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A B S T R A C T   

TEMPO-oxidation of neutral polysaccharides has been used to obtain polyuronides displaying improved func-
tional properties. Although arabinoxylans (AX) from different sources may yield polyuronides with diverse 
properties due to their variable arabinose (Araf) substitution patterns, information of the TEMPO-oxidation of AX 
on its structure remains scarce. We oxidized AX using various TEMPO:NaClO2:NaOCl ratios. A TEMPO:NaClO2: 
NaOCl ratio of 1.0:2.6:0.4 per mol of Ara gave an oxidized-AX with high molecular weight, minimal effect on 
xylose appearance, and comprising charged side chains. Although NMR analyses unveiled arabinuronic acid 
(AraAf) as the only oxidation product in the oxidized-AX, accurate AraA quantification is still challenging. 
Linkage analysis showed that > 75 % of the β-(1→4)-xylan backbone remained single-substituted at position O-3 
of Xyl similarly to native AX. TEMPO-oxidation of AX can be considered a promising approach to obtain ara-
binuronoxylans with a substitution pattern resembling its parental AX.   

1. Introduction 

Modification of neutral polysaccharides to anionic polymers by the 
generation of polyuronides may lead to improved/unique functional 
properties of the polymer (Pierre et al., 2017). For example, these pol-
yuronides can show thickening and gelling properties, similarly to 
pectin, a naturally occurring polyuronide (Sundar Raj, Rubila, Jayaba-
lan, & Ranganathan, 2012). Additionally, conversion of neutral poly-
saccharides to polyuronides has also enabled the production of 
nano-fibres (Habibi, 2014; Meng, Fu, & Lucia, 2016) compatible with 
biomedical applications (Chao et al., 2019). 

2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO)-mediated 
oxidation is one of the major approaches used to selectively oxidize 

primary hydroxyl groups of neutral polysaccharides into carboxylic 
acids to obtain polyuronides (Bragd, Van Bekkum, & Besemer, 2004; de 
Nooy, Besemer, & van Bekkum, 1995; Hao et al., 2020; Isogai, 
Hänninen, Fujisawa, & Saito, 2018; Pierre et al., 2017; Tamura, Wada, & 
Isogai, 2009). A TEMPO/NaOCl/NaBr system at pH 10 was the first 
system used to convert C6 primary hydroxyls to carboxyl groups in the 
neutral polysaccharides starch and inulin (de Nooy, Besemer, & van 
Bekkum, 1994), and it is still the most used condition set to oxidize 
polysaccharides (Pierre et al., 2017). However, the alkaline medium 
used in the TEMPO/NaOCl/NaBr system can lead to undesirable poly-
saccharide depolymerization (Spier, Sierakowski, Reed, & de Freitas, 
2017). This depolymerization can be overcome by using alternative 
systems that do not require the use of an alkaline medium, such as 
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TEMPO/bis(acetoxy)iodobenzene (BAIB) in an acetonitrile-aqueous 
buffer mixture (Börjesson & Westman, 2016; Chatterjee et al., 2017; 
Tojo & Fernández, 2007) or TEMPO/NaOCl/NaClO2 (sodium chlorite) 
in a mild acidic (pH 3.5–6.8) medium (Hao et al., 2020; Saito, Hirota, 
Tamura, & Isogai, 2010; Tamura et al., 2009; Tamura, Hirota, Saito, & 
Isogai, 2010; Tanaka, Saito, & Isogai, 2012). 

TEMPO-oxidation has been mostly performed on neutral poly-
saccharides composed of hexoses, such as cellulose (Mendoza, Browne, 
Raghuwanshi, Simon, & Garnier, 2019; Meng et al., 2016), starch (Hao 
et al., 2020), galactomannans (Sakakibara, Sierakowski, Lucyszyn, & de 
Freitas, 2016; Sierakowski, Milas, Desbrières, & Rinaudo, 2000), and 
curdlan (Tamura et al., 2010). Although not many studies have been 
performed on TEMPO-oxidation of pentose-based polysaccharides 
(pentosans), arabinoxylan (AX), a major hemicellulose of the cereal cell 
walls (Izydorczyk, 2009), is a promising pentosan to obtain poly-
uronides. Arabinoxylans are composed of a linear β-(1→4)-xylan back-
bone mainly substituted with single α-L-Araf units, which are attached at 
positions O-3 and/or O-2 of the β-D-Xylp unit (Perlin, 1951). As the 
primary hydroxyl groups in the AX structure are only shown in the C5 
position of the Araf units (Perez, 2018), TEMPO-oxidation of an AX 
would selectively oxidize the Araf side chains to arabinuronic acid 
(AraAf), keeping the β-(1→4)-xylan backbone intact and creating a 
polyuronide (arabinuronoxylan) carrying negative charged sugar resi-
dues as side chains. As the level and distribution of the Araf side chains 
along the xylan backbone can differ among arabinoxylans from different 
sources (Izydorczyk & Biliaderis, 1995), TEMPO-oxidation of various 
arabinoxylans might yield arabinuronoxylans with a wide range of 
different properties, which can be valuable for food and/or biomedical 
applications. 

Parikka et al. (2017) and Börjesson and Westman (2016) oxidized an 
AX using a Laccase/TEMPO and a TEMPO/BAIB system, respectively, to 
improve the functional properties of the native AX. Both studies 
observed the preferred conversion of Araf to the aldehyde form rather 
than the uronic acid form. Therefore, attention must be paid to oxidized 
products other than uronic acids when TEMPO-oxidizing poly-
saccharides. Additionally, Bowman, Dien, O’Bryan, Sarath, and Cotta 
(2011) oxidized AX from birch, wheat and switchgrass (SG) using a 
4-Acetamido-TEMPO/NaOCl/NaBr system to distinguish the isomers 
Ara and Xyl, by selectively oxidizing Araf to AraAf. These authors 
observed an increment of 14 Da in oxidized-oligosaccharides compara-
tively to non-oxidized ones in hydrophilic interaction liquid chroma-
tography (HILIC-LC)-MS analysis of the partially-acid depolymerized 
oxidized SG AX, proving the presence of AraAf as an oxidized product 
derived from Araf. However, this study did not indicate whether the 
native AX structure was kept after oxidation, by solely converting the 
Ara side chains into an AraA residue, or even arabinose removal, 
degradation or formation of side oxidation products. 

Our study aims to investigate if TEMPO-oxidation of an AX will 
selectively oxidize the Araf side chains to AraAf without major changes 
in the native AX structure, allowing us to obtain a polyuronide with a 
substitution pattern closely related to its parental arabinoxylan. For this, 
TEMPO/NaClO2/NaOCl system at pH 4.6, with various TEMPO:NaClO2: 
NaOCl ratios, was selected to oxidize an AX. The TEMPO oxidized-AX 
structure was characterized in terms of molecular weight distribution, 
sugar and linkage composition, and identification of oxidized com-
pounds by NMR spectroscopy. 

