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ABSTRACT

Using small-angle neutron scattering (SANS), we examine the structure and conformational
behavior of wheat arabinoxylan (AX) prepared at various concentrations in a sodium phosphate
aqueous buffer. As for another major hemicellulose, xyloglucan, we observe a small number of

large clusters, surrounded by AX chains that behave exactly as a polymer in good solvent with a



Flory exponent v=0.588. The fit of the data at high g-values to a standard worm-like chain model
gives the persistence length [, = 45 A, and cross-section of the chains, 2R. = 11-12 A. In addition,
using a dedicated modeling approach, we extract from the SANS data at intermediate g-range the
correlation length ¢ of the solutions in the semidilute regime. The decay of ¢ with concentration
follows a scaling law that further confirms the self-avoiding statistical behavior of the AX chains.
This first comprehensive study about the properties of water-soluble AX at different length scales
may certainly help in the development of products and/or processes involving AX as a substitute

to fossil carbon molecules.

GRAPHICAL ABSTRACT
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INTRODUCTION
During evolution, plants have gained an outstanding diversity of structures and chemical

compositions.! De facto, many of the biomolecules found in plant cell walls are interesting



alternatives to fossil carbon molecules for producing fuels, plastics, or other value chemicals.?
Arabinoxylan (AX), a polysaccharide, is one of these promising biopolymers. AX is the main
hemicellulose in grasses such as wheat and rye. It is the second-most abundant polysaccharide -
after cellulose- in these species, and it is readily available as by-product of the corresponding agro-
industrial processes.> AX is a linear chain that consists in a (1,4)-p-D-linked xylose (X) backbone
decorated with arabinose (A) substitutions on the second and/or third carbon. Additional
occasional substitutions are acetate or glucuronic acid decorations, which are found to be involved
in the interaction between AX and cellulose microfibrils in planta.* Ferulic acid residues can also
be found on the arabinose side chain, and in this case are involved in the covalent binding of AX
with lignin in the plant cell wall.®

Historically, AXs extracted from plant biomass were first used for their viscous nature,
improving the property of dough in bread-making for instance.® Nowadays, their use as thickeners
or emulsifiers becomes increasingly common in the food industry,” with recent researches that
even suggest a positive health effect of AX addition.® Other applications are based on the film-
forming properties of AXs,” or their ability to form gels through interchain covalent linkage
between ferulic acid residues.!” The natural propensity of AX to interact with cellulose also makes
it a natural candidate for coating dedicated surfaces and/or designing composite objects for specific
applications.!!"14

Depending on the plant source and/or extraction process, AXs have diverse chemical
compositions with respect to their A/X number ratio, and the presence or not of additional
substitutions, i.e. acetate, glucuronic, ferulic. Accordingly, a fair number of research works deals

6,15-17

with the chemical characterization of AXs from different sources, with some attempts to link

the chemical composition of the biopolymer to its macroscopic physicochemical properties such



as solubility,'? or rheology.!® Here we focus on a simple version of AX extracted from wheat,
which is a water-soluble AX that lacks any substitutions other than arabinose residues. One
important reason for this choice is that the solubility in water is a crucial parameter with respect to
applications, where it is much more practicable to use solutions of a polymer in processes and
operations that must be reproducible. As demonstrated by Kohnke et al.,'? solubility in water is
ensured when the A/X number ratio is high, typically > 0.5. At such degree of substitution, the A
residues are sufficiently evenly distributed on the chain to prevent associative interactions between
unsubstituted X residues (presumably via hydrogen-bonds)."”

Surprisingly, the question of the conformation and organization of AX chains when dispersed in
water is still not clear, whereas this information is essential for the applications cited above and
for developing new ones. To our knowledge, the most complete dataset is the one provided by
Dervilly-Pinel et al. in the early 2000's, where water-soluble AX are characterized using rheology,
size exclusion chromatography (SEC) and multi-angle laser light scattering (MALS).2° However,
as pointed out later on by Picout et al.,?! those results only lead to an indirect and questionable
quantification of some polymer parameters, namely the polymer-solvent interactions (Flory
exponent V) and the chain flexibility (persistence length /,). Interestingly, small-angle scattering
techniques (X-rays, SAXS, or neutrons, SANS) are able to directly quantify those values, as it was
nicely demonstrated by Muller et al. in their pioneering work on xyloglucan (XG), another
hemicellulose.*?

Here we examine solutions of AX prepared in controlled conditions (pH, ionic strength), using
a sodium phosphate aqueous buffer. The first objective of this work consists in accurately
determining the properties of a single chain of AX in these conditions, as it is done in Muller's

study on XG.? For that, we focus on SANS data obtained in a g-range that informs about the



conformational statistics at intermediate (coil) scale, down to the persistence length and the
equivalent cross-section of the chain. We discuss the results in light of the chemical structure of
the AX source, and in comparison with recent SANS results on non-soluble AX polymers. '8

Our second objective is to focus on the AX chain behavior at high concentration, namely in the
semidilute regime where the AX concentration C is higher than the overlap concentration C*; the
latter being determined precisely through viscosity measurement. The main question is how the
characteristic length scale of the polymer solution, i.e., the correlation length &, evolves with C.
This question is clearly of fundamental interest, with still a limited number of experimental works

that measure ¢ and confront these measurements with theoretical scaling predictions,?*-*

especially
for polysaccharides. On the other hand, the general behavior of AX chains in the semidilute regime,
and the change in ¢ as a function of C, are also crucial information for applications where the

concentration of polymer in solution has to be maximized and/or where the diffusional properties

of the polymer solution must be controlled.?’

