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ARTICLE INFO ABSTRACT

Dataset link: https://doi.org/10.5281/zenodo.1 The effect of periodate oxidation and borohydride reduction on arabinoxylan (AX) in aqueous solution was

7726096 investigated using !*C NMR spectroscopy and small-angle X-ray scattering (SAXS). AX consists of a xylose
Keywords: backbone, which is mono- or di-substituted with arabinose. We show that at a ring-opening modification
Wheat bran degree of 21%, periodate oxidation occurs predominantly on arabinose, and shows a preference for arabinose

linked to di-substituted xylose units over the mono-substituted. With a higher degree of modification of 33%,
arabinose at the mono-substituted position and unsubstituted xylose units are also modified. At 33% a large
portion of oxidizable AX residues have been ring-opened, yet SAXS reveals no significant changes in chain
NMR conformation and only a minor reduction (10%) in persistence length for the oxidized-reduced dialcohol AX.
With increasing degree of oxidation, dialdehyde AX instead show an increasing tendency for aggregation,
attributed to chain cross-linking. Upon reduction of the dialdehyde and cross-linked groups to dialcohol AX,
the chains revert back to having repulsive interactions, acting as chains in a good solvent environment.

Linkage analysis
Polysaccharide conformation
Small-angle X-ray scattering

1. Introduction improved ductility (Larsson et al., 2014; Morooka et al., 1989), lowered

glass transition temperature (Simon et al., 2024) and processability by

Periodate oxidation of polysaccharides has gained popularity as
a modification route for altering the macromolecular properties of
polysaccharides. The reaction’s selectivity for viccinal diols in polysac-
charides allows for selective cleaving of carbon-carbon bonds, such
as the C2-C3 bond in cellulose, resulting in a ring-opened unit with
a dialdehyde functional group (Jackson & Hudson, 1937). The dialde-
hyde functionalities can be reduced with sodium borohydride into more
chemically stable dialcohol groups (Borjesson et al.,, 2019; Larsson
et al., 2014; Painter, 1988; Potthast et al., 2009), or further derivatized
via other routes (Chemin et al.,, 2015; Esen & Meier, 2020; Simon
et al.,, 2023). Through ring-opening of the rigid carbohydrate rings,
it is expected that flexible hinges can be introduced to polysaccha-
ride chains. Indeed, measurements by size-exclusion chromatography
(SEC) have shown increased flexibility in oxidized and reduced (dial-
cohol) cellulose (Potthast et al., 2009), chitosan (Christensen et al.,
2008) and alginate (Vold et al., 2006). Dialcohol cellulose in par-
ticular, has been investigated for material applications due to their

extrusion (Pellegrino et al., 2025).

Cellulose and alginate are structurally linear polysaccharides (Kris-
tiansen et al., 2010; Vold et al., 2006), and the oxidation-reduction
directly affects the polysaccharide backbone. Many polysaccharides are
not structurally linear, in which case, there can be competition between
ring-opening of the side groups and of the backbone (Borjesson et al.,
2018; Janewithayapun et al., 2024; Kochumalayil et al., 2013). As a
result, the changes in material properties can be more complex. For
example, in oxidized-reduced xyloglucan, Kochumalayil et al. (2013),
showed that the backbone was only modified at longer reaction times,
which also corresponded with a stronger increase in film ductility
measured by tensile testing.

Arabinoxylan (AX), which is of primary interest in this work, is a
branched polysaccharide with a backbone of §-(1—4)-D-xylopyranosyl
units, partially substituted by a-L-arabinofuranosyl units on O-3 and/or
0O-2 of the xylose units (Schooneveld-Bergmans et al., 1999). AX is
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a major hemicellulose component in cereals such as wheat, rye and
barley (Ebringerova et al., 2005), and can be obtained from agricultural
side-streams such as wheat bran (Priickler et al., 2014). The AX content
in wheat bran is similar to, or greater than the cellulose content (by
weight) (Apprich et al., 2014). A better understanding of how chem-
ical modification proceeds in branched polysaccharides can therefore
benefit the development of new polysaccharide derived materials from
cereal based agricultural side-streams.

The periodate oxidation of AX has been studied by Borjesson et al.
(2018), with unclear conclusions on the changes in chain flexibility
measured by SEC with multi-angle light scattering (SEC-MALS). Yet,
dialcohol AX when further derivatized with butyl glycidyl ether (BGE),
becomes three to five times more ductile than AX modified only by BGE
without prior oxidation-reduction steps (Borjesson et al., 2019). More-
over, highly branched AX exhibit greater ductility after modification by
the oxidation-reduction-etherification sequence, despite the AX back-
bone being more shielded by arabinose side groups (Janewithayapun
et al., 2024). The complex and contradictory behavior raises questions
on the role of the ring-opening on the properties of the thermoplastic
BGE-dialcohol AX materials.

In this work, we investigate the two following hypotheses: first,
that in a branched AX, oxidation-reduction modification will occur
to a larger extent on the branching arabinose groups. Second, that
oxidation-reduction would have an impact on the chain conformation
of AX, resulting in a reduction of the chain persistence length (L,). To
answer these questions, we characterize the chemical structure of these
materials in detail, in combination with small-angle X-ray scattering
(SAXS) experiments for analysis of the chain conformation. We have
chosen a highly substituted AX material as the model for this study,
previously studied in Janewithayapun et al. (2025). This AX fraction
is highly water soluble and behaves as semi-flexible chains in good
solvent conditions when dispersed in water, with minor fraction of
large aggregates. In comparison, lower substituted AX fractions exhibit
poorer solvent interactions and contain a larger fraction of aggregates.
Both time-resolved SAXS and concentration series SAXS are performed,
the former providing a picture of the kinetics of structural changes
during periodate oxidation, and the latter allowing for full characteri-
zation of the form factor and structure factor of ring-opened AX. The
findings obtained here expand the current understanding of oxidation
of branched polysaccharides through the use of AX as a model.

