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Arabinoxylans (AX) and (1 — 3)(1 — 4)-B-p-glucans (BG) are the main components of the cell walls in the
endosperm of wheat grain. The relative occurrence of these two polysaccharides and the fine structure
of the AX are highly variable within the endosperm. Films of AX and BG were used as models of the cell
wall to study the impact of polymer structure on the hydration and mechanical properties of the cell
walls. Effective moisture diffusivities (D) of AX and BG films were determined from 0 to 95% relative
humidity (RH) at 20°C. D5 was influenced by the water content, and the structure of polysaccharides.

xﬁg‘gds" Higher Doy was obtained for films made with highly substituted AX compared to values obtained for films
Cereals made with BG or lowly substituted AX. Proton dipolar second moments M, and water T, relaxation times

measured by TD-NMR, indicated that the highly branched AX films exhibited a higher nano-porosity,
favoring water motions within films. Results from traction tests showed significant different mechanical
properties between the AX and BG films. BG films exhibited much higher extensibility than AX films.
Strength and extensibility of AX films decreased with increasing arabinose to xylose ratio. Our results
show that the water motions and the mechanical properties of AX and BG films can be linked to the
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polysaccharide chains interactions that modulate the nanostructure of films.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The cell walls of cereal endosperm account for 0.02-0.04 g/g dry
weight basis (d.b.) of this tissue but have a significant effect on
wheat grain uses (milling, bread-making, and brewing), in animal
feeding or in human nutrition (Fincher & Stone, 1986). In wheat
endosperm, arabinoxylans (AX) and (1,3)(1,4)-B-p-glucans (BG)
are the main components of the cell walls (Saulnier, Sado, Branlard,
Charmet, & Guillon, 2007).

AX are formed of a linear backbone of (1,4)-linked
B-p-xylopyranosyl (Xylp) residues to which single o-L-
arabinofuranosyl (Araf) residues are attached on positions O-3
(mono-substitution) and 0-3/0-2 (di-substitution). In addition a
small proportion of arabinosyl residues are esterified on position
0-5 by ferulic acid. Variations in the structure of AX that affects
the overall arabinose substitution and the proportion of mono-
and di-substitution levels are observed. These structural variations
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are roughly described by the arabinose to xylose ratio (A/X) that
varies from 0.3 up to 1 (Saulnier et al., 2007).

(1,3)(1,4)-B-p-glucans, commonly known as [3-D-glucans or [3-
glucans, are linear homopolymers of D-glucopyranosyl residues
linked mostly via two or three consecutive 3-(1,4) linkages that
are separated by a single 3-(1,3) linkage (Cui, Wood, Blackwell, &
Nikiforuk, 2000; Dais & Perlin, 1982). Longer segments of consecu-
tively B-(1,4) linked p-Glcp residues represent less than 10% of the
molecule and are mainly constituted by oligomers with a degree
of polymerization (DP) of 5 and 6. There is no evidence that two
or more adjacent 3-(1,3) linkages occur in the BG chains (Burton &
Fincher, 2009).

Dramatic changes occur in endosperm cell wall composition
with respect to both the relative occurrence of individual con-
stituents (AX and BG) and the fine structure of AX according to grain
development and localization of cell walls within grain (Jamme
etal.,2008; S. Philippe, C. Barron, P. Robert, M. F. Devaux, L. Saulnier,
L., & F. Guillon, 2006; S. Philippe, P. Robert, C. Barron, L. Saulnier, &
F. Guillon, 2006; S. Philippe, L. Saulnier, & F. Guillon, 2006; Philippe,
Tranquet, Utille, Saulnier, & Guillon, 2007; Robert et al., 2011;
Saulnier et al., 2009; Toole et al., 2007; Toole et al., 2010). The rela-
tionships between structural variation of polymers such as the level
of substitution of AX and cell wall properties are not explained and
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the biological significance of this structural diversity is not under-
stood.

During its development up to the final desiccation stage at matu-
rity, the grain water content decreases from 60% down to 12-14%.
However, this average value masks water content differences in
the various endosperm regions of the mature and developing grain,
as already shown by NMR imaging in barley (Glidewell, 2006). In
this respect, the changes in cell wall polymer structure observed
during the grain development and within the grain tissue could
possibly modulate the hydration properties of the cell walls and
contribute to regulate the water content of the grain. In this con-
text, we have prepared films of AX or BG and used them as a “model”
of the endosperm cell walls in order to study the possible impact
of the fine structure of the polymers on the hydration properties of
cell walls.

BG and water-extractable AX with high, middle and low A/X
ratios were isolated and used to prepare films in controlled condi-
tions. The impact of the polymer structure on water diffusivity and
mobility in the films were then studied using dynamic vapor sorp-
tion (DVS) and TD-NMR spectroscopy. The mechanical properties
of AX and BG films were also determined using traction tests at dif-
ferent relative humidity values corresponding to the water content
observed during grain development.

