring this process.

In this study, synchrotron SAXS and WAXS were ugedin-situ study the
lamellar structure of waxy corn starches duringatieization. Waxy starches were
selected as a model material since there is nearlgmylose starch in its lamellar
structure and waxy starch shows a clear peak qnelng to the lamellar phase. The
correlation function was used to analyzeithgitu synchrotron SAXS results of waxy
starch in excess water. Those studies would hefpdbe the changes in waxy starch

amorphous and crystalline layers during gelatimzrat

2. Material and M ethod

2.1 Sample and sample prepared

Waxy corn starch with the amylose/amylopectin raifo0/100 was obtained

from Lihua Starch Industry Co., Ltd. (Qinhuangd@bjna). The amylose content was
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determined by the method of concanavalin A whike itioisture content (MC) (about
10%) of each sample was determined using a moistnatyzer (MA35, Sartorius
Stedim Biotech GmbH, Germany). Distilled water vaasled to the starch to obtain a
starch: water ratio of 1:3 (w/v) in a glass viatlaquilibrated 24 h for SAXS/WAXS

tests.
2.2 Differential scanning calorimetry

The gelatinization behavior of starch was deterohibg a differential scanning
calorimeter (200 F3, Netzsch, Germany) equippet withermal analysis data station.
Exactly 3 mg of starch were weighed into an alumingample pan. Distilled water
was added to the starch in the DSC pans with dtpipe obtain a starch: water ratio
of 1:3 (w/v) in the DSC pans. When water was addade was taken to ensure that
the starch granules were completely immersed inwtaeer by gentle shaking. The
pans were sealed, and the sealed pans were alltawsthnd overnight at room
temperature before DSC analysis. An empty pan vgasl as a reference. The pans
were heated from 20 to 120 °C at a scanning rate0ofC/min. The analysis was
undertaken in triplicate. The software of Netzsebt®us Thermal Analysis Version

6.1.0 was used to analyze the DSC traces.
2.3 Small and wide Anger X-ray scattering (SAXS/WAXY)

Synchrotron time-resolved small and wide-angle Xgeattering (SAXS/WAXS)
measurements were carried out at BL16B1 beamline&Steinghai Synchrotron
Radiation Facility (SSRF), China. We loaded the psuasion (0.70 mL) into
2-mm-thick sample cells, of which the front and lbbagndows were both covered
with Kapton tape. Two-dimensional (2D) Mar165 wesed to collect the 2D SAXS
and WAXS patterns. The wavelength of the incidemt was 1.24 A for both SAXS
and WAXS, and the sample to detector distance (S#3) 1940 mm for SAXS and
115 mm for WAXS measurements. A beef tendon spetiamel Cerium oxide (Ce
were used as standard materials for the calibraifche scattering vector of SAXS

and WAXS, respectively. The air and water scattenvere subtracted from the
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original SAXS and WAXS data. A Linkman (STC200) lstdége was used to control
sample temperatures, which was calibrated by a ¢estyre calibrator (Fluker 724)
with a K type thermocouple (Omega) before use. tEmeperature rose from 35 to
85 °C, at a speed of 2 °C/min, with a holding tiodel min. Data were collected at
each degree rise and were measured for 60 secDdSAXS and WAXS patterns
were recorded by a Marl65 charge-coupled deviceDjCdetector. By measuring
sample adsorption using ionization chambers intfemrd back of the sample cell, we
performed data correction, calibrated the SAXS data the background scattering,
and normalized the data on the primary beam inten&ackground subtraction
It T¢

follows the equation:lg(0)=I:(0)- == 1n(0). 1(0), In(#) and I4(H) represent the

Ip Tp
distribution of scattering intensity of samplescéh cells, sample cells and pure
samples respectivell. andl, represent the values of samples held in cells ample
cells, read from the ionization chambers in fronsample cellT; andT; represent the