2. Materials and methods 

2.1. Materials 

The polysaccharide substrate used to perform the TEMPO-mediated 
oxidation was a commercial wheat arabinoxylan (AX) of medium vis-
cosity (Ara:Xyl = 38:62, Purity > 95 %, Megazyme, Wicklow, Ireland). L- 
(+)-Arabinose (Ara) (99 %), Maleic acid (98 %), sodium borodeuteride 
(NaBD, 98 %, 41.86 g/mol), trifluoroacetic acid (TFA, 99 %), HCl in 

dried methanol (3 M), deuterium oxide (D2O, 99.9 %), and sodium ni-
trate (NaNO3, > 99 %, 84.99 g/mol) were purchased from Sigma- 
Aldrich (St. Louis, MO, USA). D-(+)-Xylose (Xyl) (> 99 %), 2,2,6,6-tetra-
methylpiperidine-1-oxyl radical (TEMPO, 98 %, 156.25 g/mol), NaClO2 
(80 %, 90.44 g/mol), sodium hypochlorite solution (6–14 % active 
chlorine NaOCl), N-Cyclo-N’-[2-(N-methylmorpholino)-ethyl]-carbo-
diimide 4-toluolsulfonate, and sodium acetate (NaOAc) anhydrous were 
purchased from Merck (Darmstadt, Germany). Methyl iodide (CH3I) was 
obtained from VWR (Rue Carnot, France), lithium aluminum deuteride 
(LiAlD4, > 98 %, 41.99 g/mol) was obtained from BOC Sciences (NY, 
USA), and acetonitrile from Biosolve (Valkenswaard, The Netherlands). 
All water was purified in a Milli-Q system from Millipore (Molsheim, 
France), unless otherwise mentioned. 

2.2. Oxidation of arabinoxylan 

Various TEMPO-oxidation systems were preliminarily screened to 
oxidize AX, namely TEMPO/NaClO2/NaOCl and TEMPO/NaOCl sys-
tems at pH 4.6 (24 h at 35 ◦C) (Saito et al., 2010; Tamura et al., 2010; 
Tanaka et al., 2012), and TEMPO/BAIB (1:9 mol equivalent of Ara) and 
TEMPO/BAIB/NaOCl (1:9:1.5 mol equivalent of Ara) in Acetonitrile: 
Water (3:1, v/v) for 2 h at 0 ◦C followed by 4 h at room temperature (RT) 
(Börjesson & Westman, 2016; Tojo & Fernández, 2007). TEMPO/Na-
ClO2/NaOCl and TEMPO/NaOCl systems were also tested in Acetoni-
trile:Water (3:1, v/v) and at pH 4.6 for 2 h at 0 ◦C followed by 4 h at RT. 
TEMPO/NaClO2/NaOCl system at pH 4.6 for 24 h at 35 ◦C using a 
TEMPO/NaClO2/NaOCl ratio of 0.2:2.6:0.4 (per mol equivalent of Ara) 
was the system that gave more promising results. Based on this, TEM-
PO/NaClO2/NaOCl oxidation of AX was selected to be further investi-
gated in this study by testing various TEMPO/NaClO2/NaOCl ratios 
(Table 1). TEMPO and NaOCl were tested in two levels, 0.2 and 1.0, and 
0.4 and 1.5 mol equivalent of Ara, respectively, and NaClO2 was kept 
constant (Table 1). 

Oxidation of the wheat AX was done using the TEMPO/NaClO2/ 
NaOCl system at pH 4.6 using a protocol adapted from Tamura et al. 
(2010). TEMPO/NaClO2/NaOCl mixtures were tested in three different 
mol ratios per mol of primary OH group (C5-OH of Ara) (Table 1). 200 
mg of AX in a final reaction volume of 40 mL, comprising 0.2 M NaOAc 
buffer pH 4.6, and TEMPO, NaClO2 and NaOCl solutions as listed in 
Table 1 was used to perform the reaction. 

AX powder was completely solubilized in 0.2 M NaOAc buffer at pH 
4.6 (different volumes of buffer were added depending on the oxidation 
condition described in Table 1) under magnetic stirring in a glass flask. 
Stock solutions of TEMPO and NaClO2 were prepared in 0.2 M NaOAc 
buffer to a final concentration of 0.05 mmol/mL and 0.40 mmol/mL, 
respectively. The required volume of 0.05 mmol/mL TEMPO and 0.40 
mmol/mL NaClO2 to reach the desired concentration in the final reac-
tion volume (Table 1) were mixed and incubated under magnetic stir-
ring for 10 min at RT. Thereafter, the pre-incubated TEMPO/NaClO2 
solution was added to the flask containing the AX solution in buffer. 
Then, variable volumes of 6–14 % NaOCl solution to be added to each 

Table 1 
Sample identification and reaction conditions used to TEMPO-oxidize arabi-
noxylans. Reactions were performed in 0.2 M NaOAc buffer pH 4.6 for 24 h at 35 
◦C with variable molar ratios of TEMPO:NaClO2:NaOCl. Final concentrations of 
AX in mg/mL, and TEMPO, NaClO2, and NaOCl in mM used during oxidation 
reaction are mentioned. Values within parentheses correspond to the TEMPO: 
NaClO2:NaOCl ratio per mol of C5-OH.  

Sample namea CAX (mg/mL) CTEMPO (mM) CNaClO2 (mM) CNaOCl 

(mM) 

ox-AX1.0:2.6:1.5 5.0 14 (1.0) 38 (2.6) 22 (1.5) 
ox-AX0.2:2.6:1.5 5.0 3 (0.2) 38 (2.6) 22 (1.5) 
ox-AX1.0:2.6:0.4 5.0 14 (1.0) 38 (2.6) 6 (0.4) 

a- ox-AXb refers to the oxidized wheat arabinoxylan (ox-AX) obtained with a b 

TEMPO:NaClO2:NaOCl ratio per mol of C5-OH. 
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oxidation condition to have the desired final NaOCl concentration was 
added at once to the flask to start the reaction. The flask was closed, and 
the reaction was carried out in an incubator for 24 h at 35 ◦C under 
shaking (100 rpm). The reaction was quenched by adding cold ethanol 
(96 % v/v) to a final concentration of 70 % (v/v) to the solution, fol-
lowed by stirring for 1 h at RT. The precipitate formed containing the 
oxidized (ox-) AX was recovered by centrifugation (11 571g, 15 ◦C, 30 
min), washed with 70 % (v/v) EtOH by stirring for 1 h at RT, and 
collected by centrifugation as mentioned above. Afterwards, the ox-AX 
was re-suspended in demi-water, dialyzed (cut-off 12− 14 kDa, Medi-
cell Membranes Ltd, London, UK) against demi-water, and freeze-dried 
to obtain homogeneous dried material, yielding the final ox-AX samples. 
Native AX and ox-AX samples were further characterized. 