2. Materials and methods
2.1. Materials

Water-extractable AX were prepared by graded ethanol precip-
itation from wheat flour water extract, as described by (Dervilly,
Saulnier, Roger, & Thibault, 2000). Three pure AX fractions exhibit-
ing contrasted arabinose to Xxylose ratios (A/X: 0.33, 0.53 and
0.73) were isolated and used for further experiments. For clarity,
these samples were encoded AX33, AX53 and AX73. Water solu-
ble 3-p-glucans from barley (medium viscosity, purity >97%) were
purchased from Megazyme and are named BG thereafter.

2.2. Chemical and physicochemical analyses

The method of Englyst and Cummings was used to determine
the monosaccharide composition (Englyst & Cummings, 1988; R.
Ying, L. Saulnier, & C. Rondeau-Mouro, 2011). Ferulic acid content
in AX was determined by UV spectroscopy as described by (Saulnier
et al,, 1999). Weight average molecular weight (My ), and intrinsic
viscosity ([p]) were determined using high-performance size exclu-
sion chromatography (HPSEC) as previously described (R. Ying, C.
Barron, L. Saulnier, & C. Rondeau-Mouro, 2011).

2.3. Film preparation and characterization

AX and BG were dissolved in water (20 mg/mL) and 5mL of
polysaccharide solution was poured into polystyrene Petri dishes
(@ 5 cm). Then, Petri dishes were put in a climate room at 40 °C and
40% relative humidity (RH) for 3 days, as previously described (R.
Ying, C. Barron, et al., 2011). Reflectance spectroscopy (SPECORD
S600) was used to determine film thickness at 20°C and 40% RH.
(Goodman, 1978)

2.4. Microstructure of films

Films were observed at room temperature (around 20°C) and
around 40% RH using a scanning electron microscope (SEM-
Zeiss EVO®MA10) working at 15kV, 30Pa for examination of
film surface or 5kV, 4.63 Pa x 10~ Pa for examination of trans-
verse section of film. The film surface was also investigated by

atomic force microscopy (AFM) using an Autoprobe CP Park Sci-
entific Instrument (Sunnyvale, CA). AFM images were recorded in
the intermittent contact mode using beam-shaped phosphorous-
doped silicium cantilevers (Veeco Probes, CA) with a quoted spring
less than 50 N/m and that were excited at a frequency proximate
to a resonant frequency of around 280 KHz. Sample surfaces were
scanned with the probe at a scanning frequency of 1Hz. Each
sample was investigated at least in five different areas with differ-
ent magnifications. Samples were observed at room temperature
(around 20°C) and around 40% RH. The root mean square (RMS)
roughness (R) was defined as follows:

N =12
R _ Zn:] (Zn - Z)
N-1
where Z is the average of the z values (height) within the given area,
zp is the current z value, and N is the number of data points within
the given area.

(1)

2.5. Water sorption isotherms and effective diffusivity using DVS

A controlled atmosphere microbalance DVS apparatus (Surface
Measurement System Ltd., London, UK) was used to determine
the water sorption kinetic of AX and BG films at 20°C at rela-
tive humidity (RH) ranging from 10 to 95%. Duplicate experiments
were carried out for all samples, as previously described (R. Ying,
C. Barron, et al., 2011).

Sorption isotherms were fitted by the Brunauer-Emmett-Teller
(BET) and the Guggenheim-Anderson-de-Boer (GAB) models. The
BET model (Eq. (2)) is commonly used to model sorption isotherms
up to 50% RH while GAB (Eq. (3)) has been used for the model-
ing up to 80% RH. The parameters used in both models, such as
MoBeT> MogaB, CBeT» Coap and Kgag, provide information related to
the monolayer value and the sorption energies involved during the
sorption process (Al-Muhtaseb, McMinn, & Magee, 2002; Brunauer,
Emmett, & Teller, 1938; Chirife & Iglesias, 1978; Timmermann,
2003).

M= moper Ceer(P/Po)
(1-p/po)(1 = p/Po + Ceerp/Po)

M in BET model (Eq. (2))is the moisture content (% dry weight basis,
d.b.), mpger monolayer value (% d.b.), Cget, a temperature dependent
constant (related to the net heat of sorption at the monolayer),
and p/po the water vapor partial pressure or relative humidity at
thermodynamic equilibrium.

(2)

_ mMocasCcasKcas(P/Po)
(1-p/po)(1 —K(p/po) + Cons K(P/Po))

M in GAB model (Eq. (3)) is the moisture content (% d.b.), mycap
monolayer value (% d.b.), Cgag a constant related to the energy
associated to the binding of the sorbant molecules at the mono-
layer, Kgap related to the heat of sorption at the multilayer, and
p/po the water vapor partial pressure or relative humidity at ther-
modynamic equilibrium.