transmissivity of samples held in cells and sansplés.
2.4 SAXSanalysis

The normalized 1D correlation functigi(r) is defined as

yi(r) = |1 @)a* cos@r g /Q
wherel(q) is scattering intensityy is scattering vector defined gs4nsind/Aq (20
is the scattering angle) ands the direction along the lamellar stack.
The scattering invarian®, is defined as
Q=["1(@ddg
Because of the finitg range of experimental SAXS data, extrapolationhef 1D
SAXS data to both the low and higiranges are necessary for the integration of the
intensity, 1(q). Extrapolation to lowg was performed using an intensity profile based
on Guinier's law, and the extension of the intgnsd large g values can be
accomplished using the Porod-Ru land model (Yangnd, & Han, 2015; Yang,
Liang, Luo, Zhao, & Han, 2012). The parasitic saatig and thermal fluctuation were

corrected using a normalized 1D correlation functio
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3. Result and Discussion

3.1 Thermal behavior by DSC

DSC is a quick and efficient method to test geiasiion behavior of starch. Corn
starch with different amylose content has beenistulefore using DSC (Chen, et al.,
2007). From Fig.1, it can be seen that the waxycktaexhibited a significant
gelatinization endotherm at about 71°C, which hasnbwell accepted as the
representation of the gelatinization of amylopectifhe onset, peak and end
temperature of waxy starch used in this experinaeat60, 71 and 83°C, respectively.
According to previous studies (Liu, Yu, Xie, & Che2006; Liu, et al., 2013), DSC
with a stainless steel pan could be used to stidy ghase transition during

gelatinization.

3.2 SAXScurvesanalysis

The SAXS one-dimensional (1D) scattering intengitgtributions for waxy
starch at different temperatures are shown in Eigand Fig. 2B. It is clearly seen
that there is one typical scattering peak arourggtivalue of 0.6-0.7nfin each
SAXS curves below the temperature of 70.7°C, intthgaa 9-10 nm semi-crystalline
structure according to Bragg’s law=2n/g. No typical scattering peak was observed
above 72.9°C. In fact, the scattering peak indatatdlong period (also known the
lamellar repeat distance, or Bragg spacing) in @eastarches (Blazek, et al., 2011).
The position of SAXS peak is reciprocally relatedte average total thickness of the
crystalline and amorphous regions in lamellar ayemments (Waigh, Perry, Riekel,
Gidley, & Donald, 1998). Moreover, the intensitypeéeds on the amount of the
ordered semi-crystalline structures and/or on tifeerdnces in electron density
between crystalline and amorphous lamellae on therphous background (Yuryev,
et al., 2004).

From Fig.2A and Fig.2B, it could be clearly seeratthhe peak intensity
decreased with increasing temperature. This regluctieans that the destruction to
crystalline lamellae may lead to a reduction in ¢hectron density contrast between

crystalline and amorphous lamellae. However, theeeseveral rises in peak intensity,
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as the temperature went from 61.8°C to 66.3°C. Mede, the peak becomes
broadening with increasing temperature. In facg peak width depends on the
regularity of the lamellar arrangements within si@ch granule (Blazek, et al., 2011;
Yang, et al., 2016).

To further analyze the SAXS curves, Lorentz coroectwas used, and the
selected temperature could be found in Fig.3. Teekpntensity shows similar trends
as in Fig.2. Scattering invariar®) is proportional to the electron density differenc
between the crystalline and amorphous phases,engdlume fractions of the two
phases are based on a two-phase model. From Eigaild be seen th& increased
firstty and then decreased. Correspondingly, thetrest of electron density was
firstly enhanced, which should be due to the watptake and swelling in the
amorphous parts and/or the leaching of amylose ftben amorphous parts. The
decrease in peak intensity suggests a graduallsedsiag electron density contrast
between amorphous and crystalline lamella. Howeareslight increase of the peak
between 61.8 °C and 66.3 °C is observed, whichrieva phenomenon and needs to

be studied in the future.

3.3 SAXS analysiswith correlation function

The 1D correlation function can provide the struetparameters of lamellar
structures of polymers (Chen, et al., 2016; Yang,ak, 2012). Recently, the
correlation function is widely used in the analysisstarch aggregation structure and
provides basic structure parameters such as theknégs of crystalline df),
amorphousdy) region of the lamella and long period distandg= d,+d.) (Chen, et
al., 2016; Fan, et al., 2013; Yang, et al., 2016)this method, the long period
distance d,.) is the value of x at the second maximunyx), d, is representing the
solution of linear regression in the auto correlatiriangle (LRAT) aly = value of the
flat minimum of y(x). Hence, the average thickness of the crystalameellaed,,
equals @, - dy) (Goderis, Reynaers, Koch, & Mathot, 1999).

