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 A B S T R A C T

Arabinoxylan (AX) with varying arabinose to xylose (A/X) ratios of 0.85, 0.57 and 0.39 was extracted from 
wheat bran, and the conformations of the AX polysaccharides dispersed in water were investigated using small-
angle X-ray scattering. The persistence length (𝐿p) and the conformation statistics (expressed by the Flory 
exponent 𝑣 or the mass fractal) of the AX varied with their A/X ratios. The 𝐿p decreased with decreasing A/X 
ratio, from 4.5 nm to 1.5 nm, where the AX with high and intermediate A/X ratios can be considered semi-
flexible chains, while AX with the lowest A/X ratio behaves as a flexible chain. The mass fractal increased from 
1.7 to 2.5 between the highest and lowest A/X ratios, indicating increasingly compact polymer conformations. 
AX with the highest A/X ratio behaved as chains in a good solvent and was well dispersed even in the semi-
dilute regime. AX with intermediate and low A/X ratios showed stronger tendencies to aggregate and were 
not well dispersed at higher concentrations. The results presented show that the macroscopic properties of AX 
dispersions can be understood based on the chemical composition and fine structure of the AX polysaccharide.
. Introduction

Arabinoxylan (AX) is a polysaccharide present in cereals such as 
heat, maize, and rye, and is therefore consumed through a range 
f cereal-based foods. AX is available from side-streams generated by 
gro-industrial activities and bioethanol production (Solomou et al., 
022), where the use of AX as a food ingredient or starting point for 
aterial development is of interest. AX has been proposed for use as an 
ngredient in bread (Pietiäinen et al., 2024), a cryoprotectant (Fessas 
 Schiraldi, 2001) and a polymer for material applications (Börjesson 
t al., 2019; Jia et al., 2023).
The backbone of AX consists of 𝛽-(1→4)-D-xylopyranosyl units par-

ially substituted with 𝛼-𝐿-arabinofuranosyl on O-3 and/or O-2 of 
 xylose unit (Schooneveld-Bergmans et al., 1999). Both the con-
ormation of the individual AX chains in dispersion and the extent 
f aggregation caused by intermolecular interactions determine the 
acromolecular properties of the dispersion. The polymer conforma-
ion relates to both the chain persistence length (𝐿p), and on the 

∗ Corresponding author at: Department of Chemistry and Chemical Engineering, Chalmers University of Technology, Gothenburg, SE-412 96, Sweden.
E-mail address: anna.strom@chalmers.se (A. Ström).

chains’ conformation statistics, which is the chains’ interaction with 
themselves and with the solvent. Experiments have shown that AX with 
lower arabinose to xylose (A/X) ratio show a tendency to interact and 
aggregate, as arabinose side chains have been suggested to help reduce 
intermolecular interactions (Andrewartha et al., 1979; Köhnke et al., 
2011; Pitkänen et al., 2011). There is still, however, debate on whether 
the composition has an effect on the AX conformation, with studies 
having investigated the variation of the 𝐿p of AX with differing A/X 
ratios (Man et al., 2021; Dervilly-Pinel et al., 2001; Pitkänen et al., 
2009).

Dervilly-Pinel et al. (2001) showed that the conformation of wheat 
flour AX with different A/X ratios, did not vary. In other studies, it 
was shown that the composition and substitution pattern of AX led to 
differences in conformation: based on comparisons between wheat and 
rye AX (Pitkänen et al., 2009), and when the arabinose units of wheat 
AX were cleaved (Andrewartha et al., 1979; Köhnke et al., 2011).
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Size exclusion chromatography with multi-angle light scattering 
(SEC-MALS) has been the most reported method for studying the con-
formation of AX. SEC-MALS can be used to characterize the quality of 
the chain-solvent interactions and to determine the 𝐿p of the measured 
chains. Through this technique, a range of 𝐿p values have been reported 
for AX, ranging from 2 nm to 8 nm (Andrewartha et al., 1979; Dervilly-
Pinel et al., 2001; Picout & Ross-Murphy, 2002; Pitkänen et al., 2009). 
The analysis of SEC-MALS result is nontrivial and the obtained 𝐿p
vary depending on choice of model (Picout & Ross-Murphy, 2002). For 
wheat flour AX, 𝐿p values of 6 nm to 8 nm (Dervilly-Pinel et al., 2001), 
and 3 nm to 5 nm (Picout & Ross-Murphy, 2002) were calculated for 
the same dataset, through two different analytical approaches. Another 
study reported 𝐿p values close to 2 nm (Pitkänen et al., 2009), which 
would place AX as a fairly flexible polysaccharide, similar to pullulan 
(1.2 nm to 1.9 nm) (Muroga et al., 1987; Yang & Sato, 2020). The 
higher 𝐿p values of 5 nm to 8 nm would describe AX as a semi-flexible 
polysaccharide (Dervilly-Pinel et al., 2001) similar to, for example, 
xyloglucan (∼ 8 nm) (Muller et al., 2011).

Using small-angle neutron scattering (SANS), Petermann et al. (2023
obtained a fitting of wheat flour AX to a worm-like chain model with 
an 𝐿p of 4.5 nm. This value is in agreement with another small-
angle X-ray scattering (SAXS)/SANS study on AX from Plantago ovata
seed by Yu et al. (2018), which also reported an 𝐿p of 4.5 nm. An 
advantage with SAXS/SANS is that the 𝐿p, solvent interaction and 
aggregation are represented by scattering features on different length-
scales, all of which can be probed directly, allowing the decoupling of 
the chain conformation from aggregation effects. As such, SAXS/SANS 
techniques are placed in a good position to investigate polysaccharide 
conformation and aggregation in dispersions.