2. Experimental
2.1. Materials

Sodium metaperiodate (NalO,), sodium borohydride (NaBH,),
sodium phosphate monobasic (NaH,PO,) were purchased from Sigma-
Aldrich (Schnelldorf, Germany). The chemicals were used without
further purification. Deionized water was used throughout the ex-
periments. Regenerated cellulose dialysis membrane (Spectra/Por 3)
with a molecular weight cutoff of 3.5 kDa was purchased from Spec-
trum Laboratories (California, United States). AX was obtained from
alkali extraction, followed by ethanol fractionation as previously re-
ported (Janewithayapun et al., 2024). The monosaccharide composi-
tion, glycosidic linkage and weight average molar mass (M,,) of the
AX used has been presented in Janewithayapun et al. (2025) (Table 1).

2.2. Sample preparation for X-ray scattering experiments

2.2.1. In-situ periodate oxidation of AX

Periodate oxidation was performed as described in Janewithayapun
et al. (2024) with minor modifications. 200 mL of AX solution in water
at a concentration of 20 mg mL~! (30.28 mmol AX) was heated at 70
°C for 3 h until dissolution was achieved, then left stirring overnight
at room temperature. Isopropanol, normally added as a radical scav-
enger (Painter, 1988), was not used in this sample preparation to
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Table 1

Monosaccharide composition from H,SO, and TFA hydrolysis, glycosidic link-
ages, and molar mass from SEC-MALS of the AX material used. Adapted from
Janewithayapun et al. (2025) under the CC-BY license. Abbreviations: Acid
soluble lignin (ASL), galacturonic acid (GalA), glucuronic acid (GIcA).

Monosaccharide composition Glycosidic linkages

Component (wt%) H,S0, TFA Linkage pattern mol%

t-Araf 20.6
Arabinose 42 43 2-Araf 5.2
Rhamnose n.d. n.d. 3-Araf 7.6
Galactose 4 4 5-Araf 1.3
Glucose n.d. 1 3,5-Araf n.d.
Xylose 46 50 2,5-Araf 9.2
Mannose n.d. n.d. Total Ara 43.8

t-Xylp 11.0
Insolubles 5 - 2-Xylp 2.2
ASL 4 - 4-Xylp 16.3
GalA - 1 2,4-Xylp 3.2
GlcA - 1 3,4-Xylp 10.5

2,3,4-Xylp 7.7
A/X ratio 0.90 0.86 Total Xyl 50.9
Weight average molar mass (M,,) 220 kg - mol™!

simplify the setup for continuous flow and background subtraction
considerations. Periodate has been shown to be rather stable over 2 h to
3 h when kept away from daylight (Scott & Thomas, 1976), which is a
similar duration to our in-situ experiment. The reaction was performed
in a 250 mL Duran flask with a magnetic stirrer. To initiate the reaction,
NalO4 (3.24 g, 15.14 mmol, 0.5 mol equiv.) was added to the reaction.
The SAXS measurement was started and the AX solution was fed into
the SAXS flowcell for measurements using an HPLC pump at a flow rate
of 1 mL - min~'. SAXS scans were taken every 3 min.

2.2.2. Preparation of dialdehyde AX

For comparisons with the in-situ study, dialdehyde AX (DAX) were
prepared with three target degrees of oxidation (DO) at 5%, 10% and
15% DO. Higher % DOs are not well dispersed in water, as observed in
the in-situ study and hence were not prepared.

A stock solution of 0.3 g of AX in 12.4 mL water were heated at
70 °C for 3 h to achieve dissolution, and left stirring overnight at room
temperature. The solution was split into three vials, for the three target
% DOs. In each vial, isopropanol (0.75 mL) was added to act as a radical
scavenger, as the reaction were to be left stirring overnight. Water was
added to reach a final volume of 5 mL and concentration of 20 mg mL~!
AX (0.76 mmol).

The corresponding amount of NalO, was added to each experiment
to initiate the oxidation reaction: 0.05 mol equiv., 0.1 mol equiv. and
0.15 mol equiv., respectively, for 5% DO, 10% DO and 15% DO.
The reaction vials were covered from light, to further decrease the
decomposition of periodate (Painter, 1988), and stirred with a magnetic
stirrer at room temperature for 20 h, at which point, no further changes
were observed in the UV-Vis spectra.

The dialdehyde AX were analyzed as is (20 mg mL™!), or diluted
to concentrations of 4 mg mL™!, and 1 mg mL~!. SAXS measurements
were made approximately 48 h after the initiation of the oxidation
reaction, ensuring completion of the reaction. Aqueous solutions of the
corresponding NalO, concentrations were also measured.

2.2.3. Preparation of dialcohol AX

The oxidation procedure above was repeated for 100 mL of 20 mg
mL-! AX solution (15.14 mmol AX) but with higher equivalents of
NalO,4. The targeted DO for dialcohol AX (DiolAX) to be measured
were 25% and 50% (0.25 equiv. and 0.5 equiv.), corresponding to
NalO,4 of 3.79 mmol and 7.57 mmol, respectively. After completion of
the oxidation reaction, NaH,PO, (0.15 g, 1.25 mmol, 0.08 equiv.) and
NaBH, (1 g, 26.43 mmol, 1.75 equiv.) were dispersed in water (25 mL),
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Table 2
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Normalized integrals from solution state NMR experiments. The total integral should sum up to 5.0. Columns 6 and 7 show the degree of modification or oxidation

from NMR and UV-Vis, respectively.

