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Potato starch granules have been examined by synchrotron radiation small- and wide-angle scattering in a diamond
anvil cell (DAC) up to 750 MPa. Use of agdm synchrotron radiation beam allowed the mapping of individual
granules at several pressure levels. The data collected at 183 MPa show an increasearishend lamellar

period from the edge to the center of the granule, probably due to a gradient in water content of the crystalline
and amorphous lamellae. The average granules radius increases up to the onset of gelatinization at about 500
MPa, but thea axis and the lamellar periodicity remain constant or even show a decrease, suggesting an initial
hydration of amorphous growth rings. The onset of gelatinization is accompanied by (i) an increase in the average
a axis and lamellar periodicity, (ii) the appearance of an equatorial SAXS streak, and (iii) additional short-range
order peaks.

Introduction Experimental Section

Starch is a plant polysaccharide composed of concentric shells Sa@mples.Experiments were performed with sieved, air-dry potato
of alternating hard, semicrystalline, and soft amorphous l&gers Starch granules of 70m average siz& The samples became hydrated
with amylopectin double helices dominating the crystalline upon Io_a_dmg mtq the high-pressure cell, which contained water as
fractior® and amylose chains the amorphous fraction. X-ray preDs.sunzmdgAme'clhgml.l W i adi § sl cell (DAC) with 1
scattering techniques provide microscopic information on several _ Diamond Anvil Cell. We used a diamond anvil cell (DAC) wit
length scales. Thus, wide-angle X-ray scattering (WAXS) of mm thick windows, which is optimized for protein crystallography

. o ’ . . .~ _experiment$%2 DAC cells have not been used much in the past for
::k:)errseesm(l)%rgzt?(l)lI?ﬁem;rfr;slszugtgssﬁgt%t ??\ic?:ls taglrlir‘leengea(ljctlon SAXS experiments on functional biological samptebut usually
local fiFl))riIIar morphologil/ derived by micro W%xés Small provide a more compact format and a higher pressure limit than piston-

. ; y type high-pressure celf§:2” Using water for hydrostatic compression
angle X-ray scattering (SAXS) provides evidence for alamellar e \iseful pressure range is from atmospheric pressure to about 1000

morphology of alternating crystalline and amorphous lamellae \ipa. we used a 0.25 mm thick Inconel gasket into which a,a80
through observation of ans9 nm long period ) peak®’ hole was machined by electroerosion, which corresponds to a 28.4 nL
Evidence for a lamellar morphology has also been obtained by free volume. The cell was loaded with water into which seven starch
electron microscopyMicro-SAXS data on single potato starch  granules and a ruby sphere for pressure calibration were placed. The
granules have been interpreted by a superhelical lamellarpressure was generated by He gas and measured before and after each
model®® During gelatinization in the presence of water, starch experiment using a Raman spectrometer. Experiments were performed
undergoes an irreversible rheological transformation. Gelatiniza- at six pressures (183, 445, 563, 650, 665, and 750 MPa) with a relative
tion can be induced thermafty®-12 or by high pressuré&* 15 precision 0f+30 MPa20-21 Optical microscopy data on a single granule
The thermal disordering process has been associated with dn a separate experiment show that the granule structure is destroyed
helix—coil transition of the side chaid€.1’The onset of thermal ~ at 700 MPa (Figure 1C). The variation of the average radius was
gelatinization has been studied for single potato starch granulesdetermined by fitting a polygon to the granule image using the image
using synchrotron radiation (SR) micro-WAXS technigifes. ~ analysis software analySIS FIVE (Olympus).

