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ABSTRACT: Delignified Arundo donax was sequentially extracted with DMSO, saturated barium hydroxide, and 1.0 M aqueous
NaOH solution. The yields of the soluble fractions were 10.2, 6.7, and 10.0% (w/w), respectively, of the dry Arundo donax
materials. The DMSO-, Ba(OH),- and NaOH-soluble hemicellulosic fractions were further fractionated into two subfractions by
gradient 50% and 80% saturation ammonium sulfate precipitation, respectively. Monosaccharide, molecular weight, FT-IR, and
1D (*H and “C) and 2D (HSQC) NMR analysis revealed the differences in structural characteristics and physicochemical
properties among the subfractions. The subfractions precipitated with 50% saturation ammonium sulfate had lower arabinose/
xylose and glucuronic acid/xylose ratios but had higher molecular weight than those of the subfractions precipitated by 80%
saturation ammonium sulfate. FT-IR and NMR analysis revealed that the highly acetylated DMSO-soluble hemicellulosic
subfraction (Hps,) could be precipitated with a relatively lower concentration of S0% saturated ammonium sulfate, and thus the
gradient ammonium sulfate precipitation technique could discriminate acetyl and non-acetyl hemicelluloses. It was found that the
DMSO-soluble subfraction Hps, precipitated by 50% saturated ammonium sulfate mainly consisted of poorly substituted O-
acetyl arabino-4-O-methylglucurono xylan with terminal units of arabinose linked on position 3 of xylose, 4-O-methylglucuronic
acid residues linked on position 2 of the xylan bone, and the acetyl groups (degree of acetylation, 37%) linked on position 2 or 3.
The DMSO-soluble subfraction Hpg, precipitated by 80% saturated ammonium sulfate was mainly composed of highly
substituted arabino-4-O-methylglucurono xylan and B-p-glucan.
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B INTRODUCTION

With the depletion of fossil fuel and the concern of
environmental protection, the development of sustainable
polymers from lignocellulosic biomass is receiving increased
attention. The sources of biomass can be divided into two
domains. The first domain mainly consists of the organic
fraction of municipal wastes and the residual material from
forestry and agriculture, such as wood, straw, etc. The second
domain is energy crops, such as whole cereal plants, willows,
and fodder grasses specifically to generate electricity or produce
biofuel.' Since the 1970s, biomass crops have attracted
increasing interest in energy supplies because they can satisfy
a relevant part of the energy demand and at the same time
reduce carbon dioxide (CO,) emission.”® Arundo donax is a
fast-growing perennial grass, native to East Asia, and is
widespread throughout the Mediterranean area; it has been
highlighted as one of the most promising crops in terms of
energy production in southern Europe.** It has been reported
that it has an annual production range from 20 to 25 ton/ha per
year (dry mass) to 100 ton/ha per year (dry mass) under
appropriate plantation conditions.’ The components (percent,
w/w) of Arundo donax were cellulose 28—36%, hemicelluloses

to previous reports for other grass, such as wheat straw® and
bamboo.” Their extractive contents are relatively higher than
those of other monocotyledons.'” Potential applications of
Arundo donax include the use as a source of fiber for paper,"
chemical feedstocks, and energy products.® To improve its
utilization, it is necessary to broaden the knowledge of
structural features of its components. A great number of papers
have dealt with the cultivation, productivity, and thermal
degradation characteristics.">'> However, only a few papers
have reported on the detailed structural characteristics of
hemicelluloses and lignin from Arundo donax.">'*
Hemicelluloses are noncellulosic and short-branched chain
heteropolysaccharides consisting of various different sugar
units, which are arranged in various proportions and
substituents."> The average degree of polymerization (DP) of
hemicelluloses is in the range of 80—200. Hemicelluloses have
gained increasing interest due to their potential as fuel ethanol
and other value-added chemicals, such as 5-hydroxymethylfur-
fural (HMF), furfural, levulinic acid, and xylitol,"® as viscosity
modifiers in food packaging film, as wet strength additives in
papermaking, as wound dressings, and as pharmaceutical
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auxiliaries.'”'® In addition, hemicelluloses have a series of

possible medical uses. For example, immunostimulating
activities have been reported for arabinoglucuronoxylans from
Echinacea purpurea.'® The highly branched, partially O-
acetylated f-1,4-p-xylan backbone carrying terminal f-p-
xylopranosyl units and acidic disaccharide side chains showed
strong anticomplementary activity.”® The water-soluble arabi-
noglucuronoxylans from corn cobs exhibited significant
immunostimulatory effects in vitro rat thymocyte test, which
was comparable to those of the commercial immunomodulator
Zymosan, a fungal f-glucan.”'