2.3. Molecular weight distribution of polysaccharides 

The molecular weight (Mw) was determined by high performance 
size exclusion chromatography (HPSEC). HPSEC analysis was carried 
out on an Ultimate 3000 system (Dionex, Sunnyvale, CA, USA) coupled 
to a Shodex RI-101 detector (Showa Denko K.K., Tokyo, Japan). The 
system was equipped with a set of three TSK-Gel Super columns 
4000AW, 3000AW, and 2500AW (6 mm ID ×150 mm per column, 6 μm) 
connected in series preceded by a TSK Super AW-L guard column (4.6 
mm ID ×35 mm, 7 μm), all from Tosoh Bioscience (Tokyo, Japan). The 
column oven temperature was maintained at 55 ◦C during analysis. 
Standards and samples were dissolved in water to a concentration of 1.0 
mg/mL. 10 μL of sample was injected onto the system and eluted with 
0.2 M NaNO3 solution at a flow rate of 0.6 mL/min. Although the final 
oxidized products are negatively charged, calibration of the SEC col-
umns was done with pullulan standards (0.180–708 kDa; Polymer 
Laboratories, Church Stretton, UK) since the parental AX is neutral and 
ox-AX moderately charged. Calibrating the columns with available 
pectin standards would provide incorrect Mw values for the AX and also 
not give accurate results for ox-AX either, as pectins might be heavily 
charged. The retention times of the monodisperse pullulan standards 
were used to obtain the calibration curve to determine the apparent Mw 
of the samples. The collected data was analysed using Chromeleon 7.2 
software (Dionex Corporation). 

2.4. Monosaccharide composition analysis by HPAEC-PAD 

(ox-)AX samples were methanolysed using 2.0 M HCl in dried 
methanol for 16 h at 80 ◦C, and the released methyl-glycosides were 
converted to their non-methylated form via TFA acid hydrolysis in 
accordance with De Ruiter, Schols, Voragen, and Rombouts (1992) and 
ter Haar et al. (2010). Hydrolysates were diluted with water to about 25 
μg/mL and the sugars released were analysed by High-Performance 
Anion-Exchange Chromatography with Pulsed Amperometric Detec-
tion (HPAEC-PAD). An ICS-5000 HPLC system (Dionex, Sunnyvale, CA, 
USA) equipped with a CarboPac PA1 guard column (2 mm ID ×50 mm) 
and a CarboPac PA-1 column (2 mm ID ×250 mm; both from Dionex) 
was used for this analysis. Detection of the eluted compounds was per-
formed by an ED40 EC-detector running in the PAD mode (Dionex). 10 
μL of the diluted hydrolysate was injected on the system. Mobile phases 
used to elute the compounds were kept under helium flushing and the 
column temperature was 20 ◦C. A flow rate of 0.4 mL/min was used with 
the following gradient of 0.1 M sodium hydroxide (NaOH: A) and 1.0 M 
NaOAc in 0.1 M NaOH (B): 0− 35 min, 100 % milli-Q water; 35.1 min, 
100 % A; 35.2− 50 min, 0–40 % B; 50.1− 55 min, 100 % B; 55.1–63.0 
min, 100 % A; 63.1–78.0 min, 100 % milli-Q water. A post-column alkali 
addition (0.5 M NaOH; 0.1 mL/min) was used from 0.0 to 34.9 min and 
from 68.1 to 78.0 min. All samples were analysed in duplicate. Stan-
dards of Ara and Xyl in a concentration range of 1.0− 150 μg/mL were 
used for quantification. The collected data was analysed using Chro-
meleon 7.2 software (Dionex Corporation). 

2.5. Purification of oxidized compounds from the ox-AX1.0:2.6:0.4 

hydrolysate by SPE 

To isolate the oxidized compounds present in the ox-AX1.0:2.6:0.4 

hydrolysate (Section 2.4), the sample was fractionated using solid phase 
extraction (SPE) as described by Sun et al. (2020) with some modifica-
tions. About 100 μg of hydrolysate was dissolved in water and loaded 
onto a Supelclean™ ENVI-Carb™ column (3.0 mL, Sigma-Aldrich), 
which was activated with 1.5 mL acetonitrile:water (80:20; v/v) con-
taining 0.1 % (v/v) TFA, and water (3 × 1.5 mL). Neutral mono-
saccharides were eluted from the column with water (4 × 1.5 mL), 
whereas retained oxidized compounds were eluted with three times 1.5 
mL of acetonitrile:water (60:40; v/v) containing 0.05 % (v/v) TFA. 
Water and acetonitrile:water:TFA fractions were dried under a stream of 
nitrogen at RT, yielding the fractions Hydr_ox-AX1.0:2.6:0.4_H2O and 
Hydr_ox-AX1.0:2.6:0.4_TFA, respectively. Fractions were analysed by 
1H-NMR (Section 2.6) and Hydr_ox-AX1.0:2.6:0.4_TFA was further ana-
lysed by 2D-NMR COSY (Section 2.6). 

2.6. Analysis by 1H-NMR and 1H-1H COSY 

Dried hydrolysates of the native AX and ox-AX1.0:2.6:0.4 samples, and 
the Hydr_ox-AX1.0:2.6:0.4_H2O and Hydr_ox-AX1.0:2.6:0.4_TFA fractions 
collected from SPE were re-suspended in D2O and freeze-dried to ex-
change the free –OH groups by -OD. Samples were subsequently dis-
solved in D2O to approximately 0.2 mg/mL containing 0.2 mg/mL 
maleic acid (internal standard, IS). Additionally, dried AX and ox- 
AX1.0:2.6:0.4 samples were dissolved in D2O to approximately 3.7 mg/mL 
containing 0.2 mg/mL IS. All samples were analysed by 1H-NMR and the 
Hydr_ox-AX1.0:2.6:0.4_TFA fraction was further analysed by homonuclear 
1H-1H correlation (COSY) to identify AraA and assign 1H-NMR signals. 
Both 1H-NMR and COSY-NMR experiments were carried out on a 600 
MHz (14.1 T) Bruker Avance III NMR spectrometer (Bruker BioSpin, 
Switzerland) equipped with a 5-mm cryo-probe at 298 K. The 1D 1H- 
NMR spectra were recorded with a noesygppr1d pulse sequence. The 
size of the FID was 65k. In total, 256− 512 scans were collected with a 
relaxation time of 1 s and an acquisition time of 4 s. Low power water 
suppression (16 Hz) was applied for 0.1 s. The 90◦ pulse length (~7.6 μs) 
and receiver gain were determined automatically. The data was pro-
cessed with Bruker TopSpin 4.0.7 software. Fourier transformation with 
exponential window function and a line broadening factor of 0.3 Hz 
were applied, followed by automatic phase- and baseline correction. The 
2D 1H-1H COSY experiments were recorded with a cosygpprqf pulse 
sequence. The spectral widths were 4 ppm in both dimensions, with the 
O1 at 4.7 ppm to centre around the aromatic region. The number of 
scans was 128 with 16 dummy scans. 256 increments were collected in 
F1, and 1024 increments in F2. The recycle delay was 2 s. 