Models for moisture transport and for sorption isotherms were
simulated using MATLAB software (The Mathworks Inc, Natick,
Mass., USA.). The GAB and BET equations parameters and the mois-
ture diffusivity values were identified using Levenberg Marquardt
method from experimental sorption kinetics by minimizing the
root mean square of the deviations between simulated and exper-
imental results as follows (Williams & Mittal, 1999):

M (3)

-y
(N-p)
where j is the vector of the predicted values (g/g d.b.),y is the vector
of the experimental values (g/g d.b.), Nis the number of terms in the

RMSE =

(4)
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predicted or experimental vector, and p the number of estimated
parameters.

Effective water diffusitivity D, was determined according to the

Fick’s second law and samples were considered as a plane sheet of
homogeneous thickness with a diameter of 10 mm as previously
described (R. Ying, C. Barron, et al., 2011). Thus moisture transfer
was only considered in the axial direction. The origin of the x-axis is
considered at the interface between the air flux and the film surface.
The thickness of the film at different RH was corrected according
to moisture content of the films using Eq. (5).
L=L+ % (5)
where L is the thickness at given RH, L; the thickness of the film at
RH = 0%, X the moisture content (g/g dry basis), M is the mass of the
film, p the intrinsic water density, S the surface of the film.

The effective moisture diffusivity was determined using Fick’s
second law:

2X(x,t)\ _ OX(x,t)
Deff( ox2 )‘ ot (6)

where X is the moisture content (g/g d.b.), D is the effective mois-
ture diffusivity in the film for a given relative humidity. t is time (s),
and x is distance from the interface, that corresponds to the verti-
cal direction in our experiments as previously described (R. Ying,
C. Barron, et al., 2011).

2.6. NMR spectroscopy

TH NMR measurements were performed using a time-
domain spectrometer (Minispec BRUKER, Germany) operating
at a resonance frequency of 20MHz. Two types of pulse
sequences were used. Proton free induction decays (FID) and the
Carr-Purcell-Meiboom-Gill (CPMG) pulse sequences (Meiboom &
Gill, 1958) as previously described (R. Ying, C. Barron, et al., 2011).

The second moment M5 values were calculated from the broad
part of the FID curve that arose from protons of the solid fraction.
The NMR spectrum of these protons is well represented by a com-
bination of a cardinal sinus function and a Gaussian broadening
following the Eq. (7) (Abragam, 1961):

az‘tz) sin bt t

5 m +Bexp(—T—5) (7)

Ipp(t) = Aexp <—
In this equation, the parameters A and Brepresent the contributions
of the immobile and mobile protons in the sample, respectively.
The NMR spectrum of the immobile proton fraction is assumed to
be a rectangular line shape with a total width 2b, convoluted with
a Gaussian line shape with a standard deviation given by param-
eter a. The second moment, which is a measure of the strength
of the hydrogen’s dipolar interactions, is calculated from the fit
parameters a and b by the following Eq. (8):

1
My =a* + §b2 (8)

Transverse relaxation time T, were determined using the following
models (LeBotlan & Ouguerram, 1997) as previously described (R.
Ying, C. Barron, et al., 2011):

lerw(£) = > A x exp(~ ) (9)

i=1

where T,; is the relaxation times of the mobile populations and A;
is the intensity of the mobile populations (Meiboom & Gill, 1958).

2.7. Mechanical tests

Mechanical tests were performed on AX and BG films using a
Dynamic Mechanical Thermal Analyser DMTA Mk Ill (Rheometrics
Inc., Piscataway, USA). Humidity control was achieved according
to the principle of water vapor saturation at different tempera-
tures. The humidity of samples was controlled with air that was
bubbled through water at controlled temperature and that was
flushed on the furnace. The temperature of the sample chamber
was set at 25+ 1°C. Pieces of film (L=20mm, 1=2.5mm) were
sampled from Petri dish’s films in order to avoid any orientation.
The samples were then stored for 3 days at 25°C at constant
relative humidity using saturated salt solutions (RH: 59%, NaBr;
RH: 75%, NaCl; RH: 91%, BaCl, ). Thickness (22 wm) was checked by
reflectance spectroscopy and thickness homogeneity within a serie
was controlled by sample weight. Samples were fixed in claws
with a gap of 10mm using a torque wrench (10 cNm). Sample
equilibration was followed by a time sweep test at imposed strain
(0.1%), (frequency=10rads~!). The sample equilibration was
assessed by the stability of elastic modulus (E). Uniaxial tensile
tests were performed at a strain rate of 0.001s~! until rupture.
Stress-strain curves were calculated from force-displacement
measurements and several rheological parameters were
determined:

Oelg: Maximum value of the stress in the elastic behavior,
(N/mm?);

Omax: the ultimate stress, or stress to fracture (N/mm?);

Eelq: the elastic strain corresponding to o;

Emax: the ultimate strain, or strain to fracture;

E: the Young modulus, i.e. the slope of the elastic part of the curve
(N/mm?);

W: the total mechanical energy needed to break the sample
(J/mm?3).