Here, we aim to clarify the impact of the A/X ratio on AX confor-
mation in the different concentration regimes, and attempt to separate 
effects of A/X ratio on aggregation and solvent interactions, using 
SAXS. We build on, and extend the work done by Petermann et al. 
(2023), who used SANS to investigate the water conformation of one 
wheat flour AX material (with A/X ratio of 0.61). We investigate three 
AX polysaccharides extracted from wheat bran with A/X ratios of 0.39, 
0.57 and 0.85.

2. Experimental

2.1. Materials

Wheat bran was kindly provided by Lantmännen (Sweden). Chemi-
cals used for the extraction were purchased from Sigma-Aldrich
(Schnelldorf, Germany). Ethanol (95%) was purchased from Solveco 
(Rosersberg, Sweden). 𝛽-glucanase (EC.2.1.73) from Bacillus Subtilis 
was purchased from Megazyme (Wicklow, Ireland). 72% H2SO4 was 
purchased from Chemlab (Zedelgem, Belgium), NaOH and NaOAc 
from Merck (Darmstadt, Germany), monosaccharide standards from 
Sigma-Aldrich (Schnelldorf, Germany). Dimethyl sulfoxide (DMSO) 
and LiBr were purchased from Sigma-Aldrich (Schnelldorf, Germany). 
Trifluoracetic acid (TFA), methyl iodine, dichloromethane, sodium 
borodeuteride, pyridine and acetic anhydride were purchased from 
Sigma-Aldrich (Schnelldorf, Germany) and 32% ammonia solution was 
purchased from Millipore (Stockholm, Sweden).

2.2. Extraction and fractionation of AX

AX was extracted from wheat bran through alkali extraction with 
Na2S2O4 as the reducing agent, followed by fractionation with ethanol 
according to water solubility following the procedure in Janewithaya-
pun et al. (2024). The AX fraction precipitated at 20% ethanol (AX0.39) 
contained 𝛽-glucan, which was degraded using 𝛽-glucanase (500 μL, 25 
units) in sodium phosphate buffer solution (200 mL, 20 mM, pH 6.5).
2 
2.3. Chemical composition of AX samples

Monosaccharide composition from the sulfuric acid hydrolysis proce-
dure: The AX were hydrolyzed using the sulfuric acid procedure (Sluiter 
et al., 2008; Theander & Westerlund, 1986) and the resulting monosac-
charides were analyzed using high-performance anion exchange chro-
matography with pulsed amperometric detection (HPAEC-PAD) as re-
ported by Janewithayapun et al. (2024). Quantification was carried out 
against calibration curves built with neutral sugars (fucose, arabinose, 
rhamnose, galactose, glucose, xylose, and mannose). The acid soluble 
lignin content (ASL) was calculated from the UV absorbance at 205 nm 
of the hydrolyzates using the Specord 205 (Analytik Jena, Jena, Ger-
many) (Jedvert et al., 2012). The insoluble content was measured from 
the weight of the filtered residues after drying overnight at 105 ◦C.

Monosaccharide composition from the TFA hydrolysis procedure: The 
monosaccharide composition was also characterized using the trifluo-
roacetic acid (TFA) hydrolysis procedure (Albersheim et al., 1967). AX 
were submitted to hydrolysis with 2 M TFA at 121 ◦C for 3 h. Deter-
minations were performed using HPAEC-PAD (Dionex ICS-6000 system, 
Thermo Fischer, USA). A column CarboPacTM PA20 (3 × 150 mm) was 
used for separation at 0.4 mL min−1. The gradient method consisting of 
Milli-Q water, 200 mM NaOH, and 100 mM NaOH + 100 mM NaOAc, 
as eluents. Quantification was carried out against calibration curves 
built with neutral sugars (as above) and uronic acids (galacturonic and 
glucuronic acids).

Quantification of arabinose to xylose ratio using NMR: The AX fractions 
were dissolved in DMSO-d6 by heating at 70 ◦C followed by sonica-
tion for 30 min. 1H and 13C spectra were collected at 45 ◦C on an 
Oxford 800 MHz magnet, with the Bruker Avance III HD spectrometer 
equipped with a 5 mm TXO cryoprobe. The A/X ratio was quantified by 
integration of the arabinose C1 region (105.5–110 ppm) and the xylose 
C1 region (99–103.8 ppm).

Glycosidic linkage analysis: Glycosidic linkage analysis was per-
formed on permethylated alditol acetates derivatized (PMAAs) samples 
using gas chromatography–mass spectrometery (GC–MS) analysis ac-
cording to the method described by Pettolino et al. (2012), with small 
modifications. AX samples were swelled in anhydrous DMSO overnight, 
followed by addition of solid NaOH and methylation with methyl iodine 
in 5 cycles. The samples were partitioned with dichloromethane and 
water, dried, and submitted to hydrolysis with 2 M TFA at 121 ◦C 
for 3 h. Then, a reduction with 0.25 M sodium borodeuteride in 1 
M ammonia was carried out, followed by acetylation with pyridine 
and acetic anhydride. The PMAAs were recovered and analyzed using 
a GC (Nexis GC-2030, Shimadzu, KYT, Japan) coupled to an electron 
ionization single quadrupole MS (GCMS-QP2020 NX, Shimadzu, KYT, 
Japan) equipped with a SP-2380 capillary column (30 m × 0.25 mm, 
Supelco). Samples were semi-quantified in comparison with standards 
on retention times and fragmentation profile.

