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Arabinoxylans (AXs) display biological activities that depend on their chemical structures. To structurally
characterize and distinguish AXs using a non-enzymatic approach, various TEMPO-oxidized AXs were partially
acid-hydrolysed to obtain diagnostic oligosaccharides (OS). Arabinurono-xylo-oligomer alditols (AUXOS-A) with
degree of polymerization 2–5, comprising one and two arabinuronic acid (AraA) substituents were identified in
the UHPLC-PGC–MS profiles of three TEMPO-oxidized AXs, namely wheat (ox-WAX), partially-debranched WAX
(ox-pD-WAX), and rye (ox-RAX). Characterization of these AUXOS-A highlighted that single-substitution of the
Xyl unit preferably occurs at position O-3 for these samples, and that ox-WAX has both more single substituted
and more double-substituted xylose residues in its backbone than the other AXs. Characteristic UHPLC-PGC–MS
OS profiles, differing in OS abundance and composition, were obtained for each AX. Thus, partial acid-hydrolysis
of TEMPO-oxidized AXs with analysis of the released OS by UHPLC-PGC-MS is a promising novel non-enzymatic
approach to distinguish AXs and obtain insights into their structures.

1. Introduction
There is a high interest in dietary fibres due to their associated health
benefits (Stephen et al., 2017). Cereals, such as wheat, rye, oat, and
maize, are among the main sources of dietary fibre, and their bran can be
added to food systems to increase the dietary fibre content (Roye et al.,
2020; Stephen et al., 2017). Arabinoxylans (AXs) are the major dietary
fibres found in cereals. Their biological activities are highly dependent
on the chemical fine structure of the AX (Wang et al., 2020). In terms of
chemical structure AX consists of a linear β-(1 → 4)-D-xylan backbone

that is substituted with single α-L-arabinofuranosyl (Araf) attached to
positions O-3 and/or O-2 of the β-D-xylopiranosyl (Xylp) unit (Perlin,
1951). The substitution pattern along the xylan backbone with Araf can
vary, depending on the cellular origin or source (Izydorczyk, 2009). For
example, pericarp AXs from wheat are reported to have the highest
degree of double-substituted Xyl units (Maes & Delcour, 2002), and
water extractable AXs (WEAX) from rye have a higher degree of singlesubstituted Xyl units than the corresponding WEAX from wheat (Buksa,
Praznik, Loeppert, & Nowotna, 2016; Migliori & Gabriele, 2010). More
complex structures have been reported, especially for rice, sorghum, and
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maize, comprising for example 4-O-methylglucopyranosyluronic acid,
acetyl and feruloyl groups as substituents (Izydorczyk, 2009).
The structure of AXs can be accessed through their enzymatic
depolymerization into (arabino-)xylo-oligosaccharides (AXOS) with
detailed analysis of these products using various methods, such as liquid
chromatography - mass spectrometry (LC-MS) and NMR (Hoffmann,
Geijtenbeek, Kamerling, & Vliegenthart, 1992; Makaravicius, Basin
skiene, Juodeikiene, Van Gool, & Schols, 2012; Van Gool et al., 2011).
An advantage of using pure and well characterized enzymes to depoly
merize AXs from various sources is that specific (diagnostic) OS are
obtained for structurally different AXs due to the enzyme's substrate
specificity (Trogh et al., 2004). The enzymatic depolymerization
approach results in characteristic chromatographic oligosaccharide
profiles for each type of AX, enabling a quick distinction among them. A
drawback of the enzymatic approach is that it requires pure and highly
specific enzymes, which are not always available (van Gool et al., 2013).
As an alternative to enzymatic hydrolysis, partial acid-hydrolysis is an
easy and more accessible approach to degrade polysaccharides (PS) into
OS (Aspinall & Ross, 1963). However, opposite to the enzymatic
approach, partial acid-hydrolysis of AXs to polymer structurerepresentative OS is hindered by the low acid stability of the Ara sub
stituents (Whistler & Corbett, 1955), leading to the formation of Ara and
Xyl monomers and XOS as main depolymerization products, no longer
representing the polymer's structural features.
The Ara residues of AXs can be selectively oxidized to arabinuronic
acid (AraA) using a TEMPO-mediated reaction (Bowman, Dien, O'Bryan,
Sarath, & Cotta, 2011; Pandeirada, Merkx, Janssen, Westphal, & Schols,
2021), yielding an arabinuronoxylan that comprises aldobiuronic acids
(AraA→Xyl) in its structure. The selective oxidation of Ara to AraA is due
to the high selectivity of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)
to oxidize primary hydroxyls, as those present at C5 of Araf in AX, to
carboxyl groups when the right co-oxidant is present (Bragd, Van Bek
kum, & Besemer, 2004; Isogai, Hänninen, Fujisawa, & Saito, 2018;
Pierre et al., 2017). The glycosidic linkage of aldobiuronic acids is more
resistant to acid degradation than the linkage between neutral sugars
(Bemiller, 1967; Mort, Qiu, & Maness, 1993; ter Haar et al., 2010).
Hence, the AraA side chains of arabinuronoxylans are expected to be
more resistant to acid treatments than the Ara side chains in AX. This
might allow the production of diagnostic arabinurono-xylo-oligomers
(AUXOS) upon partial acid-hydrolysis (Bowman et al., 2011).
Among the various chromatographic methods used to characterize
OS, such as high performance anion-exchange chromatography
(HPAEC) and hydrophilic interaction liquid chromatography (HILIC)
(Leijdekkers, Sanders, Schols, & Gruppen, 2011; Van Gool et al., 2011;
Westphal, Schols, Voragen, & Gruppen, 2010a), porous graphitic carbon
(PGC) chromatography has shown the ability to successfully separate
neutral and acidic oligosaccharide isomers (Borewicz et al., 2019; Gu,
Wang, Beijers, de Weerth, & Schols, 2021; Logtenberg et al., 2020;
Veillon et al., 2017). Due to the retention mechanism of the PGC column,
where the size, type of linkage, the conformational structure and
planarity of OS determine the interaction with the stationary phase
(Ruhaak, Deelder, & Wuhrer, 2009). Additionally, PGC ultra-highperformance liquid chromatography (UHPLC) is highly compatible
with MS, enabling in-depth characterization of OS by (tandem) MS ex
periments (Logtenberg et al., 2020; Ruhaak et al., 2009).
In this study, a non-enzymatic approach consisting of partial acidhydrolysis of various TEMPO-oxidized (ox-)AXs followed by analysis
of the released fragments using UHPLC-PGC-MS is proposed to obtain
characteristic chromatographic OS profiles for ox-AX structure investi
gation. Three AXs with different structures, wheat AX, partial aciddebranched wheat AX, and rye AX are studied. Structural character
ization of the released OS is used to obtain an insight into the structure of
the native AX.