The energy to fracture (W) was determined from the
stress—strain curves, and corresponds to the area under the curves.

The tests in which the samples broke close to the clamps were
rejected, to exclude data from samples that might have been dam-
aged during clamping. Results were taken as the average of at least
6 tests (Antoine et al., 2003; Hemery, Mabille, Martelli, & Rouau,
2010).

In order to clearly assess the elastic vs plastic behavior, we used
also another mechanical test of loading, unloading cycles at con-
stant strain rate (0.001s1).

3. Results
3.1. Polymer and film characterization

AX and BG were characterized for their neutral sugar com-
position, molar mass and intrinsic viscosity (Table 1). Depending
on the degree of substitution and monomer composition the
molar mass of the polymer varied between 180 and 280kD but
the intrinsic viscosities of the four polymers were in a similar
range (260-330mLg-!). AX and BG films obtained by casting
had homogeneous thickness (22 pwm) and AFM (Supplementary
material 1) observations confirmed a flat and homogeneous sur-
face with very low roughness values (Root mean square <20 nm).
Scanning electron microscopy (SEM) (Supplementary material 2)
revealed a very compact structure without micropores or phase
separation.

Supplementary material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.carbpol.2013.03.090.
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Table 1
Molecular characteristics of arabinoxylans (AX) and 3-p-glucans (BG).
AX33 AX53 AX73 BG

A/Xa 0.33 0.53 0.73 -
Ferulic acid %P 0.23 0.07 0.16 -
uXyl/mXyl/dXyl¢ 76/15/9 68/11/21 56/15/29 -
My (g/mol) x 103 177.0 196.9 233.2 283.5
[n]d (mLg1) 295.6 284.8 259.6 331.2

Results obtained from duplicates: a: coefficient of variation <4%; b: coefficient of
variation <2%; ¢ and d: coefficients of variation <5%.

2 A/X: arabinose to xylose molar ratio.

b Content in g/100g AX.

¢ In percent of total xylose, uXyl: un-substituted xylopyranose residue; mXyl:
xylose residue mono-substituted via O-3 with arabinose; dXyl: xylose residue di-
substituted via O-3 and O-2 with arabinose residues.

4 My: weight average molar mass, [7]: intrinsic viscosity.

3.2. Moisture sorption isotherms

The moisture sorption isotherms of the films were determined
at 20°C using a DVS apparatus with RH ranging from 0 to 95%
(Fig. 1). The water content (based on the percentage of dry mass)
measured in AX films according to RH was in agreement with val-
ues previously reported in the literature (Dural & Hines, 1993;
Roman-Gutierrez, Mabille, Guilbert, & Cuq, 2003; Zhang et al.,
2011). Moisture sorption isotherms of AX and BG films have a clas-
sical sigmoidal shape (Fig. 1). For an RH ranging from 10 to 80%,
BG films adsorbed more water than the AX films. The behavior of
the three AX films was very close but the AX33 adsorbed slightly
more water than AX53 and AX73. Above an RH of 90%, an exponen-
tial increase in water sorption and an inversion of the behavior of
the films were observed, AX53 and AX73 exhibiting a higher water
uptake than AX33 and BG films. Similar trends were reported for
AX isolated from wheat bran, although above an RH of 80% the
water content of AX films (around 0.6-0.7 g/g at RH=90%) was
much higher compared to this study (Zhang et al., 2011). Sorp-
tion isotherms were fitted with GAB and BET models and in both
cases RMSE values were <0.003, showing accurate fits. The mono-
layer values (Table 2) calculated using GAB model (mggag) were
0.08-0.10g/g for the AX and BG films. Similar values were reported
in the literature for films made of starch (Zografi & Kontny, 1986).
Monolayer (mgggr) values calculated from the BET model were
slightly lower (0.065-0.074 g/g; Table 2). Regardless of the model,
the samples are classified in the same way with higher monolayer
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Fig. 1. Moisture sorption isotherm at 20°C of arabinoxylan and 3-p-glucan films
(thickness: 22 wm). Filled cubes: 3-p-glucan film; open cubes: AX33 film; open dia-
monds: AX53; open triangles: AX73 film. Vertical bars standing for the experimental
error are too weak to be visible on the graph.
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Fig. 2. Effective moisture diffusivity of arabinoxylan and B-p-glucan films as a func-
tion of water content at 20°C. Filled cubes: B-p-glucan film; open cubes: AX33 film;
open diamonds: AX53; open triangles: AX73 film.

values for BG and AX33 films compared to AX53 and AX73 films.
Cgap and Cggr values were higher for BG than for AX films (Enrione,
Hill, & Mitchell, 2007a).