EXPERIMENTAL SECTION

Material and Sample Preparation. AX, extracted and purified from wheat flour, was
purchased from Megazyme (Wicklow, Ireland). The same lot, reference P-WAXYL n°120601,
was used for preparing all the samples. The product is a slightly yellowish powder that contains
~95% AX in mass. The AX chains have a A/X molar ratio of 38/62. According to previous HPLC
and NMR analyses,'>?® this arabinoxylan source is free from traces of ferulic or glucuronic acid
so that the AX chains are fully neutral. In these works and others, AX solutions of 5 to 10 g.L"!
are prepared by vigorously mixing the powder with water at high temperature (40-100 °C) for a

given time (from 10 minutes to a few hours).'??%?° The AX chains are in all cases considered as



completely dissolved, as in the work of Kohnke et al.'? for instance, where a 10 g.L™! AX solution
prepared in such a way has no measurable turbidity at 700 nm.'> However, as described in the
Supporting Information, we find from SAXS experiments that, even if the solutions indeed appear
translucid, aggregates are still present and prevent a proper analysis of the solution structure
(Figure S1). These aggregates presumably originate from strong and pre-existing interactions
between AX chains in the powder. One way to dissolve such aggregates is to lower the AX
concentration to 1 g.L'! during the solubilization at high temperature. For reaching higher AX
concentrations, we then extract water from the solution using the osmotic stress technique, as
detailed hereafter. In the SAXS and SANS spectra of concentrated AX solutions prepared in that
way, the presence of aggregates is greatly reduced, and the signature of individual AX chains is
then clearly visible (Figure S1 and Figure 3). Note however that there is still an intensity upturn at
low g-values (< 7 x 107 A'!) in all our samples, which suggests that it is not possible to get rid of

all associative interactions between the AX chains. We discuss this feature in the text in light of
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the works of Muller et al.”" and Yu et al.”® on XG and AX from Plantago ovata, respectively.
Unless noted otherwise, all samples were thus prepared starting from a low-concentration, 1 g.L°
! AX solution. This very solution was itself prepared by mixing for 2 h at 90 °C the AX powder
in a volume of a 50 mM sodium phosphate aqueous buffer at pH 6. We chose to use a buffer rather
than MilliQ water to ensure that the physicochemical conditions are the same in all cases. Also,
this buffer is the one that we use in a further study that aims at investigating the degradation of AX
by enzymes that are active in these buffer conditions (ongoing experiments). As the AX is fully
neutral, electrostatic interactions should not have any effect on its conformational properties at the

different length scales. This contrasts with charged polymers for which the persistence length /,

(stiffness), for instance, depends on the ionic strength and/or pH of the buffer. However, we cannot



entirely rule out that the presence of sodium phosphate could alter in some extent the effective
quality of water as a solvent, thus influencing the chain properties as compared to the pure water
case. We are probably not talking about a major effect on the conformation of the chains at the
length scales examined in this work. But as we do not have any direct evidence of the absence or
presence of such a phenomenon, one must keep in mind that the results and properties reported in
this work are for AX chains in a specific pH-buffered aqueous solution of 50 mM sodium
phosphate.

After cooling to room temperature, the 1 g.L"! AX solution was simply diluted in buffer for
preparing solutions at C < 1 g.L'!. On the other hand, and as already mentioned, solutions at C > 1
g L't were prepared by concentrating 1 g.L' AX solutions using osmotic stress, still at room
temperature. Osmotic stress is based on water exchange between the sample and a reservoir of
controlled osmotic pressure, generally a polyethylene glycol (PEG) solution.?®2° Briefly, 1 g.L’!
AX solutions were placed in 6000-8000 g.mol™! cutoff dialysis bags (Spectra/Por 1 RC, Spectrum
, US) that were immersed in a 100-fold volume of PEG solutions prepared in the same buffer at
known concentrations. We used PEG20000 (Sigma-Aldrich, US) at concentrations from 50 to 250
g.L'!, which corresponds to osmotic pressures between 2.5 kPa and 1 MPa.>*3! The difference in
osmotic pressure between the sample and the reservoir causes the buffer (water and ions) to flow
out of the sample, while the AX and PEG cannot pass through the dialysis membrane. This leads
to a slow and gentle concentration (from one day to one week, with regular refills of the bags with
fresh AX solution) of the AX samples at different levels as a function of the PEG concentration.
Note that our intention was not to actually measure the osmotic pressure of the AX solutions using
the osmotic stress technique, which is beyond the scope of this paper as it would require dedicated

and even more delicate experiments.’®3!1*> Therefore we did not wait for the thermodynamic



equilibrium between the bags and the PEG solutions. We rather simply followed the concentration
process in real-time using refractometry (see next section), until a desired concentration was
reached in the bags.