A short-range order component preceding gelatinization suggests Synchrotron Radiatior_l Experiments. Experime_nts were performed

a two-step process. Evidence for a rupture of the granular shellat the ESRF ID13 beamlirié?*The beam from an in-vacuum undulator
structure and formation of surface fragments, which are often IS Monochromated th= 0.976 A by a liquid N cooled Si-111 double
called “granular ghostst?-12was obtained. It is assumed that crystal and focused by a Kirkpatrielaez (KB) mirror system. A high-
high-pressure gelatinization follows the same disordering mech-'resc’lut!on CCD camera with an X-ray converter screen and a spot
anism based on FTIR spectroscopy and optical techniués. ;eﬁsec::I;Ji\tllgnbzfa?nbO;;:.gfmaggjt uiedlformc;pmrﬂng(fglwfwfizct:# S;,ﬂAn
These data suggest a midpoint of the gelatinization transition half-maximum) was determined by aplinife-edge scan of au@0

for potato starch at 650 MPA.The aim of the present study is

. . diameter Pt aperture at the focal spot position with a beam divergence
to use SAXS/WAXS techniques to study the high-pressure of about Jor x 0.35,+ mrad? A flux density of up to 3x 10'° photons/

gelatinization process in situ and derive a microscopic model. 5,2 was determined by a photodiode. The decay of the X-ray beam
The 1um synchrotron radiation beam used allows obtaining jntensity with time was monitored with a microionization chamber in

in-situ local SAXS/WAXS information on individual granules.  front of the sample (Figure 2). The exit of the ionization chamber is
fitted with a 20um diameter Pt aperture, which removes stray radiation

*To whom correspondence should be addressed. E-mail: riekel@ generated by the optical system and allows micro-SAXS experirfents.
esf.fr. The diamond anvil cell was placed on a large-strekgz translation
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Figure 1. Optical microscopy of starch granule in DAC cell. Intact granules at (A) 300 MPa; at (B) 630 MPa. (C) Gelatinized granule at 700
MPa. The relative precision is £30 MPa.

Figure 2. Synchrotron radiation micro SAXS/WAXS setup: (A) mirror chamber; (B) motorized ionization chamber with microaperture; (C) diamond
anvil cell; (D) microscope with video camera; (E) MAR165 CCD detection system; (F) vertical translation stage of x/y/z scanning system. A
microscope objective is translated into the beam path for optical calibration and sample positioning prior to an experiment.

unit with 400 nm positional repeatability for each axis (Figure 2). The chamber was used in order to compensate for the X-ray beam decay.
X-ray transmission of the filled cell was about 50%. A motorized lead At this dose level one nevertheless optically observes radiation damage,
beamstop of about 2Q@m diameter was placed as close as possible to which can destroy the physical integrity of the sample if the mesh points
the cell so that SAXS patterns up to about 20 nm could be observed. are too closé:>® We found that 10x 10 um? mesh scans resulted in

An Olympus microscope with motorized rotating turret looking less rupture of the granules thanx44 um? mesh scans. After each
upstream along the beam path on the focus position was used for samplenesh step a diffraction pattern was recorded using a MAR165 CCD
alignment in the focal spot with a precision of 2 um normal to the detector (78.94m x 78.94um pixel size at the X-ray converter screen;
beam axis. This precision is obtained by calibration of the optical system 2K x 2K pixels; 16 bit readout). The sample-to-detector distance was
with the microaperture. The granules maintained their position on the determined to be 158.19 mm by an,@} standard.

diamond window during the experiments. At each pressure level a  Data Reduction. The FIT2D software package was used for data
different granule was chosen and mapped by a mesh scan. The focareduction and data analysisThe raw pattern with granule scattering
spot stability during such a scanning experiment is better tham,1 overlapping with the background from the DAC cell and liquid
as observed optically by the position of the mesh points for radiation- scattering is shown in Figure 3A. For background correction a pattern
sensitive samples (e.g., ref 29). The measuring time per pattern wasrecorded at the edge of the granule was subtracted in order to avoid
chosen to limit radiation damage as far as possible. Previous experi-differences in transmission across the cell as far as possible. This
ments on hydrated starch granules have shown that an accumulategrovided a good background subtraction for patterns from the edge of
dose of 5 photons/nfmesults in complete destruction of the diffraction  the fiber but introduced a too high liquid background subtraction for
patternt In the current case the accumulated dose was only up to 0.3 the bulk of the granule due to the volume of water displaced by the
photons/nrf (calculated for a 7Qum diameter granule and adm granule (Figure 3B). For correction, 2D Gaussian profiles were
beam). This corresponds to atbdus exposure time and does not result  generated, based on the parameters of a Gaussian profile fit of the
in a significant reduction of the 100-reflection and hence the crystalline azimuthally averaged liquid scattering background (Figure 3C). This
fraction8 In practice a constant counting preset value of the ionization background was added with a weighting factor to the backgro&Eﬂ/
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Figure 3. (A) Raw SAXS/WAXS pattern (three patterns averaged) _ ik f - . _
from the edge of a granule at 445 MPa. The variation in pressure is E ; A E
derived from the pressure drift observed across the experimental
period. The strongly textured outer arc is due to residual scattering .
from the Pt microaperture. (B) SAXS/WAXS pattern obtained close e 1