3.3. Effective moisture diffusivity within films

Effective moisture diffusivity values (Dgy) within films were
determined at 20 °C using transient-state moisture content of the
water sorption kinetics and analytical solution of Eq. (6) for model-
ing moisture sorption. The diffusivity was assumed to be constant
at each RH level (Guillard, Broyart, Bonazzi, Guilbert, & Gontard,
2003). A good fitting of experimental data was observed for each
film (Supplementary material 3). The resulting Dy values were
plotted in Fig. 2 as a function of moisture content. In general, Do
values were lower at very low and very high water content, and
for the intermediate water contents two types of behavior were
observed. On one hand, D, increased sharply as the moisture con-
tent increased from 0g/g to 0.12 g/g for AX53 and AX73 films, and
then was nearly constant from 0.12 g/g to around 0.30g/g. On the
other hand, D increased slowly from 0g/g to around 0.30 g/g for
AX33 and BG films. In addition, AX53 and AX73 exhibited similar
and higher D values, than AX33 and BG. The variation of D, as
a function of water content is typical of polysaccharides (Chivrac,
Angellier-Coussy, Guillard, Pollet, & Averous, 2010; Enrione, Hill,
& Mitchell, 2007b; Yu, Schmidt, Bello-Perez, & Schmidt, 2007)
and was also observed for other hydrophilic materials such as
cereal-based products (Guillard et al., 2003; Roca, Broyart, Guillard,
Guilbert, & Gontard, 2007).

Supplementary material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.carbpol.2013.03.090.

3.4. TD-NMR and mobility of molecules

Fig. 3A shows the effects of the water content on M, values
measured for AX and BG films. As previously described (R. Ying,
L. Saulnier, et al., 2011) M, depends on two contributions: first the
intramolecular dipolar interactions between protons, modulated
by local proton mobility and their inter-distances within molecules
(within polysaccharide chains), and second the intermolecular
dipolar interactions between protons dependent on chain motions
and average distance between the polysaccharide chains. At 20°C,
AX (whatever the substitution ratio) and BG films at water con-
tent below 0.05g/g were characterized by very high and similar
M, values (>7.10*° rad? s~2), then M, decreased as water content
increased (Fig. 3A). The high and similar values of M, for AX and BG
films at very low water content (<0.05 g/g) indicated that motions
of the polysaccharide chains were very reduced. The decrease of
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Table 2
values of GAB and BET models for arabinoxylan (AX) and 3-p-glucan (BG) films.

GAB (modeled up to 80% RH)

BET (modeled up to 50%RH)

Monolayer Mo GAB (% db) CGAB KGAB RMSE Monolayer Mo BET (% db) Cger RMSE
AX33 10.2 £ 0.8 52+ 1.1 0.76 + 0.02 0.001 72+02 69+ 14 0.002
AX53 8.1 +£0.1 58 +£0.2 0.81 + 0.00 0.002 6.5+ 0.1 6.6 + 0.1 0.002
AX73 85+ 0.2 6.9 + 0.8 0.79 + 0.00 0.001 6.5+ 0.1 89 + 1.1 0.002
BG 10.0 £ 0.3 7.6 £ 0.6 0.76 £ 0.01 0.001 7.4 £ 0.1 10.6 £ 0.9 0.002

RMSE: root mean square error; RH: relative humidity.
AX33: AX with arabinose to xylose ratio of 0.33; AX53: AX with arabinose to xylose

M3 as a function of the water content, reflects the decreasing of the
dipolar interaction strengths. At water content higher than 0.20 g/g
the molecular motions of polysaccharide chains become important
averaging any intermolecular proton interactions and giving rise to
the loss of “non random” structures (Abragam, 1961; Van den Dries,
Besseling, van Dusschoten, Hemminga, & van der Linden, 2000).
The values of M, for AX53 and AX73 films were lower than for
AX33 and BG films for the same water content above 0.05 g/g. This
result indicates higher proton dipolar interactions within AX33 and
BG films in relation with shorter inter-proton distances between
polysaccharide chains. Fig. 3B shows the increase of water pro-
ton relaxation times T> of AX and BG films as a function of the
water content at 20 °C. At water content below 0.15 g/g, T, values
for water in AX and BG films were similar (0.82-0.89 ms) and low,
then increased sharply at water content above 0.15 g/g.