For SANS experiments, one sample was prepared at 0.9 gL' AX in a deuterated sodium
phosphate buffer at pD 6 using the same protocol, i.e., 90 °C and 2 h. In the case of low
concentration and consequently low scattered intensity, we used D>O instead of H>O to take
advantage of the small incoherent scattering from D,0.*

Polymer concentration. For practical and cost-effective reasons, we prepared only small
volumes of sample using the osmotic stress technique. As a result, the AX concentration could not
be determined accurately through drying as the remaining mass was generally too small. We
therefore used refractometry for measuring the AX concentration in those samples. We used a
standalone refractometer (Mettler Toledo RM50, CH) that only requires 500 puL of sample per
measurement. The increment in refractive index dn relative to pure buffer was measured at 25 °C
and converted into AX concentration using dn/dC=0.146 mL.g™'.?* We double-checked this dn/dC
value using the refractometer of the SEC-MALS chain (Size exclusion chromatography coupled
to multi-angle light scattering, next section) and standard AX samples prepared at 1-5 g.L"! (Figure
S2). We were also able to both measure dn and determine the AX concentration through drying
for two concentrated samples for which we had enough volume (25 and 30 g.L'!). Again, a dn/dC
value 0.146 mL.g"! was found (Figure S2). For higher dn values, we considered that the linear
relationship between n and C is conserved, as for simple monosaccharide solutions in a similar
range of concentration.>*

Size exclusion chromatography coupled to multi-angle light scattering (SEC-MALS). The

SEC-MALS analysis was performed with a setup composed of three SEC columns connected in



series (Shodex OH-Pak SB-805 HQ, SB-803 HQ, SB-802.5 HQ, Showa Denko, JP), a differential
refractometer, and a DAWN HELEOS light scattering detector (Wyatt Technology, US). The
mobile phase was 50 mM sodium phosphate buffer in MilliQ water, pH 6, with a flow rate of 0.8
mL.min. A 1 gL' AX sample was prepared in the same buffer and filtered through a 0.22 pum
syringe filter (Sartorius, DE). 50 pL of this sample was injected in the system, the elution and
detection temperatures being set to 25 °C. The refractive index (RI) and light scattering data (LS)
data were analyzed using the ASTRA software (version 7) from Wyatt Technology. A dn/dC of
0.146 mL.g"!' was used for the data treatment.

Rheology. The rheology measurements were performed with a HAAKE MARS III (Thermo
Scientific, US) using a cone and plate geometry of diameter 60 mm and angle 1°. The viscosity
was measured at 25 °C, as a function of shear rate in the range 0.1-100 s™. All the samples
investigated, from 0.2 to 30 g.L™! in AX, behave as Newtonian fluids over this range, leading to
one average value of the dynamic viscosity 7. The viscosity of pure buffer at 25 °C was measured
in the same way and found to be 70 = 8.74 x 10 Pa.s. This allowed to calculate the so-called
specific viscosity, 7 which gives the additional contribution of the polymer to the solution

viscosity as compared to the buffer only

NMsp = (ﬂ) (1

No

For concentrations < 4 g.L'!, the reduced and inherent viscosities, 7:.d and 7 were calculated

according to

Nred = (%)/C 2
and
m=In(L)/C 3)



The intrinsic viscosity [77] was determined by plotting either 7eq or 7 as a function of C
(Huggins' and Kraemer's plot, respectively) and extrapolating to zero concentration.

Small-angle Neutron Scattering. The SANS experiments were performed on the D11
instrument, Institut Laue-Langevin (ILL, Grenoble, France) during the experiment numbered 9-

13-718 (https://doi.org/10.5291/TLL-DATA.9-13-718). We present the results for samples

prepared at four AX concentrations: 0.9 (in D20 buffer), 14, 56 and 135 g.L"!. The 0.9 and 14 g.L°
! samples were placed in 5- and 1-mm path length quartz cells (Hellma Analytics, DE),
respectively. The 56 and 135 g.L"! were much more viscous and placed in specific sandwich cells
of 1 mm path length, closed by two quartz windows (Hellma Analytics, DE). The sample cells
were positioned in a rack that was thermostatically controlled at 37 °C. This temperature, which is
12 Kelvin higher than the one used in the SEC-MALS and theology experiments, was chosen both
for practical and time-related reasons: the data presented here are part of a larger set of SANS
measurements aiming at following the enzymatic degradation of the polymer with an enzyme that
work at 37°C. We considered that this small difference in temperature would not significantly
impact the conformational properties of the chains, neither the main results of the rheology (C")
and SEC-MALS (molecular weights) experiments, hence our choice to present the data at those
two temperatures. The neutron scattering intensities were collected at neutron wavelength 6 A and
at three sample-to-detector distances: 1.4, 8 and 39 m. The intensities were radially averaged,
merged and arranged as a function of scattering vector ¢ in the range ¢ ~ 1.5x1073 — 3.9x10"!
A-!. The corrections for instrumental background, empty cell, and transmission, as well as the
normalization to absolute intensities, were achieved following the standard procedures of D11.