2.4. Shear viscosity for determination of intrinsic viscosity and overlap 
concentration

The apparent viscosity of AX dispersions at different concentrations 
were determined using a DHR-3 rheometer (TA Instruments, Delaware, 
USA) at 𝑇  = 25 ◦C. The geometry used was cone-plate with a diameter 
of 40 mm and an angle of 1.01◦. The temperature was controlled using 
a Peltier Plate. A shear rate sweep with shear rates from 1 s−1 to 
800 s−1 was performed for each sample, and the viscosity at a shear 
rate of 10 s−1 was used to graphically determine the intrinsic viscosity 
[𝜂] through the Huggins and Kraemer equations (Eqs. (1) and (2)), 
and to determine the overlap concentration (c*). Measurements were 
performed in duplicates. 
𝜂spec
𝑐

= [𝜂] + 𝑘H[𝜂]2𝑐 (1)

and 
ln(𝜂rel) = [𝜂] + 𝑘 [𝜂]2𝑐 (2)
𝑐 K
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where 

𝜂spec =
(𝜂 − 𝜂s)

𝜂s
(3)

and 
𝜂rel =

𝜂
𝜂s

(4)

where 𝜂s represents the 𝜂 of the solvent, in this case water.

2.5. Size exclusion chromatography (SEC)

The molar mass of the AX fractions were determined with size exclu-
sion chromatography (SEC). The mobile phase was DMSO with 10 mM 
LiBr. A PL-HPC 50 Plus Integrated GPC system (Polymer Laboratories, 
Agilent, Santa Barbara, USA), was equipped with two 300 × 7.5 mm 
PolarGel-M columns and one 50 × 7.5 mm PolarGel-M guard column. 
Samples were prepared in the mobile phase at 2 mg mL−1, heated at 
70 ◦C for 15 min, then stirred overnight and filtered through a 0.2 μm 
syringe filter prior to injection. The flow rate was 0.5 mL min−1 at 
50 ◦C, and the total injection volume was 100 μL. A DAWN multi-angle 
laser light scattering detector (Wyatt Technologies, Santa Barbara, 
U.S.) and a PL-RI refractive index detector (Polymer Laboratories, 
Agilent, Santa Barbara, USA) were used for detection. A 𝑑𝑛∕𝑑𝑐 value of 
0.064 mL g−1 was used (Goring & Timell, 1960). Measurements were 
compared against pullulan standards (Shodex P-82, Lot No. 220604, 
Showa Denko K.K., Tokyo, Japan). The ASTRA software for Windows 
(8.2.2) was used for data analysis.

2.6. Sample preparation for small-angle scattering

AX stock dispersions were prepared using deionized water at con-
centrations of 40 mg mL−1 for the AX containing the highest amount of 
arabinose, and 20 mg mL−1 for the intermediate and low arabinose con-
taining samples. The dispersions were sonicated for 30 min, followed 
by heating at 80 ◦C for 30 min, then left stirring overnight at room 
temperature. Lower concentration dispersions of AX were obtained by 
dilution of concentrated stock dispersions for each material.

2.7. Synchrotron small-angle X-ray scattering (SAXS)

SAXS experiments were performed at the CoSAXS beamline at MAX 
IV laboratory. An X-ray wavelength (𝜆) of 1.0 Å was used, and detection 
was done simultaneously on the SAXS detector Eiger2 4M (Dectris 
AG, Switzerland) and the WAXS detector Pilatus3 2M (Dectris AG, 
Switzerland). The detectors were positioned at distances of 10.12 m 
(SAXS) and 0.57 m (WAXS) from the sample, covering a 𝑞 range from 
0.0013 Å−1 to 0.94 Å−1. Samples were exposed to the beam by injection 
into a flow capillary system using a BioSAXS autoloader. Data reduction 
was carried out using the python implementation of MatFRAIA (Jensen 
et al., 2022) for radial integration. The integrated data were normalized 
to the X-ray beam transmittance and averaged, following data rejection 
using correlation maps to exclude any effects of radiation damage or 
inhomogeneities in the sample. Background subtraction and scaling to 
water absolute intensities were carried out using Python programs in 
Jupyter Notebook.

2.8. Bench-scale SAXS

Complimentary SAXS measurements, and of the intermediate A/X 
ratio samples were performed on a Xeuss 2.0 instrument (Xenocs). A 
Cu 𝛼 source with 𝜆 of 1.54 Å was used, and detection was done with 
a Pilatus3 detector (Dectris AG, Switzerland) at two sample to detector 
distances: at 2490 mm, with a collimated beam size of 0.5 mm ×
0.5 mm, and at 340 mm, with a collimated beam size of 0.8 mm ×
0.8 mm. This gives a 𝑞 range of 0.0045 Å−1 to 1.8 Å−1. The scattering 
signals from the empty beam, empty capillary, and dark field were 
3 
measured separately. These signals were then subtracted from the 
sample scattering, considering their relative transmission. The resulting 
values were normalized using the incident beam intensity to obtain the 
scattering measurements in absolute units (cm−1). Additionally, a ref-
erence measurement of the solvent water was independently obtained 
and its contribution to the sample scattering was subtracted.

2.9. Pycnometry

The mass density of AX0.85 was measured using an AccuPyc II 
1340 gas pycnometer (Micromeritics, Georgia, U.S.) with a 10 cm3

cylindrical holder. Analysis was performed with helium gas at 19.5 
psig, with five purging and ten analysis cycles performed for each 
measurement. The value of the mass density was then used to calculate 
the X-ray scattering length density (SLD) of AX.

