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ABSTRACT: The behavior upon immersion in water of two types of starchy materials of biomedical
relevance, amorphous potato starch and glycerol-plasticized potato starch, is analyzed in depth. Synchrotron
X-ray scattering, specifically wide-angle X-ray scattering (WAXS), and magnetic resonance microimaging
(MRyl) are used as very precise and nondestructive quantitative methods to monitor water transfers and
structure changes in the samples, with refined spatial and kinetics results. The ingress of water in the
cylinder-shaped samples can be inferred from both techniques, and from this, a diffusion mechanism is
deduced for each sample type. Qualitatively, scattering and imaging give comparable results: plasticized
samples are shown to behave close to a Fickian diffusion case, amorphous samples close to a case II. WAXS
results also provide an in-depth knowledge of the crystalline structures associated to each step of the water
ingress, and these are in turn correlated to water diffusion. To refine these observations, a recrystallized
starch sample is also analyzed via WAXS. This study gives better insight into the structure of a material with
a huge biomedical potential (as implants, for example), and for such applications, the behavior upon

immersion in water is particularly relevant.

1. INTRODUCTION

Polysaccharides are widely used in biomaterials development.'
Among these, starch is commonly employed because of its
widespread availability and it can be obtained from a lot of
different sources (such as maize, potatoes, wheat, ...) as a low-
cost product. Starch is a very versatile raw material that can be
processed by extrusion, injection molding, and thermomolding
into either porous or dense thermoplastic materials. The
mechanical properties, and particularly the rigidity of starch-
based materials, can be modulated by the addition of
plasticizers such as glycerol or sorbitol, which decrease the
glass transition temperature of the material.”> Due to its
biocompatibility and biodegradability, starch is also introduced
in formulations suitable for biomedical applications. In these
applications, the degradation profile, swelling ratio, and
controlled release capacity of starch containing materials have
been studied. Various modified starches,"™® such as hydrox-
ypropyl starch-ethyl methacrylate, starch-methacrylate,” and
starch-ethylene vinyl alcohol, have been used either as
hydrogels or as thermoplastic materials.”” Starch, including
modified starch and starch blends, was also introduced in
composite materials to improve their biocompatibility.'""
Over the past decade, there has been a growing interest in
using starch as a biomaterial for tissue engineering applications.
Starch was added, for example, to polycaprolactone materials,
to improve cell adhesion and proliferation,'” enhance angio-
genesis, and promote in vivo tissue integrationls’14 and
repair.'” =" For such applications, only starch-based materials
have proven their potential so far. Once starch is processed into
an amorphous material via extrusion, it can develop a shape-

memory ability which can be tri§gered by the use of its native
humidity sensitivity properties.'® As such, it can be used to
make stents, scaffolds, and other types of implants.'”** Because
of the lack of minor components in its composition, such as
proteins or lipids, starch extracted from potato stands as the
best biocompatible candidate among other starches. Velasquez
et al. reported the behavior of potato starch materials immersed
in a physiological medium to evaluate implantation con-
ditions.”" Extruded starch plasticized with 20% glycerol appears
highly resistant, since it maintained its integrity during the
water uptake over 1 month, after a 4 h swelling phase, in
comparison to amorphous extruded starch without glycerol
which swelled rapidly and then crumbled upon immersion. The
initial degree of crystallinity and water-induced crystallization
during immersion seem to be key factors of these properties
(glycerol-containing samples are semicrystalline). Besides, the
extrusion itself could be important: the extrusion mechanical
energy (specific mechanical energy, SME) is lower when a
plasticizer is used, indicating a gentler process.””

The following Article therefore focuses on the understanding
of structural changes in extruded starchy materials during their
immersion in water. Indeed, while glycerol-plasticized samples
have been proven more resistant to water and biodegradation,
thus making them potentially interesting for biomedical
applications such as implants, the reason for this behavior is
still unclear. One of the main differences with nonplasticized
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starch materials is the semicrystallinity of glycerol-plasticized
samples. Aiming to uncorrelate the influence of crystallinity and
of glycerol content on the water-immersion behavior, three
samples of extruded potato starch have been chosen:

e amorphous (S)

e amorphous then recrystallized (S-REC): same batch as
(S) but with post-treatment for recrystallization

o plasticized with 20% glycerol (S-GLY20): a different
extrusion batch, with gentler conditions

Several quantitative characterizations relevant to the
envisioned biomedical applications have been carried out at
different immersion times and on different spots of the samples,
from the center to the material/water interface: local structure,
i.e,, crystallinity and polymorphism, kinetics of water uptake,
and amount of degradation (or persistence) of the original
material. Precision, both in time and space, was required to
correctly assess the effects of immersion. This was achieved
using synchrotron X-ray scattering focusing on the wide-angle
X-ray scattering (WAXS) method. Complementary measures
by magnetic resonance microimaging (MRul) were made on
the glycerol-plasticized material because of its relevance to
monitor water transfers in samples and relative to their size (4
mm in diameter). The water uptake, diffusion, and swelling
mechanisms inferred are discussed in light of the sample local
structures. Finally, a tentative explanation of the different
behaviors upon immersion in water is proposed for each sample

type.

2. MATERIALS AND METHODS

2.1. Raw Materials. Potato starch was purchased from Roquette
(Lestrem, France). The initial moisture content was approximately
13% of the wet basis weight (wb) or 15% dry basis (db). Glycerol
(99% purity) was purchased from Sigma-Aldrich Chemie GmbH
(Steinheim, Germany).