A relative monosaccharide quantification for AX and ox-AX1.0:2.6:0.4 

was performed based on the sum of the 1H-NMR signal integrals derived 
from each identified sugar (Isugar (Eq. (1)) (Malz & Jancke, 2005; Merkx 
et al., 2018). 

Sugar (%) =
ISugar

∑
(IAra + IXyl + IAraA)

(1)  

Isugar corresponds to either Ara (IAra), Xyl (IXyl), or AraA (IAraA) and is the 
sum of the α- and β-signal integrals of the anomeric proton of Ara, Xyl 
and AraA, respectively. 

2.7. Glycosidic linkage and substitution analysis 

Carboxyl groups of the uronic acids present in the ox-AX1.0:2.6:0.4 

sample were reduced to neutral monosaccharides using two different 
methods. The uronic acids present on the polysaccharide were twice 
reduced with Carbodiimide/NaBD4 prior to linkage analysis in accor-
dance with Taylor and Conrad (1972), or alternatively were reduced 
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with LiAlD4 upon per-methylation of the polysaccharide as described by 
Pandeirada et al. (2019). Carboxyl-reduced and non-reduced 
ox-AX1.0:2.6:0.4, and AX samples were subjected to per-methylation 
analysis to access the glycosidic linkage patterns. Per-methylation was 
performed with a modification to the method described by Nunes et al. 
(2012) and Pandeirada et al. (2019), by replacing the argon atmosphere 
by nitrogen. Partially methylated polysaccharide samples were con-
verted into their partially methylated alditol acetate (PMAA) forms by 
hydrolysis, reduction and acetylation (Pandeirada et al., 2019), and then 
analysed by gas chromatography coupled to mass spectrometry 
(GC–MS). PMAA samples were analysed using a GC (Trace GC Ultra™, 
Thermo Scientific) with a split injector equipped with a 30 m DB 35MS 
column (Restek, Bellefonte, PA, USA) with diameter and film thickness 
of 0.25 mm and 0.25 μm, respectively, and connected to a Dual Stage 
Quadrupole (DSQII, Thermo Scientific) mass selective detector. 1.0 μL of 
sample was injected in the PTV split mode with the injector operating at 
an initial temperature of 190 ◦C, ramped to 275 ◦C at 14.5 ◦C/min, 
holding for 1.0 min. The GC oven temperature program was set to an 
initial temperature of 120 ◦C, raised to 250 ◦C at 2.5 ◦C/min, holding for 
5 min. The pressure of the carrier gas (He) was set at 100 kPa. The mass 
spectrometer was operated in the electron impact mode (EI) at 70 eV 
scanning the range 50–450 m/z, in full scan acquisition mode. The 
collected data was analysed using Xcalibur 4.1 software (Thermo Sci-
entific) and chromatographic peaks were identified comparing all mass 
spectra with a laboratory made database of PMAAs. As reduction of the 
ox-AX1.0:2.6:0.4 sample with carbodiimide/NaBD4 prior to 
per-methylation gave more reliable results, only these results will be 
shown. 

3. Results and discussion 

In this study, oxidation of arabinoxylan (AX) using a TEMPO/ 
NaClO2/NaOCl system at pH 4.6 was performed to investigate if the 
TEMPO-oxidation will selectively oxidize the Araf side chains of an AX 
to arabinuronic acid (AraAf), allowing us to yield a polyuronide type 
structure (arabinuronoxylan) with a structure resembling the parental 
AX structure. A preliminary oxidation study on wheat AX indicated that 
a TEMPO/NaClO2/NaOCl oxidation system using a ratio of 0.2:2.6:0.4 
(per mol equivalent of Ara) gave preferential results with an oxidized- 
AX with an apparent molecular weight (Mw) identical to the native 
AX (Fig. S1) and a degree of Ara oxidation of about 54 (w/w) % 
(Table S1), based on the Ara content decrease. Consequently, TEMPO 

and NaOCl were tested in variable ratios and in higher amounts, 1.0 and 
1.5 mol equivalent of Ara (Table 1), respectively, when compared to the 
preliminary condition to ensure that all available primary OH groups 
would be oxidized to aldehydes and further oxidized to carboxylic 
groups by NaO2Cl. NaO2Cl was kept constant, as it was being used in an 
amount that should ensure full conversion of aldehydes to carboxyl 
groups during reaction, as it is the primary oxidant (Brückner, 2010; 
Isogai et al., 2018; Tojo & Fernández, 2007). From these AX oxidations 
with variable TEMPO:NaClO2:NaOCl ratios per mol of primary hydroxyl 
group of Ara (C5-OH), three oxidized (ox-)AX samples, ox-AX1.0:2.6:1.5, 
ox-AX0.2:2.6:1.5, and ox-AX1.0:2.6:0.4 were obtained. 

3.1. Molecular weight distribution of TEMPO oxidized AX samples 

To monitor if the TEMPO-oxidation reaction would lead to AX 
degradation, the Mw distribution of the native and ox-AX samples was 
analysed by HPSEC (Fig. 1). The apparent Mw of wheat AX was deter-
mined by using the retention time of the maximum value of the peak, 
which gave a Mw value for AX of around 400 kDa, in accordance with 
previous reports (200− 700 kDa) (Dervilly, Saulnier, Roger, & Thibault, 
2000; Dervilly-Pinel, Thibault, & Saulnier, 2001; Izydorczyk, 2009; 
Saulnier, Sado, Branlard, Charmet, & Guillon, 2007). Compared to AX, 
the apparent Mw of the three ox-AX samples decreased and it was noted 
that the ox-AX samples were more polydisperse, as observed by the 
broad peaks in Fig. 1. This can be due to the charge effect due to polymer 
oxidation, or due to polymer degradation. Furthermore, compared to the 
preliminary ox-AX0.2:2.6:0.4, whose apparent Mw was similar to the Mw 
of the native AX (Fig. S1A), these results suggest that increasing the 
amount of TEMPO and/or NaOCl (from 0.2 to 1.0, and from 0.4 to 1.5 
mol eq. of C5-OH, respectively, Table 1) might favor polymer degra-
dation. The smallest decrease in the apparent Mw was obtained for 
ox-AX1.0:2.6:0.4 (175 kDa), followed by ox-AX0.2:2.6:1.5 (124 kDa) and 
ox-AX1.0:2.6:1.5 (106 kDa). These results indicate that, within the condi-
tions tested in our work, NaOCl used at 1.5 mol equivalent of C5-OH 
potentiates polymer degradation, especially when TEMPO was only 
present at low level. This suggests that TEMPO can protect against 
polymer degradation, as reported before (Spier et al., 2017). Further-
more, the polymer degradation likely boosted by an elevated amount of 
NaOCl is probably be due to non-selective oxidation of vicinal secondary 
hydroxyl groups at C-2 and/or C-3 of Ara and/or Xyl to carbonyl groups 
triggered by NaOCl (Rejzek, Mukhopadhyay, Wenzel, Lam, & Field, 
2007), which probably caused instability and degradation of the xylan 