3. Results and discussion

3.1. Chemical characterization and substitution pattern of AX fractions

The chemical composition, as determined by HPAEC of acid hy-
drolyzates (using TFA and H2SO4), confirm that the three fractions are 
composed of primarily AX with varying amount of side chain arabi-
nose (Table  1). The AX with the highest and intermediate A/X ratio 
contained low amounts of galactose and glucose (< 8 wt%), whereas 
no galactose and glucose were detected in the sample with the lowest 
amount of arabinose. Galactose can be found substituted on the xylose 
backbone, while the majority of glucose present should be from 𝛽-
glucan (Saulnier et al., 2007), which was removed from the lowest A/X 
fraction by 𝛽-glucanase treatment following work by Janewithayapun 
et al. (2024). All fractions contained < 2 wt% uronic acid, < 6 wt% 
insolubles, and < 4 wt% ASL. We cannot detect a trend of increasing or 
decreasing insolubles or ASL between the different fractions. The wt% 
of the different monosaccharides agreed within 5 wt% units between 
the two different hydrolyzate methods and chromatography equipment 
used. In addition, the A/X ratio determined by HPAEC show good 
agreement with those determined by 13C NMR of un-hydrolyzed AX 
for the high and intermediate AX fractions, with a larger variation 
for the AX fraction with the lowest amount of arabinose. The 1H and 
13C spectra are shown in Figure S1 of the supplementary information. 
The fractions will from now on be named after the average A/X ratio 
obtained from the three different methods, thus; AX0.39 AX0.57 and 
AX0.85.

Glycosidic linkage analysis was performed to define the substitu-
tion pattern of xylose and arabinose units (Table S1, supplementary 
information). An increase in the proportion of di-substituted (2,3,4-
Xylp) was observed with increasing arabinose content, from 0.7/10 
Xyl units for AX0.39 to 1.5/10 Xyl units for AX0.85. The observed 
pattern is also accompanied by an increase in the oligomeric sidechain 
fractions characterized by 2-Araf  and 2-Xylp (Rudjito et al., 2020). A 
higher content of terminal xylose units (t-Xylp), was found in AX0.85 
compared to AX0.39 and AX0.57, which may also be related to the 
more complex substitution patterns in AX0.85. Data from the linkage 
analysis was used to make schematics of possible structure for AX0.39, 
AX0.57 and AX0.85 shown in Figs.  1a–c.

3.2. Molar mass determination

The molar mass (𝑀w) and dispersity (𝑀w/𝑀n) of AX fractions 
are shown in Table  2. In our SEC-MALS chromatograms, all three AX 
fractions showed a multimodal distribution with three peaks (Figure S2, 
supplementary information), which may indicate incomplete separation 
of AX in the column. The two peaks at later elution times were used 
to determine the 𝑀w and 𝑀w/𝑀n of our AX. The peak at earlier 
elution time corresponded to 𝑀w of ∼ one million g mol−1 and gave 
low RI responses, therefore, we attribute them to larger aggregates 
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Table 1
Monosaccharide composition, uronic acid, acid soluble lignin (ASL) and insolubles, as determined using acid hydrolysis and 
HPAEC. The arabinose/xylose (A/X) ratio calculated from the HPAEC monosaccharide composition, and from 13C NMR of 
non-hydrolyzed samples are also shown. n.d. means that this component was not detected.
 Component (wt%) AX0.39 AX0.57 AX0.85

 H2SO4 TFA H2SO4 TFA H2SO4 TFA 
 Arabinose 28 26 29 33 42 43  
 Rhamnose n.d. n.d. n.d. n.d. n.d. n.d.  
 Galactose n.d. 2 3 4 4 4  
 Glucose n.d. 3 8 6 n.d. 1  
 Xylose 62 67 53 56 46 50  
 Mannose n.d. n.d. n.d. n.d. n.d. n.d.  
 Insolubles 6 – 4 – 5 –  
 ASL 3 – 3 – 4 –  
 GalA – 0 – 1 – 1  
 GlcA – 2 – 1 – 1  
 A/X ratio 0.45 0.39 0.55 0.58 0.90 0.86 
 A/X ratio from 13CNMR 0.34 0.57 0.80
Fig. 1. Suggested structures of the fractionated arabinoxylans (a) AX0.39, (b) AX0.57, and (c) AX0.85 based on the monosaccharides and glycosidic linkage analysis and previous 
reports from: Rudjito et al. (2020), Bastos et al. (2018), Saulnier et al. (2013, 1995).
 

Table 2
Results from SEC-MALS analysis of AX in DMSO.
 Weight-averaged 

molar mass, 𝑀w
(kg mol−1)

Dispersity, 
𝑀𝑤∕𝑀𝑛

z-averaged radius 
of gyration, 𝑅g
(nm)

 

 AX0.39 120 1.9 22  
 AX0.57 170 2.0 30  
 AX0.85 220 1.6 33  

(mass recoveries 5, 4 and 12% for AX0.39, AX0.57 and AX0.85) and 
this peak was omitted from the molar mass average calculations. The 
large aggregates could be related to undispersed AX clusters, or non-AX 
components such as protein. The peaks used for analysis contributed 
mass recoveries of 69, 66 and 71% for AX0.39, AX0.57 and AX0.85, 
respectively.

3.3. Intrinsic viscosity and overlap concentration

The [𝜂] and the overlap concentration (c*) were determined through
measurements of 𝜂  as a function of shear rate and concentration 
apparent

4 
for AX0.85. Only AX0.85 was selected based on: (a) only AX0.85 gave 
transparent dispersions for the concentration range tested (Figure S3, 
supplementary information) and (b) the molar mass, and 𝑅g were the 
highest for AX0.85 (Table  2). The c* obtained for AX0.85 should thus 
be the lowest among the three AX studied. The [𝜂] of AX 0.85 was 
determined graphically through the Huggins–Kraemer plot (Fig.  2a), 
using AX concentrations between 2 to 7.5 mg mL−1. The 𝑦-axis intercept 
from Huggins and Kraemer equations are 0.20 and 0.18 mL mg−1, 
resulting in an average value of [𝜂] of 0.19 mL mg−1.