Sample Spectrum regions and normalized integrals Degree of modification (%) Degree of oxidation (%)
C1 C2/C3/C4 Int C5 +C2,,,4/C3 04 Total Integral From C5+C2,,4/C3,,q increase UV-Vis DO

AX 1.0 2.9 1.0

DiolAX21 1.0 2.7 1.3 16.9 21

DiolAX33 1.0 2.3 1.5 27.2 33

then added to the AX reaction mixture. The reaction mixture was stirred
for 4 h at room temperature, after which the mixture was transferred
to dialysis membranes and dialyzed against water for over 48 h. After
dialysis, the mixture was frozen and freeze dried to obtain DiolAX.
For SAXS measurements, the two DiolAX samples were redispersed in
MilliQ water at concentrations of 20 mg mL~!, 4 mg mL~!, and 1 mg
mL-1,

2.3. Degree of oxidation from UV-Vis spectroscopy

The progress of the oxidation reaction was followed with ultra-
violet spectroscopy (UV-Vis) (Cary 60 UV-Vis, Agilent technologies,
California, United States) using the absorption band at 4 = 290 nm,
corresponding to the concentration of NalO, (Maekawa et al., 1986).
A linear standard curve for the periodate solution was obtained using
concentrations of NalO, between 0.1 mM to 5 mM. The DO from UV-
Vis was calculated from the consumption of NalO,4, by making the
assumption that the consumption of 1 mol of NalO, results in the
oxidation of 1 mol of arabinose or xylose.

2.4. NMR spectroscopy

AX and derivatives were dissolved in DMSO-d6 by heating at 70
°C followed by sonication for 30 min. Measurements were performed
on an Oxford 800 MHz magnet, with the Bruker Avance III HD spec-
trometer equipped with a 5 mm TXO cryoprobe operated at 45 °C. 13C
spectra were recorded using the WALTZ65 inverse-gated 'H decoupling
method with an acquisition time of 0.812s. A 13C 90° pulse of 13.4 ps
was used and experiments were acquired with between 1216 to 2048
scans. The repetition time (relaxation recycle delay) was set to 5 s,
which should be larger than 5xT; (for similar polysaccharide samples,
we have previously obtained a 13C T; of ~ 0.4 s). Phasing and baseline
correction was performed with Topspin 4.3.0.

2.5. Small-angle X-ray scattering

SAXS experiments were performed at the CoOSAXS beamline at MAX
IV laboratory, Lund, Sweden. An X-ray wavelength (1) of 1.0 A was
used and detection was done simultaneously on the SAXS detector
Eiger2 4M (Dectris AG, Switzerland) and the wide-angle X-ray scatter-
ing (WAXS) detector Pilatus3 2M (Dectris AG, Switzerland). For the
time-resolved experiment, detectors were positioned at distances of
2.16 m (SAXS) and 0.57 m (WAXS), covering a ¢ range from 0.0052 10\_1
to 0.94 A_l. For the isolated samples, detector distances were 10.12 m
(SAXS) and 0.57 m (WAXS), covering a g range from 0.0013 A_l to 0.94
A™ . Data reduction was carried out using the Python implementation
of MatFRAIA (Jensen et al., 2022) for radial integration. The integrated
data were then corrected by the dark contribution, normalized to the
X-ray beam transmittance and scaled to water absolute intensity.

For the in-situ experiment, the reaction mixture was fed into the
flow capillary system using an HPLC pump (Agilent 1260 Infinity II,
Agilent Technologies, California, United States) as described above.
Background subtraction of the processed data was carried out by scaling
the water amorphous peak of the solvent (data at time (t) = 0) to
the water amorphous peak at around 0.94 A™ of the reaction mixture

at each scan interval. The scaled background was multiplied by the
solvent volume fraction and subtracted from the sample data.

For the isolated samples, samples were injected into the flow cap-
illary system with a BioSAXS autoloader. NalO, solutions of the corre-
sponding concentration were measured for the background of the DAX
samples, while MilliQ water was measured for the background of the
DiolAX samples. The scattering of the flow capillary was subtracted
from each solvent background and sample data, after which subtrac-
tion was again performed by scaling of the solvent water peak, and
subtracting the solvent background multiplied by the solvent volume
fraction from the sample data.

Using the approach described in Janewithayapun et al. (2025), AX
scattering data was fitted to a flexible cylinder model (Pedersen &
Schurtenberger, 2004), extended to include aggregate contributions
at low g with a power law term (scale factor A and exponent n)
and molecular scattering from monosaccharide units at high ¢ with
a Gaussian chain function (Debye, 1947) (scale factor B and radius
of gyration Ry 1), shown in Eq. (1). Pi(g) is the single chain form
factor and S (¢) is the cross-section scattering function. To describe the
interaction effects between chains, the polymer reference interaction
site model (PRISM) model was added as a structure factor, with a scale
factor p and a screening correlation function with a rod form factor
c(q). Lastly, bkg is the g-independent background. A more detailed
explanation of the model can be found in Pedersen and Schurtenberger
(2004) and Janewithayapun et al. (2025).