to the center of a granule after subtraction of background recorded 5 10 15 20 25 Q (Im )

next to granule. (C) 2D Gaussian profile generated from liquid Figure 4. Powder patterns at 183 and 665 MPa fitted by broad
scattering background. (D) SAXS/WAXS pattern after adding gener- Gaussian profiles for the short-range order peaks and narrow
ated 2D Gaussian profile with an empirical weighting factor. The inset Gaussian profiles for the Bragg reflections (Q = 4x sin © A1)
shows the range of the 100-reflection (~1.5 nm) and the SAXS peak

(~9 nm).

elsewheré? The corresponding images for 650 MPa are shown in
corrected pattern (Figure 3D). The weighting factor was empirically Figure 5D-F. The radial organization of granules remains intact up to
chosen to minimize the liquid scattering background ped® at20.5 the highest pressure (Figure 5C,F). No evidence for formation of shell
nm~t. The azimuthally averaged profiles of the corrected patterns  fragments (granular gosts), as observed for thermal gelatiniZ&tién,
shown in Figure 4 for the lowest (183 MPa) and highest (665 MPa) was obtained. Granules scanned once by a microbeam got squashed at
pressure rangeare comparable in quality to previous atmospheric lower pressures than granules, which had not been irradiated (Figure
pressure, low-temperature détand extend up t@ ~ 30 nnt. The 1). Thus, a granule which had been scanned at 170 MPa got squashed
183 MPa pattern was obtained from four summed patterns recordedat about 400 MPa. This can be attributed to radiation damage of the
within 8 um from the granule edge, while the 665 MPa corresponds to granule shell by the microbeat? which results in a loss in structural

four summed patterns recorded within 20 from the granule edge. integrity.
The patterns have been simulated by broad Gaussian functions for the
short-range order components and narrow Gaussian functions for the
B-amylose-typ# crystalline fraction. We note that the starch-B pattern

is still visible at 665 MPa but that additional short-range order peaks ~ Homogeneity of Starch GranulesFor a quantitative analysis
suggest partial gelatinization due to melting of crystalline domains. A of the granule homogeneity elliptical shells are defined and the
short-range order peak shifted to largevalues has also been observed  normalized frequency of intensities is determined for each shell.
for thermal gelatinizatiof® Crystalline peaks were no longer observed  This is shown in Figure 6(left) for the diffuse scattering of a
at 750 MPa, where gelatinization had completely destroyed the granule granule at 183 MPa. The gradual increase of the normalized
morphology. The diffuse scattering was integrated after instrumental frequencies from the edge to the granule center is proportional
background subtraction in a 3@nnular sector witiQrin = 2.4 nm-; to the granule volume (Figure 6A; right). Figure 6B shows the
Qmax = 3.0 nn1* between the SAXS peak and the 100-reflection. As g3 me type of plot for th@maxvalue of the 100-reflection, which
the annular sector is void of Bragg scattering and the SAXS peak has s o, o cted from each pattern by a Gaussian fit. The diffraction

no diffuse tails, we assume that the integrated background is dominated. .
by incoherent scattering and therefore proportional to the sample image shows thamax is larger at the edge of the sample than

in the center. Such a variation has already been deduced from

volume. - : - bient pr re dat&32The histogram oQmax values from
The diffraction patterns obtained from a mesh scan at each specific ambiént pressu L 9 . max