The normalized 1D correlation function can be seerFig. 4, where we

assigned the larger layer thickness to the amomplaod crystalline thickness. Fig.5



224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

shows the temperature function df, d,, and d,c and the Bragg lamellar repeat
distanceD (D=2r/q). From Fig.5, it could be seen that the longqukdistance dx.)
from the correlation function have a proper fittimgth D from Bragg's law. A
significant decrease D, d,c andd,, as well as an increasedgpabove 70 °C, could be
clearly observed. However, when the temperatuteeisw 70 °C,D andd,.remain
almost identical at approx. 8.5 nm. It is notewgrthat d. rises slightly with the
temperature increasing from 50 to 55 °C, befordeitreases to around 6.4 nm. A
slight increase il could be seen along with the temperature risiognf65 to 70 °C.
An opposite trend is observed a, which is as expected sindg:did not change
greatly. The side-chain model (Waigh, et al., 206@)Id explain the increase in the
thickness of crystalline lamellae, implying thate tamylopectin branching points
could be compressed by the double helices of thdagmctin side chains because of

the plasticization of the spacers.

3.4WAXSanalysis

The time-resolved wide-angle X-ray diffractogramstsown in Fig.6. A typical
A-type crystalline structure can be observed witlaks near 15°, 17°, 18° and 23°.
WAXS is always used to study the longer range sstilecture of starch crystallites,
which mainly consists of monoclinic and/or hexadocrgstal units (Zhang, et al.,
2015). From Fig.6, the peak intensity graduallydmees weaker as the temperature
increases, indicating the reduction in crystaljfirand increase of amorphous zones.
Peaks are almost invisible at 72.7 °C, showingahsence of crystalline structure.
This is consistent with results from SAXS and DS®hich results from
gelatinization.
3.5 Starch gd structure analysis

The fractal dimension indicates the compactness system (Beaucage, 1996)
and has been used to describe the self-similactates of gel structure (Tamon &
Ishizaka, 1998). In the low-region the curves comply with a simple power law
equation (Zhu, Li, Chen, & Li, 2012),(q)~q “,where the exponent gives insight

into the surface/mass fractal structure. Moreowbe mass fractal dimension



253 (0 <a < 3)is used to indicate the compactness, whehsasurface fractal dimension
254 (3<a<4) is regarded as an indicator of the degresnudothness of the scattering
255  objects.

256 After gelatinization, starch becomes a gel. FromquFiit could be seen that the
257 exponenta decreased from 2.70 to 1.21 (within theof 0.1 to 0.2 nni, the
258 corresponding size of 31.4 nm to 62.8 nm) withitleeeasing temperature from 75
259 to 85°C, which means the starch gel is a mass fractattstre. Moreoverg till
260 decreases when the temperature keeps at 85 °Cnfiim. IThese results suggest that
261 the scattering objects of gelatinized waxy starobrevmore compact with the
262 increasing temperature. Since the SAXS measuremetes performedn-situ, the
263 measured change in the starch gel fractal structut depend on the concentration
264 of amylopectin, and a high concentration may leadat mass fraction. This
265 phenomenon will be studied by rheology amditu SAXS in future.

266 3.6 Gelatinization mechanism from SAXS/WAXS

267 Generally, the well-accepted conception of “gelation” means destroying the
268 crystalline structure in the starch granule (Liabal., 2014; Xie, et al., 2006), which
269 is an irreversible multi-stage process includingngle swelling, native crystalline
270 melting, loss of birefringence and starch soluhbtian (Sullivan & Johnson, 1964).
271 SAXS and WAXS would provide the information of lalae and crystallinity
272 structure change during gelatinization.