2. Materials and methods
2.1. Materials
The arabinoxylans (AXs) studied were a wheat flour AX (WAX) of
medium viscosity (Ara:Xyl = 38:62, Purity >95%), a rye flour AX (RAX,
Ara:Xyl = 38:62, Purity ~90%), and a partially acid-debranched WAX
(pD-WAX, Ara:Xyl = 22:78, Purity >94%). All samples were purchased
from Megazyme (Wicklow, Ireland). β-(1 → 4)-linked xylo-oligomer
(XOS) standards with a degree of polymerization (DP) from 2 to 5
were also purchased from Megazyme. Sodium borodeuteride (NaBD4,
98%) was purchased from Sigma Aldrich (St. Louis, MO, USA). 2,2,6,6tetramethylpiperidine-1-oxyl radical (TEMPO, 98%), NaClO2 (80%),
and sodium hypochlorite solution (6–14% active chlorine NaOCl) were
purchased from Merck (Darmstadt, Germany). Methyl iodide (CH3I) was
obtained from VWR (Rue Carnot, France). Acetonitrile, isopropanol
(IPA), formic acid, and ULC-MS water were of UHPLC-grade (Biosolve,
Valkenswaard, The Netherlands). All water was purified in a Milli-Q
system from Millipore (Molsheim, France), unless otherwise mentioned.
2.2. TEMPO/NaClO2/NaOCl oxidation of polysaccharides
A TEMPO/NaClO2/NaOCl system at pH 4.6 was used to oxidize
WAX, pD-WAX, and RAX. TEMPO/NaClO2/NaOCl oxidation was per
formed as described previously (Pandeirada et al., 2021). To have one
uniform TEMPO-oxidation reaction for the three AXs, a TEMPO:NaO2Cl:
NaOCl ratio of 1.0:2.6:0.4 per mol of C5-OH in WAX or RAX was selected
to perform the reaction, as both WAX and RAX have the same Xyl:Ara
ratio. A polysaccharide concentration of 5.0 mg/mL was used for the
reaction and polysaccharide oxidation was performed in duplicate. All
oxidized (ox-)AXs were characterized and further subjected to a partial
acid-hydrolysis (Section 2.6) to create OS.
2.3. Sugar composition analysis by HPAEC-PAD
Monosaccharides composition was determined in accordance with
Pandeirada et al. (2021). After methanolysis (2.0 M HCl in dried
methanol, 16 h, 80 ◦ C) of the (ox-)AXs and acid hydrolysis using TFA
(2.0 M, 1 h, 121 ◦ C), the released monosaccharides were analysed by
High-Performance Anion-Exchange Chromatography with Pulsed
Amperometric Detection (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 × 250
mm; Dionex) was used for this analysis. Detection of the eluted com
pounds was performed by an ED40 EC-detector (Dionex) running in the
PAD mode. 10 μL of the diluted hydrolysates (25 μg/mL) 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 hy
droxide (NaOH: A) and 1.0 M sodium acetate (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 step (0.5 M
NaOH; 0.1 mL/min) was used from 0.0–34.9 min and from 68.1–78.0
min. All samples were analysed in duplicate. Standards of Ara and Xyl
(0–150 μg/mL) were used for quantification. Due to absence of a
commercially available AraA standard, the presence of this monomeric
sugar was identified without quantification. The collected data was
analysed using Chromeleon 7.2 software (Dionex).
2.4. Glycosidic linkage analysis
WAX, pD-WAX, and RAX were subjected to per-methylation analysis
to study the glycosidic linkage patterns. Partially methylated poly
saccharides were converted into their partially methylated alditol ace
tate (PMAA) forms by hydrolysis, reduction, and acetylation, and further
2
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analysed by gas-chromatography coupled to mass spectrometry (GCMS) as described elsewhere (Pandeirada et al., 2021). The collected data
was analysed using Xcalibur 4.1 software (Thermo Scientific) and
chromatographic peaks were identified comparing all mass spectra with
a laboratory made database of PMAA forms. The degree of branching
(DB) was calculated as [Xylsubst/Xyltotal], where Xylsubst is the sum of
(2,4-Xyl + 3,4-Xyl + 2*2,3,4-Xyl), and Xyltotal is the sum of (t-Xyl + 4Xyl + 2,4-Xyl + 3,4-Xyl + 2*2,3,4-Xyl) (Coelho, Rocha, Moreira,
Domingues, & Coimbra, 2016).