pressure level can be used to generate a composite image (“diffractionevery shell shows an |ncreasmo spacing by 0.01 nm toward
image”) where the pixels correspond to a more or less large area of tN€ center of the granule, which correspondsitiiod/dioo ~
the diffraction pattern. Thus, Figure 5A shows an optical image of the 0-006 (Figure 6B; right). Two in-situ studies on the dependence
starch granules in the DAC cell at 183 MPa. The diffraction image Of thedicospacing as a function of hydrat%’ﬁ“supp(.)rt a water
covering the range of the SAXS peak and the 100-reflection is shown gradient toward the center of the granule. It is interesting to
in Figure 5B and the diffraction image for the range of the SAXS peak note that according to one of the studfes change ird spacing
in Figure 5C. These data show at the same time the hierarchical scale§tfom 1.57 nm (edge) to 1.58 (center) would correspond to a
of unit cell (WAXS) and supermolecular organization (SAXS) for single  variation of the hydration level from about 20% (edge) to 50%
starch granules. Similar ambient pressure data have been reportedcenter). It is therefore tempting to speculate that the inho&‘BV

Results and Discussion
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Figure 5. (A) Optical image at 183 MPa; yellow arrow points at the

ruby sphere; red arrow points at one of the seven granules which was

examined by a 4 x 4 um? mesh scan. (B) Diffraction image composed of pixels covering the range of 100-reflection and SAXS peak. (C) Same
for SAXS-peak range. (D) Optical image at 650 MPa; red arrow points to granule examined by a 10 x 10 um? mesh scan. Five of the original
seven granules have been squashed. (E) Diffraction image composed of pixels covering range of 100-reflection and SAXS peak. (F) Same for
SAXS-peak range.
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Figure 6. (A) Pseudocolor plot of integrated diffuse scattering
intensity (see text) across a granule at 183 MPa. The size of the
individual pixels corresponds to 4 x 4 um?2. Histogram of frequencies
of intensity values in the elliptical zones is shown to the right. (B)
Pseudocolor plot of Qmax-values derived from Gaussian fits to 100-
reflections at 183 MPa. Histogram of frequencies of Qmax-values in
the elliptical zones is shown to the right. (C) Pseudocolor plot of Qmax-
values derived from Gaussian fit for long period peak at 183 MPa.
Histogram of frequencies of Qmax-values in the elliptical zones is
shown to the right
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Figure 7. (A) Variation of average granule radius with pressure
(squares). (B) Variation of average long period (filled circles). (C)
Variation of diog value (open circles) with pressure. The lines are guide
lines for the eye. Ambient pressure long period and digo values
according to ref 32. The vertical error bars of the average radius are
o values derived from three successive measurements. The vertical
error bars (o) of the long period and dioo were derived from a
Gaussian fit to the normalized frequencies of the red ellipse in Figure
6B,C. The horizontal error bars correspond to a relative precision of
+30 MPa.

geneous gradient reflects an inhomogeneous amylose distribu-
tion 3536 although a quantitative re-examination of tbgy
spacing variation with hydration level for single granules will
be required.

In addition to thed;oo Spacing increase we also observe a
variation of the SAXS peak across the granule (Figure 6C). The
histogram analysis of the long periotl)(shows, however, %DV
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Figure 8. (A) SAXS patterns with meridional SAXS peak from within 8 um of the edge of a granule at 183 MPa. (B) Azimuthal intensity distribution
of the SAXS peak fitted by Gaussian profiles. (C) SAXS patterns from within 20 um of the edge of a granule at 650 MPa. The edge is schematically
shown. (D) Azimuthally integrated equatorial SAXS pattern (hatched rectangle in Figure 8C) at 650 MPa: (circles) experimental data; (hatched
line) fit of second-order polynomial.