Fig. 1. HPSEC elution patterns of the native AX (____), and of the TEMPO oxidized AX samples ox-AX1.0:2.6:1.5 (…….), ox-AX0.2:2.6:1.5 (_.._.._), and ox-AX1.0:2.6:0.4 (_ _ _ _). 
Pullulan standards were used to calibrate the system. Population (1) present in ox-AX1.0:2.6:1.5 and ox-AX1.0:2.6:0.4. 
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backbone. Despite the decrease in the Mw, the still high Mw of the ox-AX 
samples indicates that the AX native structure could be largely 
conserved. This result agrees with literature suggesting that a TEM-
PO/NaClO2/NaOCl approach only leads to minimal polysaccharide 
depolymerization (Saito et al., 2010; Tamura et al., 2009, 2010; Tanaka 
et al., 2012). 

Interestingly, within the ox-AX samples, the oxidized samples ob-
tained with the highest amount of TEMPO (ox-AX1.0:2.6:1.5 and ox- 
AX1.0:2.6:0.4) displayed a second population being more shifted to the left 
in the HPSEC elution pattern (population (1) in Fig. 1). This population 
has an apparent Mw higher than 400 kDa and is especially present when 
higher amounts of TEMPO and lower amounts of NaOCl were used (ox- 
AX1.0:2.6:0.4, Fig. 1). The presence of this population suggests that part of 
the ox-AX1.0:2.6:0.4 molecules have an increased hydrodynamic volume, 
probably due to an increase in repulsing anionic groups on the polymer 
formed during TEMPO oxidation (Guo, Ai, & Cui, 2018). This phe-
nomenon was seen before by ter Haar et al. (2010) studying TEMPO/-
NaBr/NaOCl oxidized starches with different degrees of oxidation (DO). 
Thus all together, it can be speculated that among the various ox-AX 
samples, ox-AX1.0:2.6:0.4 is the most oxidized AX, followed by 
ox-AX1.0:2.6:1.5 and ox-AX0.2:2.6:1.5. Moreover, this suggests that TEMPO 
is key in the oxidation reaction, and that increasing the NaOCl does not 
lead to an increase in the oxidation level but preferably boosts polymer 
degradation. Although working at a different pH, this agrees with the 
findings that in alkaline medium, NaOCl can lead to more depolymer-
ization (Lin et al., 2019; Shibata & Isogai, 2003), while it also has been 
reported that increasing the NaOCl in a TEMPO:NaBr:NaOCl system at 
alkaline pH leads to a higher content in carboxyl groups (Huang et al., 
2013; Lin et al., 2019). 

3.2. Sugar composition of TEMPO-oxidized AX samples 

The sugar composition of the native and TEMPO ox-AX samples is 
shown in Table 2. AX was composed of Xyl (58.9 %, w/w) and Ara (31.6 
%, w/w) with a molar Ara:Xyl ratio of approximately 0.5, which is in 
accordance with literature for wheat AX (Gruppen, Hamer, & Voragen, 
1992; Izydorczyk & Biliaderis, 1993; Izydorczyk, 2009; Saulnier et al., 
2007). Regarding the ox-AX samples, ox-AX1.0:2.6:1.5 was composed of 
57.5 % (w/w) Xyl, and both ox-AX0.2:2.6:1.5 and ox-AX1.0:2.6:0.4 were 
composed of 53.9 % (w/w) Xyl (Table 2). This showed that Xyl was 
largely recovered (> 80 %) in all ox-AX samples. The high recovery of 
Xyl indicates that none or minor changes of the xylan backbone have 
occurred during TEMPO oxidation, as expected, since TEMPO preferable 
oxidizes primary alcohols with minimal effect on secondary alcohols, as 
those present in Xylp units (Bowman et al., 2011; Davis & Flitsch, 1993; 
Takeda, Miller, & Fry, 2008). 

Contrarily, the Ara content in the ox-AX samples abruptly decreased 
comparatively to the parental AX sample (31.6 %, w/w). ox-AX1.0:2.6:1.5, 
ox-AX0.2:2.6:1.5 and ox-AX1.0:2.6:0.4 were respectively composed of 0.9 %, 
9.5 % and 2.1 % (w/w) of Ara (Table 2), explaining the very low re-
covery yield of Ara (approximately 3 %, 30 % and 6 % for ox- 

AX1.0:2.6:1.5, ox-AX0.2:2.6:1.5 and ox-AX1.0:2.6:0.4, respectively). This shows 
that Ara was preferentially TEMPO-oxidized, as expected since only the 
primary alcohols of Ara units are susceptible to oxidation (Bowman 
et al., 2011; Saito et al., 2010; Spier et al., 2017; Tojo & Fernández, 
2007). The large decrease in Ara suggests a degree of Ara oxidation 
higher than 90 % for ox-AX1.0:2.6:1.5 and ox-AX1.0:2.6:0.4, and 70 % for 
ox-AX0.2:2.6:1.5. These values agree with HPSEC results suggesting that 
ox-AX1.0:2.6:0.4 and ox-AX1.0:2.6:1.5 had the highest DO, followed by 
ox-AX0.2:2.6:1.5. Connected to the decrease in Araf, a new compound 
(coded ox-Product in Table 2) was detected in the HPAEC elution 
pattern of the ox-AX hydrolysates (Supplementary Material, Fig. S2). 
This novel compound, which eluted at retention times commonly found 
for uronic acids (results not shown), might be derived from the oxidation 
of Ara into its uronic acid form (arabinuronic acid, AraA). Due to the 
lack of standards, the identification and quantification of this new 
compound as AraAf could not be ascertained by HPAEC. Accordingly, 
the sugar recovery was calculated for all ox-AX samples considering only 
Ara and Xyl, which led to an expected low sugar recovery ranging from 
50.1 to 62.1 % (w/w) (Table 2). 