Hemicelluloses are usually associated with various other cell-
wall components such as cellulose, cell-wall proteins, lignin, and
other phenolic compounds by covalent, hydrogen bonding, and
ionic and hydrophobic interactions.”” In the conventional kraft
pulping process, most of the hemicelluloses from wood are
degraded into oligomers or mono sugars and dissolved in black
liquor along with dissolved lignin and the pulping chemicals
(inorganic substances). In addition, during the production of
ethanol, the removal of hemicelluloses is desired to improve the
accessibility of cellulosic material to hydrolytic enzymes.
Therefore, efficient utilization of the biomass components by
pre-extraction and isolation of hemicelluloses will increase
revenue streams for the lignocellulosic biorefinery and help to
maximize the utilization of biomass in the production of fuels,
chemicals, and materials. The isolation of hemicelluloses from
the raw material or holocellulose can be performed by organic
solvent (dimethyl sulfoxide, DMSO) or alkaline aqueous
solution (NaOH and KOH) extractions. A part of the
hemicelluloses can be extracted with DMSO, and the advantage
is that no cleavages of chemical linkages take place, which aids
in the study of their structure. Successive alkali treatments with
increasing concentrations avoid unnecessary exposure of
hemicellulosic materials to a high concentration of alkali and
yield polysaccharides having different structural features.”®

Hemicelluloses generally display a high degree of poly-
dispersity in their molecular size and chemical structure and
exhibit variations in proportions of sugar constituents, linkage
type, functional groups (ie, OH groups, acetoxy groups,
carboxyl groups, methoxyl groups, etc.), or degree and
arrangement of branching. Due to their different chemical
and molecular structures, hemicelluloses represent a different
type of polysaccharide that behaves differently from cellulose
and starch. Relatively small differences in the structure of
polysaccharides may give rise to substantial variations in their
physicochemical properties and applications. For example, non-
acetyl hemicelluloses with one or two free hydroxyl groups are
hydrophilic, and acetyl hemicelluloses are usually hydro-
phobic.* Acetylation of the hydroxyl groups of hemicelluloses
is one approach toward increasing the water resistances of
hemicelluloses.” In addition, acetyl hemicelluloses have higher
thermal stability than non-acetyl hemicelluloses.”*** Therefore,
it is sometimes necessary, when examining their molecular
structures or structure—property relationships, to fractionate
them into structurally more homogeneous material. In recent
years, much attention has been paid to developing effective
isolation and purification methods to obtain homogeneous
hemicelluloses with both high purity and yield. In our previous
studies, several fractionation techniques, such as graded ethanol
precipitation,*® iodine-complex precipitation,”” and anion-
exchange chromatography®® have been employed to obtain
homogeneous fractions. Graded ethanol precipitation and
anion-exchange chromatography could be used for fractiona-
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tion of hemicelluloses having a degree of branching and
molecular weight different from those of lignocellulosic
materials.”**® Todine-complex precipitation could discriminate
between linear and branched polysaccharides.”” Salting-out
procedures, such as ammonium sulfate precipitation, commonly
utilized in the isolation and fractionation of proteins,” have
received less attention in the area of isolation and fractionation
of polysaccharides. In the current work, the hemicellulosic
fractions were prepared by stepwise extraction of Arundo donax
samples with DMSO, saturated Ba(OH),, and aqueous 1.0 M
NaOH, followed by subfractionation through precipitation with
gradient ammonium sulfate. Moreover, the structural character-
ization of each subfraction was investigated by high-perform-
ance anion exchange chromatography (HPAEC), Fourier
transform infrared spectra (FT-IR), gel permeation chromatog-
raphy (GPC), and nuclear magnetic resonance (NMR) spectra.

B MATERIALS AND METHODS

Materials. Arundo donax was harvested in January 2011 in Sichuan
Province, People's Republic of China. After removal of leaves, the
trunks were chipped into small pieces. The chips were dried in sunlight
and then ground to pass a 0.8 mm screen. After being further dried at
60 °C for 16 h, the powder was dewaxed with 2/1 (v/v) toluene/
ethanol in a Soxhlet apparatus for 6 h. The dewaxed sample was
further dried in a cabinet oven with air circulation at 60 °C for 16 h.
The components (percent, w/w) of the Arundo donax were
holocellulose 66.1%, pentosans 25.4%, Klason lignin 19.9%, extractives
1.5%, and ash 3.9%, which were determined according to Tappi
standards (Tappi 2002) for measuring the chemical composition. All
standard chemicals were analytical grade, purchased from Sigma
Chemical Company (Beijing).