2.2. Extrusion and Sample Preparation. Prior to extrusion,
water was added to adjust the starch moisture content to 27% wb
(37% db). For the samples containing glycerol, the glycerol content
was adjusted to 20% wb (27% db). Starch was mixed with water or
water and glycerol in a laboratory kneading machine. Starch was
extruded using a SCAMIA single-screw device (Rheoscam Type
20.11d, Crosne, France) with a die outlet diameter of 3 or 4 mm. The
sample shape obtained is a dense cylinder.

The thermomechanical conditions are summarized in Table 1.

Table 1. Extrusion Conditions of Starch Samples

sample die temperature (°C)  flow rate (g min™')  SME (J g™")
S 120 3.5 341
S-GLY20 115 3.1 122

All samples are cylinder-shaped materials with a diameter around
3.5 mm (+0.5 mm). Extruded starch (S) and starch—glycerol (S-
GLY20) samples were stabilized in desiccators containing a saturated
sodium bromide (NaBr) solution with a relative humidity (RH) of
59% at 20 °C for 15 days, in order to reach equilibrated water content
before subsequent analysis. Final samples are either fully amorphous
(S) or have a crystallinity rate (B-type) of 17% (S-GLY20). Their glass
transition temperatures are, respectively, 75 and 12 °C for S and S-
GLY20.

Recrystallized starch (S-REC) samples were prepared by letting
stabilized samples recrystallize for 10 days in a high humidity
atmosphere (RH 100%), then stabilizing the resulting samples again at
the reference humidity levels (15 days at $9% RH). Final samples have
a crystallinity rate of 18% (B-type) and a T, around 80 °C.

The crystallinity rate R iy i calculated using Wakelin's
method” on dry samples. In the case of immersed samples, the
water signal is simply subtracted and then the method applied as
before:

Rcrystallinity = Areacrystals/(Areacrystals + Areaamorphous) x 100 (1)

2.3. Magnetic Resonance Microimaging (MRgl). 2.3.1. Setup.
The NMR tube (@ 1 cm) was first filled to a 20 mm height with a 4:1
mixture of deionized H,O and D,O containing 1 g/L copper sulfate
salt (CuSO4), called doped water (spin—spin relaxation time T, of 34S
+ 3 ms). The S-GLY20 sample was then fixed between a Teflon plug
and a sample holder spacer made of Teflon, so that diffusion of water
occurred almost exclusively in the radial direction. The NMR tube
containing sample was placed in a 11.7 T NMR spectrometer (500
MHz) (Avance III, Bruker, Wissembourg, France) equipped with a
microimaging probe MicroS, with a 10 mm insert and gradient coils
capable of reaching nominal pulsed gradients of 3 T/m along the three
axes. The temperature of the microimaging probe was regulated by a
water cooling system (BCU20, Bruker, France) and was kept constant
at 22 + 1 °C throughout the imaging experiments.

2.3.2. Measures. A multislice gradient echo FLASH (Fast Low
Angle SHot) sequence was performed in two dimensions with an echo
time (TE1) of 2.57 ms, a flip angle of 30°, five averages, and a
repetition time (TR) of 0.9 s, leading to an acquisition time of about 9
min for each image. The repetition time was optimized according to
the low angle mapping method (LAM).** A matrix of 128 X 128 pixels
was used with a field of view (FOV) of 9 X 9 mm? and three slices of 1
mm thick to image the median plane of the sample (transverse section
at middle height of the sample) with a pixel resolution of 70 X 70 um?
The sample immersed in water was imaged every 9 min from 20 min
to 22 h of immersion. The water uptake was measured on two
replicates.

2.3.3. Data Treatment. The images were acquired and processed
with the ParaVision software (PV.6) supplied by Bruker (France,
Wissembourg). The mean diffusion coefficient D was calculated by
minimizing the sum of square error between the experimental and
predicted water diffusion coefficient values using Solver in Microsoft
Excel (Redmont, WA, USA).

2.3.4. Determination of Water Content for Microimaging
Samples. The initial water content, determined by drying the samples
in an oven at 103 °C for 24 h, was 11% wb (13.4% db). The water
content of all samples was determined by measuring mass variations
before and after immersion (water adhering to the outer surface of the
cylinders was removed by soft drying with a paper towel). The dry
matter after 22 h of immersion was determined after drying the
samples in an oven at 103 °C for 24 h. The calculation of water
content was done using the following equation:
Myet sample mdrysample % 100
wet sample (2)

water content (%) =
m

The results showed that samples immersed in water for 22 h absorbed
29 + 3% of water compared to their initial dry mass. After taking the
initial water content into account, the samples after experiments were
hydrated at 39.6 + 2.8%, calculated on a wet basis (65.6 + 2.9% db).

2.4. Synchrotron Experiments. 2.4.1. Setup. Samples were cut
into ~1 mm thick disks and placed between mica plates in a closed
measurement cell allowing circulation of liquid (Figure 1A). The
sample cutting procedure is a highly sensitive process for such a hard
vitreous specimen, and samples can end up very slightly asymmetric.
Measurements were made at 25 °C. To follow the evolution of the
structure induced by water uptake, measurements were made along the
cell every 6 min of the first hour and then every 16 min at least during
2 h. Measurement of a single spot takes a few seconds, whereas a
complete scan lasts about S min (+1 min to go back to the starting
point). A total of 21 equidistant spots, every 0.4 mm along an 8 mm
diameter, were recorded.