were tested, namely methanol, acetonitrile and acetonitrile:isopropanol
(50%, v/v), all containing 0.1% formic acid. Elution of OS using the
strongest organic mobile phase (acetonitrile:isopropanol (50%, v/v)
containing 0.1% formic acid) eluted OS with higher DP compared to the
other organic mobile phases (data not shown). Water (A) and 50% (v/v)
acetonitrile:isopropanol (B), both containing 0.1% (v/v) formic acid
were used as mobile phases. The following gradient was used: 0–13.3
min, 3–15% B; 13.3–40 min, 15–40% B; 40–41 min, 40–100% B;
41–46.3 min, 100% B; 46.3–47.3 min, 100–3% B; and 47.3–53.3 min,
3% B. The mass-to-charge ratio (m/z) of the separated OS was detected
by an LTQ-VelosPro mass spectrometer (Thermo Scientific) equipped
with a heated ESI probe. MS data were obtained in negative ion mode
with the following settings: source heater temperature 413 ◦ C, capillary
temperature 256 ◦ C, sheath gas flow 48 units, source voltage 2.5 kV and
m/z range 125–2000. As MS2/3 settings, CID with a normalised collision
energy of 35%, with a minimum signal threshold of 500 counts at an
activation Q of 0.25 and activation time of 10 ms were used. Mass
spectrometric data were processed by using Xcalibur 4.1 software
(Thermo Scientific). Peak areas of the identified (AU)XOS-A within a
DP2–7 as extracted from the MS signal were used for relative
quantification.

2.5. Molecular weight distribution by HPSEC-RI
The average molecular weight (Mw) was determined by high per
formance 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 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). Standards and samples (1.0 mg/mL) were
eluted from the system as described by Pandeirada et al. (2021). Pul
lulan standards (0.180–708 kDa; Polymer Laboratories, Church Stretton,
UK) were used to calibrate the SEC columns and used to estimate the Mw
distribution. The collected data was analysed using Chromeleon 7.2
software (Dionex Corporation). The extent of polysaccharide depoly
merization after TFA partial acid-hydrolysis into various degree of
polymerization (DP; DP < 2, 2 < DP < 20, DP > 20; % Released DPx) was
calculated using the area under the peak with a retention time (Rt) >
14.7 min for DP < 2, the area between 12.7 min < Rt < 14.7 min for 2 <
DP < 20, and the area with a Rt < 12.7 min for DP > 20 as percentage of
the area of the non-hydrolysed arabinoxylan.

3. Results and discussion
A TEMPO/NaO2Cl/NaOCl system was used to oxidize the Ara sub
stituents of three arabinoxylans (AXs) having different substitution
levels and patterns, namely a wheat AX (WAX), a partially aciddebranched WAX (pD-WAX), and a rye AX (RAX), to arabinuronic
acid (AraA). The oxidized (ox-)AXs were partially acid-hydrolysed to
obtain arabinurono-xylo-oligosaccharides (AUXOS) that allow charac
terization of AX structures by analysis of the generated AUXOS by MS.
Furthermore, the obtained oligosaccharide chromatographic profiles
among AXs were used to distinguish the three AXs.

2.6. Depolymerization of (ox-)AX samples using TFA partial acidhydrolysis

3.1. Sugar (linkage) composition of parental and TEMPO-oxidized
arabinoxylans

Native and ox-AX samples (2.0 mg) were partially acid-hydrolysed
with 0.2 M TFA (4.0 mL) in a closed glass tube for 2 h at 90 ◦ C (Guil
lon & Thibault, 1989; Sun, Gu, Shan, Zhang, & Cui, 2012). All poly
saccharides were hydrolysed in duplicate. Afterwards, the hydrolysates
were concentrated under N2 at room temperature (RT), and diluted in
milli-Q water for further characterization.

We have recently characterized the chemical structure of native and
ox-WAX samples (Pandeirada et al., 2021). WAX and RAX had an
identical molar Ara:Xyl ratio of 35:65 mol/mol%, in agreement with
previous works (Cyran, Courtin, & Delcour, 2003; Ebringerová &
Hromádková, 1992; Izydorczyk & Biliaderis, 1993; Makaravicius et al.,
2012; Sárossy, Tenkanen, Pitkänen, Bjerre, & Plackett, 2013). Although
having an identical Ara:Xyl ratio, RAX displayed a higher degree of
branching (DB) than WAX (47% and 39%, respectively, Table 1), which
is due to different levels of single- and double-substitution of the Xyl
units between samples. RAX has more single-substituted (1 → 4)-xylose
residues at position O-3 (39 mol% of total Xyl units) than WAX (25%).
RAX has only minor single substitution at position O-2 of Xyl (3%) or
double substitution at O-2 and O-3 position of Xyl. These results are in
agreement with literature for RAX showing that approximately half of
the Xyl units are single-substituted with Ara at position O-3 of the Xyl
unit, and that about 2% of the Xyl units are double-substituted (Buksa
et al., 2016; Cyran et al., 2003; Migliori & Gabriele, 2010).
Partial acid-hydrolysis of WAX led to removal of the Ara substitutes
present mainly at position O-3 of Xyl, yielding pD-WAX with a molar
Ara:Xyl ratio of 0.3 (Table 1). This was inferred from the decrease in the
1,3,4- and 1,2,3,4-linked Xyl units with a concomitant increase in the
1,4- and 1,2,4-linked Xyl units, when comparing pD-WAX to WAX
(Table 1).
Due to Ara oxidation, the molar Ara:Xyl ratio of all TEMPO-oxidized
AXs substantially decreased by appr. 90% (Table 1). AraA was identified
as the oxidation product derived from Ara in all ox-AXs by HPAEC (data
not shown). Additionally, most of the Xyl was recovered for all ox-AX
samples (Table 1), indicating an almost unchanged xylan backbone.
This result was expected since TEMPO/NaClO2/NaOCl preferentially