Arundo donax Samples

lToluene-ethanol (2:1,v/v)

Dewaxed samples

Delignification with aqueous NaClO,
Holocellulose

Sequential extractions with DMSO, saturated
Cellulose

Ba(OH),, and 1.0 M NaOH at 50 °Cfor 10 h

Filtrate )

Neutralization, concentration, dialysis,
and gradient (NH,),SO, precipitation

50% (NH;),80, 80% (NH,),S0,

Hpgo» Hpgo» Hnso

Figure 1. Scheme for fractional isolation of hemicelluloses from
Arundo donax.

Hpso, Hpsp, HNsp

Extraction and Fractionation. The fractional isolation of
hemicelluloses from Arundo donax is illustrated in Figure 1. The
dewaxed powder was delignified with 6% sodium chlorite at pH 3.6—
3.8, adjusted with 10% acetic acid, at 75 °C for 2 h. The residue,
holocellulose, was subsequently washed with distilled water and dried
at 60 °C for 16 h. Then the holocellulose (25.0 g) was successively
extracted by dimethyl sulfoxide (DMSO), saturated Ba(OH),, and 1.0
M aqueous NaOH with a solid to liquid ratio of 1/25 (g mL™") at 80
°C for 10 h under stirring. After the indicated period of treatment, the
insoluble residues were collected by filtration, washed with distilled
water until the pH of the filtrates was neutral, and then dried at 60 °C
for 16 h. The filtrate obtained by DMSO treatment was concentrated
to about 50 mL and then mixed with three volumes of ethanol. The
precipitate was then redissolved in water, ammonium sulfate was
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Table 1. Yield and Composition of Hemicellulosic Subfractions from Arundo donax

molar composition® (mol %) molar ratio
subfraction® yield® (%) Ara Gal Glc Xyl GlcA GlcA/Xyl Ara/Xyl
Hpso 8.13 4.91 0.19 4.98 87.27 2.65 0.03 0.06
Hpgo 1.18 6.53 5.22 17.03 60.15 11.08 0.18 0.11
Hgso 3.80 9.60 0.83 3.16 78.60 7.81 0.10 0.12
Hggo 1.39 15.82 3.68 6.45 61.33 12.72 021 0.25
Hyso 6.17 8.11 0.07 0.48 86.49 4.84 0.06 0.09
Huso 215 18.96 11.80 10.11 4979 9.34 0.19 0.38

“Hpso and Hpgo, Hyso and Hygg and Hysy and Hyg, represent the subfractions precipitated at 50% and 80% (NH,),SO, from DMSO-, Ba(OH),-,
and NaOH-soluble hemicelluloses, respectively. “Based on dry starting materials (w/w). “Expressed in relative molar percentages.

added slowly up to 50% saturation, and the solution was allowed to
stand overnight at 25 °C. The precipitated hemicelluloses were
collected by centrifugation (3500 g, 15 min), redissolved in distilled
H,0, and dialyzed until free of (NH,),SO,, freeze-dried, and
designated as Hpgy. Then the saturation level of (NH,),SO, in the
remaining filtrate was subsequently adjusted to 80%. The correspond-
ing precipitated hemicelluloses were labeled as Hpgy. The filtrates
obtained by the treatment of saturated Ba(OH), and 1.0 M NaOH
were adjusted to pH at 6.0 with 6.0 M HCI, concentrated, and dialyzed
until free of BaCl, or NaCl to give saturated Ba(OH), and 1.0 M
NaOH extracts, which were further fractionated by ammonium sulfate
precipitation in a manner similar to that mentioned above. Four
subfractions were obtained from each extract: Hyg,, Hyso, Hpgo, and
Hygo- Hpso and Hys, were obtained by precipitation with 50%
saturated ammonium sulfate, and hemicellulosic subfractions (Hpg,
and Hyg,) were obtained by precipitating with 80% saturated
ammonium sulfate from saturated Ba(OH), and NaOH extracts,
respectively.