The sample background was determined from the intensity signal of pure buffer solutions in H>O
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and D>O. It was then subtracted from the intensity scattered from the samples to obtain the intensity

from the solute only.

RESULTS AND DISCUSSION

In the following, we first present and discuss some general features and properties of the AX
chains and AX solutions, as obtained using SEC-MALS and viscosity measurements. In a second
section, we give a general description of the SANS profiles obtained at the different AX
concentrations. The third section focuses on the single-chain properties of AX as determined by
modeling the SANS data at intermediate and high g-values. The final section is dedicated to the
behavior of the AX polymer solution at concentrations > C* and the determination of the

correlation length ¢ as a function of C.

Size distribution and overlap concentration.

Table 1. SEC-MALS analysis of the arabinoxylan (AX) chains

Sample My (10° gmol™) My’ (10° gmol™!)  Mu/My* R (A)
Wheat arabinoxylan . . . o
Megazyme P-WAXYL 73.5+15% 168.9 + 8% 23+16%  633+£9%
lot 120601

“Number-averaged molecular weight, “weight-averaged molecular weight, “polydispersity
index, R, is the mass-averaged root mean square radius of the polymer chain. Here we report the
z-averaged value calculated from the SEC-MALS data over the elution time, as it is commonly
done when using this technique. The mass recovery was 96.3%.

11



Figure 1 and Table 1 give the results obtained using SEC-MALS with an AX solution of 1 g.L°
! prepared using the previously described solubilization protocol. Here, the sample was further

filtered through a syringe filter with a 0.22 um molecular weight cut-off.
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Figure 1. SEC-MALS profile ofa 1 g.L' AX solution. We refer the reader to the Supporting Information
(section SEC-MALS analysis, Figure S3) for additional information about the principle of the SEC-MALS

technique and the way the average properties of the chains (Table 1) are calculated.

The first important pieces of information are the mass recovery which is > 95%, and the absence
of any large objects in the SEC profile (Figure 1). This clearly indicates that the solution is free of
the large and strong aggregates observed in SAXS with solutions prepared using less cautious
protocols (Figure S1), and confirms that the polymer chains are in a well hydrated state when
following our solubilization protocol.?? However, in SAXS (Figure S1, compressed sample at 8.3

g.L") and in the following SANS results (Figure 3), we note that large objects are still visible a
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low g-values. Such objects are also observed in XG solutions in pure water,”>?’ and with AX
extracted from Plantago ovata seed mucilage that form gels in water but that is in a fully hydrated
state in 0.7 M KOD solution.!® As concluded in those previous works, these are most probably
weak aggregates or clusters, presumably made from the H-bonded mediated association of a few
AX chains. As they form spontaneously, these associative entities cannot be removed from the
bulk and are inevitably present in solution. However, they are probably weak enough to be broken
by the high shear experienced in the SEC columns, which would explain why they are not detected
using SEC-MALS (see the description of Figure S3).%2

Overall, the data in Table 1 shows that the AX chains are quite polydisperse, with My/M; >> 1.
Considering the average number of arabinose decorations per xylose, the obtained weight averaged
molecular weight My, corresponds to a chain backbone of ~800 xylose monomers, while the M,
value gives ~350 xylose monomers.

The viscosities of AX solutions at concentrations ranging from 0.2 to 30 g.L"! are given in Figure
2. The inset shows the plots of the reduced (77req, €q 2) and inherent (7, eq 3) viscosities which,
extrapolated to zero concentration, give an estimation of the intrinsic viscosity [77] of the

polymer.** Both extrapolations give the same value of [7] = 3 g.dL™'.
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Figure 2. Specific viscosity 7sp as a function of AX reduced concentration C[77] for AX solutions

prepared at low concentration (C < 1 g.L'!) and then compressed using the osmotic stress technique (gray
circles). We also show results obtained with AX solutions directly prepared at concentration 10 g.L!' and 5

g.L " at 90 °c for 2 h (purple squares). The inset gives the so-called Huggins' and Kraemer's plots of the

reduced (77red) and inherent (77;) viscosities, respectively, for C < 4 g.L'l.