2.7. Oligosaccharides profile and characterization by UHPLC-PGC-MS
Prior to analysis, the reducing-end residue of the OS obtained from
partial acid-hydrolysis was converted into an alditol by reduction to
improve LC separation and to facilitate structure characterization by MS
(Sun et al., 2020). Briefly, 200 μL of 2.0 mg/mL of partially acidhydrolysed native and ox-AX samples or standard mixture composed
of Ara, Xyl, and XOS (DP2–5) was incubated with freshly prepared 0.5 M
NaBD4 (200 μL) for 20 h at 20 ◦ C. Reduced samples and standards were
cleaned-up by SPE using Supelclean™ ENVICarb™ columns (3 mL,
Sigma-Aldrich). Collected NaBD4-reduced OS-alditols, named (AU)XOSA, from the SPE column were dried under a stream of N2 at RT and
dissolved in Milli-Q water to a final concentration of 0.25 mg/mL for AX
and 0.05 mg/mL for XOS standards.
(AU)XOS-A were separated and analysed by ultra-high performance
liquid chromatography (UHPLC) using a porous-graphitized carbon
(PGC) as the stationary phase coupled to electron spray ionization (ESI)
mass spectrometry (MS). Liquid chromatography was carried out on a
Vanquish UHPLC system (Thermo Scientific, Waltham, MA, USA)
equipped with a Hypercarb PGC column (150 × 2.1 mm; 3 μm particle
size; Thermo Scientific) in combination with a Hypercarb guard column
(10 × 2.1 mm, 3 μm particle size; Thermo Scientific). The column oven
temperature was set at 70 ◦ C and the flow rate at 0.3 mL/min; injection
volume was 5.0 μL. Various elution conditions and organic modifiers
3
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et al., 2021).
Upon 0.2 M TFA partial acid-hydrolysis, all samples were broken
down to lower molecular weights (Fig. 1). About 57%, 84% and 65% of
the partially acid-hydrolysed ox-WAX, ox-pD-WAX and ox-RAX samples,
respectively, had a degree of polymerization (DP) between 2 and 20
(grey boxes in Fig. 1, Table S1), with still some degradation products
with a DP > 20 (16%, 14% and 31% for ox-WAX, ox-pD-WAX and oxRAX, respectively). TFA hydrolysis of native WAX, pD-WAX, and RAX
samples led predominantly to 2 < DP < 20 degradation products (40%,
42%, and 49%, respectively), but also to major amounts of degradation
products of around 200 Da, illustrating the release of monomers. Thus,
our results indicate that TEMPO-oxidation of AX creates an oxidizedpolymer with increased resistance to acid hydrolysis, due to the con
version of Ara to AraA within the polysaccharide, whose linkage is more
resistant to acid hydrolysis than the neutral Ara → Xyl linkage (Bemiller,
1967). Additionally, most of the fragments present in the partially acidhydrolysed ox-AXs had a 2 < DP < 20, a suitable DP range for OS
characterization by LC-MS (Leijdekkers et al., 2011; Westphal et al.,
2010a; Westphal, Schols, Voragen, & Gruppen, 2010b).

Table 1
Yield, sugar recovery, sugar composition and glycosidic linkage patterns, and
degree of branching (DB) of the native and of the oxidized (ox-)arabinoxylan
samples (WAX, pD-WAX, and RAX) with TEMPO/NaO2Cl/NaOCl.
WAX

oxWAX

pDWAX

ox-pDWAX

RAX

ox-RAX

–

91
50.1 ±
1.8
(83.3
± 2.9)

–

82
59.5 ±
4.9
(81.6
± 6.8)

–

84
41.8 ±
0.1
(80.2
± 0.1)

Carbohydrate composition (w/w %)c
Araf
31.6 ±
2.1 ±
0.1
0.1
(34.9
(3.7 ±
± 0.1)
0.0)
AraA
–
+
Xyl
58.9 ±
53.9 ±
0.5
1.9
(65.1
(96.3
± 0.1)
± 0.0)
Total
90.5 ±
55.9 ±
0.6
1.9

21.4 ±
0.4
(23.2
± 0.1)
–
70.9 ±
1.1
(76.8
± 0.1)
92.3 ±
1.5

1.8 ±
0.1
(2.5 ±
0.1)
+
70.6 ±
5.9
(97.5
± 0.1)
72.4 ±
6.0

27.1 ±
0.3
(34.8
± 0.3)
–
50.8 ±
1.2
(65.2
± 0.3)
77.9 ±
1.4

1.3 ±
0.1
(2.6 ±
0.2)
+
48.5 ±
0.1
(97.4
± 0.2)
49.8 ±
0.2

Glycosidic linkaged (mol %)
t-Xylp
1.4
4-Xylp
65.7
3,4-Xylp
24.7
2,4-Xylp
2.3
2,3,4-Xylp
5.8
DBe
38.6

2.1
78.7
12.0
5.2
2.1
21.3

n.d.
n.d.
n.d.
n.d.
n.d.

0.7
55.2
39.0
2.6
2.7
46.8

n.d.
n.d.
n.d.
n.d.
n.d.

Yield (w/w %)a
Ara + Xyl
Recovery
(w/w %)b

n.d.
n.d.
n.d.
n.d.
n.d.

3.3. Analysis of the released fragments upon TFA partial acid-hydrolysis
of TEMPO-oxidized AXs by UHPLC-PGC-MS
UHPLC-PGC-MS analysis of the partially acid-hydrolysed ox-AXs was
used with three main purposes. Firstly, to confirm that the released OS
indeed comprised AUXOS; secondly, to elucidate AUXOS structures to
obtain insights into the native AX structure; and thirdly, to distinguish
AXs by characteristic AUXOS chromatographic patterns. Prior to
UHPLC-PGC-MS analysis, the reducing-end of the partially acidhydrolysed ox-AXs was converted into an alditol by reduction with
NaBD4 (Sun et al., 2020), yielding (AU)XOS alditols that were desig
nated (AU)XOS-A.

n.d. – not determined.
a
Yield in weight % relative to the parental AX sample.
b
Results are expressed as average (n = 2) weight % of native polysaccharide
(AX). AraA is not accounted in the sugar recovery of ox-AX samples. Results in
parentheses are the Xyl recovery yield in % of weight Xyl per weight of native
polysaccharide.
c
Results are expressed as average (n = 2) weight % of sample. Results in
parentheses are the relative mol percentage (%) considering only Ara and Xyl
residues. Presence of AraA in the composition of the samples is indicated with +,
and absence with -.
d
Results are expressed in relative % (mol/mol) of all Xyl residues.
e
DB was calculated as [Xylsubst/Xyltotal], where Xylsubst is the sum of (2,4-Xyl
+ 3,4-Xyl + 2*(2,3,4-Xyl)) (Coelho et al., 2016).
f
Ara was mainly found as terminal-linked Ara units (data not shown).