The 𝜂sp of the AX0.85 dispersions were measured in the concentra-
tion range of 2 to 30 mg mL−1 and plotted as a function of reduced 
concentration (C[𝜂]), shown in Fig.  2b. The value of c* of AX 0.85 was 
7.9 mg mL−1, which occurred at C[𝜂] close to 1.5. This value of C[𝜂] 
(1.5) is similar to the value of 1.2 as determined for AX from wheat 
flour (Petermann et al., 2023) and for xyloglucan (Muller et al., 2013). 
The slope of the 𝜂sp as a function of C[𝜂] was 1 in the dilute and 1.6 
in the semi-dilute region. The values are close to those obtained for AX 
from mucilage (Yu et al., 2018), but lower than those reported for AX 
extracted from wheat flour and xyloglucan in the semi-dilute regime 
(2.1 and 2 respectively) (Muller et al., 2013; Petermann et al., 2023).
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Fig. 2. (a) Huggins–Kraemer plot, filled symbols are values calculated according to Huggins eq. and open symbols are values calculated according to Kraemer eq. and (b) specific 
viscosity as a function of reduced concentration for AX0.85 measured at 25 ◦C.
From c* ∝ 𝑀∕(𝑅3
g) (Larson, 1999), we estimate the c* of AX0.57 

and AX0.39 relative to AX0.85 using the values of 𝑀w and 𝑅g from 
SEC-MALS in Table  2. The c* of AX0.57 would be 1.03 times higher 
than that of AX0.85, and the c* AX0.39 would be 1.8 times higher 
than of AX0.85. Hence, all AX fractions are in their dilute regime at 
concentrations below 8 mg mL−1.

3.4. Dependence of AX conformation on A/X ratio in dilute dispersions

AX0.39 and AX0.85 dispersions were measured at CoSAXS, MAX 
IV laboratory, while AX0.57 was measured on the bench-scale Xeuss 
2.0 at concentrations representing dilute conditions (1 mg mL−1 and 
4 mg mL−1). As shown in Fig.  3a and in the scaled plot in Fig.  3b, the 
scattering profile of the AX dispersions at 1 mg mL−1 indicate dispersed 
AX chains, with contributions from some larger aggregates, irrespective 
of arabinose content.

At the highest 𝑞 values, we observe scattering from the AX chains’ 
cross-section (Muller et al., 2011), then, at around 𝑞 = 0.2 Å−1 there 
is a cross-over to a ∼ 𝑞−1 scaling characteristic of scattering from a 
rod-like object (Beaucage et al., 1997; Muller et al., 2011). From Fig. 
3b, the more extended 𝑞−1 region for AX0.85 and AX0.57, down to 
𝑞 ≈ 0.05 Å−1, indicates that these samples have a longer 𝐿p than 
AX0.39, which has the 𝑞−1 scaling ending at 𝑞 ≈ 0.13 Å−1 (Beaucage 
et al., 1997).

The intermediate 𝑞 region refers to the 𝑞 range in between the 
Guinier region and the 𝑞−1 region at high 𝑞. This is between 0.009 < 𝑞 <
0.06 Å−1 for AX0.85 and AX0.57, and 0.009 < 𝑞 < 0.1 Å−1 for AX0.39. 
At intermediate 𝑞, the AX conformation statistics are probed and it is 
possible to obtain the Flory exponent (𝑣) describing the interactions 
between the repeating units in an AX chain and the solvent from the 
scaling of the scattering intensity 𝑞−1∕𝑣 (Muller et al., 2011; Rubinstein 
& Colby, 2003). AX0.85 has a scattering intensity that scales with 𝑞−1.7
(𝑣 ≈ 0.59) – indicating that AX0.85 behaves as an extended chain in 
a good solvent environment. The AX0.57 and AX0.39 have a scaling 
of 𝑞−2.3 to −2.5, which is indicative of a more compact structure, and 
therefore, poor AX–water interactions in comparison to AX0.85.

At lower 𝑞 values (𝑞 < 0.009 Å−1) the scattering intensity begins to 
level out into the Guinier region, where the radius of gyration (𝑅g) 
of a chain is probed. In this 𝑞 range, we also observe contributions 
from larger aggregates in all samples (𝑞 < 0.003 Å−1), even though 
the samples are dilute and visually transparent. The 𝑞 exponent of the 
aggregates are lower (< 3) than the exponent obtained from wheat flour 
5 
AX with A/X ratio of 0.61 by Petermann et al. (2023) (where the 𝑞
exponent was 3.65), and occurs at lower 𝑞 values, indicating a lower 
degree of aggregation and/or smaller average aggregate sizes in the 
case of the AX samples measured herein.

In the sections below, we perform a quantitative analysis of the 
scattering data obtained from the AX with different A/X ratio.