3.3. Characterization of ox-AX1.0:2.6:0.4 by 1D- and 2D-NMR 

Together, the sugar composition and the Mw distribution of the ox- 
AX samples suggested that ox-AX1.0:2.6:0.4 had the highest DO of Ara 
and was least degraded. Therefore, this sample was chosen to be further 
characterized to elucidate the structure of the ox-product recognised by 
HPAEC. The 1H-NMR spectra of the anomeric region of the mono-
saccharides present in the hydrolysates of the AX and ox-AX1.0:2.6:0.4 

samples are shown in Fig. 2. Full 1H-NMR spectra and signal integrals 
are shown in supplementary material (Fig. S3). For AX hydrolysate 
(Fig. 2, line A), the doublets at δ 5.15 ppm and δ 4.48 ppm correspond to 
the α-anomeric proton derived from Xyl and Ara, respectively, whereas 
the doublets at δ 4.53 ppm and δ 5.20 ppm are derived from the 
β-anomeric proton of Xyl and Ara, respectively, according to Benesi, 
Falzone, Banerjee, and Farber (1994). 

The α/β-anomeric proton signal intensities derived from Xyl in the 
1H-NMR spectrum of both AX and ox-AX1.0:2.6:0.4 hydrolysates (Fig. 2, 
line A and B, respectively) were comparable. Contrarily, the 
α/β-anomeric proton signal intensities derived from Ara largely 
decreased in the ox-AX1.0:2.6:0.4 hydrolysate (Fig. 2, line B) relatively to 
the ones derived from AX (Fig. 2, line A). These observations agree with 
the results obtained by HPAEC. Additionally, the 1H-NMR spectrum of 
the ox-AX1.0:2.6:0.4 hydrolysate exhibited three new doublets, one at 
around δ 4.60 ppm (peak c, Fig. 2, line B) and two between δ 5.3–5.4 
ppm (peaks b and a, Fig. 2, line B), in comparison to AX hydrolysate. 
Considering that TEMPO oxidizes Ara to AraA, the doublets of the 
α/β-anomeric protons of AraA should be less protected than the 
respective doublets of Ara, due to the presence of a carboxyl group in the 
AraA structure, as observed for e.g. GalA comparatively to Gal (Kiemle, 
Stipanovic, & Mayo, 2004; Merkx et al., 2018). Thus, two out of the 
three new observed doublets that appear in the anomeric region in Fig. 2 

Table 2 
Yields, sugar composition and recovery of the native AX, and of the oxidized AX (ox-AX) samples using various ratios of TEMPO:NaClO2:NaOCl.  

Sample 
Yielda 

(%, w/w) 

Carbohydrate composition (%, w/w)b Sugar 
Recovery 
(%, w/w)c Ara Xyl Total Ox-Product 

AX – 31.6 ± 0.1 58.9 ± 0.5 90.5 ± 0.6 – – 
ox-AX1.0:2.6:1.5 97 0.9 ± 0.0 56.5 ± 0.6 57.5 ± 0.6 + 55.7 ± 0.6 
ox-AX0.2:2.6:1.5 98 9.5 ± 0.2 53.9 ± 0.4 63.4 ± 0.6 + 62.1 ± 0.6 
ox-AX1.0:2.6:0.4 91 2.1 ± 0.1 53.9 ± 1.9 55.9 ± 1.9 + 50.1 ± 1.8 

ox-AXb: oxidized arabinoxylan (ox-AX) obtained with a b TEMPO:NaClO2:NaOCl ratio per mol of C5-OH of Ara. 
a Yield in weight % relative to the native AX. 
b Results are expressed as average (n = 2) weight % of sample. Presence of the oxidized product formed during TEMPO-oxidation reaction is indicated with +, and 

absence with –. 
c Results are expressed as average (n = 2) weight % of native AX. ox-Product is not accounted in the sugar recovery of ox-AX samples. 
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(signals a, b, and c) might be derived from the H-1 of α/β-AraA. 
To assign the new doublets that appear in the anomeric region of the 

1H-NMR spectrum (signals a, b, and c in Fig. 2, line B) of the ox- 
AX1.0:2.6:0.4 hydrolysate to their corresponding protons and to unveil the 
structure of the ox-product present in this sample, the ox-AX1.0:2.6:0.4 

hydrolysate was fractionated by SPE. This yielded a neutral Hydr_ox- 
AX1.0:2.6:0.4_H2O fraction retaining the Ara and Xyl residues (still) pre-
sent (Fig. 2, line C), and an acidic Hydr_ox-AX1.0:2.6:0.4_TFA fraction 
containing the ox-product (Fig. 2, line D). Consequently, this fraction 
was further analysed by homonuclear 1H-1H correlation (COSY) (Fig. 3) 
to reveal the structure of the ox-product. 

The 2D 1H-1H COSY spectrum enabled identification of the α- and 
β-conformations of the H-1, H-2, H-3, and H-4 signals of AraA (Fig. 3 and 
Table 3), which appeared from the least to the most shielded chemical 

shift signal as follows: β-H1 (5.38 ppm) > α-H1 > α-H4 > β-H3 > β-H4 >
α-H3 > β-H2 > α-H2 (4.02 ppm). This chemical shift sequence and the 
1H-1H coupling constants obtained in our study for AraA (Table 3) are 
similar to the ones observed by Wu and Serianni (1991), who oxidized 
Ara to AraA via methyl glycosidation of Ara, followed by oxidation of 
methyl-Araf to methyl-AraAf using platinum oxide, and hydrolysis of the 
methyl-AraAf to AraAf before analysis by 1H-NMR spectroscopy. These 
authors verified that the H-1 of the α- and β-conformation of AraA were 
only δ 0.03 ppm separated from each other, which was also seen in our 
work (δ β-H1 - δ α-H1 = δ 0.03 ppm). The 2D-NMR results proved that 
part of the Ara was selectively oxidized to AraA, resulting in an anionic 
polymer (arabinuronoxylan), which has potential to be further explored 
for its polyuronides properties (Pierre et al., 2017). Additionally, 
2D-NMR also allowed us to unveil the three new doublets that appeared 
in the 1H-NMR spectrum of the ox-AX1.0:2.6:0.4 hydrolysate. The doublets 
at δ 5.38 ppm and δ 5.35 ppm (signal a and b, respectively, Fig. 2, lines B 
and D) are the H-1 signals of the β-AraA and α-AraA, respectively, 
whereas the doublet at δ 4.6 ppm (signal c, Fig. 2, lines B and D) is the 
H-4 signal of the α-AraA. Considering only the anomeric signal integrals 
(Supplementary Material, Fig. S3) derived from the α/β-forms of AraA, 
Ara, and Xyl in the 1H-NMR spectrum, the relative content of AraA in the 
ox-AX1.0:2.6:0.4 sample was approximately 7 % (mol/mol), with 4 % and 
89 % (mol/mol) accounting for Ara and Xyl, respectively. This relative 
AraA content is rather low when compared to the Ara content (35 %, 
mol/mol). Consequently, from these results, some AX debranching 
cannot be ruled out during TEMPO-oxidation. 