continuous gradient resembling the volume gradient shown in  Onset of Gelatinization. The 2D SAXS patterns obtained
Figure 6A. The increase df by 0.36 nm toward the center of  prior to the onset of gelatinization show a well-defined SAXS
the granule corresponds 2d /L ~ 0.04, which is significantly peak and a low background around the beamstop (Figure 8A).
higher than the gradient ithoo Spacing. As thé value can be The azimuthal intensity distribution of individual SAXS peaks
approximated as the average separation of crystalline domainsrom the edge of the granule can be fitted by double Gaussians
along the fiber axis, one has to assume that theadient across ~ (Figure 8B), which supports the model of tilted lameR&& he
the fiber is dominated by the thickness variation of amorphous tilt value of 17.9+ 0.5° agrees well to the value of 17.2b
domains. 0.5° obtained by averaging SAXS patterns from the edges of
Pressure Effects at Macroscopic and Microscopic Length six granules. The 2D SAXS patterns obtained within the
Scales.The average granule radius shows an increase due togelatinization range at 650 MPa show an increasing diffuse
swelling prior to the onset of gelatinization in agreement with scattering toward the center of the granule. The diffuse scattering
other observatiodg1437(Figure 7A). This should be compared corresponds to a strong equatorial SAXS tail overlapping a
with the variation in average long period and 100 lattice spacing random diffuse scattering (Figure 8C). As shown in Figure 8D,
(dhoo) (Figure 7B,C). Average ambient pressure values have beenthe azimuthally averaged SAXS tail can be fitted by a second-
added®? Both microscopic parameters do not increase prior to order polynomial. Power-law scattering with exponents close
the onset of gelatinization, in contrast to the average radius. to 2 have already been observed for thermal gelatinization and
This suggests that the volume change in this pressure range isattributed to fractal-like structuré8.The current data suggest
principally due to water entering the amorphous growth rings. therefore that gelatinization starts with the breakdown of the
The decrease of thay g value is nearly linear up to the onset lateral organization of domains due to an increased mobility of
of the gelatinization range, suggesting a simple lattice compres-chains while the organization along the local fiber axis appears
sion. In contrast, the long period initially decreases and then to be maintained at this step. The onset of pressure-driven
increases in the gelatinization range. This suggests that in a firstgelatinization appears also to be related to the uptake of water
step only the amorphous growth rings take up water while the by the lamellar structure as evidenced by the increase of both
amorphous spacers in the semicrystalline lamellae get com-long period andd;oo spacing (Figure 7B,C). This agrees with
pressed. A similar compression has been suggested to occuthe proposed solvation step preceding gelatinizafidnis also
due to water freezing by SAXS/WAXS. For the onset of tempting to speculate that the appearance of a short-range order
thermal gelatinization a compression has been deduced frompeak atQ ~ 18 nnt! (Figure 4; 665 MPa) reflects the
small-angle neutron scattering (SANS) contrast variatfon. transformation of the helical to a more compact coiled chain
According to these data the amorphous spacers initially loose conformationt®
water. In the gelatinization range water is also entering the
lamellar blocks, which results in an increase of the long period
and eventually formation of a disordered phase through disrup-
tion of the helical packing. The fact that the radial organization = Potato starch granules show a radial heterogeneity at the
is observed as long as crystalline material is present suggestsnicrometer-level as evidenced by gradientsiaxis and long
that gelatinization occurs within granules with intact outer shells. period. The micro-SAXS/WAXS data complement optical BCE]BV

Conclusion
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IR spectroscopy results on high-pressure starch gelatiniZatien.

The increase in granule volume observed prior to gelatinization

can be attributed to hydration of the amorphous growth rings
as for thermal gelatinizatiof?:*1 The onset of gelatinization
appears to start with hydration of the semicrystalline lamellae

and lateral breakdown of crystalline domains. At this stage the
external granule shape is still intact. The data support a model

suggesting an initial solvation step followed by a heleoil
transition of the molecular chaif&#*?

The experiments show that it is possible to collect SAXS/
WAXS data up to about 1000 MPa in a DAC with auin
synchrotron radiation beam from biopolymer samples. This is
an interesting possibility for biopolymer sample quantities,
which are only available in small volumes or have to be
investigated with high spatial resolution.
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