3.3.1. Hydrolysates of TEMPO-oxidized AXs comprise (AU)XOS
The PGC column and MS detector allowed us to recognize the pres
ence of pentose-oligomers with a DP2–7 (Fig. 2). These pentoseoligomers were assigned to xylo-oligomers (XOS) by linear XOS stan
dards. Besides XOS, also isomeric singly- and doubly-AraA-substituted
XOS with a DP2–5 were identified in the UHPLC-PGC-MS profile
(Fig. 2). In total, 18 AUXOS-A were identified in the UHPLC-PGC-MS
profile, which are indicated in Fig. 2 by alphabet letters from an-gn.
Identical letters with a different subscript number indicates the presence
of isomeric AUXOS-A. Identification of these oligomers can be per
formed based on of their m/z values to AUXOS-A because AraA is 14 Da
heavier than the isomers Xyl and Ara (Bowman et al., 2011; Hosseini &
Martinez-Chapa, 2017). This result confirms the oxidation of AX to
arabinuronoxylan (Pandeirada et al., 2021) and corroborates the resis
tance of the AraA→Xyl linkage to acid hydrolysis under the conditions
used (0.2 M TFA, 90 ◦ C, 2 h) (Bemiller, 1967; De Ruiter, Schols, Vora
gen, & Rombouts, 1992; Mort et al., 1993; ter Haar et al., 2010).

oxidizes primary alcohol groups (Saito, Hirota, Tamura, & Isogai, 2010),
which only appear in the Ara side chains of AX. These results show that
all native AXs indeed have a different structure, and that, upon TEMPOoxidation, the Ara side chains of AXs are the main sugar residues to
undergo modification. This indicates that three differently modified
xylans were obtained.
3.2. Partially acid-hydrolysed TEMPO-oxidized AXs have larger
fragmentation products than the parental AX

3.3.2. Characterization of AUXOS-A using UHPLC-PGC-MS
To obtain more detailed insights in the chemical structures of the
formed AUXOS-A, tandem MS was performed on the identified AUXOSA in the UHPLC-PGC-MS profiles (Fig. 2). The fragmentation patterns of
the AUXOS-A with DP3 composed of AuXX' (m/z 430 [M-H]− ), and DP4
composed of Au2XX' (m/z 576 [M-H]− ) is discussed in detail below.

Native and TEMPO-oxidized AXs were partially acid-hydrolysed with
TFA to yield oligosaccharides (OS) and the polysaccharide depolymer
ization of the native and ox-AXs before and after partial acid hydrolysis
was monitored by HPSEC (Fig. 1). Results showed that native WAX is
slightly smaller (400 kDa) than RAX (414 kDa), in accordance with
literature (Buksa et al., 2016; Izydorczyk & Biliaderis, 1995). The
apparent Mw of ox-WAX (175 kDa) and ox-RAX (213 kDa) decreased in
comparison to WAX (Fig. 1A) and RAX (Fig. 1C), respectively, and both
ox-AXs were more polydisperse than the respective parental AX. The
increase in polydispersity can be due to the presence of repulsing anionic
groups arising from polymer oxidation and/or degradation. Similarly,
ox-pD-WAX was also more polydisperse than the respective native
sample, and it was observed that some of the molecules of ox-pD-WAX
eluted earlier than the ones of pD-WAX (42 kDa, Fig. 1B) (Pandeirada

3.3.2.1. Characterization of the DP3 AuXX' isomers b1, b2, and b3. Frag
mentation patterns of the singly-AraA-substituted XOS with DP3, iso
mers b1, b2 and b3 (m/z 430 [M-H]− ) are shown in Fig. 3A-C. Fragment
ions are described in accordance with the nomenclature of Domon and
Costello (1988). The parent ion with m/z 430 [AuXX'-H]− had m/z 284
as dominant fragment ion in the MS2 fragmentation spectra of all
isomeric structures (Fig. 3A-C). The latter ion derives from removal of
4
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Fig. 1. HPSEC elution patterns of the native (____) and oxidized (_ _ _) AXs, and of the TFA partially-acid hydrolysed native (__ __ __) and oxidized (……) AXs. A: wheat
arabinoxylan, B: partial acid-debranched wheat arabinoxylan and C: rye arabinoxylan. Pullulan standards were used to estimate the Mw (kDa). Grey box indicates the
time range corresponding to an apparent degree of polymerization between 2 and 20 (Pullulan).