Analytical Methods. The composition of neutral sugars and
uronic acids and the molecular weights of the hemicellulosic samples
were determined according to the literature.”” FT-IR experiments were
conducted using a Thermo Scientific Nicolet iN 10 FT-IR Microscopy
(Thermo Nicolet Corp., Madison, WI) equipped with a liquid
nitrogen cooled MCT detector. Dried samples were ground and
pelletized using BaF,, and their spectra were recorded from 4000 to
650 cm™" at a resolution of 4 cm™" and 128 scans per sample. The
solution-state '"H NMR spectra were recorded on a Bruker NMR
spectrometer at 400 MHz using 15 mg of hemicelluloses in 1.0 mL of
D,0. The chemical shifts reported were calibrated relative to the
signals from D,0, used as an internal standard, at 4.7 ppm for the 'H
NMR spectra. The degree of acetylation (DS,¢) was determined from
the relative intensities of signals of the acetyl group at 2.1 ppm and
those of all carbohydrate signals in '"H NMR spectra. The following
equation was used:

DSyc =
(sum on integrals for acetyl groups at 2.1 ppm)/3

(sum of integrals for carbohydrate signals at 3.0—S5.5 ppm)/6

The *C NMR spectra were recorded at 25 °C after 30 000 scans.
The sample (80 mg) was dissolved in 1.0 mL of D,O (99.8% D)
overnight at room temperature. Chemical shifts (§) were expressed
relative to the resonance of Me,Si (6 0). A 30° pulse flipping angle, a
3.9 us pulse width, and a 0.85 s delay time between scans were used.
The proton-detected heteronuclear single quantum correlation
(HSQC) spectra were acquired by the HSQCGE experiment mode,
over a t; spectral width of 10 000 Hz and a ¢, width of 1800 Hz, and
the acquired time (AQ) was 0.1163 s. The number of scan (NS) was
32. The delay between transients was 2.6 s, and the delay for
polarization transfer was set to correspond to an estimated average
"H-"C coupling constant of 150 Hz. Data processing was performed
using standard Bruker Topspin-NMR software.

4041

B RESULTS AND DISCUSSION

Yield and Composition. In plant cell walls, there are large
amounts of hemicelluloses with a wide variation in content and
chemical structure. Hemicelluloses generally consist of several
populations of polysaccharide molecules which vary in
structural characteristics. In general, one-step dilute alkali
treatment extracted only part of the hemicelluloses from both
holocellulose and lignified materials. Successive treatments with
neutral solvent or alkali of initially low and then high
concentration avoid unnecessary exposure of hemicellulosic
material to alkali that is more concentrated than that required
for the extraction.>*" In this case, sequential extractions of
hemicelluloses with DMSO, saturated Ba(OH),, and 1.0 M
NaOH at 50 °C were performed. The sequential treatments
solubilized 10.2, 6.7, and 10.0% of the hemicelluloses (percent
dry matter), respectively. In addition, stepwise addition of
ammonium sulfate to the solution of the three hemicelluloses
resulted in six subfractions. The yield and composition of each
subfraction are presented in Table 1. On the basis of the total
amount of dry material recovered, 8.1, 3.8, and 6.2% polymers
were precipitated at 50% saturation (NH,),SO,, accounting for
79.5, 56.4, and 61.6% of DMSO, saturated Ba(OH),, and 1.0 M
NaOH soluble hemicelluloses, respectively. Three other
subfractions were recovered after adjustment of the saturation
level of (NH,),SO, to 80%, and their yields were 11.2, 20.7,
and 21.5% of DMSO, saturated Ba(OH),, and 1.0 M NaOH
soluble hemicelluloses, respectively. Taken together, 90.7%,
77.1%, and 83.1% of DMSO, saturated Ba(OH),, and 1.0 M
NaOH soluble hemicelluloses were recovered by 50% and 80%
saturated (NH,),SO, precipitation, respectively, indicating that
small amounts of hemicelluloses, mainly degraded oligosac-
charides, were not recovered.

The sugar components of the six subfractions are presented
in Table 1. All the hemicellulosic subfractions were composed
mainly of xylose (49.8—87.3%), arabinose (4.9—19.0%), and
glucuronic acid (4.8—12.7%). Small amounts of glucose and
galactose were also detected. The data above suggested that a
substantial proportion of the polysaccharide in the cell walls of
Arundo donax consists of glucuronoarabinoxylans, which were
also found in other grasses, such as bamboo,** Vetiver grass,33
etc. The presence of glucose (3.2—17.0%) probably originated
from f-p-glucan, which was a group of polysaccharides found in
the cell wall of gramine, including grasses and cereals, and need
to be further characterized.**