273 Starch suspensions with a higher concentration weed in this study as a model
274  system to reveal the gelatinization mechanism. Sitmply lamellar structure changes
275  during heating for waxy starch could be found ig.8&i The results ofl,, d. andd,c
276  from SAXS by a correlation function would furthdagfy the changes of the starch
277  lamellar structure. (A) First, water is slowly améversibly taken up in the
278  crystallinity lamellar with the increasing tempenat although the water is already
279  equilibrated in starch (Chen, et al., 2007; Liugkt 2011). At this stage, the size of
280 amorphous lamellar does not change, but the sizeysfallinity lamellar has a slight
281 increase. (B) From 55 to 60 °A,( onset temperature), the size of amorphous

282 lamellar has a modest increase. This phenomenoralde observed in the
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gelatinization caused by ultra-high hydrostaticsptee (Yang, et al., 2016). However,
the reduction of the size of crystallinity lameliarunexpected. (C) After the onset
temperature, the amorphous lamellar starched toedse probably due to the
out-phasing of starch molecules from them (Zhangale 2015). Meanwhile, the
SAXS intensity has a clear increase. (D) Fiiynthe decrease @k could attribute to
the disrupted crystalline layer, and all amylopecouble helices are dissociated to

form a gel.

4. Conclusion

Gelatinization is essential for industry and foqublecation of starch. The present
study investigated the lamellar structure of staduring gelatinization.In situ
synchrotron SAXS and WAXS are used in this work Xystarches were selected as
model materials since there is no amylose stardksitamellar structure and waxy
starch shows a clear peak corresponding to thellEmghase. The correlation
function was used to analyze the in situ synchroB&XS results of waxy starch in
excess water.

During gelatinization, WAXS intensity decreasesduyaly with the increasing
temperature, and the temperature for the disappearaf the WAXS peak is
consistent to that of the DSC and SAXS lamellakkpedhe thickness of crystalline
(d.), amorphousdy) regions of the lamellae and the long-period dista@,;) were
obtained from a 1D linear correlation function. Theerage thicknesses of amorphous
layers and crystalline layers show different changends with the increasing
temperature.

Overall, the multiple stages of gelatinization ecbude concluded: firstly, a
preferable increase in the thickness of the crystalamellae because of the water
penetration into crystalline regions; then, thekhess of amorphous lamellae has a
significant increase while that of crystalline ldlae decreases; next, the amorphous
lamellae start to decrease probably due to thegbasing of starch molecules from
them; at last, the thickness of amorphous lametlaereases rapidly with the

formation of fractal gel on a larger scale (thaattof the lamellae) which gradually
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decreases as the temperature increases furthes egldted to concentration of starch
molecular chains. This work reveals the gelatimmamechanism of waxy corn starch

and would be useful in starch amorphous materi@egssing.
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422 Figures

423  Fig.1 DSC thermograms of native waxy cornstarcalbbandant water.

424  Fig.2In-situ synchrotron SAXS patterns of waxy corn starchiffémnt temperatures
425 (A) 40-61.8°C; (B) 61.8-84°C.

426  Fig.3 Lorentz-corrected 1D SAXS profiles of waxymratarch under selected
427 temperature

428  Fig.4 Normalized 1D correlation function of waxyreastarch

429  Fig.5 Changes in Bragg lamellar repeat distaibjelong period ), thickness of
430 amorphous layerdf) and thickness of crystalline layek) as a function of

431 temperature for waxy corn starch

432 Fig.6In-situ synchrotron WAXS patterns of waxy corn starchitiecent

433  temperatures

434  Fig.7 SAXS patterns (log-log) of waxy corn starchise black scatting dot lines
435  show the relationship~ g“ at selected temperature (the last 85 °C means this
436  temperature was kept for 1 min.)

437  Fig. 8 Schematic representation of the changesaaf/wtarch lamellar structure

438  during heating.
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Fig.1 DSC thermograms of native waxy cornstarcabnndant water.
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Highlights

1. In situ SAXSWAXS is used to study the lamellar structure change

during gelatinization for waxy corn starch.
2. The multi-stage of gelatinization of starch is observed
3. Thelamellar structure change for starch is afunction of temperature.

4. Starch gel shows amass fractal structure.