Figure 2 displays the variation of the specific viscosity (7sp, €q 1) as a function of C[ 77]. On such
a log-log representation, the change of slope indicates the crossover from the dilute regime, where
the AX chains are independent and do not interact with each other, to the semidilute unentangled
regimes where the chains overlap. This crossover takes place at C[77] = 1-1.2, which is consistent

— 1.27

with the theoretical value for linear chains, C[7] This gives an overlap AX concentration C"

~3.3-3.9 g.L'!. Also the slopes of ~1.1 and ~2.1 in the dilute and semidilute regimes, respectively,

14



are in very good agreement with the values reported for XG (another linear neutral polymer) in

good solvent,?’

and also with the values for a linear polyelectrolyte in an excess of salt, which in
this case behaves like neutral polymers as electrostatic interactions are entirely screened.>®
Accordingly, the large clusters that we know are present in the AX solutions do not seem to have
any visible impact on the viscosity of the solutions. This is a point that has already been discussed
by Muller et al. for XG solutions, where the authors explain that only a few links are possible per
XG chain, leading to clusters that have a structure "not far from a linear chain" and thus a viscosity
behavior that is similar to a linear chain.?” An additional explanation would be that the relative
number of these clusters is too low for contributing substantially to the viscosity of the solutions.
The two square points in Figure 2 are the viscosities measured for AX solutions directly prepared
at 5 and 10 g.L'!, i.e., without using osmotic compression. In such solutions, we know from our
preliminary SAXS results (Figure S1) that AX aggregates are much more present than in solutions
prepared through osmotic stress. The fact that the viscosities measured for these two samples fall

in line with the other points further suggests that the quantity of AX associative entities is in all

cases negligible with regard to the viscosity of the AX solutions.

SANS / General features. We now move on to the SANS characterization of the AX chains,
with a first general analysis of the scattering curves obtained at different concentrations (Figure
3). The 0.9 g.L'! solution was prepared in a D>O buffer solution to maximize the signal-to-
background ratio at such a low concentration. The other solutions (14-135 g.L'!) were prepared in
a H2O buffer, using the osmotic stress technique. Note the high quality of those SANS data in

terms of statistics (small error bars) and g-values that are explored (from 1.5x1073 A~

t0 3.9x10°" A1),
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Figure 3. The SANS intensities of AX solutions from 0.9 to 135 g.L"!. The data have been shifted along
the y-axis for clarity. For all concentrations, the SANS profiles can be divided into three distinct g-regions
where different length scales are explored (see the inset and the discussion below). In Supporting
Information Figures S4 and S5, we give alternative representations of these results to better show the
agreement between the proposed slopes in regions 2 and 3 and the data at the lowest concentrations (except

for 14 g.L'! in region 3 where the statistics is clearly not good enough to conclude).
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For the naked eye, the general shape of the scattering curves appears quite similar at all
concentrations (Figure 3). On all curves, we clearly identify three distinct g-regions, noted 1, 2,
and 3, which correspond to structural information at different length scales, i.e., from large (few
hundreds of nanometers) to local dimensions (Angstroms), respectively:

. Region 1 (¢ < 7.5x103 A") shows a sharp rise in intensity towards low g-values which is the
signature of the clusters that we discuss earlier. These clusters are also observed in XG solutions
in pure water using static light scattering (SLS),?” and using SANS in solutions of gel-forming AX
extracted from Plantago ovata but in non-gelled, highly basic conditions.!® We observe the same
power-law behavior over the entire g-range of region 1, which indicates that the size of these
objects is most likely > 27t/qmin = 400 nm. The slope of the signal, estimated from the data with the
best statistics (135 g.L!), is about ¢g>%°. This suggests that the clusters are rough 3D entities,'®
with a surface fractal dimension Ds given by I.(q)~q©Ps), i.e., Ds = 2.35.>7 As discussed in the
previous section, we can reasonably consider that the mass concentration of those objects is low
compared to the concentration of the free AX chains in solution. Furthermore, the fact that the
shape of the SANS profile does not change much with concentration suggests that the relative
number of clusters (scattered intensity in region 1) does not change either with the total number of
AX chains (intensity in regions 2 and 3). However, the analysis becomes speculative at this point
as we do not know if the cluster size changes with AX concentration. Also, we will not go further
into this discussion as the purpose of this work is to examine the characteristics of the free AX
chains in solution, i.e., using the SANS information in regions 2 and 3.

.Region 2 (7.5x103 A"l <4 <5.5x 102 A"!) corresponds to the solution structure at intermediate
scale, i.e., ~10-100 nm. On a log-log scale, the scattering curves all appear as quasi-linear in this

region (Figure 3), with a power law ~g™'’. This exponent value is characteristic of a polymer chain
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in good solvent; meaning the AX chain adopts the conformation of a real, self-avoiding chain with
excluded volume effects.??3*3° The 1.7 value corresponds to the theoretical Flory exponent v =
1/1.7 = 0.588 for such a situation; where v describes the relation between the size of a single, free
polymer coil (Rz) and the number N of repetition units that compose the chain, i.e., Rz ~ N". To
our knowledge, it is the first time that a Flory parameter of 0.588 -and the underlying self-avoiding
statistic- is unambiguously determined for water-soluble AX. As discussed by Picout et al., it is
indeed not possible to obtain a good approximation of that parameter using the former SEC-MALS
results of Dervilly-Pinel on similar AX polymers.?®?! On the other hand, the recent SANS results
of Yu with AX from Plantago ovata seed mucilage also shows a g''” decay of the scattered
intensity in a similar g-range.'® But in this case the AX is non-soluble in water, and the
solubilization of the chains is forced by using 0.7 M KOD as solvent. The raw material and the
experimental conditions are thus very different from those of the present work, which makes a
direct comparison impossible (at least there is no contradiction between the two results). Finally,
the self-avoiding statistical behavior of water-soluble AX chains is strongly reminiscent of the
SANS work of Muller et al., who find the exact same behavior for XG solubilized in water.?? This
resemblance is noteworthy, and is certainly due to similarities between the properties and chemical
nature of the two hemicelluloses: XG being also a neutral and linear water-soluble polysaccharide,
made of a glucose backbone decorated with xylose residues; a fraction of them being substituted
with galactose, and in some cases the galactose being further substituted with fucose.