It should be noted that in Hpsy and Hpg, obtained from the
DMSO-soluble hemicelluloses, xylose decreased from 87.3%
(Hpgo) to 60.2% (Hpgy), whereas arabinose increased from
4.9% to 6.5%, and glucuronic acid (GlcA) from 2.7% to 11.1%.
The ratios of arabinose to xylose (Ara/Xyl) and glucuronic acid
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to xylose (GlcpA/Xyl) are indicative of the degree of linearity
or branching of hemicelluloses.>® The ratios of Ara/Xyl and
GlcpA/Xyl increased from 0.06 to 0.11 and from 0.06 to 0.18,
respectively, with increasing concentrations of saturated
ammonium sulfate from 50% to 80%. Similar results were
also observed for other four hemicellulosic subfractions (Hpsg,
Hpso, Hysor and Hygo) obtained from saturated Ba(OH),- and
NaOH-soluble hemicelluloses, respectively. These results
suggested that the hemicellulosic subfractions precipitating at
the lower saturation level of ammonium sulfate (50%) had a
lesser substituted xylan backbone as compared with those
subfractions at a higher salt concentration (80%), which were
consistent with the results found for arabinoxylans of wheat
endosperm™ and wheat flour®” and glucuronoarabinoxylans of
sugar cane bagasse®® by graded ethanol or ammonium sulfate
precipitation techniques. The exact mechanism of polysacchar-
ide fractionation with (NH,),SO, is not yet fully known, but
the results of the present study indicated that the less branched
hemicellulose backbones were more likely to aggregate, force
out of the solution, and precipitate at relatively low levels of
(NH,),SO, saturation.

Molecular Weight. Differences in molecular weights
among the six subfractions were revealed by gel permeation
chromatography (GPC). The molecular weight data was based
on the amount of soluble material passing through the column,
which was denoted as GPC recovery. The values of the weight-
average (M,,) and number-average (M,) molecular weights and
polydispersity (M,,/M,) of the six hemcellulosic polymers are
given in Table 2. As can be seen, the M, values of

Table 2. Weight-Average (M,,) and Number-Average (M,)
Molecular Weights (g/mol) and Polydispersity (M,,/M,) of
the Hemicellulosic Subfractions

hemicellulosic subfractions®

HDSO HDBO HBSO HB80 HNSO HN80
M, 38100 18350 28650 13570 19190 11560
M, 12400 3220 6820 2220 3990 1650
MM, 3.1 5.7 42 6.1 48 7.0

“Corresponding to the hemicellulosic subfractions in Table 1.

hemicelluloses followed this order: DMSO-soluble hemi-
celluloses (Hps, and Hpg,) > saturated Ba(OH),-soluble
hemicelluloses (Hps, and Hggy) > 1.0 M KOH-soluble
hemicelluloses (Hygo and Hygo). This indicated that on
treatment with the neutral solvent (DMSO), the hemicelluloses
were not degraded, but the treatment of 1.0 M aqueous NaOH
resulted in a slight degradation of the macromolecular structure
of hemicelluloses. In addition, for DMSO-soluble hemi-
cellulosic subfractions (Hpg, and Hpgy), HDg, obtained by
precipitation with 50% saturated ammonium sulfate had a
higher M,, value of 38 100 g mol™' in comparison to that for
Hpgo (M,, = 18 350 g mol™") precipitated with 80% saturated
ammonium sulfate. These trends were also observed in other
four subfractions (Hps, and Hgpgy, Hyso and Hygo), which
suggested that subfractions exhibiting higher molecular weight
were precipitated with a concentration of saturated ammonium
sulfate lower than those precipitated with the higher
concentration of (NH,),SO,. On the basis of this observation
and the GlcpA/Xyl and Ara/Xyl ratios, it could be concluded
that the less branched hemicelluloses with a high molecular
weight were precipitated in lower ammonium sulfate
percentages, while with increasing ammonium sulfate concen-
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trations, more branched hemicelluloses with low molecular
weights were obtained; this is in good agreement with the
results of other studies on alkali-extracted arabinoxylans of
wheat flour and glucuronoarabinoxylans of sugar cane
bagasse.26’38’39 However, Hoffmann et al. did not observe
such a relationship, in which the highly branched arabinoxylan
fractions with a high Ara/Xyl ratio had higher M,, values than
those of less branched counterparts.®® It was also found that the
linear hemicelluloses of hardwood (Populus gansuensis) had a
higher molecular weight than the branched hemicelluloses.”
These differences in molecular weights are probably due to the
differences in their botanical origin. Furthermore, the
polydispersity indexes of six subfractions are also shown in
Table 2. In comparison to those of the hemicellulosic
subfractions precipitated by 50% saturated ammonium sulfate,
with polydispersity indexes of 3.1, 42, and 4.8, the hemi-
cellulosic subfractions Hpgy, Hggy, and Hygy had more broad
molecular weight distribution, corresponding to polydispersity
indexes of 5.1, 6.7, and 7.0, respectively, The high
polydispersity indexes probably reflected that the hemicellulosic
subfractions precipitated by 80% saturated ammonium sulfate
contained several kinds of polysaccharides, which is in
agreement with the relatively high content of glucose and
galactose in sugar composition analysis (Table 1).