_ ToPsc(@)Sxs(q) 0.01\"
Tprism(q) = T+ pe@Pa@) ( A (T) ) +

1 2lexp(-Z2)+Z -1
m <% - Psc(q)sxs(q)> + bkg @
Z= (ng, mol)2 2)

Fitting was performed using the WLSQSAXS program (Oliveira JCP
and Pedersen JS, unpublished) (Pedersen, 1997), from which it is
possible to extract the chain parameters: contour length, Kuhn length
and cross-section radius. From the structure factor term of the model,
we extract #, which is related to the second virial coefficient (4,) by
p =2M A,c, where M is the molar mass and c is the concentration (Ped-
ersen & Schurtenberger, 2004). Under dilute conditions, the value of g
is taken as 0, and only the form factor is described by the model.

3. Results and discussion
3.1. Reactivity of oxidation-reduction on different AX motifs

The DO of DiolAX samples was calculated from NalO4 consumption
measured by UV-Vis. This gives the mol percentage of arabinose and
xylose that is expected to have reacted with NalO, and become oxidized
(Table 2). The DO of the DiolAX reacted with 0.25 equiv. NalO, was
21%, and the DO of the DiolAX with 0.5 equiv. NalO, was 33%.
These samples are named DiolAX21 and DiolAX33, respectively. It is
interesting to note that as periodate oxidation reacts on a viccinal diol
group, only unsubstituted arabinose (Araf) or xylose (Xylp) monosac-
charide residues can be oxidized. These include t-Araf, t-Xylp and
4-Xylp, accounting for a theoretical maximum DO of 48 mol%, based
on glycosidic linkage analysis (Table 1). The chemical structure of AX,
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Fig. 1. Schematic representation of the chemical structure of (a) AX, (b) DAX and (c) DiolAX. The position of select peaks in *C NMR on the molecule are
indicated by blue arrows. The dialdehyde functionality in DAX may further react to form intra- or inter-molecular bonds, some of the possible structures are
shown in red, modified from work by Miinster et al. (2017), Palasingh et al. (2021).

which is oxidized to DAX is shown in Fig. 1(a)-(b). The dialdehyde
groups in DAX are not stable, and can further react in the presence
of water to form hydrated aldehyde, and intra-chain or inter-chain
hemialdal and hemiacetal functionalities (Amer et al., 2016; Miinster
et al., 2017; Palasingh et al., 2021).

After reduction with sodium borohydride, the DiolAX samples, with
chemical structure shown in Fig. 1(c), could be solubilized in DMSO-
d6, allowing the chemical structure to be characterized by solution
state 13C NMR and compared with the structure of unmodified AX.
The location of some selected NMR signals on the AX/DiolAX chemical
structure are also indicated in Fig. 1. In the 13C NMR spectra, the Xylp
C1 region and the Araf C1 region can be assigned as shown in Fig.
2. The Araf C1 region contains three sharper signals: at 107.7 ppm,
108.4 ppm and 109.4 ppm. Assignments of these signals are based
on work by Man et al. (2022), Yao et al. (2021) and from our NMR
and linkage analysis measurements of low, medium and high arabinose
content AX (Janewithayapun et al., 2025). The 107.7 ppm signal is
assigned to mono-substituted O-3 Araf C1, 108.4 ppm to di-substituted
0-3 Araf C1, and 109.4 ppm to a di-substituted O-2 Araf C1. The main
Xylp C1 signal is centered at 102.0 ppm, with another broad signal at
99.8 ppm. The latter is assigned to the Xylp C1 of a di-substituted Xylp
unit (2,3,4-Xylp) (Yao et al., 2021).

In the 13C spectra of DiolAX21, there is a significant decrease in
intensity of the di-substituted O-2 Araf C1 signal (109.4 ppm), along
with a smaller decrease in intensity of the di-substituted O-3 Araf C1

(108.4 ppm) signal. The mono-substituted O-3 Araf C1 (107.7 ppm)
and the Xylp C1 (102.0 ppm) signals remains unaffected. Hence, it
appears that the periodate oxidation occurs more on di-substituted Araf
groups. In addition to decreases in these signal intensities, a new signal
develops at 104.0 ppm, which we assign to ring-opened Araf C1 units
(Ara Cl,5q)-

With increasing DO to DiolAX33, the intensity of the Araf C1 signals
decrease even further (Fig. 2). No sharp signals are observable in the
105 ppm to 110 ppm range. The evolution of the Cl region of the
spectra across both DiolAX samples show that Araf groups are oxidized
most preferrably on the di-substituted O-2 Araf units, followed by
di-substituted O-3 Araf, and lastly the mono-substituted O-3 Araf. As
essentially only the unsubstituted terminal Araf can be oxidized by
NalO,4 (20.6 mol% from Table 1), any Araf units that can be oxidized
are likely already ring-opened at this DO, and we assign the residual
broad signals in this region to non-terminal Araf residues (e.g. 2-
Araf or 2,5-Araf), as these residues would lack the vicinal diol groups
required for periodate oxidation. For DiolAX33, there is also a small
decrease in the Xylp C1 signal at 102.0 ppm, and a new signal at
103.0 ppm, assigned to ring-opened Xylp C1 (Xyl Cl1,,4), based on
the 13C spectrum of ring-opened beechwood xylan (Palasingh et al.,
2022). The changes in the Xylp signals, therefore indicate oxidation of
Xylp units as well at higher DO. The prevalence of oxidation on the di-
substituted Araf could be explained as a result of substituted regions
of the AX chain having more extended conformations, and therefore,
more accessible by the periodate salt.
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Fig. 3. In-situ time-resolved SAXS data of AX-water dispersion at a concentration of 20 mg mL~! during oxidation with 0.5 equiv. of NalO,. SAXS scans were

obtained from reaction time ¢ = 0 min to ¢ = 66 min at 3 min intervals.