. Region 3 (¢ > 5.5x 10 A™!) contains structural information at small length scale, i.e., from ~10
nm to a few A. It starts with a clear inflexion of the scattering profile from ~g'’ to a ~g!
dependency (Figure 3). The ¢! scaling law is characteristic of a 3D object with a mass fractal D

= 1, meaning the chain behaves as a rod at this length scale. This indicates that the AX polymer
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can be pictured as a semiflexible chain, made of N connected rods/segments of a given length, the
Kuhn length /x.>* The Kuhn length Ik, or perhaps the more commonly used persistence length , =
Ix/2, gives a direct indication of the chain stiffness: a higher persistence length indicates a stiffer
chain. In the SANS profiles, the persistence length is related to /(g) at the transition from ~g!-’ to
~g™'. In the next section, we determine precisely /, by modeling the SANS data in this zone. At
still higher g-values (from g = 0.2 A™!), the scattered intensity deviates from the ¢! power law,
with a progressive and sharper decrease in / with ¢. This is the signature of thick rods, where the
deviation from the q! exponent gives an indication on the radius of gyration of the cross section
of the rods, R.. Again, we show in the following section how to quantify precisely R. using an

adequate model.

SANS / Single chain. Here the objective is to quantify precisely the two parameters of the AX
chain at the local scale which are its stiffness, i.e., the persistence length /,, and its cross-section
R.. The approach consists in fitting the data to a model that considers these two parameters, plus
the fact that the chain is in good solvent condition, i.e., with excluded volume effects. An analytical
expression for such a worm-like chain (WLC) model has been proposed recently by Boze et al.,*

based on the earlier work of Sharp and Bloomfeld.*!

(@ = 1o |74 2 [ = (4 ) o e (55 0

x? 15x
Ll . . : : o
where x = ¢* Tp , lo is the intensity scattered at ¢ — 0, L is the contour length of the chain (i.e.,

the length at maximal extension), /, its persistence length, and R. the polymer equivalent cross-
section radius. This model is clearly equivalent to the one used by Muller et al. for XG chains,*

and that is implemented in the SASfit software.*?
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For the fit, we use the SANS profile at 135 g.L"! as it shows the best statistics at high g-values
(more data points, small error bars). Also, it is safe to assume that the local chain dimensions /,
and R. do not change with C and -more importantly- are contained in the SANS profile at 135 g.L”
!as it shows both the transition from a ¢"''" to a ¢ ! power law and the further decrease in intensity
that corresponds to the Guinier's law of the chain cross-section. Quite obviously, region 1 is not
considered in the fit, as it corresponds to the associative clusters in the solution. In addition, we do
not consider either the low g-values of region 2 (2x102 A3 < g <2x102 A™!) in the fit, as the slope
of the intensity decay is not strictly -1.7 in that case. This subtle but existing deviation from the
'average' slope of ~-1.7 (Figure 3) in this g-range is due to the fact that 135 g.L! is way over the
overlap concentration C* ~ 3.3-3.9 g.L"!. As a result, the correlation length information £ is also
contained in region 2 (see next section), thus creating the small deviation in the SANS signal at ¢
~2x102 A1 (Figure 4). Conversely, the WLC model strictly predicts a power law ~¢!” for a single
chain at intermediate length scale, hence our choice to not use the data of region 2 at ¢ < 2x1072
A1 in the fit. Also, at C > C’, the chains overlap, and the L parameter has no physical meaning in
the WLC form factor model. L is then fixed to an arbitrary large value (1 um), so that it does not
intervene in the fit in the chosen g-region. The /o value, which depends on the L parameter, has no

direct physical meaning either and is not discussed in the following.
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Figure 4. The fit of the experimental data at 135 g.L"! AX (orange) to the WLC model described in the

text (black line).