2.4.2. Measures. Scattering experiments (WAXS) were performed
at the SWING beamline at Synchrotron Soleil (St-Aubin, France). The
sample—detector distance was fixed at 0.5 m and the X-ray energy was



Figure 1. (A) Starchy sample (green) immersed in circulating water (blue) and the 21 measurement spots (small perpendicular black lines, left to
right: #1 to #21) along an 8 mm diameter (total cell diameter is 10 mm). The right figure (B) shows the data extraction of «l,, and X¢ from the
measured spectrum at one given spot in time: total scattered intensity Itglobal(q) (black line), adjusted water signal xlyer X Ier(q) (blue line),
adjusted conserved sample signal X X I,,(q) (green line), the sum xf e X Lygeer(q) + XC X Ions(q) (red line), and leftover signal I (q) (light blue

line).

Figure 2. Evolution across starchy samples of the conservation rate X, from left to right: (A) amorphous extruded starch (S), (B) extruded starch
with 20% glycerol (S-GLY20), (C) recrystallized extruded starch (S-REC). The time of each scan (hh:mm) is indicated on the corresponding curve

with matching color code.

12 keV, corresponding to a g-range from 2 X 1072 to 2.4 A~
Scattering patterns were acquired on a CCD Aviex detector. Water is
pumped through the cell at a slow rate of 12 mL/h, to mimic human
saliva flow. All samples were first scanned in the dry state. The cell was
then quickly filled with water, and the first (t = 0) in-water scan took
place.

2.4.3. Data Treatment. Data was reduced from 2D patterns to 1D
curves using FOXTROT, a homemade program. This way, the “basic
spectra” were obtained, i.e.,, untreated I = f(q) for each of the 21 spots
along the measurement cell at every time stamp (1 every 6 min of the
first hour, 1 every 16 min for the remaining time, between 2:30 and
7:30 total, 25 different time stamps at least), which makes over 525
spectra to study for every type of sample (ie., samples S, S-GLY20,
and S-REC).

These basic spectra required extra treatment to extract useful data,
namely, water uptake and conservation rate. To do so, the first
hypothesis was that the total scattered intensity fglobal(q) is the sum of
a pure water contribution I, (q) at a rate xl,., a dry sample
contribution I_,,(q) at a rate X, and the rest If,(q) which correspond
mainly to crystallinity created upon immersion:

Igtlabal(q) = Xxilater X Iwater(q) + X(tj X Icons(q) + Ilfest(q) (3)

The “t” exponent indicates that the corresponding term is time-
dependent; to lighten the text, this exponent is implied from now on.
The water contribution is available from the spectra on the outermost
sides of the measuring cell (#1—2 or #20—21 spots; see Figure 1A for
reference), and I, (q) from the dry sample measurement. The
importance of each contribution is assessed by minimizing I,..(q)
while staying superior to zero. It is necessary to calculate both

contributions together. The maximum contribution is between 1 A™! <
q<2A " for I, ((q) and 1.5 A" < g < 2.5 A7" for I,,..(q), so there is
a lot of overlap between them. Figure 1B graphically explains these
different notations, for a point in the center of the amorphous starch
sample (S) at the end of the kinetics (7 h). The calculation was
scripted through Matlab (Mathworks, Natick, MA, USA) and
automatized to allow the treatment of all of the available data. From
this fitting, at each spot and time interval, a value of x,,, and X was
extracted. While the physical significance of %,y is obvious (water
concentration), X, is a little more complex. It represents the amount
of the remaining original sample structure, i.e., the conservation of the
original structure. Indeed, during immersion, water diffuses into the
material, crystallinity increases, and some of the initial material is
released in water. For the evaluation of the sample evolution through
time, a relative water uptake Xy was defined, at the sample center only,
by the following equation:

t ot 0
XW = Xyater — %water (4)

This adjustment was necessary because the measurement cell is not a
perfect fit with the surface of the samples, and at t = 0, the dead
volume in the cell fills up with water, increasing the water contribution
to the diffracted intensity. The corresponding amount of water is not
related to the water uptake by starch, which is zero at that moment.
The first measurement, at time T, is actually done after 5 min of
immersion due to experimental constraints of a synchrotron.

2.5. Diffusion Mechanism. Analytical equations enable fitting the
water profiles obtained by MRul and WAXS synchrotron data analysis.
The description of the complete diffusion process over time could be



achieved by using the following equation of the mean diffusion
coeficient™

D =t" (8
where ¢ is a parameter related to the velocity of the diffusion and n is
representative of the penetration kinetics. The mean diffusion
coefficient D was calculated using the Solver in Microsoft Excel by
minimizing the sum of square error between the experimental and
predicted water diffusion coefficient values. The parameter n makes it
possible to choose among various diffusion mechanisms. The diffusion
of water into polymers has been reported to occur between two
limiting cases, namely, Fickian (or case I) diffusion where # is equal to
0.5 and case II diffusion where 7 is equal to 1. Intermediate values
indicate a non-Fickian or anomalous process of diffusion. For Fickian
diffusion, the concentration gradient is the driving force and occurs
when the rate of diffusion of the penetrant is much slower than the
rate of relaxation of the polymer chains. In case II diffusion, the rate of
relaxation of the polymer chains under stress induced by the increase
in volume on swelling is slow relative to the rate of penetrant diffusion,
and so is the controlling factor. Case II sorption and simple Fickian
diffusion can be considered as limiting cases corresponding
respectively to relaxation- and diffusion-controlled mechanisms.

3. RESULTS AND DISCUSSION

3.1. Synchrotron: Wide-Angle X-ray Scattering.
3.1.1. Cross Sections. Conservation Rate. Figure 2 presents
the cross sections of the conservation rate X for each type of
sample at various relevant immersion times. Because the
kinetics are not the same depending on the sample observed,
the relevant immersion times displayed on the figures can vary.
The full observation time is also different for each sample, again
because of the different kinetics: 7:00 for (S), 4:22 for S-
GLY20, and 3:18 for S-REC.

