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ABSTRACT: The nutritional values associated with the cell walls of cereal endosperm flours are due to a combination of
solubilized arabinoxylan and (1-3,1-4)-β-D-glucan as well as residual nonsolubilized cell wall material. In order to investigate
structure-nutrition relationships, an appropriate method for the complete functional and structural characterization of cell wall
polysaccharides in various cereal endosperm flours is described. This involves the separation of soluble polymers and the residual
cell wall fraction without using organic solvents, and the fractionation of soluble polymers into arabinoxylan- and (1-3,1-4)-β-D-
glucan-rich fractions for subsequent analysis. This methodology is applied to endosperm flours from wheat, hull-less barley and
rye, and could be extended to include studies on the effects of food processing with respect to yield and characteristics of the
three fractions in order to better understand the structural basis for nutritional functionality.
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■ INTRODUCTION

Cereal grains are important for human nutrition as they are
usually the largest single component of the diet in energy terms.
They mainly consist of starch, protein, and non-starch
polysaccharides (NSP). NSP’s are a major component of
dietary fiber and are found in cereal endosperm cell walls, as
well as the aleurone layer, the bran and the husk. The
endosperm consists of two tissues, the outermost layer that
differentiates into highly specialized tissues, the aleurone layer
(approximately 7% of the dry grain weight), and the starchy
endosperm that is the largest morphological component in all
cereals (approximately 80% of the dry grain weight).1 Several of
the nutritional properties of dietary fiber are linked to the
extent of solubilization and its consequent ability to modify
rheology and interactions with enzymes and bile salts in the
digestive tract.
Rye and wheat endosperm cell walls contain approximately

70% arabinoxylans and approximately 20% (1-3,1-4) β-D-
glucans (β-glucans), and 10% other components.2 In contrast,
the cell walls of barley and oat endosperms are generally rich in
β-glucans with much smaller amounts of arabinoxylans.3 The
endosperm cell walls typically do not contain lignin, but may
contain small amounts of glucomannans, cellulose, protein, and
phenolic acids.4 β-glucans and arabinoxylans from cereal
endosperm cell walls can be divided into two functional
categories, namely water-soluble (or water extractable; WE)
and water insoluble (or water unextractable; WU). The
proportion of water-soluble and insoluble fractions from
endosperm flour depends on the botanical origin and
processing conditions.5 Insoluble NSP’s are defined as those
polymers which cannot be extracted from the cell walls of the
endosperm flour. Water-soluble NSP’s are also derived from the

cell walls, but represent polymers that are only loosely
associated with the cell wall matrix. Fructans may also be
present as non-cell wall polymers.
There are two main types of water-soluble nonstarch

polysaccharides in wheat and rye, namely arabinoxylans (AX)
and highly branched arabinogalactans (AG),6 and they are
typically coextracted in water extraction methods1,7,8 along with
a small amount of β-glucan. For example, in wheat flour, AG is
approximately 0.3−0.4 g/100g of original flour and water-
extractable arabinoxylan (WEAX) is approximately 0.3−1g/
100g.7 Water insoluble endosperm arabinoxylans require
harsher chemical conditions (typically alkali) to solubilize
them, due to their associative bonding within the cell walls with
other polymers. The insoluble forms of arabinoxylans are rich
in bound phenolic acids which are predominantly based on
ferulic acid and may form oxidative cross-links.1,9,10

NSP isolation procedures broadly involve degrading and
removing starch with enzymes, typically amyloglucosidase8 or
α-amylase,11 recovering cell wall material with ethanol and/or
centrifuging and/or filtering (to recover insoluble NSP), then
removing soluble protein using enzymes, or clay,8,12 and
heating to help precipitate protein, leading to a solution of
soluble NSP. Subsequently, selective precipitation with different
aqueous alcohol solutions can be used to recover WEAX and
WEBG (water extractable β-glucan) fractions.13−17 Many
extraction methods15,17,18 use 60%-90% ethanol to inactivate
endogenous enzymes and help remove protein from endo-
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sperm flours. However, higher residual protein amounts in
wheat endosperm extractions have been found when using
aqueous ethanol solubilization compared to clay absorp-
tion.11,19 Soluble wheat AX extractions have been studied
extensively, and are well documented.5,20,21 However, barley (in
particular hull-less barley) and rye endosperm flours have been
studied to a lesser extent. Vinkx et al.22 have reported both
soluble and insoluble fraction isolation methods,22 and the
chemical structures of AX from rye flour.12,22−24