FT-IR Spectra. FT-IR spectroscopy has shown to be a useful
tool in monitoring structural changes of biopolymers.** The
FT-IR spectra of DMSO-soluble subfractions Hpg, (spectrum
a) and Hpg, (spectrum b) precipitated by 50% and 80%
saturated ammonium sulfate are shown in Figure 2. The IR
spectra show a strong hydrogen-bonded O—H stretching
absorption around 3427 cm™' and prominent C—H stretching
absorptions at 2921 and 2850 cm™". The sharp signal at 1737
cm™!, attributed to C=0 stretching of carbonyl and acetyl
groups in the hemicelluloses,*" is present in Hps, (spectrum a)
obtained at 50% saturated ammonium sulfate, which indicates
that on treatment with dimethyl sulfoxide, the most common
neutral (nondestructive) solvent, the hemicelluloses can be
extracted without cleaving the acetyl ester groups. The acetyl
group is believed to be mostly associated either with xylose or
uronic acid residues of hemicelluloses and is easily cleaved by
alkali.** However, the absence of a signal at 1737 cm™" in Hpyg,
(spectrum b) implied that the graded ammonium sulfate
technique can discriminate acetyl and non-acetyl hemi-
celluloses. Evidently, the major bands at 1037 and 1093 cm™
are assigned to the C—OH bending mode.*® The small band at
1162 cm™" (spectrum a, data not shown) is assigned to the C—
O stretching in C—O—-C glycosidic linkages, and the
contribution of C—OH bending from arabinoxylans and the
variation of the signal intensity reflect the degree of substitution
by arabinose residues.*' The absorbance at 896 cm™ (spectrum
a), the carbohydrate C,—H deformation and ring-stretching
frequency, is characteristic of dominant f-glycosidic linkages
between the sugar units in the subfractions. The signals at 857
and 767 cm™' are indicative of a-glycosidic linkages, which
indicate that the arabinose, glucose, and §lucuronic acid are
probably linked by a-glycosidic linkages.” In addition, two
bands at 1625 and 1411 cm™ are assigned to the —COO~
antisymmetric and symmetric stretching of glucuronic acid or
glucuronic acid carboxylate, respectively.**™ The remaining
bands at 1235 and 1378 cm™ regresent OH in-plane and CH
bending vibrations, respectively.®

Figure 3 illustrates the FT-IR spectra of saturated Ba(OH),-
soluble hemicellulosic subfractions Hyg, (spectrum a) and Hpg,

dx.doi.org/10.1021/jf3000828 | J. Agric. Food Chem. 2012, 60, 4039—4047
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(spectrum b) precipitated by 50% and 80% saturated cm™". In comparison with the spectrum of DMSO-soluble
ammonium sulfate. Typical signals of hemicelluloses were subfraction Hps,, the much weaker band at 1726 cm™

observed at 3401, 2917, 2872, 1599, 1411, 1168, 1044, and 902 (spectrum a, HBg,) in Figure 3 demonstrated that the
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treatment with saturated Ba(OH), substantially cleaved the
acetyl group of hemicelluloses. In addition, the band at 1726
cm™ is absent in the subfraction Hpg, (spectrum b) but is
present in Hpg, (spectrum a), which is in good agreement with
the result of FT-IR spectra of DMSO-soluble hemicellulosic
subfractions in Figure 2. The occurrence of a small peak in
spectrum a at 1505 cm™' originates from aromatic skeletal
vibrations in the associated lignin, indicating that Hpsy is
contaminated with minimal amounts of bound lignin.46 The
FT-IR spectra of aqueous NaOH-soluble hemicellulosic
subfractions Hys, (spectrum c¢) and Hygy (spectrum d) are
shown in Figure 3. As can be seen, the disappearance of signal
around 1730 cm™' (spectrum a) revealed that the alkaline
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extraction under the conditions used completely saponified
ester bonds.