Apart from AraA chemical shifts, other signals were seen in the 2D- 
NMR spectrum of the Hydr_ox-AX1.0:2.6:0.4_TFA fraction. The doublet 
at δ 3.84 ppm (X in Fig. 3 and Table 3) and the triplet at δ 4.33 ppm (Z in 
Fig. 3 and Table 3) had vicinal coupling (3JHH of 4.1 Hz). As the chemical 
shift at δ 4.33 ppm (Z) is a triplet, it must have two coupling partner 
protons, meaning that the doublet at δ 3.84 ppm (X) must be composed 
of two proton nuclei, which couple identically with proton Z. This would 
explain the double signal intensity obtained for the doublet X in com-
parison to the triplet Z (Supplementary Material, Fig. S3), since the 
signal integral is proportional to the number of nuclei contributing to 
the signal (Malz & Jancke, 2005). Hence, the compound comprising the 
X and Z signals was putatively assigned to arabinaric acid (Table 3), the 
aldaric acid form of arabinose (arabinaric acid structure is shown in 
Supplementary Material, Fig. S3), which can explain the relatively low 
AraA level in the ox-AX1.0:2.6:0.4 hydrolysate. Besides X and Z signals, 
other chemical shifts were seen in the 2D-NMR spectrum of the 
Hydr_ox-AX1.0:2.6:0.4_TFA fraction (singlet at δ 4.18 ppm; signals 

Fig. 2. 1H-NMR spectra (600 MHz) of the 
anomeric region of the monosaccharides present 
in the hydrolysates of the native AX (A), and ox- 
AX1.0:2.6:0.4 (B), and of the fractions Hydr_ox- 
AX1.0:2.6:0.4_H2O (C) and Hydr_ox- 
AX1.0:2.6:0.4_TFA (D) obtained from SPE of the 
hydrolysate of the ox-AX1.0:2.6:0.4 sample with 
water and acetonitrile:water (60:40; v/v) con-
taining 0.05 % (v/v) TFA, respectively. α- and 
β-anomeric proton signals of Xyl and Ara, and 
additional chemical shifts arising in the 
anomeric region (a, b, and c) of the ox- 
AX1.0:2.6:0.4 sample compared to the native AX 
are highlighted in grey boxes.   

Fig. 3. The 2D 1H-1H COSY spectrum of the Hydr_ox-AX1.0:2.6:0.4_TFA fraction 
in D2O. Signal assignments of the α- and β-conformation protons of AraAf are 
shown in blue and red, respectively. Signal at δ 4.8 ppm and at δ 3.33 ppm are 
due to residual H2O and methanol, respectively. 

C.O. Pandeirada et al.                                                                                                                                                                                                                         



Carbohydrate Polymers 259 (2021) 117781

7

between δ 3.5–3.8 ppm) (Fig. 3), but the corresponding unknown 
compounds could not be identified. 

To verify if the proposed arabinaric acid and the other unknown 
chemical shifts were derived from side oxidation reactions of Ara during 
TEMPO reaction, NMR analyses were performed on the non-hydrolysed 
AX and ox-AX1.0:2.6:0.4 samples. Only chemical shifts assigned to (re-
sidual) α-Ara, α-AraA, and β-Xyl were seen in the anomeric region of the 
1H-NMR spectrum of the non-hydrolysed ox-AX1.0:2.6:0.4 (Fig. 4, full 
NMR spectra are shown in Fig. S4). Signals a’, b’, and c’ in Fig. 4 were 
attributed to the H-1 of α-AraA based on our NMR results of ox- 
AX1.0:2.6:0.4 hydrolysate (Figs. 2 and 3), and on literature showing that H- 
1 signals of t-GlcA in glucurono-arabinoxylans falls within the δ 5.0–5.6 
ppm range (Munk et al., 2020; Yin, Lin, Nie, Cui, & Xie, 2012). Hence, 
these results indicate that the proposed arabinaric acid was likely 
formed from oxidation of the released AraAf during methanolysis and 
TFA hydrolysis of ox-AX1.0:2.6:0.4, and that no other oxidation products 
than AraA are formed during TEMPO oxidation of AX. Generally, aldaric 
acids are produced by nitric acid oxidation of aldoses or by oxidation of 
the C1 terminal aldehyde group of an uronic acid (Hinton, 
Manley-Harris, Hardcastle, & Kiely, 2013; Mehtiö et al., 2016), although 
it has never been reported for the acid hydrolysis conditions used in our 
study. 

Relatively low AraA signal intensities were noted in the 1H-NMR 
spectrum of ox-AX1.0:2.6:0.4 (Fig. 4B) in comparison to the corresponding 
Ara signal intensities in the 1H-NMR spectrum of AX (Fig. 4A). However, 
accurate AraA quantitation could not be performed using these 1H-NMR 
results due to the high viscosity of the ox-AX in comparison to AX. 

3.4. Glycosidic linkages pattern of AX and ox-AX1.0:2.6:0.4 

GC–MS analyses of the partially-methylated alditol acetate (PMAA) 
forms derived from AX and carbodiimide/NaBD4 carboxyl-reduced ox- 
AX1.0:2.6:0.4 were performed to compare the substitution pattern over the 
xylan backbone between AX and ox-AX1.0:2.6:0.4 samples. About 65.7 % 
(mol/mol) (4-Xylp, mol/mol % of all Xyl residues in Table 4) of the 
β-(1→4)-xylan backbone in native AX was unsubstituted. Substitution of 
the xylan backbone occurred preferably as single-substitution at position 
O-3 of Xyl (24.7 %), but low amounts of double substitution at both O-2 
and O-3 Xyl positions (5.8 %) and minor single-substitution at position 
O-2 of Xyl (2.3 %) also occurred in AX. These results are in agreement 
with previous studies (Gruppen, Hamer et al., 1992; Izydorczyk, 2009; 
Kormelink & Voragen, 1993; Saulnier et al., 2007). 

Similar relative terminal-Xylp amounts were found for AX and red- 
ox-AX1.0:2.6:0.4 (Table 4), next to an increase of 1.8 % (mol/mol) in the 
relative amount of 2,4-linked Xylp, likely due to debranching at position 
O-3 of the 2,3,4-Xylp unit. The relative 4- and 3,4-Xylp amounts present 
in the red-ox-AX1.0:2.6:0.4 sample decreased 7.9 % and 8.6 %, respec-
tively, whereas the 2,3,4-Xylp amount concomitantly increased 14.9 % 
(mol/mol). This suggests that ox-AX1.0:2.6:0.4 underwent under-
methylation, which is substantiated by the increased 2,3,4-Xylp content. 
Even though no conclusions can be drawn on the double substitution Xyl 
pattern due to undermethylation, still 20.2 % out of 27.0 % (mol/mol) 
expected single-substituted Xyl units (2,4- and 3,4-Xylp) are present in 
the ox-AX1.0:2.6:0.4. This suggests a DO of Ara higher than 75 % as 
derived from single-substituted xylan segments only. From this 75 %, 60 

Table 3 
1H chemical shifts (ppm) of the protons assigned to α- and β-AraA by 2D 1H-1H COSY, values of the 3JHH coupling constant of these protons in Hz, and type of signal of 
each proton.  