β-glucans from various cereal grain sources will precipitate or
extract differently depending on the conditions used. For
example, ≤20% of the total (1-3,1-4)-β-D-glucan can be
extracted from barley flour at 40 °C using water as a
solvent.14,25 However, as the water temperature increases to
65 °C, the soluble extracted fraction increases to 50−70%.25,26
Approximately 70−75% of oat β-glucan can be extracted in hot
water at 80 °C.27,28 On the other hand, only ≈10−20% (at
most) of rye flour NSP can be extracted with hot water.29−31

Alkali treatment can lead to much higher extraction levels. A
maximum yield of 74% without apparent significant depoly-
merisation (Mw ≈ 1 × 106) was obtained using 1 M NaOH.31

Other methods for extracting rye β-glucan with 2 M NaOH and
barium hydroxide followed by water at pH 5−6 resulted in an
extraction yield of 45−50%,32,33 but at the expense of
considerable depolymerisation.30,31 Rye β-glucan extracted
using alkali methods can be further purified from arabinoxylan
using phenol, ammonium sulfate and/or xylanase.31,34

Wheat (1-3,1-4)-β-D-glucan is also very difficult to solubilize,
being practically unextractable with water at 65 °C.35,36 This
may possibly be because of physical entanglement in phenolic
cross-linked arabinoxylans.36,37 Consequently, very little work
has been done on wheat β-glucan extractions. However, Cui
and Wood,38 have extracted β-glucans from wheat bran using
1.0 M NaOH and then treated with xylanase to remove
arabinoxylan. The authors reported that partial depolymerisa-
tion did occur but was unavoidable due to the need for wheat
β-glucan to be extracted by alkali methods. Also, Beer and
Wood27 reported that 1.25 M NaOH for 16 h at room
temperature led to reduced molecular weight.
Thus, choice of extraction methodology used may alter some

molecular structures and lead to depolymerisation. Alkali
treatment and subsequent neutralization may not only cause
depolymerisation, but also swelling of cell wall material due to
alkali-induced ionization and subsequent deswelling on
neutralization, potentially to a different architecture. Likewise,
alcohol or other organic solvents may promote aggregation of
polysaccharides within cell wall material (analogous to
precipitation from solution), that may not be reversed on
subsequent hydration. Alkali or organic solvent treatments may
therefore alter the rheological properties of both the extracted
molecules and the residual cell wall material, critical factors in
developing a greater understanding of structure-nutrition
relationships. Therefore there is a need for extraction methods
that allow further characterization of structural and rheological
properties of each of solubilized arabinoxylan and β-glucan, as
well as the residual insoluble cell wall fraction of cereal
endosperm flours. In order to draw inferences on potential
behavior in the digestive tract, the segregation of soluble and
insoluble fractions should avoid organic solvents and alkali
treatments, as both of these can lead to changes in solubility
that would not occur during digestion. Once polymers have
been solubilized away from insoluble cell wall material,
separation of arabinoxylan and β-glucan is desirable so that

properties such as molecular size distribution and rheological
properties can be determined for defined polymers. Selective
precipitation has been suggested to achieve this13,16−18,39 as
arabinoxylans typically precipitate at lower ethanol content in
aqueous alcohol solutions than β-glucan14,40 (e.g., 60% cf 75%).
The cell wall extraction and isolation method described in

this paper involves dry heating to inactivate endogenous
enzymes, and then removal of starch using α-amylase from
Bacillus lichenformis and protein using Pronase E from
Streptomyces griseus, leaving predominantly arabinoxylans and
β-glucans. The avoidance of organic or alkaline solvents prior to
separation of insoluble and soluble fractions means that direct
comparison with the extent of solubilization under in vitro and
in vivo digestion conditions can be made. Similarly, the
avoidance of NSP-degrading enzymes allows the detailed
characterization of each of the AX and β-glucan fractions
recovered by selective precipitation in aqueous ethanol
solutions of the soluble fraction.

■ MATERIALS AND METHODS
Wheat endosperm flour was supplied from the Macro Food
Company (Sydney; NSW), rye endosperm flour (Bevy) from
Laucke Mills (Strathalbyn; SA), barley hull-less endosperm
flour (Finniss) was from the University of Adelaide, Waite
Campus; Urrbrae, SA. Wheat AX (29cSt), barley β-glucan
(28cSt) and rye AX (33cSt) were from Megazyme (Bray, Co
Wicklow, Ireland).
Amyloglucosidase from Aspergillus niger (A7420, 31.2 U/mL,