The fit consists in varying /o, /, and R. to minimize the distance between the model and the
experimental data at ¢ > 2x102 A"!. The result is clearly excellent, as shown in Figure 4, with the
best fit giving /, = 45.0 A and R. = 5.8 A. The value of the persistence length is characteristic of a
semiflexible, relatively stiff polymer, as compared to much more flexible polymers like PEG for
instance (/, = 3.8 A*). The obtained value contrasts with the 86 A value estimated from SEC-
MALS data obtained with a similar AX by Dervilly-Pinel et al.?® However it is consistent with the
30 A average value estimated by Picout et al. from the same SEC-MALS data but using
calculations based on different theoretical considerations.?! Clearly, the SANS technique gives a

much more precise quantification of the AX persistence length. The value of 45.0 A corresponds
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to an elementary Kuhn segment of ~17 xylose units (k=21 Figure 5).!” In comparison, the SANS-
measured persistence length of water-soluble XG from tamarind seeds is about twice this size, i.e.,
80 A.22 The reason for that is not straightforward but is probably a combination between the
difference in chemical nature of the backbone (glucose vs. xylose), and the fact that XG has a
different substitution pattern than AX, with more side chain residues and in some cases galactose
substitutions on the decorating xyloses.?* The comparison is probably more direct with the SAXS
experiments performed by Yu et al. with AX from Plantago ovata seed.'® In that case, the
measured persistence length of AX solubilized in 0.7 M KOD solution is 45-47 A, which is very
similar to our result. Regarding the cross-section of the equivalent polymer segment, the value that
we obtain, i.e., 2R. = 11.6 A, is about twice the average size of one xylose or arabinose residue (5-
6 A),'” which is fully consistent with the AX chain structure and composition (Figure 5).
Interestingly, the cross-sections reported by Yu et al. for the Plantago ovata AX polymer are much
larger, with 2R, ~ 18-22 A. It is probably because this peculiar, gel-forming, AX (i) has presumably
a higher number of arabinose side-chain residues than the AX used in the present study,'® (ii) has

a less linear backbone structure that contains some atypical B-1,3 linked xylose residues.**
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Figure 5. A schematic representation of the WLC structure of the water-soluble AX used in the present

study, together with the local parameter /, and R. obtained from the model.

SANS / Semidilute solutions. In the semidilute regime, i.e., when the AX concentration exceeds
C*, the polymer chains get closer together and start to overlap. When this happens, a characteristic
distance emerges which is the correlation length & of the polymer solution. &is the average distance
from one monomer of one chain to the nearest monomer of another chain.?>* It is a parameter of
fundamental importance, as it controls -for instance- the diffusivity of particles in the polymer
solution. In a common polymer solution, & is directly linked to the g-value at which a plateau
appears in the SAXS or SANS intensity at low ¢.°** In our case, the analysis is complicated by
the presence of large objects in this g-range, which literally hides such a plateau behavior at low
and intermediate length scale (regions 1 and 2). To leverage this difficulty, we fit our data to a
simple model that considers the scattered intensity as resulting from two independent

contributions:
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. I(g), the contribution of the associative clusters at low g. We do not know their size neither
their internal organization, but they have a surface fractal dimension Ds ~ 2.35, so that, in the
explored g-range,

(@) =Aq~CP) = Ag™3¢ (5)

with A4 a scaling factor

. Is(g), the contribution of the AX solution of correlation length & Following the work of Falcao
et al., we do not use the standard Ornstein-Zernike function (also called Lorentzian scattering law)
for I5(g), as this expression is only valid in a small g-range, i.e., until the scattered intensity starts
to decrease at g ~ 1/£% Instead, we use the expression of these authors, which was built
specifically for fitting the data over a larger g-range, including the g-values where the intensity

decays as ¢!’ (end of region 2)*

(1+g8)'/s
IS(q) = B 1+C;2€2 (6)

with B a second scaling factor

The total intensity is then obtained by adding up the two contributions

Is(q) = 1.(q) + L(q) ()

And the only adjustable parameters of the model are 4, B and &.

Note that this basic model does not describe the semidilute solution at small scale, i.e., where
the SANS profile is related to the local properties of the chain (/, and Rc, see previous section).
Therefore, we exclude this length scale from the fitting procedure and only use the experimental

data obtained at ¢ > 5 x 102 A"!. The results of the fits are given in Figures 6-8.
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Figure 6. The SANS profile of the 14 g.L' AX sample (green circles, Iexpy(q)), with the fit of the
experimental data to the composite model described in the text (black line, /(g)). The gray line, I.(g), is the
contribution of the clusters to the scattered intensity calculated from the model, while the orange line, /(q),
is the contribution of the dissolved AX chains. The light gray circles are the experimental intensities after

subtraction of the cluster contribution /(¢) obtained from the fit of the model.
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Figure 7. The SANS profile of the 56 gL' AX sample (blue circles, lexp(q)), with the fit of the

experimental data to the model described in the text (black line, /(g)).
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Figure 8. The SANS profile of the 135 gL' AX sample (orange circles, Ix(q)), with the fit of the

experimental data to the model described in the text (black line, /(g)).