3.4.1. Conformation of AX with higher arabinose content
The scattering profile of AX0.85 at 1 mg mL−1 was fitted to a 

flexible cylinder model (Pedersen & Schurtenberger, 1996, 2004) with 
additional terms to account for deviations from the flexible cylinder 
model at high and low 𝑞 (Eq.  (5)). At low 𝑞, a power law term was 
added as a structure factor, accounting for deviations coming from 
aggregate contributions. 𝐴 and 𝑛 are fitting constants describing the 
power law background, and a factor of 0.01 was added for numerical 
stability reasons. In the second term of Eq.  (5), a Gaussian chain func-
tion (Debye, 1947), with radius of gyration 𝑅g,mol and scale factor 𝐵, 
was added as a fluctuating term representing molecular scattering from 
the arabinose or xylose units at high 𝑞 (Pedersen & Svaneborg, 2002; 
Westberry et al., 2022). 𝑃𝑠𝑐 (𝑞) is the single chain form factor, given 
by the scattering functions of excluded volume chains, 𝑃chain(𝑞) and 
𝑃rod(𝑞), with interpolation and correction factors 𝜒(𝑞, 𝐿, 𝑏) and 𝛤 (𝑞, 𝐿, 𝑏)
(Eq.  (7)). 𝑆𝑥𝑠(𝑞) is the cross-section scattering function representing the 
flexible cylinder model, where 𝑅XS is the cylinder cross section radius 
and 𝐵1(𝑥) is the Bessel function of first kind and first order (Pedersen 
& Schurtenberger, 2004). Lastly, 𝑏𝑘𝑔 is the 𝑞-independent background.

𝐼(𝑞) = 𝐼0𝑃sc(𝑞)𝑆xs(𝑞)
(

1 + 𝐴
(

0.01
𝑞

)𝑛)

+
𝐼0
𝐵

(

2
[

exp(−𝑍) +𝑍 − 1
]

𝑍2
− 𝑃sc(𝑞)𝑆xs(𝑞)

)

+ 𝑏𝑘𝑔 (5)

𝑍 = (𝑞𝑅g,mol)2 (6)

𝑃sc(𝑞) = [𝑃chain(𝑞)(1 − 𝜒(𝑞, 𝐿, 𝑏)) + 𝑃rod(𝑞)𝜒(𝑞, 𝐿, 𝑏)]𝛤 (𝑞, 𝐿, 𝑏) (7)

𝑆xs(𝑞) =
[

2𝐵1(𝑞𝑅xs)
𝑞𝑅xs

]2
(8)

The low-𝑞 region, high 𝑞 region, and fit results are shown in Fig.  4. 
Model fitting was performed using the WLSQSAXS program (Oliveira 
JCP and Pedersen JS, unpublished) (Pedersen, 1997). Full model pa-
rameters are presented in Table S2-S3 of the supplementary infor-
mation. The model in Eq.  (5), provides a good fit to the data, with 
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Fig. 3. (a) SAXS data from dispersions at 1 mg mL−1 for AX0.39 (green), AX0.57 (black), AX0.85 (blue), and (b) data scaled by factors of 1, 50, and 1000 for AX0.39, AX0.57, 
AX0.85 respectively for readability.
Fig. 4. Flexible cylinder fit to AX0.85 at 1 mg mL−1. Blue line and text are the fitted 
results to the model in Eq.  (5), the black dashed line represents fitting to a flexible 
cylinder model in SASView 5.0.5 (Alina et al., 2022).

a reduced chi-squared (𝜒2
red) value of 1.41. The cross-section radius 

(Rxs) was obtained as 1.0 ± 0.03 nm, and Kuhn length (b) as 9.0 ±
0.3 nm. Using the general relation 𝑏 = 2𝐿p (Beaucage et al., 1997), 
the obtained 𝐿p is 4.5 nm, similar to literature values of AX obtained 
from neutron scattering (Petermann et al., 2023; Yu et al., 2018). The 
contour length was obtained as 85 ± 2.3 nm, corresponding to an 𝑅g of 
11.2 nm (Pedersen & Schurtenberger, 2004).

3.4.2. Conformation of AX with intermediate arabinose content
The scattering data of AX0.57 cannot be fully represented with 

either the flexible cylinder model, with or without excluded vol-
ume effects (Pedersen & Schurtenberger, 1996), implemented in SAS-
fit (Breßler et al., 2015) or the polymer chain with excluded volume 
effects model (Hammouda, 1993) as shown in Figs.  5a–b. As such, the 
AX0.57 can be reasoned to behave as a semi-flexible polysaccharide, 
owing to the relatively longer 𝐿p, but with chains that are not fully 
extended in water, possibly having denser regions with stronger intra- 
or inter-molecular interactions.

The intermediate 𝑞 decay of AX0.57 was approximately 𝑞−2.3, as 
seen when the scattering intensity was fitted with the polymer chain 
model using a Porod exponent of 2.3 (Figs.  5a–b). The 𝐿p can be 
roughly estimated from the point where the transition from 𝑞−1 to 𝑞−2.3
occurs using the relation 𝐿 = 6∕𝜋𝑞 (Beaucage et al., 1997; Glatter, 
p

6 
1982), here with a transition 𝑞 ≈ 0.05 Å−1. This gives an apparent 𝐿p of 
3.8 nm. Only an apparent 𝐿p can be obtained, as the existence of intra- 
or inter-chain aggregation at local scales could cause the observed 𝐿p
to differ from the true 𝐿p of a completely dispersed chain. Lastly, 
the 𝑅g was estimated from fit of the polymer chain with excluded 
volume model to the 4 mg mL−1 sample as 21.6 ± 0.2 nm (Table S4, 
supplementary information).