the AraA side chain during fragmentation. This AraA removal during
fragmentation hampers structure elucidation of the OS. Fortunately,
although in low abundances, diagnostic fragment ions were seen in the
fragmentation spectra as well. The fragment ion m/z 236 (0,2 × 1) pre
sent in the spectrum of isomer b1 (Fig. 3A) resulting from a cross-ring
fragmentation at the non-reducing end Xyl, indicates that AraA is
linked at position O-3 of this Xyl unit. This indicates that isomer b1 has
the following structure: AraA(1 → 3)Xyl(1 → 4)Xyl.
For isomer b2 (Fig. 3B), the fragment ion m/z 298 (Y1) originating
from glycosidic cleavage of the xylan-backbone indicates that AraA is
linked at the xylitol residue. However, whether it is linked at position O2 or O-3 is difficult to ascertain. The low presence of the fragment ion m/
z 368, resulting from a loss of m/z 62, can be derived from C2-C3
cleavage of a substituted xylitol unit at position O-3, or from AraA
fragmentation/rearrangement (see Fig. S1). Furthermore, WAX and RAX
are mostly substituted at position O-3 than at position O-2 of Xyl (ratio
O-3:O-2 of 25:2 and 39:3 for WAX and RAX, respectively), as shown in
this study and reported in literature (Buksa et al., 2016; Cyran et al.,
2003; Izydorczyk, 2009; Migliori & Gabriele, 2010). Consequently, AraA
is most likely linked at position O-3 of the xylitol residue, giving the
following structure for isomer b2: Xyl(1 → 4)[AraA(1 → 3)]Xyl.
The presence of the C2 fragment with m/z 295 in the mass spectrum
of isomer b3 (Fig. 3C), which is derived from glycosidic cleavage of the
oligomeric xylan-backbone, shows that AraA is present at the nonreducing end Xyl unit. This result together with the fact that isomer b1
was verified to have AraA linked at the position O-3 of the non-reducing
end Xyl allows us to assign the structure of isomer b3 as AraA(1 → 2)Xyl
(1 → 4)Xyl. Additionally, a relatively high intensity of the fragment ion
with m/z 368 (0,2A3, Fig. 3C) was seen in the MS2 fragmentation

spectrum of isomer b3, which is likely derived from intra-cleavage of the
xylitol residue corresponding to the reducing-end Xyl unit. This suggests
that substituted Xyl at position O-2 induces intra-cleavage of the
contiguous reducing-end xylosyl unit, as reported for neutral AXOS with
DP3 (AX2) (Juvonen, Kotiranta, Jokela, Tuomainen, & Tenkanen, 2019).
3.3.2.2. Characterization of the DP4 Au2XX' isomers e1 and e2. Frag
mentation patterns found for DP3 were used to reveal DP4 structures
comprising two AraA units. The fragmentation patterns of DP4 isomers
e1 and e2 composed of Au2XX' with m/z 576 ([M-H]− ) are shown in
Fig. 4. As observed for the DP3 isomers b1, b2 and b3 (m/z 430 [M-H]− ),
also the fragment ion derived from the loss of an AraA unit during
fragmentation of the parent ion with m/z 576 was the dominant frag
ment ion (m/z 430 in Fig. 4A and B). Notably, for isomer e1, the frag
ment ion with m/z 444 (Y1, Fig. 4A) was present in high abundance. This
fragment ion corresponds to a xylitol unit double substituted with AraA
units, suggesting that isomer e1 has the following structure: Xyl(1 → 4)
[AraA(1 → 3), AraA(1 → 2)]Xyl. Although the minor fragment with m/z
277 may point to the presence of a B2 ion composed of a pentose (Xyl)
and an AraA, suggesting that isomer e1 could be composed of two
consecutive single substituted Xyl units with AraA, the structure high
lighted by the fragment ion with m/z 444 is most dominant. This shows
that isomer e1, more present in ox-WAX than in the two other AX
(Fig. 2), has a double-substituted Xyl unit, confirming that WAX has the
highest degree of double-substituted Xyl units (Table 1).
To obtain structural information about isomer e2, both MS2 and MS3
experiments were needed. The presence of the fragment ion m/z 152 (Y1,
Fig. 4B1) derived from the fragment ion m/z 430 in the MS2 spectrum
(Fig. 4B) indicates that one of the two AraA is present at the non5
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Fig. 2. UHPLC-PGC-MS base peak elution patterns (2–25 min) of the NaBD4-reduced TFA partially acid-hydrolysed ox-WAX (A), ox-pD-WAX (B), and ox-RAX (C).
AUXOS-A are identified by alphabet letters (a-g), identical letters with different subscript numbers are isomeric AUXOS-A. AUXOS-A composition is given in the table
inserted. AumXnX': m - number of AraA; n – number of xyloses; X' – terminal xylitol. * Background peak.

reducing end Xyl unit. Considering that this MS3 spectrum (Fig. 4B1) is
identical to the MS2 spectrum of isomer b3 (Fig. 3C), it is assumed that
one AraA in isomer e2 is linked at position O-2 of the non-reducing end
Xyl.
Although the minor presence of the m/z 368 may indicate a 0,2A3 ion
(Fig. 4B), resulting from intra-cleavage of a xylitol unit substituted with
AraA at the position O-2 in the MS2 spectrum of isomer e2, the fragment
ion with m/z 514 was more predominant. The m/z 514 suggests that the
position O-2 of the xylitol unit is free. Comparing these results with the
expected amount of double-substituted Xyl units from the glycosidic
linkages analysis (Table 1), it is speculated that the second AraA is also
linked at the non-reducing end Xyl. This would indicate that isomer e2
has the following structure: [AraA(1 → 3), AraA(1 → 2)]Xyl(1 → 4)Xyl.
However, the possibility of the second AraA located at position O-3 and/
or O-2 of the xylitol unit cannot be fully discarded.
These results indicate that the only DP4 Au2XX' isomers e1 and e2
(Fig. 2) consisted of an unsubstituted and a double-substituted Xyl unit.
This suggests that contiguous single-substituted Xyl units do not occur in
the WAX structure or were not released upon TFA partial acidhydrolysis. This result is in accordance with the tentative structural
models for WAX proposed by Gruppen, Hamer, and Voragen (1992) and
Gruppen, Kormelink, and Voragen (1993), where consecutive singlesubstituted Xyl units are seen only in trace amounts or do not even
exist. These authors proposed the presence of highly branched regions
consisting of unsubstituted and a double-substituted Xyl units.
The structures of the other AUXOS-A identified by UHPLC-PGC-MS
with m/z 298 (AuX'), 562 (AuX2X'), 694 (AuX3X'), and 708 (Au2X2X')
as [M-H]− were derived starting from the fragmentation patterns of the
characterized AUXOS-A with DP3 (AuXX') and DP4 (Au2XX'). Frag
mentation patterns of these OS are shown in supplementary material