As a side note, the S-GLY20 sample appears asymmetric,
most probably because it was not cut as straightly flat (it is a
very sensitive procedure) and therefore one side was slightly
thicker than the other. X-ray scattering intensity being sensitive
to the cross-section thickness results in this artificial asymmetry.
The asymmetry decreases with immersion time as the sample
gets softer and flattens.

Both S-GLY20 and S-REC samples appear to have the same
general interface type. They display a sharp interface with
water, while swelling a little (spot #16 is entirely in water at =
T,, whereas it seems to be within the sample later in time). No
change in interfacial gradient is visible within the samples. The
conservation rate decreases with time (below 50% for both
samples by the end of the measure) homogeneously across the
whole sample (from spot #7 to #16—19, depending on the
immersion time). This decrease could be crystallization or mass
transfer. Because the sample center has the same conservation
rate as the interfaces, crystallization seems more likely. Material
transfer would be hindered from the center with the difficulty
of diffusing long chains through the sample.

On the other hand, the evolution of X for the amorphous
sample S is different than that for those two semicrystalline
samples. Indeed, a gradient in X is formed over time. While X-
decreases regularly with time within the sample, as expected, it
decreases much more strongly and rapidly near the interfaces
and less toward the sample center. After the first hour of
immersion, the original shape is lost, and at the end of the
measurement (7:00), X shows a gradient of starch
concentration in water across the whole cell. The change in
the amorphous S sample could come from mass transfer as well
as from crystallization, or more probably from a combination of

both.

Water Content. Parallel to the X cross sections, the water
content Xy, cross sections are presented for S and S-GLY20

samples in Figure 3. No data could be presented for the S-REC

Figure 3. Evolution across two types of samples (cross section) of the
absolute water content X, (A) Amorphous extruded starch (S). (B)
Extruded starch with 20% glycerol (S-GLY20). ., increases with
time. The time of each scan (hh:mm) is indicated on the
corresponding curve with matching color code.

sample because the water concentration grows very heteroge-
neously, making the analysis of this cross section irrelevant. The
most probable reason for this behavior is the very different
hydrophilicity (and thus water diffusion rates) between
amorphous and crystalline zones, which creates water-rich
zones or globules within the sample. Interestingly, this behavior
is not seen in the semicrystalline sample S-GLY20, which has a
different structure.

As stated before in the Materials and Methods section, the
X ater Value shown here is an absolute value of the water content
in the cell, including water filling dead volumes between the cell
wall and the sample. This explains why, at t = T, values as high
as 0.2 and 0.4—0.5 for S and S-GLY20, respectively, are found
for the sample centers. The relative evolution of the x,,, values
and the general shape of the cross sections can still be analyzed.
As for X, because the kinetics are not the same depending on
the sample observed, the relevant immersion times displayed
on the figures can vary. Besides, a sample could evolve quickly
in terms of X and slowly in terms of xy,., so for the same
sample the relevant immersion times can be different for X
and x,.,... The presentation of the cross sections aims at giving
a global view of the sample behavior upon immersion; for direct
comparisons and numerical values, the next section (evolution
at the center) is more relevant.

The shapes of x,. evolution, for both samples, are
mirroring those observed for the conservation rate X.. The
starch structure evolution is clearly closely related to the
amount of water present in samples. For the plasticized sample



Figure 4. Evolution of the conservation rate X and of the amount of water uptake Xy, as a function of immersion time for the central spot. Left: X
= f(t) for central spot (#11) in extruded potato starch with 20% glycerol S-GLY20 (blue triangles), recrystallized amorphous extruded potato starch
S-REC (red squares), and central + periphery spot (#11 and #8) for the amorphous extruded sample (S) (green diamonds: dark green for center and
light green for periphery). Right: Xy, = f(t) for central spot (#11) in extruded potato starch with 20% glycerol S-GLY20 (blue triangles) and central +
periphery spot (#11 and #8) for the amorphous extruded sample (S) (green diamonds: dark green for center and light green for periphery).

S-GLY20, the amount of water is relatively constant through
the section, regardless of the time. The water penetrates quickly
and homogeneously in the sample. At 1:26 of immersion, the
water amount barely increases anymore (or at least much,
much slower). On the contrary, the water uptake of the
amorphous starch sample S is rather gradual, starting from the
interface and slowly reaching the center of the sample (after 1
h). As for the previously presented X cross section, the
immersion times presented here are chosen for their relevance.
For the S-GLY20 sample, it is worth observing that the water
content at f = 12 min appears to be already halfway through its
evolution in the observed time range (from 0.4—0.5 at T to
0.55—0.65 at t = 12 min and to 0.7—0.75 at Ty = 4:22), whereas,
for the amorphous S sample, the first xy,, cross section
showing any meaningful difference with T} is at t = 1:10. From
there, the increase of x,,, in the S sample and change of curve
shape appear to be fairly regular until the last measure at T¢ =
7:00. Unlike the S-GLY20 sample, the S sample shows no signs
of stabilizing or even slowing down the rate of increase of water
content through time, just an increasingly softer gradient.

3.1.2. Evolution at the Center. Figure 4 presents the more
quantitative data that is the evolution of X (Figure 4A) and Xy
(Figure 4B) as a function of time throughout the immersion
period. Data corresponds to the central spot (#11) of each
sample, in addition to one spot at the periphery (#8) for the
amorphous S sample, for which the cross section showed a
gradient between center and periphery. This representation is
helpful to visualize the different kinetics of both water uptake
and conservation rate.