The fits (black lines) are very satisfactory for all the concentrations investigated. For clarity,
Figures 6-8 also give the two individual contributions /.(g) and Is(¢) to the total scattering, as given
by eqs 5 and 6. Is(q) has this characteristic shape with a tendency towards a plateau value at low ¢
and the transition to a progressive decay in ¢™'-” when the explored length scale approaches the
correlation length & Knowing the contribution of the clusters /.(q), it is also possible to calculate
the difference /lexp(q)-Ic(g) between the experimentally measured scattered intensities and the
cluster contribution as obtained from the fit (gray circles). In all cases, and especially when the
statistics is good (135 and 56 g.L'!), we see that the obtained data nicely align with the theoretical

polymer intensities within the inflexion zone, i.e., from 4x1073 — 2x102 A-!. This suggests that
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our modelling approach, despite its relative simplicity, is quite consistent. Note that the
correspondence between lexp(q)-Ic(g) and Is(q) is less marked at lower g-values. This is because
the contribution of the clusters is dominant in this region, leading to less reliable values for Zexp(q)-
1(q).

Figure 9 gives the correlation lengths & obtained from the fits at concentrations 14, 56 and 135
g L. In addition, we give the &£ value obtained from a fit to the SANS data measured in D>O at
0.9 g.L'! (see Figure S6). By definition, & is the length beyond which interchain correlations
overtake intrachain correlations. When C < C*, as it is the case at 0.9 g.L"!, interchain correlations
are negligible. Therefore &£ should corresponds to the space occupied by one single chain in
solution, meaning &~ R,. The R, value obtained by SEC-MALS at 1 g.L! is reported in Figure 9.
As expected, & and R are indeed very close. As C then increases and exceeds C*, the chains
progressively overlap and interchain correlations gradually overtake intrachain correlations. This
results in the decrease of the correlation length & with C. As shown experimentally with several
polymer systems,*®*” the crossover from dilute to semidilute solutions can occur over about one
decade in concentration, which appears to be the case for our system as well (~2-20 g.L'!). At
further higher concentrations, interchain correlations must dominate so that the correlation length
& should decrease according to the scaling theory for semidilute polymer solution in good solvent,
ie., E~C7V/BV-D = (=077 2538 Figyre 9 gives the comparison between our data and the theory,
showing a very good agreement between the two. Clearly, this result further confirms that the AX
chains can be considered as polymer chains in good solvent, as already stated from the general

shape of the SANS profiles at intermediate length scale (Figures 3 and 4).

28



800

| Rq
SEC-MALS
[
600 | +
< 400
w
]
o
c
S i
c
S
=
s
(]
S 200
100 T T | T L T rorTrTTTT
1 10 100 1000

AX concentration (g.L™)

Figure 9. Crossover from dilute to semidilute solutions of AX.Variation of the correlation length &
obtained from the fits of our model as a function of AX concentration. The straight line gives the C-*7
dependence that is expected for semidilute solutions of polymer chains in good solvent.?>*¢ The vertical
thick line corresponds to the C* values obtained from rheology. For comparison, we give the R, value

obtained from SEC-MALS at 1 g.L'! AX. The dashed line is a guide for the eye.

CONCLUSIONS

Using SANS, complemented with SEC-MALS and viscosity measurements, we were able to
obtain a complete characterization of the structure and conformational behavior of a generic
arabinoxylan (AX, extracted from wheat-flour) when dispersed in a sodium phosphate aqueous
buffer solution. Our first finding, that is consistent with observations made with another major

) 22,27
3

hemicellulose (xyloglucan XG is the fact that despite the large solubility of AX in water, it
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is not possible to fully get rid of the associative interactions between some AX chains. This results
in the presence of some large objects (> 500 nm), that we call clusters in the present study, but at
a concentration that is too small for having an effect on the viscosity of the AX solutions. In a
second step, we examine closely the SANS profile of AX solutions in the intermediate and high
g-ranges. This allows us to unambiguously determine that the AX chains behave as a polymer in
good solvent, adopting the statistical conformation of a self-avoiding chain with excluded effects.
A worm-like chain model fits the data nicely at these length scales, allowing us to quantify
accurately the stiffness of the polymer, [, = 45 A, and its average cross-section size, 2R. = 11-12
A. Finally, we focus on the SANS data at low and intermediate g-ranges, with the aim of
understanding how the chains behave when entering the semidilute concentration regime, i.e., C >
C*. For that, we follow a simple modeling approach that allows us to extract the correlation length
¢ of the polymer solution from the SANS profiles, in conditions spanning more than two decades
of concentrations (~1-135 g.L'!). The change in & as the macromolecules get closer together with
concentration is fully consistent with the behavior of a polymer in good solvent, especially in the
high concentration regime where the data closely follow the scaling theory that is expected in that
case.

We believe that such a thorough and unprecedented characterization of AX in a sodium
phosphate pH-buffered aqueous solution, from low to high concentrations, provides a variety of
information that are both of fundamental and practical interests: (i) fundamental as our work gives
a unique complement to the -still scarce- SAXS and SANS studies dedicated to the conformational
behavior of hemicellulosic polymers in solution,'®?? (ii) practical as AX can potentially be used as
a substitute to oil-based molecules in many applications that our results may contribute to develop

and/or control.
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