In other regions of the spectras, a decrease in the C2/C3/C4 re-
gion is observed simultaneously with an increase in the intensity of
the C5 region (65 — 60 ppm) due to an upfield shift of modified
C2,04/C3moa Signals (Karlsson et al., 2024). The C2/C3/C4 regions
have been grouped by comparison with assignments by Brillouet and
Joseleau (1987), Man et al. (2022), Elschner et al. (2023). 2D correla-
tion spectroscopy have also been conducted to help assignments. The
1H spectra show similar changes in the H1 region (4.0 — 5.5 ppm),
as observed in the Cl region but the 'H signals were more over-
lapped (Figure S1, supplementary information). All NMR datasets are
available, see section on Data Availability.

Following the approach of Karlsson et al. (2024), the degree of
modification of DiolAX can be estimated using the increase in the
integral of the C5/C2,,,,4/C3,,,q peaks relative to the C1/Cl1,,,4 peaks,

which is complementary to the DO from UV-Vis. The results are shown
in Table 2, and are in agreement with the DO obtained from UV-Vis,
with slightly lower values from the NMR method. The main contributor
to the uncertainties in the degree of modification obtained in fact comes
from obtaining a good baseline correction of the solution '3C spectra
from the high field spectrometer.

Comparisons between NMR, UV-Vis (and other) methods for de-
termining the degree of ring-opening has also been investigated in
oxidized xylan (Palasingh et al., 2022), cellulose nanocrystal (CNC)
(Llacer Navarro et al., 2021), cellulose fiber (Karlsson et al., 2024) and
microcrystalline cellulose systems (MCC) (Karlsson et al., 2024). The
overall conclusion has been that the UV-Vis method, which measures
DO at the oxidation step, tends to produce higher values than NMR
measurement of the degree of modification at the oxidized-reduced
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Fig. 4. SAXS data of (a) DAX5, (b) DAX10, and (c) DAX15 at concentrations of 1 mg mL™!, 4 mg mL~! and 20 mg mL~!. Data from the in-situ experiment
at different time points (6 min, 9 min and 12 min) are shown as open symbols. Lines show fitting to the flexible cylinder model in Eq. (1), note that higher
concentrations of DAX10 and DAX15 are not described by the model. (d) Comparisons of SAXS data of AX, DAX5, DAX10 and DAX15 at 1 mg mL~!. DAX5 data

is shifted by a factor of 5, DAX10 by 25, and DAX15 by 125 for ease of viewing.

dialcohol step (Karlsson et al., 2024; Palasingh et al., 2022). However,
the extent of overestimation seems dependent on the substrate. In
oxidized AX (this work), xylan, and CNC systems, the DO determined
from the UV-Vis method is higher, but by less than 10% units. In MCC
systems, the overestimation by UV-Vis was larger, at ~ 20% units.
The MCC system is heterogenous on a larger length scale, where the
oxidation and reduction reaction may not occur as efficiently. This
could explain the larger overestimation by the UV-Vis method, which
is based on NalO, consumption being equivalent to the oxidation of a
viccinal diol group and does not assess the following reduction step of
the aldehyde groups to dialcohol groups.

3.2. In-situ oxidation with time-resolved SAXS

Data from the in-situ experiment are shown in Fig. 3. The AX
concentration was chosen to be the same as in the actual synthesis
(20 mg mL-1). This concentration is higher than the critical overlap
concentration c* of 8 mg mL~! (Janewithayapun et al., 2025), where
the dispersion goes from the dilute to semi-dilute regime. Therefore,
both the intra-chain form factor and the inter-chain structure factor
are probed in this in-situ SAXS experiment. The HPLC pump setup
induces a delay between the reaction’s initiation in the reaction vessel
and its transport to the X-ray beam’s flowcell. The first detection of the
reaction mixture at the flowcell occurs 15 min after the initiation of
the reaction and this point is assigned as 7 = 0 min of the reaction. A
lowered intensity is also observed at + = 0 min, due to residual water
in the tubing diluting the AX dispersion initially.

The strongest change in the scattering features occurs in the low ¢
region 0.005 < g < 0.02 A", From the start of the oxidation reaction
at + = 0 min, an increase in the steepness and intensity of the low ¢

region is observed already at r = 6 min. Between t = 6 min and t = 9
min, the largest change in steepness and intensity at low g occurs, after
which the increase of steepness and intensity becomes more gradual.
The scattering intensity at low ¢ values is associated with fluctuations
of scattering length density at large length-scales. In dilute solutions
or suspensions of non-interacting objects, the low ¢ region enables the
determination of the Ry of objects if the experimental g-range covers
this lengthscale. This is observed as a leveling-off of the intensity at
low g values, forming a Guinier plateau. When structures are larger
than the g-range probed, no such plateau is observed. Given the lowest
g measured in the in-situ SAXS setup is 0.007 [o\_l, the lack of any
observable Guinier plateau means that structures larger than 14 nm
(estimated from qRy < 1) are formed with increasing reaction time
of oxidation. Inter-molecular bonds can be formed from oxidized di-
aldehyde groups (Miinster et al., 2017; Palasingh et al., 2021; Veelaert
et al.,, 1997); as such, the rate of the increasing contribution of the
low ¢ component to the scattering intensity is reflective of the rate of
the inter-molecular reactions during the oxidation of AX, resulting in
aggregation of individual chains.