Conservation Rate. In Figure 4A, the conservation rate X is
displayed for all three sample types, including the recrystallized
one, as a function of immersion time. X is a measure of how
much the sample has changed at a given point in time,
involving both structural change (i.e, crystallization or
amorphization) and mass transfer (i.e.,, water diffusion, starch
swelling, material loss). Structural changes and mass transfers
are also intertwined, with water diffusion in the sample
enhancing crystallization, for example. As expected, the
conservation rate for all samples decreases over time. However,
kinetics differs among the three types of samples. The decrease
in X is fastest for the plasticized S-GLY20 sample, slowest for

the central spot of the amorphous S sample, and in between for
the periphery spot of the amorphous S sample and the
recrystallized S-REC material. The fast decrease of X indicates
a rapid change related either to a quicker crystallization or
transfer of material, or both phenomena. X for S-GLY20
reaches a phase with a much slower X decrease (almost
reaching a plateau) starting at around 3:20 (200 min) with
numerical values stabilizing around 45%. The S-REC sample
shows a similar, although slower, decrease of X, without
stabilization in the observation window.

The amorphous S sample, finally, shows a different evolution
with two distinct trends. At the center, X decreases sharply
and then slows down, and after that, the decrease accelerates
again at around 3:00 (180 min) of immersion up to the end of
the measurement, at 7:00 (420 min) of immersion. The first
step (sharp start, then slowdown) corresponds to the time
period where water has not yet reached the center of the
sample coming from the sides, as shown in Figure 3. However,
as mentioned earlier, through dead volumes, water is actually
already present at the center from the beginning. The evolution
of this first part thus probably arises from structural changes
and mass transfer near the interface with the cell. These
phenomena are limited as the X- decrease rate appears to slow
down between 1:40 (100 min) and 3:00 (180 min), before
increasing again starting at 3:00 of immersion time, which
corresponds to the second step, i.e,, when water reaches the
sample center from the sides. In this last step, both material
transfer and crystallization can explain the acceleration of the
decrease in X, as water is now present throughout the whole
sample.

At the periphery, X starts by a fast decrease similar to what
is observed at the center, and appears to slow down much later
(around 4:30, 270 min), continuously decreasing until the end
of the measure at 7:00 (420 min). The conservation rate X is
too complex a variable to extract anything meaningful via
mathematical treatment (it encompasses more than one
variable).

Water Uptake. Xy, the relative water uptake, can only be
valid in one spot of the total cell cross section. On Figure 4B,
evolution of Xy shows that S-GLY20 absorbs high amounts of
water during the first hour, then the absorption slows down,



Figure S. I, for amorphous extruded potato starch S, extruded potato starch with glycerol S-GLY-20, and recrystallized extruded potato starch S-

REC (from top to bottom).

and around 3:00 (180 min) of immersion the water uptake
appears to reach a plateau, with Xy stabilizing around 0.23 v/v
at the end of the measure (f = 4:22, 262 min). The S sample
remains at close-to-zero amounts of added water in the center
for around 1:40. Thereafter, Xy, starts increasing regularly,
almost linearly, as long as the experiment lasts (7:00). The
periphery spot evolves similarly, minus the 100 min delay which
was found for the central spot. Xy, increases from the beginning
(less sharply than S-GLY20) and shows no signs of stabilization
by the end of the measure. It is worth noting that, adding a 98
min delay to the periphery Xy, data, the two curves (X ™™ =
f(t) and Xy P PheY = £(t)) are almost perfectly superimposed.

3.1.3. Crystallinity. After removing from the synchrotron
WAXS data the signal of water and that of the initial sample, a
leftover intensity, called I..(q), is left (Figure S). It
corresponds to qualitative information on the newly trans-
formed starch and is plotted as a function of q (wave vector q =
47/2*sin(6/2)) for the central spot. For the extruded starch
sample (S), L.(q) is at first a wide bump centered on 1.7 A™;
then, around 3:00 (180 min) of immersion, it starts sharpening
and Bragg peaks appear, getting increasingly defined over time.
These 180 min of immersion correspond to the sudden
decrease in the conservation rate XC (see Figure 4A). The
crystalline form is B-type, as expected for a recrystallization by
water uptake. For the other two samples, I (g) is mainly
centered on this 1.7 A~ peak as well. S-GLY20 starts its
evolution like S, with crystalline peaks appearing over time in a
B-type form, but contrary to S samples, the S-GLY-20 I,.,(q)
stops evolving after 1:30 (90 min). For the recrystallized
samples, the shape of I..(q) is slightly different as it appears
more ordered from the beginning, with several Bragg peaks
being distinguishable already at 6 min. Like the others, it shows
the characteristics of B-type crystallinity expected for a
recrystallization by water addition. Crystallinity rates were
calculated on the WAXS data at the beginning before
immersion and at the end of the measure. S-GLY20 has 17%
of crystallinity at the beginning and 26% at the end, S-REC
starts at 18% and finishes at 32%, and the amorphous S sample
has a final crystallinity rate of 29%, both at center and
periphery. In the middle of the experiment (t = 4:20), the rates
were respectively 16 and 25% for center and periphery.