3.4.3. Conformation of AX with lower arabinose content
The scattering intensity of AX0.39 was fitted with the polymer chain 

with excluded volume model (Hammouda, 1993), modified to include 
a power law term at low 𝑞, shown in Eq.  (9), where 𝑃exc(𝑞) is the 
polymer excluded volume form factor. Fitting was performed with the 
least_squares function in SciPy (version 1.14.1). Given the shorter 𝑞−1
region in AX0.39, only small deviations occurred in the high 𝑞 region 
when fitted using this simpler model, and 𝜒2

red = 2.37 (Fig.  6, with 
model parameters in Table S5 of the supplementary information). The 
fit resulted in an intermediate 𝑞 decay of 𝑞−2.50 (𝑣 = 0.40), and an 𝑅g
of 19.9 ± 0.1 nm. The apparent 𝐿p of AX0.39 can be estimated with the 
same method used for AX0.57, with a transition at around 𝑞 = 0.13 Å−1, 
corresponding to an 𝐿p of 1.5 nm. This would indicate that at lower 
A/X ratios, the xylan backbone has a higher freedom of movement. 
For the same reasons as the AX0.57, an apparent 𝐿p is given for the 
AX0.39. 

𝐼(𝑞) = 𝑠𝑐𝑎𝑙𝑒 ⋅ 𝑃exc(𝑞)
(

1 + 𝐴
(

1
𝑞

)𝑛)

+ 𝑏𝑘𝑔 (9)

The results presented so far show that AX polysaccharides with 
increasing A/X ratios adopt more extended conformations in aqueous 
dispersions. The extended conformation was shown to be a result of 
changes in the 𝐿p, and in the chains’ conformation statistics. The 𝐿p, 
which increased from an apparent value of 1.5 nm in AX0.39, to 4.5 nm 
in AX0.85 indicate that the average local chain segment of AX0.85 
was stiffer than that of AX0.39. The intermediate 𝑞 decay exponent 
(1∕𝑣) representing the conformation statistics, changed from partially 
collapsed polymer chains in poor solvent (AX0.39 and AX0.57) to that 
of chains in good solvent conditions (AX0.85). The lower apparent 𝐿p
in AX0.39 may be correlated to the higher amount of unsubstituted 
xylose residues present in this fraction (Fig.  1 and Table S1, supplemen-
tary information). Our results agree with observations where higher 
degree of substitutions of arabinose on the xylose backbone have been 
shown to reduce inter-molecular interactions in AX (Andrewartha et al., 
1979; Köhnke et al., 2011), allowing AX to interact more favorably with 
water.
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Fig. 5. Fitting of the AX0.57 scattering data with the polymer chain with excluded volume model (green) and the flexible cylinder model without excluded volume (blue), (a) at 
1 mg mL−1, and (b) at 4 mg mL−1.
Fig. 6. Polymer chain with excluded volume model fitted to the scattering data of 
AX0.39.

3.5. Concentration effects on AX scattering profiles

AX0.85, AX0.57 and AX0.39 were macroscopically different from 
each other at higher concentrations (20 mg mL−1), and also exhib-
ited different behaviors when diluted to lower concentrations. At 
20 mg mL−1, AX0.39 was colloidally stable but turbid, indicating the 
existence of micrometer-sized aggregates (Figure S4, supplementary 
information). Dispersions of AX0.57 at 20 mg mL−1 were less turbid 
than AX0.39. Higher concentration dispersions of AX0.85 were instead 
transparent, indicating good dispersion (Figure S4, supplementary in-
formation). The macroscopic differences were also reflected in the 
scaling of the scattering intensities with concentration.

3.5.1. Concentration effects of AX with higher arabinose content
AX0.85 exhibits scaling behavior similar to those exhibited by poly-

mer solutions (Thompson & Ryan, 2025), shown as a decrease in the 
scattering intensity at low 𝑞 when normalized to concentration (Figs. 
7a–b). This is more clearly seen in the plot of data normalized to the 
same intensity at high 𝑞, shown in Fig.  7b (Pedersen & Schurtenberger, 
2004). The scale factor obtained from this normalization should rep-
resent the relative true concentration of AX0.85 dispersed in solution, 
shown in Fig.  7c.

From the shift in 𝑞 of the Guinier plateau, the correlation length 𝜉 is 
observed, which is related to 𝑅g of the chains under dilute conditions 
by 𝜉 = 𝑅 ∕

√

3 (Pedersen & Schurtenberger, 2004). Above c*, 𝜉 is the 
g
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correlation length of the networks of interpenetrating AX chains (Ped-
ersen & Schurtenberger, 2004). Furthermore, the intensity at 𝐼(0) is 
inversely proportional to osmotic compressibility, and therefore, re-
lated to the second virial coefficient (𝐴2) by 𝐼(0) ≈ 1−2𝑐𝑀A2 (Pedersen 
& Schurtenberger, 2004), where 𝑀 is the molar mass and 𝑐 is the 
concentration. As such, by analyzing the concentration dependence of 
the scattering intensity of AX0.85, we obtain a description of its solvent 
quality.

Following the approach in Pedersen and Schurtenberger (2004), we 
use the polymer reference interaction site model (PRISM) model with a 
rod form factor for the screening correlation function 𝑐(𝑞, 𝐿PRISM) where 
𝐿PRISM is the length of the rod form factor. The PRISM model scaling is 
applied to the first and second term describing the flexible cylinder and 
power law background in Eq.  (5), the remaining terms are unchanged. 
The first and second terms from Eq.  (5) become 
’Chain and aggregate form factor’

1 + 𝛽𝑐(𝑞)𝑃sc(𝑞)
(10)

where 𝛽 is also a fitted parameter, and 𝛽 = 2𝑀𝐴2𝑐. The full model is 
given in Eq. S2-S3 of the supplementary information.