In the intermediate g region between 0.02 < ¢ < 0.1 [o\_l, the
scattering intensity is sensitive to changes in the chain conformation
statistics i.e. in their Flory exponent (v) or mass fractal, as well as the
L,. At the concentration used in this in-situ experiment (~ 20 mg mL™1),
these two features are affected by concentration effects, however, large
variations in behavior should still be qualitatively observable. For
instance, a decrease in L, from 15 nm to 5 nm as in alginate (Vold
et al., 2006), or a transition from stiff extended chains to partially
collapsed chains, as in cellulose (Potthast et al., 2007), should produce
significantly different features in the SAXS data of the AX. In our case,
the absence of changes in the intermediate ¢ region of the in-situ



R. Janewithayapun et al.

data demonstrates that almost no change in chain compactness or L,
occurred during this oxidation of AX (0.5 equiv. NalO4). Note again
that 0.5 equiv. NalO, should be close to the maximum obtainable DO
based on unsubstituted Araf and Xylp units.

Lastly, the high ¢ (¢ > 0.2 ;\71) features of the scattering intensity
probes the scattering of the cross-section of the AX chain, as well as
molecular scattering from Araf and Xylp units. In this ¢ range, the
largest change is an increase in the g-independent background level
with reaction time. This could be related to a change of the scattering
intensity of the solvent due to variations in the concentration of NalO,
in the tubing.

3.3. The conformation of DAX

The time-resolved measurements allow a comparison of separately
prepared DAX at known DOs with in-situ data at different time points.
DAX with UV-Vis determined DO of 5%, 10% and 15% are separately
measured, so that the form factor of DAX could be studied in more
detail in both semi-dilute and dilute conditions (Fig. 4). These samples
are named DAX5, DAX10, and DAX15, respectively, after their UV-Vis
DO.

The scattering data of DAX5 closely resembles that of the time-
resolved data at + = 6 min, of DAX10 at + = 9 min, and of DAX15
at + = 12 min. Comparisons between in-situ and isolated sample data
are shown in Fig. 4(a)—(c). It is interesting therefore, to note that the
structural changes occur already at low DOs. By separately studying the
conformation of these DAX at different concentrations, a clearer picture
of the effect of periodate oxidation on the form factor is obtained. Note
that the SAXS data for these concentration series were obtained at a
longer sample-detector distance, and goes to lower ¢ values than for
the in-situ SAXS experiment.

From high to low ¢, the scattering features of AX include: the
cross-section contribution, followed by a transition at ~ ¢ = 0.2 A
to a ¢! scaling stemming from rigid, rod-like chain segments. At
intermediate g (~ ¢ = 0.05 Z\_l), the chain’s conformation statistic is
probed, where the ¢ scaling follows the inverse of v as ¢~!/". Lastly,
at low ¢ (~ ¢ = 0.01 10\_1), a Guinier plateau begins to form as real
space distances larger than the chain length are probed, however, the
leveling-off is overlapped with the upturn from larger aggregates at
lowest ¢g. In DAX10 and DAX15, an upturn at low ¢ is observed where
the Guinier plateau starts to be visible in AX and DAX5 (between
0.004 < ¢ < 0.02 Z\_l). The upturn occurs in the same ¢ range as in the
in-situ experiment, and is associated to the aggregation of the chains
due to cross-linking reactions. This chain aggregation is separate from
contributions by larger aggregates at the lowest ¢ values (¢ < 0.004
[o\_l). The two different regions are also indicated in Fig. 4.

From the concentration series, the inter-chain structure factor re-
lated to polymer interactions can be determined. Janewithayapun et al.
(2025) showed that this fraction of branched AX exhibits scaling be-
havior of chains in a good solvent, with a decrease in the scattering
intensity for the chains at low ¢ when normalized against concentra-
tion. The scaling behavior is related to the second virial coefficient A,
of the polymer (Pedersen & Schurtenberger, 2004), which is positive
for a polymer in a good solvent environment, representing repulsive
interaction pair potential. In systems with attractive interactions, such
as in those with tendencies for aggregation, A, takes on negative
values (Bonneté et al., 1999; Lindner, 2002). The same type of concen-
tration normalized SAXS intensity plots were made for DAX samples,
shown in Figure S2 of the supplementary information. From the plots,
we observe that DAX5 shows a decrease in low—intermediate ¢ intensity
(0.005 to 0.02 10\_1) at higher concentrations. Furthermore, the intensity
at the lowest ¢ values do not increase, showing that no concentration
dependent aggregation is occurring. DAX5 still behaves therefore, as
chains in a good solvent with repulsive interactions. For DAX10 and
DAX15, we see that the normalized intensity at low-intermediate q is
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unchanged with concentration, and the intensity at lowest ¢ instead
increases. These behaviors indicate aggregating tendencies, and thus
negative A, for the two samples with higher oxidation degree.

To analyze the form factor, we perform fitting of the 1 mg mL™!
concentration samples, which is below the c* of AX of 8 mg mL™!
(Janewithayapun et al., 2025). We have previously shown that the
scattering intensity of highly branched AX can be represented by the
flexible cylinder model with positive excluded volume effects (good
solvent conditions) as shown in Eq. (1). The same model is selected,
therefore, to analyze changes in the conformation that may occur after
oxidation.