(Fig. S1, S2, S3-S4, and S5, respectively). All 18 AUXOS-A identified in
the UHPLC-PGC-MS profile (Fig. 2) could be (tentatively) characterized,
with all results summarized in Table 2.
3.3.3. Distinctive UHPLC-PGC-MS AUXOS-A profiles among partially acidhydrolysed TEMPO-oxidized AXs
Knowledge on the type of AUXOS-A structures originating from each
TEMPO-oxidized AX was essential to understand individual AX struc
tural features, and to recognize similarities and/or differences among
samples. Partially acid-hydrolysed ox-WAX comprised of about 55%
XOS-A (DP2–7) and 45% AUXOS-A (DP2–5), with X2 (11%), X3 (20%),
and X4 (15%) as most predominant unsubstituted XOS-A (Table S2).
Tandem MS allowed us to (tentatively) assign the structure of the most
abundant AUXOS-A of ox-WAX, namely b2, e2, d3, d4, b1, and g1 (Fig. 5
and Table 2). This result demonstrated that single-substitution mainly
occurred at position O-3 of the Xyl unit (isomers b2 > d3 > d4 > b1 = g1),
representing 29% of all identified OS, and that 9% were AUXOS-A
containing O-2,3 double-substituted Xyl units (isomers c1, e1, and e2).
Both values agree nicely with the glycosidic linkage composition of WAX
(Table 1). These results show that in ox-WAX unsubstituted xylan re
gions are mainly intercepted by single- or double-AraA-substituted short
Xyl segments with mainly 2 and 3 Xyl units. This suggests that the
substituted Xyl units tend to appear in isolated clusters of single- and
double-substituted residues, and that there is an alternation between
less dense branched and highly-branched regions, which agrees with the
model proposed for WAX by Gruppen et al. (1993).
ox-pD-WAX (Fig. 2B) was mainly composed of unsubstituted XOS-A
(83%, Table S2), with a high proportion of X2 (14%), X3 (22%), and X4
(28%). 15% of all identified OS in ox-pD-WAX were AUXOS-A con
taining single-substituted Xyl units (Table S2), with minor substitution
6
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Fig. 3. Fragmentation spectra (ESI-MS2) in negative mode of the AUXOS-A with DP3 (parent ion [AuXX'-H]− with m/z 430) that eluted at 4.29 min (A), 6.88 min (B),
and 9.99 min (C) in the PGC elution profile shown in Fig. 2. Tentatively oligosaccharide structures are depicted. Fragment ions are described in accordance with
Domon and Costello (1988). More likely AUXOS-A structures are surrounded by a box.

occurring simultaneously at O-2 and O-3 positions of the Xyl unit (2%, e1
and e2 isomers), coinciding with the glycosidic linkage analysis of pDWAX (Table 1). Single-substitution of the (1 → 4)-Xyl in AUXOS-A
occurred mainly at position O-3 (11%), as represented by the three
most abundant structures Xyl(1 → 4)[AraA(1 → 3)]Xyl’ (b2, 3%), AraA
(1 → 3)Xyl(1 → 4)Xyl(1 → 4)Xyl’ (d4), and Xyl(1 → 4)Xyl(1 → 4)[AraA
(1 → 3)]Xyl(1 → 4)Xyl’ (f2) (Fig. 5). These results emphasize that (ox-)
pD-WAX has more contiguous unsubstituted Xyl regions than (ox-)WAX,
and that these regions are preferably interlinked by single-AraAsubstituted XOS-A, illustrating a low level of xylan substitution, as ex
pected. Furthermore, the sum of the singly-substituted AUXOS-A iso
mers f3, f4, and f5 (Table 2) accounted 8 and 14% of the total AUXOS-A
of ox-WAX and ox-pD-WAX (Fig. 5), respectively. This result also in
dicates that AUXOS-A comprising longer xylose sequences were majorly
present in ox-pD-WAX.
Similarly to ox-pD-WAX, also ox-RAX was mainly composed of XOSA (77%, Table S2), with a high proportion of X2 (14%), X3 (23%) and X4
(22%), demonstrating a low level of xylan substitution. Although this
result was expected for (ox-)pD-WAX based on our glycosidic linkage
analysis, it disagrees for ox-RAX, since RAX displayed the highest level

of branching among the studied AXs (Table 1) (Buksa et al., 2016; Cyran
et al., 2003; Migliori & Gabriele, 2010). This result suggests that RAX
has been partially debranched during TEMPO-oxidation and/or partial
acid-hydrolysis.
Despite the possible occurrence of debranching, diagnostic AUXOS-A
were still obtained for ox-RAX upon partial acid-hydrolysis. Ox-RAX
mostly comprised AUXOS-A containing single-substituted Xyl units
(19%, Table S2), with e2 being the only AUXOS-A comprising doublesubstituted Xyl units (4%, Fig. 5 and Table 2). Single-substitution of
Xyl was predominant at position O-3 (14%, Table S2) with f2 (4%), b1,
and d2 (3%) (Table 2) as the three most abundant AUXOS-A (Fig. 5). The
relative amount of O-3 substitution in the identified AUXOS-A of ox-RAX
is 25% lower than the corresponding O-3 substitution of RAX ascer
tained by linkage analysis, proposing that the noted partial debranching
of RAX mainly occurred at position O-3 of Xyl.
Regardless the fact that partial debranching of the AX can occur
during TEMPO-oxidation and/or partial acid-hydrolysis, important
compositional AUXOS-A differences were seen among samples. This
highlights that sample dependent-AUXOS-A profiles were successfully
obtained for each studied AX. For example, isomer e1 (Xyl(1 → 4)[AraA
7

C.O. Pandeirada et al.