Model fitting was performed using the WLSQSAXS program (Ped-
ersen, 1997). The Kuhn length and contour length were fixed to the 
value obtained at the most dilute concentration of 0.25 mg mL−1, and 
the other parameters were fitted. The model follows the trend of the 
concentration dependent behavior well (Fig.  7a), 𝜒2

red was between 1 
to 3 in the concentration range 0.25 mg mL−1 to 1 mg mL−1. The other 
concentrations had 𝜒2

red between 12.7 to 16, except for 20 mg mL−1, 
which had a 𝜒2

red of 37.5. AX0.85 appears subject to small concentration 
effects even at 0.5 mg mL−1 and 1 mg mL−1, as the fitted 𝛽 was not zero 
(Fig.  7d). From a linear fit of 𝛽 against concentration from scale factor, 
we obtain the second virial coefficient from the slope as 𝐴2 = 54.4𝑀
(with 𝑐 in units of g mL−1). Using 𝑀 = 220000 g mol−1 from SEC-MALS, 
we obtain 𝐴2 = 0.00025 mol mL g−2, where a positive 𝐴2 is expected 
from a polymer chain in good solvent conditions (Lindner, 2002).

The concentration derived from the SAXS intensity was used to eval-
uate 𝛽 since there is some deviation from the expected concentration at 
30 mg mL−1 and 40 mg mL−1 (Fig.  7c). As every sample was made by 
diluting the 40 mg mL−1 stock solution, it is possible that the deviation 
is a result of incomplete dispersion of AX chains at higher concentra-
tions. This may also be related to the increasing scale and exponent 
of the low 𝑞 power law term (Figure S5). The lower concentrations 
show good agreement between the targeted concentration and the scale 
factor, hence there may be concentration dependent interactions in 
AX0.85 similar to those observed in xyloglucans (Muller et al., 2013).

3.5.2. Concentration effects of AX with medium and low arabinose content
Both AX0.57 and AX0.39 did not disperse as well as AX0.85 did, 

instead showing trends towards forming larger structures at higher con-
centrations (Figs.  8 and 9). For AX0.57 at 20 mg mL−1, the intermediate 
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Fig. 7. (a) Scattering data of AX0.85 at different concentrations, (b) normalized scattering data for AX0.85 using the intensity at high 𝑞, with insert showing a magnified plot 
of the low 𝑞 region. (c) Plot of target concentration from dilution against concentration obtained from the SAXS intensity scale factor. Labels indicate the scale factor, and the 
dashed line is the diagonal to aide interpretation. (d) Plot of 𝛽 against concentration obtained from the scale factor. The red line is a linear fit where the slope = 2𝑀𝐴2.
Fig. 8. (a) Scattering data of AX0.57 at different concentrations, (b) concentration normalized scattering data.
𝑞 exponent is ∼ 𝑞−2.4, and the shoulder around 𝑞 = 0.01 Å−1 is weakly 
observed. When diluted to concentrations of 10, 4 and 1 mg mL−1, we 
observe that the intermediate 𝑞 exponent decreases to 𝑞−2.3. Between 
10, 4 and 1 mg mL−1, no significant concentration dependence were 
detected (Figs.  8b). This implies that interactions leading to aggre-
gation increases at higher concentrations, and are weaker at lower 
concentrations.

For AX0.39 we observed steeper 𝑞 decays of 𝑞−2.75 in the inter-
mediate 𝑞 region for the 20 mg mL−1 and 7.5 mg mL−1 sample, 
compared to the 1 mg mL−1 sample with decay of 𝑞−2.50 (Fig.  9a–b). 
8 
The shoulder at 𝑞 = 0.01 Å−1 is also less pronounced at 20 mg mL−1 and 
stretches to lower 𝑞 with a 𝑞−2 decay. The changes to the 𝑞 exponents 
upon dilution are larger for AX0.39 than for AX0.57, which would 
correlate to a higher tendency for aggregation or network formation 
in AX0.39. AX0.39 seems to also be more difficult to disassociate 
than AX0.57, as the AX0.39 at 7.5 mg mL−1 sample behaved sim-
ilarly to the 20 mg mL−1 sample, whereas for AX0.57, changes in 
aggregation behavior were observed already at 10 mg mL−1. We find 
that the concentration dependent behavior of the AX fractions agree 
with, and further support the hypothesis that arabinose side groups 
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Fig. 9. (a) Scattering data of AX0.39 at different concentrations, (b) concentration normalized scattering data.
play an important role in preventing inter-molecular interactions in 
AX (Andrewartha et al., 1979; Pitkänen et al., 2011).

4. Conclusions

The conformation in water for AX0.85 was identified as that of a 
flexible cylinder in a good solvent environment, with 𝐿p and contour 
length of 4.5 nm and 85 nm, respectively. The aggregate contributions 
in AX0.85 was low, and the single chain form factor could be well 
observed. AX0.57, with intermediate A/X ratio, exhibited an 𝐿p of 
3.8 nm which is close to that of AX0.85, however its solvent interaction 
with water was poor. The AX0.39, which had the lowest A/X ratio had 
the shortest 𝐿p of 1.5 nm, and similarly poor interaction with water. 
Therefore, a higher A/X ratio of AX was correlated with a longer 𝐿p
and better solvent interactions with water.

The concentration dependence was investigated by studying the 
concentration series of each AX. AX0.85 exhibited scaling reminiscent 
to that of polymer solutions in good solvent conditions. We showed that 
the scattering intensity of AX0.85 could be described at all 𝑞 regions us-
ing a polymer reference interaction site model (PRISM) structure factor. 
In contrast, AX0.39 and AX0.57 were not dispersed at higher con-
centrations, forming larger structures or aggregates, pointing towards 
the role of arabinose substitutions in reducing the inter-molecular 
interactions of AX. This understanding is helpful in the prediction 
of the macromolecular properties of AX dispersions based on their 
substitution characteristics.
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