As already described(Belton, 2011), the understanding of the
behavior of water in low water content biopolymer systems is
really challenging. The proton relaxation times measured in such a
system have to be analyzed by taking into account the types of pro-
tons contributing to the signal and the exchange mechanisms with

o
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Fig. 3. Effect of the water content at 20°C on the second moment M; (A) and on
the water relaxation time T, (B) for arabinoxylan (AX) and (3-p-glucan (BG) films.
Filled cubes: 3-p-glucan film; open cubes: AX33 film; open diamonds: AX53; open
triangles: AX73 film. Vertical bars standing for the experimental error are too weak
to be visible on the graph.

ratio: of 0.53; AX73: AX with arabinose to xylose ratio of 0.73.

biopolymers. Previous results (R. Ying, L. Saulnier, et al., 2011) have
emphasized that in AX and BG films, the water spin-spin relaxation
times T, depended on the temperature and the water content of
films. Interpretation of the T, values and their ratio compared to
the total signal (including the solid fraction from polysacharides)
has been proposed by considering complementary mechanisms
involving the mobility of the polysaccharide chains both below
and above the glass transition temperature, and the mobility of
water molecules in chemical exchange with the hydroxyl groups
of the polysaccharides. In spite of the complexity of these mecha-
nisms, it was found that AX films displayed higher T, values than
BG films at water content above 0.15 g/g suggesting that the rota-
tional mobility and exchange of water were slower in BG films (R.
Ying, L. Saulnier, et al., 2011).

3.5. Mechanical properties of AX and BG films

AX and BG films showed an elastoplastic behavior as commonly
observed for plant tissue (Fig. 4) (Kéhler, 2000). The main mechani-
cal parameters of the films at different moisture content are shown
in Table 3.

Mechanical properties were strongly modified by the water con-
tent, as usually observed for hydrophilic polymer (Hemery et al.,
2010) where water acts as a plasticizer. Young’s modulus decreased
significantly as the water content increased from 0.15 to 0.30 g/g, as
well as the ultimate stress (10 times lower) and fracture energy (30
times lower). The plastic strain of AX and BG films did not change
significantly, from 0.15 to 0.18 g/g, but then decreased sharply at
higher water content (0.18-0.30 g/g). The slope of the plastic part of
the curve decreased when the water content of the films increased
indicating that the break is more due to the stress than the strain
effect.

Mechanical properties were also highly modified by the polymer
structure as previously observed for AX films (Hoije, Sternemalm,
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Fig. 4. Typical stress-strain curves obtained during a tensile test with arabinoxylan
and 3-p-glucan films. Experimental data at relative humidity 59%; cross: 3-p-glucan
films; diamonds: AX33 films; cubes: AX53 films; triangles: AX73 films (arabinose
to xylose ratio: 0.73).
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Table 3

Influence of the water content of arabinoxylan (AX) and 3-p-glucan (BG) films on their glass transition temperature (Tg) and mechanical properties.

Water content Ty (°C) Elastic strain Stress at elastic Young modulus Ultimate Ultimate stress Rupture energy
(d.b.) (%) limit (N/mm?) (N/mm?) strain (%) (N/mm?) (J/mm?3)
BG 0.1643 101.6 1.6+04 52.7+3.8 3340 + 363 62.5 £+ 8.0 1245 £ 10.3 540 +£9.8
0.1940 70.9 2.4+0.6 327422 1410 + 260 65.4 + 12.0 73.8 £9.0 364+ 11.3
0.2886 29.1 - - 7124+226 15.8 £ 2.8 195 £ 2.6 29 +0.7
AX33 0.1524 82.9 1.8+0.3 54.5+8.5 2926 + 717 456 + 8.0 131.4 £ 24.7 393 +£95
0.1832 58.7 22+0.1 31.8+7.8 1403 + 355 389 +£ 103 77.7 £ 24.1 20.6 + 10.5
0.2911 7.5 - - 461+136 83+23 12.6 £ 1.5 1.1+04
AX53 0.1439 84.9 1.8+0.2 45+4.0 2475 + 255 38.6 £ 9.1 97.6 + 16.2 259 + 84
0.1802 57.9 23+0.5 28.1+£26 1175 + 323 372 +76 59.2 + 8.8 151 + 44
0.3169 11.9 - - 3254133 72 +33 8.1+45 0.7 £04
AX73 0.1396 81.6 22402 46.6+8.9 2111 £ 359 21.7 £9.2 61.0 + 8.5 111+ 54
0.1782 56.1 23+04 26.6+5.4 1155 + 253 9.5 + 4.2 26.7 £ 12.1 24 +£13
0.3417 -6.0 - - 263+119 119 + 5.6 6.5+ 3.8 0.7 +£ 0.6

AX33: AX with arabinose to xylose ratio of 0.33; AX53: AX with arabinose to xylose ratio: of 0.53; AX73: AX with arabinose to xylose ratio of 0.73.

Heikkinen, Tenkanen, & Gatenholm, 2008). Differences were more
pronounced at low water content (0.15g/g — around 0.18 g/g),
whereas at water content around 0.30g/g significant differences
remained only between BG and AX. BG films are stiffer (Young
modulus) and more extensible than AX films. The ultimate stress of
BG and AX33 films were similar (125-130 N/mm?; water content
0.15g/g), and significantly higher than highly substituted AX53 and
AX73 films (60-98 N/mm?2, water content 0.15 g/g). As previously
reported for AX with a slightly different A/X range (0.2-0.5) (Hoije
etal.,2008) a higher A/X ratio corresponded to both lower ultimate
stress and ultimate strain.