Carbohydrate Polymers 276 (2022) 118795

Fig. 4. Fragmentation spectrum (ESI-MS2) in negative mode of the AUXOS-A with DP4 (parent ion [Au2XX'-H]− with m/z 576) that eluted at 7.57 min (A) and at
13.9 min (B) in the PGC elution profile (Fig. 2), and ESI-MS3 spectrum of the m/z 430 derived from the parent ion with m/z 576 is shown in (B1). Tentatively
oligosaccharide structures are depicted. In (A), red arrows with or indicate that AraA can be linked at position O-2 of the Xyl unit. Fragmentation of isomeric AUXOSA resulting in different X, Y, Z, A, B, and C ions are highlighted in blue and pink (A and B). Fragment ions are described in accordance with Domon and Costello
(1988). More likely AUXOS-A structures are surrounded by a box.

(1 → 2),AraA(1 → 3)]Xyl’) was majorly present in ox-WAX, scarcely
present in ox-pD-WAX, and absent in ox-RAX (Fig. 5). Accordingly,
isomer e1 can be considered a diagnostic AUXOS-A of ox-WAX. Addi
tionally, isomer d3 (Xyl(1 → 4)Xyl(1 → 4)[AraA(1 → 3)]Xyl’) was also
considered a diagnostic AUXOS-A of ox-WAX, as it was exclusively
found in the UHPLC-PGC-MS profile of ox-WAX (Fig. 2A and Fig. 5).
Thus, this indicates that both ox-pD-WAX and ox-RAX can be distin
guished from ox-WAX because e1 and d3 were marker AUXOS-A found
for ox-WAX.
Regarding ox-pD-WAX and ox-RAX, also these samples differed in
AUXOS-A composition. Specifically, ox-RAX (Fig. 2C) can be distin
guished from ox-pD-WAX (Fig. 2B) due to the absence in d1 and scarcity
in isomers f3-f5 (Table 2 and Fig. 5), together with an elevated amount in
e2 and f2 (Table 2 and Fig. 5). This highlights that the obtained UHPLCPGC-MS AUXOS-A patterns within a DP2–5 are AX-structure dependent
since it varied in OS abundance and composition among AXs. Therefore,
our results indicate that TEMPO-oxidation of AXs followed by partial
acid-hydrolysis and analysis of the released OS by UHPLC-PGC-MS is a
promising non-enzymatic approach to obtain insight in their oligosac
charide structures and to distinguish AXs by characteristic (AU)XOS-A
profiles.

that allow us to characterize and distinguish various AX samples. Our
results showed that partial acid-hydrolysis of TEMPO/NaClO2/NaOCl
oxidized AXs with different structural features (wheat AX (WAX), rye AX
(RAX), and partial acid-debranched (pD-)WAX) yields xylo-oligomers
(XOS) carrying arabinuronic acid (AraA) side chains (AUXOS), besides
XOS. Furthermore, an UHPLC-PGC-MS method that allows distinction
between AUXOS-alditol (AUXOS-A) isomers has been developed and, to
the best of our knowledge, this is the first time that UHPLC-PGC-MS was
used to study XOS carrying side chains that are not obtained from
enzymatic hydrolysis of AXs.
UHPLC-PGC-MS analyses of the NaBD4-reduced hydrolysates of oxAXs resulted in OS profiles that were AX-structure dependent. This
result is rather interesting because the generated OS profile can work as
a polysaccharide fingerprint for sample identification. Furthermore,
other types of AXs, e.g. glucuronoAX, acetylated AX, and feruloylated
AX, are also expected to undergo TEMPO-oxidation at the unsubstituted
Ara side chains and, upon partial acid-hydrolysis of the ox-AX, generate
independent (AU)XOS-A profiles. This would be due to differences in the
degree of branching and the presence of substituents besides AraA units.
Thus, partial acid-hydrolysis of TEMPO-oxidized AXs followed by
analysis of the generated (AU)XOS-A by UHPLC-PGC-MS is a promising
non-enzymatic approach to distinguish AXs, cereal dietary fibres of high
interest, and to obtain insight in their structures.

4. Conclusions
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Table 2
Overview of the m/z values of the identified AUXOS-A isomers as [M-H]− on the UHPLC-PGC-MS profile (Fig. 2) of the NaBD4-reduced TFA
partially acid-hydrolysed ox-WAX, ox-pD-WAX, and ox-RAX samples. Oligosaccharides (OS) composition and conclusive or tentative AUXOS-A
structures are depicted.

a

- Alphabet letters (a-g) are identified AUXOS-A, identical letters with a different subscript number are isomeric AUXOS-A.
- Abbreviations in accordance with Fauré et al. (2009). Au, arabinuronic acid; X, xylose; X', xylitol; subscript number indicates the amount of
each sugar in the OS.
c
- Symbolic representation in accordance with Perez (2018), including conclusively and tentatively characterized AUXOS-A: orange star, Xyl;
dark red star, AraA.
* - More likely AUXOS-A structure based on comparison with glycosidic linkage analysis and on the most dominant fragment ions present in the
b
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fragmentation spectrum.
+, indicates presence of OS; − , indicates absence of OS.

Fig. 5. Relative abundance (%) of arabinurono-xylo-oligomer alditols (AUXOS-A) present in the NaBD4-reduced partially acid-hydrolysed TEMPO-oxidized AX
samples (ox-WAX, ox-pD-WAX, and ox-RAX). AUXOS-A are identified by alphabet letters (a-g), identical letters with a different number are isomeric AUXOS-A.
AUXOS-A composition and structure, as based on the UHPLC-PGC-MS profile (Fig. 2) is given in Table 2. Peak areas of the identified XOS-A and AUXOS-A
within a DP2–7 as extracted from the MS signal were used for relative quantification (%).
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