3.2. Magnetic Resonance Microimaging. The water
ingress into the S-GLY20 sample was also investigated using
the noninvasive and nondestructive MRul technique over
22:00 (1320 min). Figure 6 shows the proton density profiles
extracted from images acquired using the FLASH method for
different immersion times from 20 min to 22:00. These profiles
correspond to the proton signal intensity measured on images

Figure 6. (A) Starchy sample (green) immersed in doped water in the
NMR tube and image of a virtual sample slice (dashed blue line)
recorded at 20 min of immersion. (B) Proton density profiles by MRul
of a starch—glycerol blend immersed in water at 22 °C as a function of
time from 20 min to 22 h (only 15 profiles are shown here). The
arrows indicate water intensity increasing within the blend (blue) and
the axial size increasing or swelling of the blend (orange). The dashed
vertical green lines show the position (1.72 mm from the center) used
to plot the intensity change with time in Figure 7.

over time. The image acquired directly after immersion (¢ = 20
min) is presented in gray level on the upper right side of Figure
6. A gray crown 0.5 mm in width is visible at the edges of the
sample, while the signal is zero within the dry sample (black
cylinder). As shown on the profiles, at the center of the sample
(distance = 0.00 mm), the signal intensity goes from 0 to
10 000 (in arbitrary units), demonstrating the sample hydration
over time. Moreover, the sample swelling can be observed by
the appearance of a signal at distances larger than the
dimension of the dry sample (over —1.9 and +2.1 mm).

3.3. Water Diffusion and Swelling. 3.3.7. From MRul
Data, for S-GLY-20. Diffusion Characteristics from MRul.



Peppas and Sinclair™® developed a semiempirical equation for
analyzing the transport mechanism in glassy polymers based on
the proton density evolution measured in MRyl

I/I, = ct" (6)

where I, and I, are the intensity of the water proton penetrated
in a sample after an immersion time ¢ and the intensity of water
in the starchy matrix at equilibrium, respectively. c is a constant
incorporating characteristics of the macromolecule network
system and penetrant, and # is a diffusional exponent, which is
indicative of the transport diffusion mechanism. Fickian
diffusion is characterized by a front that propagates linearly
with the square root of time (n = 0.5). If Fickian behavior is
observed in a cylindrical polymer sample, the parameter ¢ in eq
6 can be related to the mean diffusion coefficient D of water
according to the following equation®’

==
4 )

where r is the radius of the sample.

In the literature, the water propagation front in a solid matrix
was measured using MRI when the intensity of the si§nal
corresponded to '/ of the intensity of the free water signal.”>*”
Moreover, eq 6 is considered valid for up to the first 60% of
normalized solvent uptake (I/I,, < 0.60).*° In the current
study, the changes in the amount of water during hydration
were observed on S-GLY20 at a position 1.72 mm far from the
center of the sample (Figure 6). For this position, the ratio I,/
I, varied from 0.11 to 0.79 with time. Figure 7 (hollow
triangles) shows the fitting of data acquired over 6 h 40 min
(400 min) at a distance d of +1.72 mm from the center, which
yielded a mean diffusion coefficient value D of (1.42 + 0.55) X
107"° m*/s (eq 7). A single diffusion regime was clearly

Figure 7. From MRy, results of a least-squares fit of the function I,/
I, = ct" calculated for data at a distance of 1.72 mm from the center
from the proton density profiles acquired over time on a starch—
glycerol blend immersed in doped water at 22 °C: hollow blue
triangles, and from WAXS data, at the periphery for the (S) sample
(amorphous extruded potato starch), green diamonds; and at the
center for S-GLY20, blue triangles, results of a least-squares fit of the
function Xyy/Xye = ct".

observed during the first 400 min, and the n parameter was
0.494 + 0.007, confirming the case I (Fickian) diffusion. ¢ was
3.8 X 107 s7%°. This result was represented for a single slice,
while the mean and standard deviation correspond to
calculations for two symmetrical distances from the center of
the sample (1.72 and —1.72 mm). After 6:40, n decreased and
was 0.217 + 0.002, which agreed with the fact that the short
time approximation (i.e., initial #/>time dependence of the
water uptake) is not valid for the total water uptake but only for
the first 60% of water uptake (I,/I,, < 0.60).”

Swelling Characteristics from MRul. The variations in
diameter of the sample, which were directly extracted from the
images, are shown in Figure 8 (hollow triangles). The diameter

Figure 8. Swelling of starchy samples as a function of immersion time.
Data from MRul: starting sample diameter 4.980 + 0.035 mm, hollow
blue triangles S-GLY20. Data from WAXS measurement: starting
sample diameter 3—3.5 mm, blue triangles S-GLY20, red squares S-
REC.

changes were measured from three virtual radial slices of
sample using the FLASH sequence. The measured diameter at
20 min was 4.980 + 0.035 mm. Figure 8 illustrates a rapid
swelling of the potato starch—glycerol blends at short
immersion times (up to 600 min). A plateau is reached at
about 970 min. The variations of diameter extracted from
FLASH images were fitted using eq 8, with d,,, the maximum
diameter attained and k, the rate of swelling:

d=d_, — C-e™ (8)

The values for d,,,, (mm), C, and k; (min™') were 5.885 +
0.009 mm, 0.907, and 5.209 X 10~° min™}, respectively. The
diameter of the dry sample d, was 4.68 + 0.21 mm; the swelling
thus corresponded to an increase in diameter of 25.7%.