Compound Chemical Shift (ppm) Proton 3JHH Coupled nuclei 3JHH Coupling constant (Hz) Type of signal 

α-D-Arabinuronic acid 

5.35 H1 H1-H2 1.8 Doublet 
4.02 H2 H2-H1 1.8 Double doublet   

H2-H3 2.9 
4.28 H3 H3-H2 2.9 Double doublet   

H3-H4 4.1 
4.6 H4 H4-H3 4.1 Doublet 

β-D-Arabinuronic acid 

5.38 H1 H1-H2 4.3 Doublet 
4.04 H2 H2-H1 4.3 

Double doublet   H2-H3 6.4 
4.36 H3 H3-H2 6.5 Double doublet   

H3-H4 5.7 
4.30 H4 H4-H3 5.7 Doublet 

Tentative compound assigned to δ 3.84 ppm and δ 4.33 ppm 

Arabinaric acid 
3.84 

X 
(H2, H4) 

H2-H3 
H4-H3 4.1 Doublet 

4.33 
Z 
(H3) 

H3-H2 
H3-H4 

4.1 
4.1 

Triplet  

Fig. 4. 1H-NMR spectra (600 MHz) of the 
anomeric region of the native AX (A) and ox- 
AX1.0:2.6:0.4 (B) samples. H-1 signals of the α-Ara 
linked at positions O-3 of 3,4-Xyl (a), O-3 of 
2,3,4-Xyl (b), andO-2 of 2,3,4-Xyl (c). a’, b’, and 
c’ are assumed to be the corresponding signals 
derived from α-AraA, as the H-1 signals of t- 
GlcA in glucurono-arabinoxylans also falls 
within δ 5.0-5.6 ppm (Munk et al., 2020; Yin 
et al., 2012). d corresponds to the chemical shift 
range of the H-1 of the β-Xyl. Ara and 
Xyl-derived signal assignments were performed 
using previously published data (Bengtsson, 
Andersson, Westerlund, & Åman, 1992; Grup-
pen, Hoffmaann et al., 1992; Guo et al., 2019; 
Rondeau-Mouro, Ying, Ruellet, & Saulnier, 
2011). Chemical shift range between δ 4.7-4.8 
ppm is due to residual H2O.   
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% correspond to O-3 substituted Xyl, showing that ox-AX1.0:2.6:0.4 was 
still mainly single-substituted at position O-3 of Xyl, similarly to AX. 
Considering that this 75 % single-substituted xylan segments should still 
be corrected for undermethylation, our results suggest that no major 
changes in the substitution pattern of the xylan backbone occurred. 

Regarding Ara, this sugar was mainly found as t-Araf (29.6 %, mol/ 
mol) in AX (Table 4), indicating that the xylan backbone is mainly 
branched with single Ara units. Only low levels (< 0.8 %) of substituted 
Araf residues (2-, 5-, and 3-Araf) were observed, showing the presence of 
few oligomeric-Ara side chains in the AX native structure, which was 
also reported before (Izydorczyk, 2009; Kormelink & Voragen, 1993). 
Similarly, the carbodiimide/NaBD4 carboxyl-reduced ox-AX1.0:2.6:0.4 

sample also displayed t-Araf as main Ara derived residue. However, this 
residue was identified as t-AraAf instead of t-Araf due to an increment of 
2 in the m/z value relative to the PMAA derived from Ara, as a result of 
the AraA reduction to Ara with carbodiimide/NaBD4 (Sims, Carnachan, 
Bell, & Hinkley, 2018; Taylor & Conrad, 1972). Carboxyl-reduced 
ox-AX1.0:2.6:0.4 contained 9.3 % (mol/mol) of t-AraAf and low amounts 
of 2,3,5- and 2-AraAf moieties (2.1 and 0.6 %, respectively) (Table 4). 
Although the absolute Ara amount initially present in the ox-AX1.0:2.6:0.4 

sample increased from 2.1 % (w/w) (Table 2) to 9.7 % (w/w) (Table S1) 
in the carboxyl-reduced ox-AX1.0:2.6:0.4 sample, the carboxyl-reduced 
ox-AX1.0:2.6:0.4 still contained AraA (Fig. S2), demonstrating incom-
plete reduction of ox-AX1.0:2.6:0.4. To reach complete reduction of 
ox-AX1.0:2.6:0.4 and to obtain more accurate results, more than two 
reduction treatments using carbodiimide/NaBD4 might be needed 
(Kamerling & Gerwig, 2007; Sims et al., 2018). Even though having 
incomplete reduction of ox-AX1.0:2.6:0.4 and having noted some under-
methylation of ox-AX1.0:2.6:0.4, these results show that the 
single-substitution pattern of the xylan backbone of AX was basically 
conserved in ox-AX1.0:2.6:0.4. This suggests that ox-AX1.0:2.6:0.4 has a 
structure closely related to its native AX by comprising AraA side chains 
in place of Ara mainly at positions O-3 and/or O-2 of Xyl. 

4. Conclusions 

TEMPO:NaClO2:NaOCl in a ratio of 1.0:2.6:0.4 per mol of C5-OH of 
Ara was the condition that allowed us to oxidize AX to an anionic 
polymer (arabinuronoxylan) with low level of polymer degradation, 
with minor effect on the xylan backbone and displaying charged side 
chains. These acidic side chains were identified to be arabinuronic acid 
(AraA) by COSY-NMR analysis of its monomeric oxidized-products, 
conferring an anionic nature to the polymer. Although an accurate 
AraA quantification could not be reached in our study and a low amount 
of Araf was lost during oxidation, the conversion of Araf towards AraA is 
rather complete. The glycosidic linkage analysis showed that >>75 % of 
the single-substituted β-(1→4)-xylan backbone was conserved in the ox- 
AX structure. Therefore, our results indicate that the ox-AX is an ara-
binuronoxylan mostly comprising AraA side chains, with a substituent 
distribution intimately related to its parental AX structure. This finding 
is rather interesting for structure elucidation of arabinoxylans by MS 
since AraA is heavier than the isomers Ara and Xyl, facilitating 
distinction of the Ara(A) side chains from the Xyl units by MS. Moreover, 
as AX are easily extracted and purified from cereals, and their level and 
pattern of branching with Ara can vary among AX from different sour-
ces, TEMPO-oxidation of various AX may yield arabinuronoxylans that 
display different functional properties, which is particularly valuable for 
further exploitation for food and/or biomedical applications. 
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