The plastic part of the curves exhibited similar slopes
(120-130 N/mm?, water content 0.15g/g) until 25% of strain for
all polymers. Then, AX33 and AX53 films showed a slight increase
of this slope above 20-30% of strain until break (Fig. 4), while no
change was observed for BG films.

Fig. 5 shows BG and AX33 film'’s stress-strain histories generated
using unloading and reloading test. The shape of the stress-strain
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Fig. 5. B-p-glucan (A) and AX33 (B) film stress-strain histories generated using the
model of unloading and reloading in tensile at relative humidity 75%. Filled cycles:
loading, unloading and reloading cycles in tension of 3-p-glucan films, open cubes:
continuous loading in tension of B-b-glucan films.

curve of BG film is similar to continuous loading test but the
cyclic test gave higher ultimate strain (1.45+0.16 at water con-
tent around 0.18 g/g). BG films exhibited similar ultimate stress
with the two methods, thus the slope of the non-reversible part
of the curve decrease during strain. Between one cycle and the
next one, the curve obtained during loading presented three slopes:
the first one was the Young modulus, the last one was compa-
rable to plastic phase, and the second one had an intermediate
value and reflected a possible polymer rearrangement. Cycle after
cycle the first part became smaller, supplanted by the second part.
At the opposite, cyclic test on AX33 films exhibited no significant
differences in ultimate strain and stress compared to continuous
test.

4. Discussion
4.1. Influence of the water content

The increase of the water content highly decreased the strength,
stiffness and the glass transition temperatures (Table 3) of the AX
and BG films. These observations were correlated with a higher
mobility of the polysaccharide chains and an increase of the aver-
age distance between polymer chains as determined by NMR.
These results confirm that water is a highly efficient plasticizer
of amorphous polysaccharides thanks to its ability to interfere
with the hydrogen bonding between the carbohydrate chains. Con-
sequently, water can strongly modify the nanostructure of the
carbohydrate matrix (Kilburn, Claude, Schweizer, Alam, & Ubbink,
2005). At rubber state (water content around 0.30 g/g at 25°C), AX
and BG films exhibited very low stiffness, strength and extensibility
indicating reduced molecular interactions between the polysaccha-
ride chains.

AX and BG films are very dense materials (den-
sity=1500kg m~3) without macropores (>0.1 um) that exhibit a
very low moisture diffusitivity Doy However, Dgg values increased
slightly as a function of the water content. Previous results obtained
by TD-NMR and DVS indicated that the variation of D,g could be
related to a plasticizing effect of water (R. Ying, C. Barron, et al.,
2011). At low water content (below 0.05g/g) NMR results show
a short average distance between the few mobile polysaccharide
chains leading to low effective moisture diffusivities. For higher
water content, the sorption of water by the carbohydrate matrix
improves the mobility of polysaccharide chains and increases the
average distances between chains leading to a strong increase
of the matrix free volume in both the glassy and rubbery states
(Kilburn et al., 2005). This modification of film nanostructure
should favor the water diffusion through films.
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In addition, the mobility of water molecules measured by NMR
can be compared to the D, values in AX and BG films. In effect, as
explained by Belton (2011), the water vapour phase may be a sig-
nificant mechanism for the transport of polarization and therefore
should be considered within the pools of water contributions to the
measured T, relaxation times.

At water content below 0.15g/g, T, values of water protons
in AX and BG films are very low (<1ms), suggesting that the
water is strongly bound to the hydroxyl groups of polysaccha-
rides. At water content above 0.15g/g, T, values increase sharply
up to 3.5ms indicating a higher mobility of water. The increase
of mobility (not only rotational mobility but also translational
mobility of water)(Van den Dries, Van Dusschoten, & Hemminga,
1998) induced a higher frequency of the water exchanges and an
improvement of the desorption of water molecule in the films. Ying
et al. (R. Ying, L. Saulnier, et al., 2011) have already proposed that,
by increasing the water content within the films, the hydrogen
bond stretches and the assembly properties of the polysaccharides
weaken while the exchange of water molecules is favored. There-
fore, dipolar interactions between water and the hydroxyl groups
of the polysaccharides are reduced and the rotational mobility of
water is increased. Thus, at high water content, the weak interac-
tion between water and the hydroxyl group of polysaccharides and
the high mobility of water also lead to the decrease of Deg.

4.2. Influence of the polysaccharide structures

The structure of the different polymers influences the interac-
tion with water at the molecular level and impacts the diffusion of
water and mechanical properties of the films.