The flexible cylinder model describes well the scattering intensity
of all three DAX samples, showing that the DAX chains still exhibit
positive excluded volume at length scales smaller than the chain ag-
gregation. At high ¢ (> 0.75 10\_1), solvent subtraction becomes difficult
(Fig. 4(a)-(c)), therefore, these data points were excluded from the
fitting. For the same reason, the parameters B and R, 1,1 describing the
scattering contribution of monosaccharide units at high ¢ are difficult
to determine and the associated standard errors are large. The fitted
parameters from the flexible cylinder model are shown in Table 3. Of
highest interest is the evolution of L, (Kuhn length = 2 L,) with DO,
where the fitted L, for DAX5 was 4.6 nm, very close to the value of
unmodified AX. Two other parameters of interest are the contour length
and the I(0) which is the scattering intensity at ¢ = 0, the two are
related to the z-average molar mass and the weight average molar mass
of the chains, respectively (Pedersen & Schurtenberger, 2004; Plazzotta
et al., 2016). The contour length from fitting was 95 nm and 7(0) was
0.10 cm™'. Both of these parameters are similar to, or larger than,
values obtained for AX, indicating no observable decrease in chain
length or molar mass.

Similar fits were performed for DAX10 and DAX15, showing an
increase in the scale factor of the power law term as a result of
increased chain aggregation. The fitted L, was 4.4 nm for the DAX10
and 3.7 nm for the DAX15. However, since aggregation has occurred to
a larger extent, the fitted L, are only apparent values of L,. Therefore, it
is important to compare these values to those fitted for reduced DiolAX
with fewer aggregates, discussed in the following section. The fitted
contour lengths are 101 nm and 129 nm, while the 7(0) are 0.11 cm™!
and 0.12 cm™! for DAX10 and DAX15, respectively. L, and contour
lengths obtained indicate increased chain length, which is likely again
a result of chain cross-linking and subsequent aggregation.

The model described in Eq. (1) with the PRISM structure factor
can be used to quantitatively compare the scaling behavior of AX and
DAX5, which both show repulsive interactions. As the molar mass
is difficult to determine for the cross-linked samples, we choose to
compare only 2M A,, which can be determined from the slope of a plot
of the parameter § (where g = 2M A,c) as a function of concentration
(Figure S3, supplementary information). The value of g for AX has been
adapted from Janewithayapun et al. (2025), where, given that inter-
actions were small at a concentration of 1 mg mL~! (minor structure
factor effects), we set the value of # to 0 at 1 mg mL~! to have the
same concentration series as the samples in this work.

The values of the slope of g against ¢ for each derivative is shown in
Fig. 5. The slope for DAX5 is lower than that of AX, and the slope would
be negative for DAX10 and DAX15. The PRISM model in Eq. (1) was not
designed to describe aggregation (Pedersen & Schurtenberger, 2004)
as occurs in DAX10 and DAX15, however, their attractive interactions
would correspond to negative values of A,. We therefore conclude that
there is a decreasing trend of A, with increasing DO, transitioning from
repulsive interactions, as observed for chains in good solvent conditions
(AX, DAX5), to aggregating tendencies (DAX10, DAX15).

3.4. Conformation of DiolAX

Upon reduction with excess NaBH,, derivatives of the dialdehyde
group in DAX, including cross-links, are reduced to dialcohol groups.
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Table 3
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Fitted parameters of AX and isolated DAX samples at 1 mg mL™! to the flexible cylinder model shown in Eq. (1). Reduced
chi-squared (;(,2{) values are 1.4, 4.1, 1.5 and 2.5, respectively, for AX, DAX5, DAX10 and DAX15. R, is calculated from the
contour length as in Pedersen and Schurtenberger (2004). “~” indicates fitted values where the associated errors are large. Data
for AX reproduced from Janewithayapun et al. (2025) under the CC-BY license.

Parameter AX DAX5 DAX10 DAX15
1(0) (cm™) 0.108 + 0.002 0.101 + 0.002 0.109 + 0.002 0.123 + 0.005
Contour length (nm) 85.1 + 2.3 94.8 + 4.1 101.4 + 3.0 129.2 + 9.1
Kuhn length (nm) 9.0 + 0.3 9.3 + 0.6 8.8 + 0.3 7.3 £ 0.6
Ry (A) 9.9 + 0.3 89+ 0.5 8.4 + 0.4 7.9 £ 0.7
Background (cm™') -2.3 x 107 £09x%x 107 53 x 107 £1.9x 107 ~6 x 10 +10x 1073 ~8x10™ £10x 107>
Scale power law 0.119 + 0.010 0.045 + 0.004 0.128 + 0.008 0.50 + 0.03
Exponent power law 1.82 + 0.04 3.10 + 0.04 2.23 + 0.03 2.20 + 0.01
B 142 + 25 319 + 183 ~25%10° + 2.5x10° ~5x10° + 30% 10°
Rgmot (&) 5.3 + 0.7 5+2 ~3+15 ~ 4+ 41
Ry (nm) 11.2 12.1 12.4 13.4

120 — - Table 4

Oxidation Reduction
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AX DAX5  DAX10 DAX15 DiolAX21 DiolAX33

Fig. 5. Linear fitted values of the slope from the structure factor parameter
p against concentration plot. *DAX10 and DAX15 were not described by the
PRISM model, however, their aggregation tendencies indicate a negative value
for A,, here represented by the gray shaded region.

We therefore chose to study DiolAX at higher degree of modification
than for DAX, where such high DO for DAX would result in indispersible
aggregates. The SAXS data for DiolAX at 21% and 33% DO are mea-
sured at the same three concentrations as above (Fig. 6). From the
scattering data, it is apparent that the low g chain aggregation features
from cross-linking are not present in DiolAX samples.