NMR Spectra. DMSO is expected to extract hemicelluloses
without degradation, in contrast to the case for alkaline
extractions, which will cause de-O-acetylation. For this reason,
structural analysis was only performed on the DMSO
hemicellulosic subfractions (Hps, and Hpg,). 1D (*H and
BC) and 2D (HSQC) NMR spectra of Hpgy and Hpg, were
collected in order to elucidate the structural features. "H NMR
spectra of Hpg, (spectrum a) and Hpg, (spectrum b) are shown
in Figure 4. As can be seen, the relevant signals occurred in two
regions: namely, the anomeric region (4.3—4.9 ppm for f-
anomers and 4.9—5.6 ppm for a-anomers) and the ring proton
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region (4.3—3.0 ppm). From the anomeric region, the spectra
of the two subfractions revealed that the DMSO-soluble
hemicelluloses are mainly composed of three populations. The
signals at 4.38 ppm are assigned to the anomeric protons of
(1—4)-linked B-p-Xylp. The signal at 5.4 ppm originates from
anomeric protons of terminal Araf linked to O-3 of Xylp.*’ An
anomeric proton at 5.3 ppm is characteristic of 4-O-
methylglucuronic acid attached via a-(1-2) linkage to
xylose.” A strong resonance at 5.3 ppm found in Hpg,
(spectrum b) precipitated by 80% saturated ammonium sulfate
indicated that a majority of the branching sites were
represented by singly substituted Xylp. These results were in
agreement with the results of sugar analysis (Table 1). The
signal at 2.1 ppm indicated that the hemicellulosic subfraction
Hps, precipitated by 50% saturated ammonium sulfate was
highly acetylated. The degree of acetyl substitution (DS,c) of
the hemicellulosic subfraction Hpg, was 0.37, which was
determined by integration of the signals of acetyl groups at 2.1
ppm and those of all carbohydrate signals.*” However, the
signal at 2.08 ppm was absent in the subfraction Hpg, (Figure
4b), which suggested that the highly acetylated hemicelluloses
were precipitated at the relatively lower concentration of
saturated ammonium sulfate, corresponding to the results
obtained by FT-IR. Obviously, a strong signal at 4.7 ppm
originated from the residual solvent (HDO). At 2.6 ppm there
was an intense singlet that is assigned to the protons in
dimethyl sulfoxide, which originates from the residual DMSO
as extractant in the hemicellulosic subfractions.>

The *C NMR spectra of Hpg, (spectrum a) and Hpg
(spectrum b) exhibit five main signals in Figure S, one in the
anomeric region and four in the skeletal regions for xylose
moieties, at 101.6 (C-1), 76.3 (C-4), 73.5 (C-3), 72.7 (C-2),
and 62.9 (C-S) ppm, resonances of low intensity for arabinose
residues at 107.3 (C-1), 84.7 (C-4), 80.4 (C-2), and 60.5 (C-S)
ppm, and small signals for 4-O-methylglucuronic acid residues
at 179.7 (C-6), 99.8 (C-1), and 59.9 (—OCH,) ppm. However,
no signals at 179.7 ppm were detected in Figure Sa, which is
probably due to the low amount of 4-O-methylglucuronic acid
residues in Hpygy. In addition, two signals at the lowest field of
173.2 and 173.7 (C=0) ppm and a high-field resonance at
20.4 (CH,) ppm (Figure Sa) indicated the presence of O-acetyl
groups in the hemicellulosic subfraction (Hps,), but these
signals for O-acetyl groups were absent in Figure Sb, which is in
accord with the results of FT-IR and 'H NMR.

The HSQC spectra of Hpg, (spectrum a) and Hpg,
(spectrum b) are shown in Figure 6, and the chemical shift
assignments are given in Table 3. The anomeric region in the
HSQC spectrum is 'H 4.4—5.5 ppm/"*C 90—110 ppm, while
the O-acetylated xylose region is 'H 4.5—5.5 ppm/"*C 70—80
ppm. As can be seen from Figure 6a (Hps), the marked
"H/"3C cross peaks at 4.38/101.6, 5.4/107.3, and 5.32/99.8
ppm confirmed the structural unit of the (1—4)-f-p-xylan
backbone and Araf residues at O-3, 4-O-Me-a-D-GlcpA units at
position O-2. The cross peaks at 4.61/100.0 and 4.90/74.9 ppm
are attributed to H-1/C-1 and H-2/C-2 atoms as a result of
acetylation at position 2 of 1,4-linked S-Xylp residues. Similarly,
the cross peaks at 4.48/101.5 and 4.61/73.2 ppm are due to H-
1/C-1 and H-3/C-3 atoms of acetyl 1,4-linked ﬂ-Xglp units,
which are substituted at position 3 by acetyl groups.*” The 2D
integrals of H-2/C-2 and H-3/C-3 cross peaks indicated that O-
acetyl groups at C-2 and C-3 are in 1/1.8 mol proportion. It is
difficult to determine the distribution of O-2 and O-3 acetyl
groups on the xylose chain. On the basis of the NMR analysis, it
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Figure 6. HSQC spectra of hemicellulosic subfractions Hpsg
(spectrum a) and Hpgy (spectrum b). Designations are follows: X,
Xylp; A, Araf; U, 4-O-Me-a-GlcpA; X2, 2-O-acetylated Xylp; X3, 3-O-
acetylated Xylp; G, Glcp.

can be concluded that the subfraction Hpg, mainly consists of
O-acetyl arabino-4-O-methylglucuronoxylan with the terminal
units of arabinose linked on position 3 of xylan, 4-O-
methylglucuronic acid residues linked on position 2 of the
xylan bone, and acetyl groups linked on position 2 or 3.