3.3.2. For Synchrotron WAXS Data. The same type of
analyses can be performed using the water uptake Xy, = f(f)
curves obtained from the synchrotron WAXS data analysis.
This was performed for S-GLY20 but also for the amorphous
potato starch sample S on the basis of the following variant of
eq 6, eq 6':°°

X/ Xyyeo = ct” (6"



Diffusion Characteristics from Synchrotron WAXS. For the
S-GLY20 sample, the one that was also analyzed by MRuJ,
instead of using a periphery spot (1.72 mm from center), the
central spot was chosen. As mentioned before, there is an
asymmetry in our measurements, so analyzing the central spot
was a way to minimize the effect of this asymmetry. The
experimental differences between the two setups only allow a
qualitative comparison of the diffusion behaviors. For the S
sample, the chosen spot is #8, at the sample periphery. It
should be noted that for the sake of simplicity the diffusion
model used is for a cylinder, as above for MRyl data, but this
case is far from a perfect cylinder because of the dead volumes
in the cell filled with water.

Values of n were estimated at n = 0.835 and n = 0.462 for
extruded amorphous potato starch samples S and the 20%-
glycerol-plasticized S-GLY20, respectively. For this latter
sample, this value is for the first hour of immersion only. For
the entire experiment duration, i.e., 4 h and 22 min, n = 0.29.
Thus, it appears that, for the glycerol-plasticized sample, the
initial diffusion mechanism is Fickian (similar to what was
found with MRul) and, for the amorphous sample, closer to a
case II (due to its linear progression with time). A
superimposition of model and data is presented in Figure 7
(solid points), alongside the MRyl results. The mean diffusion
coefficient D can also be calculated for the S-GLY20 sample,
using eq 7,° and is estimated at 2.07 X 107 m%s7\.
Considering all of the differences in protocols and measures, D
is remarkably close to what was determined above using the
MRyl data, ie, 1.42 X 107'° m*s™". To compare these values
to a similar material, cross-linked high amylose starch tablets
were found to have mean diffusion coeflicients about an order
of magnitude lower, ie, 2 X 107" m2s L3

Swelling Characteristics from Synchrotron WAXS. Similarly
to the swelling calculations from MRyl data, an attempt was
made by using the cross-sectional values of X as a function of
time (from Figure 2). At least for S-GLY20 and S-REC, the
interface stays sharp enough during the experiment, allowing
the assumption that any point where X > 0 corresponds to a
point inside the sample. Knowing that each spot is separated by
exactly 0.4 mm, the diameter is read at the half-height of the
curves. Using the same equation as above (eq 8), the values for
dpex (mm), C,, and k, (min™") were found to be, respectively,
429 mm (d, = 3.09 mm), 1.74, and 5.81 X 107> min~" for S-
GLY20 and 4.35 mm (d, = 3.0 mm), 1.64, and 4.78 X 107>
min~" for S-REC. This gives a diameter swelling of about 38%
for S-GLY20 and 45% for S-REC. The diameter evolution with
time and the modeling are presented in Figure 8 (solid points),
together with the MRyl data (hollow triangles).

3.3.3. Mechanisms of Water Uptake in Starch-Based
Samples. Knowing the diffusion parameters and the precise
structural evolution, a water uptake mechanism can be inferred
for the S and S-GLY20 samples. This information is very
important for potential applications, for example, in the
biomedical and packaging fields. It has already been noted
that the addition of glycerol in starch materials changes
drastically their behavior in water,”’ from very unstable and
quickly disbanded to fairly stable over time. Now, with this new
in-depth study, the goal is to get a better insight into the
mechanisms and structures involved in starch degradation and
ways to control this degradation. The degradation mechanism
of amorphous potato starch material (S) is very different than
what is observed for the other two samples. It has a different
water diffusion behavior, close to a case II where diffusion is

controlled by relaxation of the polymer chains, as opposed to
the Fickian behavior found for the starch sample plasticized
with glycerol (S-GLY20), with this latter result being confirmed
by both MRuI and WAXS synchrotron measurements.

Amorphous. For the amorphous sample, the changes come
at the interface. The border quickly breaks and the sharp
interface starts softening. Water slowly diffuses inside, while
starch chains slowly diffuse outside. From the shape of the I
curves, starch in water first forms loosely ordered structures
before starting to crystallize, a behavior already observed in
amylose and amylopectin solutions.’” Once the water reaches
the sample center, the crystallization and mass transfer
accelerate. The following water uptake mechanism, summed
up in Figure 9 (upper part), can be inferred:

Figure 9. Schematic view of the proposed mechanisms for water
uptake and structural changes from T, to T, of an amorphous starch
sample (above) and a plasticized starch sample (below). Water is
represented in blue, starch-based sample in green.

e At the interface material/water, mobile starch chains,
probably mostly amylose, start to diffuse outside, forming
a gel. Water slowly diffuses inside the sample.

o The expanding gel at the starch/water interface starts
ordering into embryos of crystalline structures.

e Once the water arrives at the center, the material initial
shape is not discernible anymore; there is just a gradient
of starch concentration in water, high in the center, low
at the borders.

o Crystals form in the gel from the previously loosely
ordered structures. The concentration gradient becomes
flatter.