The scattering features for both DiolAX21 and DiolAX33 are similar
to each other, and to AX, as shown in Fig. 6(a)-(b), over almost the
whole ¢ range down to 0.008 A" The largest difference between the
samples is the exponent and scale of the low ¢ power law region.
Utilizing the same flexible cylinder model, the fitted L, are obtained
as 4.0 nm and 3.9 nm for DiolAX21 and DiolAX33, respectively (see
Table 4). The reduction in L, is only approximately 10% between AX
and DiolAX33. The two DiolAX are modified to even higher degree than
DAX15, which has an apparent L, of 3.7 nm. Therefore, the decrease in
L, for DAX10 and DAX15 can be attributed to aggregation, resulting in
screening of the true L, of the chains. This observation is interesting, as
it demonstrates that measuring the L, of a semi-flexible polymer under
aggregation (DAX) can indeed result in a lower observed L, compared
to a similar polymer that is well dispersed (DiolAX).

For comparisons of 1(0), thus of changes in M,,, the scattering data
of AX, DiolAX21 and DiolAX33 are scaled to be equal at high ¢ (Fig.
6(a)). A small decrease in both 7(0) and contour length is observed
in DiolAX33 compared to DiolAX21, however these values are still
similar to or higher than those of unmodified AX. It is possible that the
modification, followed by purification (from chemical reagents) using

Fitted parameters of AX, DiolAX21 and DiolAX33 at 1 mg mL! to the flexible
cylinder model (Eq. (1)). x4 was 1.3 for both DiolAX21 and DiolAX33.

Parameter DiolAX21 DiolAX33

1(0) (cm™) 0.117 + 0.002 0.105 + 0.007
Contour length (nm) 95.8 + 2.2 89.8 + 6.0
Kuhn length (nm) 8.0 + 0.2 7.8 + 0.4

Ry (A) 9.0+ 0.3 9.3 + 0.3
Background (cm™') -4.6 X 107 + 1.9x 107 —-5.3 X107 + 1.5% 1073
Scale power law 0.111 + 0.006 0.47 + 0.07
Exponent power law 2.51 + 0.03 1.31 + 0.05

B 208 + 33 154 + 27
Rymo (B) 4.0 £ 0.7 4.4 + 0.7

R, (nm) 11.5 11.0

dialysis resulted in the removal of smaller molecules. Following this
reasoning, there is likely some reduction in molar mass with oxidation
between DiolAX21 and DiolAX33 but we are not able to quantify this.

The same analysis of the concentration series was performed for
DiolAX21 and DiolAX33. From the concentration normalized scattering
intensity plots, we see that both DiolAX samples show the scaling
behavior of chains in a good solvent environment (Figure S4, supple-
mentary information). For quantitative analysis, the structure factor
and its fitted parameter § are again obtained from fitting the model
in Eq. (1) (Fig. 6(c)-(d)). The slope of the plot of § against concentra-
tion in Fig. 5 indicates, assuming a similar M for all three materials,
that the values of A, are: AX ~ DiolAX21 > DiolAX33, showing lower
solvent quality in water for DiolAX33, although all materials are in
good solvent environments. It should also be taken into account that the
fits of p for DiolAX33 could be affected by the distinct low ¢ aggregate
contribution shape of DiolAX33 at 1 mg mL-! (Fig. 6(a)). It is clear that
the strong inter-molecular interactions present in DAX can be removed
by reduction with NaBH,. The decrease in solvent quality at the highest
degree of oxidation could be a result of a lowered steric hindrance
for chain interactions provided by arabinose side groups (Andrewartha
et al., 1979) after ring-opening.

4. Conclusions

13C NMR spectroscopy shows that periodate oxidation and reduc-
tion proceed with preferences for specific motifs in the AX chain. Araf
in di-substituted O-2 Araf positions are oxidized most at a lower degree
of modification, followed by di-substituted O-3 Araf, then, by the mono-
substituted O-3 Araf and unsubstituted Xylp units at a higher degree of
modification.

Analysis of in-situ oxidation SAXS and concentration series SAXS
data reveal that no large change in chain conformation or L, occurs
during the oxidation of AX. Instead, an increase in scattering intensity
was observed at low g which is attributed to the cross-linking of
DAX chains. Additionally, the second virial coefficient (4,) obtained
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Fig. 6. SAXS data of (a) AX (black), DiolAX21 (yellow) and DiolAX33 (orange) at 1 mg mL~!, and comparisons in (b) where DiolAX21 data is shifted by a factor
of 5, and DiolAX33 by a factor of 25 for ease of viewing. SAXS data of (c) DiolAX21 and (d) DiolAX33 at concentrations of 1 mg mL™!, 4 mg mL™! and 20 mg

mL!, lines show a fit to the model in Eq. (1).

from fitting of the DAX structure factor decreases with DO, further
showing that inter-molecular interactions between DAX chains become
attractive.

The SAXS data of reduced DiolAX show that reduction of the
aldehyde groups by NaBH, removes the contributions from cross-linked
chains, allowing the L, to be more accurately determined. In DiolAX33,
the reduction in L, is approximately 10%, relative to AX, which is
a smaller decrease than was observed in alginate or chitosan, where
the decrease in L, was reduced by a factor of 2 to 3 (Christensen
et al., 2008; Vold et al., 2006). The A, of the two DiolAX are positive
and they behave as chains in the good solvent regime. However,
assuming similar M, the A, of DiolAX33 would be lower, indicating
that interactions with water is less favorable for DiolAX33 as compared
to AX.

We conclude that the oxidation and reduction of a branched
polysaccharide, such as AX, proceeds differently than in linear polysac-
charides. This is reasoned to be a result of modification occurring
predominantly at the branching side groups, leading to the backbone
not being altered to the same extent. Therefore, an increase in the
flexibility of the chains does not occur, contrary to the case for linear
polysaccharides, or is not as pronounced.
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