The monolayer value (mg) is of particular interest as it indi-
cates the amount of water strongly adsorbed to specific sites (Karel,
1975). Higher mg values were obtained for AX33 and BG films which
indicates that these two polymers binds more water than highly
branched AX (AX53, AX73). Higher M, values were also observed
for AX33 and BG films indicating higher proton dipolar interac-
tions and shorter inter-proton distances between polysaccharide
chains than for highly branched AX53 and AX73. The higher dis-
tance between polysaccharide chains in AX53 and AX73 induces
larger free volumes in these films and may explain higher moisture
effective diffusivities. Clearly, the interactions between AX chains
are decreased by the presence of arabinose side chains leading to
higher nano-porosity (Hoije et al., 2008). Compared to AX33, AX53
and AX73 are more highly branched polymers containing 53-73%
of arabinose substituents, and a higher proportion of di-substituted
residues (21-29% compared to 9% for AX33). The sterical hindrance
of disubstituted xylose residues has possibly more impact than
mono-substitution on the inter-chain distances.

The results of the tensile tests on films also suggest that mechan-
ical properties of the films could be related to the fine structure
of polysaccharides and in particular to the presence of arabinose
substituents and especially a high proportion of disubstituted Xyl
residues. Lowly substituted AX33 and BG films exhibited similar
and higher strength, than highly substituted AX53 and AX73 films.
However, while similar M, values and film strength were observed
for lowly substituted AX33 and BG films, BG films still exhibit a
slightly higher extensibility.

The stiffening of AX33 and AX53 films during deformation, sug-
gest that the presence of arabinose residues could stop chains
slippage. This side-chain effect gradually leads to an increase in the
slope of the plastic part of stress-strain curves for AX33 and AX53
films, and is not observed for smooth BG chains. Cyclic rheologi-
cal tests also confirmed a different behavior for AX33 and BG films.
BG films shows significantly higher extensibility and lower slope of
plastic part using classical or cyclic mechanical tests, while AX33
exhibited a similar elastoplastic behavior with a continuous loading

of stress under the two conditions. These results are in agreement
with the smooth characteristic of BG chains that can easily rear-
range during loading while arabinose side-chains distributed along
the xylan backbone possibly hamper AX chain rearrangement.

4.3. Impact of the polymer structure on the cell wall properties

Up to now, the relationships between structural variations of
polymers such as the level of substitution of AX by arabinose side
chains and cell wall properties were not understood. The present
work brings new lightning on the possible impact of the polysac-
charide structure on the properties of the cell walls in wheat grain
endosperm. A higher effective diffusion of water was obtained with
highly substituted AX films compared to BG or lowly substituted AX
films. In this respect, the different proportions of AX and BG and the
variation of the AX structure within the grain endosperm are well
correlated with the water properties required for the different cell
types in endosperm and their evolution during grain development.
AX are more substituted at the beginning of grain filling than at
the later stages, suggesting that water diffusion is faster, favoring
grain development. Similarly, substitution of AX is higher in the cell
walls of the transfer cells that are supposed to play an active role
in solute uptake for grain filling. Conversely, moisture diffusivity
shall be slower in aleurone cell walls due to its highest thickness,
a higher proportion of BG and a lower substitution of AX. During
its development wheat grain undergoes dramatic changes in water
content and water content decreases from 60% down to 12-14%.
Thus, the changes in cell wall polymers structure observed during
grain development and within grain tissue could possibly modulate
the hydration properties of the cell walls and contribute to regulate
the water content of the grain.

In addition mechanical properties of AX and BG films indi-
cated that BG could play an important role on the mechanical and
physico-chemical properties of these walls. BG layers are supposed
to have a higher extensibility in order to favor the development of
cell wall at early stage during the grain development. Compared
to the starchy endosperm cell walls at the mature stage of wheat
grain development (S. Philippe, C. Barron, et al., 2006; S. Philippe,
P. Robert et al., 2006; S. Philippe, L. Saulnier et al., 2006) the high
content of BG and lowly substituted AX (around A/X =0.3) observed
in the aleurone cell walls is in line with a higher extensibility and
strength of aleurone cell walls.

5. Conclusion

This work confirms that the multi-scale study of polysaccharide
films used as models of the polymer lamellar organization in cell
walls is an interesting tool to better understand the impact of the
polymer structure on cell wall properties in plant tissues. We have
demonstrated that the water content and the polymer structure
within films can strongly influence interactions between polysac-
charides as well as the nanostructure of films. At a higher scale,
these changes should significantly impact the moisture diffusion
through films as well as their mechanical properties. Our results
suggest that the different composition and localization of AX and
BG might affect the properties of cell walls in mature grain but also
during grain development. Further studies using films made with a
mixture of AX and BG (composite films) will improve the model and
help to better understand AX-BG interactions in plant cell walls.
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