Glycerol-Plasticized. The behavior of S-GLY20 following
immersion in water is very different, mainly because the water
diffuses almost instantly in this partially crystalline material
(around 17% of crystallinity in the dry state). From the
observation of the cross section evolution (Figures 2B and 3B),
there is no visible difference between periphery and center even



at the very beginning of immersion. The water uptake and
structure evolution (mass transfer and crystallization) are all
occurring homogeneously throughout the sample. The
following mechanism, summed up in Figure 9 (lower part), is
proposed:

o Water diffuses quickly inside the material. The estimated
diffusion coefficients from both WAXS and MRyl data
are similar, and diffusion is close to an ideal Fickian case.

e In turn, the increased mobility of the polysaccharide
chains in the hydrated material promotes a slight increase
in crystallinity.

e The water concentration, which is constant throughout
the whole sample, increases very quickly at first but
stabilizes afterward and reaches what appears to be a
stable point after 3 h of immersion (for the synchrotron
data) or 22 h of immersion (for MRyl data), depending
on the size and width of the sample and the accessibility
for water. The dead volume issues in the synchrotron
samples explain this time difference.

e During this time, the starchy sample retains its shape,
while swelling to accommodate the extra water: between
25 and 38% increase in diameter, depending on the data
set. The exponential growth in diameter at the early stage
of hydration is characteristic of radial swelling of many
starch blend matrixes reported in the literature.”**** In
addition to water intake, the size of the samples can
change because of relaxation and reorganization of the
starch chains during immersion in water. The value of k,,
the swelling rate, is found to be 1 order of magnitude
higher through WAXS for S-GLY20 than through MRul
experiment, and the swelling rate is also significantly
higher (38% vs 25%). While the setup differences
between synchrotron and MRyl did not appear to
influence the diffusion characteristics, these differences
become visible here. First of all, the presence of dead
volumes in the synchrotron measuring cell is an obvious
reason for the faster swelling rate, as water is in contact
with a greater surface of the sample. Second, the cell
setup itself, with the sample being confined between two
mica disks, can explain the increased swelling through
simple physical pressure from the cell walls. A third
reason could be the water flux under which the
synchrotron measure is carried out (very slow, at 12
mL-h™"), whereas the water in the MRyl setup is not
renewed for the 22 h of experience.

o The slow crystallization of starch leads to the formation
of a 3D polymer network™ which contributes to the
limited total swelling of the sample.

One explanation for the high diffusion rate of water inside
this plasticized sample could be the presence of glycerol
molecules, very mobile and highly soluble in water. It has
already been shown'®*" that glycerol quickly leaves the material
when immersed, and is in turn replaced by water. The water
concentration gradient is thus weak and the perturbation of the
initial structure is limited. Another explanation, not exclusive to
the previous one, would be the rubbery state of this plasticized
material (vs the glassy state of the amorphous unplasticized
one). Indeed, the relaxation of polymer chains is one of the
fundamental parameters controlling water transport in
polymers.” Fickian diffusion describes the ideal case where
the segmental relaxation rate of the chains is much higher than
water mobility (into the sample). Indeed, S-GLY20 was found

to exhibit, at least in the early stages of immersion, Fickian
diffusion of water.

Recrystallized. Besides the presence of glycerol, the other
difference between these two samples is the crystallinity rate.
Extruded potato starch (S) is fully amorphous, but extruded
potato starch with glycerol (S-GLY20) has an initial crystallinity
rate around 17%. To discuss the influence of crystallinity
uncorrelated to that of glycerol, the recrystallized starch sample
S-REC, with about 18% of B-crystallinity, was added to the
panel. Its evolution in water is somehow intermediary between
S-GLY20 and the S sample from which it was made:

e Like S-GLY20, S-REC swells (~45%) instead of
crumbling, and the structure conservation rate is
homogeneous through the sample. The water diffusion
characteristics could not be estimated for this sample, but
because of this homogeneity, it is suspected to be closer
to the one of S-GLY20.

o Like the amorphous extruded S, S-REC does not seem to
stabilize (within the observation window) but continues
to evolve.

Therefore, it seems that the water diffusion rate is partially
related to the crystallinity of the sample, and this crystallinity is
also what prevents a starchy sample from breaking down.
However, the differences between S-GLY20 and S are not
wholly explained by this simple parameter, since S-GLY20
stabilizes quickly contrary to the recrystallized sample. Instead,
the structure of S-REC keeps evolving like that of the S sample.
The origin of the crystallinity may be an important factor.
While the crystallinity of the S-REC sample comes from
recrystallization of a totally amorphous sample (samples were
originally extruded amorphous potato starch samples S), for S-
GLY20, there are two options, namely, recrystallization after
extrusion or remaining native granules. Indeed, because of the
lubricating properties of glycerol, the extrusion of the S-GLY20
samples requires much less energy, i.e., SME = 122 J/g vs 341
J/g for the amorphous sample. The energy used for the
extrusion of S-GLY20 may be too low to fully destroy all starch
granules and therefore breaks only a part of them. This would
therefore make the S-GLY20 samples more organized and more
resistant because of the complexity of native granule
organization, from the double helices (a few nm) to the
multilg;nellar supramolecular granule structuration (um
scale).

4. CONCLUSION

In this paper, the in-depth observations of the structural
evolutions of starchy samples upon immersion in water were
made possible by the use of synchrotron radiation (wide-angle
scattering), which gives very high resolution measurements on
small samples, and of magnetic resonance microimaging, which
gives high-resolution images, two powerful nondestructive
techniques. They are complementary and together allow a
multiscale study of the phenomena, from crystal structure
changes (a few A) to water transfer (several millimeters). These
methods enabled a better understanding of the water uptake
mechanisms in these materials, which have a lot of potential as
biosourced, biocompatible, and biodegradable polymers for use
in the biomedical field, for example, or for food packaging.
Using the method described in this Article, one would also be
able to follow the enzymatic degradation of samples (simply by
replacing water with an enzyme solution) which is of uttermost
importance for the applications mentioned above. Another



perspective for the use of this unique setup is to follow changes
at a different scale by changing the scattering angle (small-angle
instead of wide-angle) and investigate the fate of starch granules
or the creation of supramolecular structures upon immersion,
or during biodegradation.
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