As can been seen from Figure 6b and Table 3, the HSQC
NMR analysis revealed three important groups: Araf residues,
4-O-Me-a-D-GlepA-(1—2) units, and (1—4)-f-0-Xylp. In
addition, a low amount of f-p-glucans (103.3/4.55 ppm) was
also observed.® Other signals of f-p-glucans are overlapped
with those of xylan-type hemicelluloses. The reason for the low
intensity of signals from f-p-glucans was probably due to the
low solubility in D,O at ambient temperature (20 °C).>> Some
acetate was detected at 23.3/1.82 ppm in the Hpgy NMR
spectrum (data not shown), and it was unclear whether this
originated from the liberation of O-acetyl groups.49 Therefore,
it was concluded that Hpg, was mainly composed of arabino-4-
O-methylglucurono xylan and f-p-glucan.

B CONCLUSIONS

The present study was aimed at obtaining detailed structural
characteristics of hemicelluloses extracted successively with
dimethyl sulfoxide (DMSO), saturated Ba(OH),, and 1.0 M
aqueous NaOH from Arundo donax and fractionated with the
gradient ammonium sulfate technique. The results revealed that
Arundo donax hemicelluloses had considerable heterogeneity,
varying in sugar composition, molecular weight, and structural
features. The sugar analysis indicated that the hemicellulosic
subfractions precipitating at the lower saturation level of
ammonium sulfate (50%) were lesser substituted hemi-
celluloses as compared with those subfractions obtained at a
higher salt concentration (80%). Substantial differences in
molecular weight were also found. The DMSO-soluble
hemicelluloses had a higher molecular weight, whereas the
1.0 M NaOH-soluble hemicelluloses had a relatively lower
molecular weight. In addition, the hemicellulosic subfractions
exhibiting higher molecular weight could be precipitated at the
lower concentration of saturated ammonium sulfate. In other
words, with increasing ammonium sulfate concentrations, the
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Table 3. 'H and "*C Chemical Shift (ppm) Assignments for Hemicellulosic Subfractions Hys, and Hpg,

chem shift (ppm) H/C

sugar residue 1 2
Hpso
—4)-p-Xylp(1— 4.38 3.19
101.6 72.7
a-GleAp-(1-2 532 338
99.8 70.9
a-Araf-(1-3 540 4.08
107.3 80.4
—4)-pXylp(1—, 3-0-Ac 448
101.5
—4)-f-Xylp(1-, 2-0-Ac 4.61 4.90
100.0 74.9
Hpso
—4)-p-Xylp(1— 4.39 3.19
101.6 72.7
a-GleAp-(1-2 5.31 3.52
99.6 71.5
(l—Araf—(1—>3 5.31 4.07
107.6 80.8

“ax = axial. Yeq = equatorial.

3 4 Sax? Seq® 6 OCH,
3.46 3.70 331 4.03
73.5 76.3 62.9 62.9
371 3.13 4.15 3.37
713 823 712 1732 59.9
3.90 423 373 3.76
76.1 84.7 60.5 60.5
4.61
732
3.46 3.29 3.28 4.03
73.6 76.3 62.9 629
373 3.18 4.19 3.38
712 82.4 71.9 171.1 59.9
3.85 420 372 3.76
77.1 84.7 60.5 60.5

average molecular weights of the hemicellulosic subfractions
decreased. FT-IR and NMR analysis indicated that the highly
acetylated hemicelluloses precipitated at the relatively lower
concentration of saturated ammonium sulfate (50%), and thus
the gradient ammonium sulfate technique could discriminate
acetyl and non-acetyl hemicelluloses. The DMSO-soluble
hemicelllosic subfraction Hps, precipitated by 50% saturated
ammonium sulfate mainly consists of poorly substituted O-
acetyl arabino-4-O-methylglucurono-(1—4)-#-p-xylan, in which
4-O-Me-a-D-GlcpA-(1—2) units was linked at position O-2,
Araf residues at O-3, and O-acetyl groups at O-2 or O-3. The
DMSO-soluble hemicelllosic subfraction Hpg, precipitated by
80% saturated ammonium sulfate is mainly composed of highly
substituted arabino-4-O-methylglucuronoxylan and f-p-glucan.
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