EC 3.2.1.3), Bacillus licheniformis α-amylase (type XII-A, A-
3403, 17 980 units/mL [one unit will liberate 1 mg of maltose
from starch in 3 min at pH6.9 at 20 °C]), protease E
Streptomyces griseus (P5147, Type XIV, >3.5 U/mg), porcine α-
amylase (A6255, 700−1400 U/mg protein, Type 1-A),
bentonite clay, DMSO-d6 (methyl sulfoxide-D6, 99.9% atom),
TFA (trifluoroacetic acid), TSP (trimethylsilyl propanoic acid),
D2O (deuterium oxide), lithium bromide analytical grade
(LiBr), tris (hydroxymethyl aminomethane), maleic acid,
calcium chloride analytical grade (CaCl2), sodium hydroxide
analytical grade (NaOH) were all purchased from Sigma−
Aldrich, St Louis, MO.
10 mM Tris buffer was prepared by making a 0.2 M tris-

maleate solution and adding 1.21g of Tris (hydroxymethyl
aminomethane) and 1.16g of maleic acid to 50 mL of water.
Once dissolved, approximately 45−48 mL of 0.2 M NaOH was
added to give a resultant pH of 6.9 and then diluted to 1L.
Weighed amounts of 0.11g of CaCl2 (1 mM) and 0.5 of NaCl
(10 mM) were then added and the solution mixed thoroughly
using a magnetic stirrer for 10 min. The final pH was checked
and adjusted to 6.9 if necessary with 0.1 M NaOH or 0.1 M
HCl.

Protein Analysis of WEAX and Cell Wall extracts. The
protein content of the final extract sample (N × 5.7 wheat flour
and N × 6.25 for rye and barley flour) was determined by
nitrogen combustion (AACC, Method 46-30).

Monosaccharide Analysis and β-glucan DP3/DP4 ratio
Analysis Using HPLC. Monosaccharide HPLC Analysis.
Monosaccharide analysis was performed by HPLC analysis
following the method described by Burton et al.41 Samples of
20 mg were hydrolyzed using 1 mL 1 M sulphuric acid, for 3 h
at 100 °C. Hydrolysates were diluted 20× with distilled water
and derivatized with 1-phenyl-3-methyl-5-pyrazolone (PMP);
10 μL of 0.5 mM 2-deoxy glucose was added to each sample as
an internal standard. PMP-monosaccharides were separated
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using RP-HPLC on an Agilent 1200LC. Five or 6 μL were
injected onto a Phenomenex Kinetex 2.6 μm C18 100 × 3 mm
100A column, operated at a flow rate of 0.6 mL/min and 30 °C.
The eluents used were (A) 10% acetonitrile, 40 mM
ammonium acetate (pH ∼6.8), and (B) 70% acetonitrile. The
gradient was 8 to 16% (B) over 12 min, with absorbance
detection at 250 nm. Area under the peaks was compared to
standard curves of xylose, arabinose, mannose, glucose, and
galactose.
DP3/DP4 Ratios Using HPLC. β-glucan oligosaccharide

samples were obtained following digestion by lichenase as per
the mixed-linkage β-glucan assay kit (AOAC Method 995.16)
from Megazyme (Wicklow, Ireland).
The β-glucan oligosaccharides were derivatized in a similar

manner to the monosaccharides, with the following changes.
Ten μL of internal standard (0.25 mM talose) solution was
added to 10 μL of appropriately diluted lichenase digests. 18 μL
of PMP reagent (0.5 M PMP in methanol/1 M ammonium
hydroxide aq. in the ratio of 5:4 v/v) was added. Derivatised
solutions were acidified with 5 μL of 10 M formic acid. PMP- β-
glucan-oligosaccharides were separated using RP-HPLC on an
Agilent 1200LC. Fifteen μL was injected onto a Phenomenex
Kinetex 2.6 μm XB-C18, 100 × 3 mm, 100A column, operated
at a flow rate of 0.9 mL/min and 40 °C. The eluents used were

(A) 40 mM H3PO4, 32 mM NH4OH (pH∼2.7) and (B) 70%
acetonitrile. The gradient was 25 to 29% (B) over 5 min, with
absorbance detection at 250 nm. The area under the peak was
compared to a BG-OS (β-glucan oligosaccharides) DP3 and
DP4 standard curve.41

Total β-Glucan Analysis. Total β-glucan amounts were
determined using a mixed-linkage β-glucan assay kit (AOAC
Method 995.16) from Megazyme (Wicklow, Ireland). Analyses
were performed in duplicate and the enzymes and standards
from the Megazyme β-glucan assay kit were used.

Sample Preparation for SEC (Size Exclusion Chroma-
tography). Duplicate samples were prepared by dissolving 2
mg of sample extract into 1 mL of DMSO + 0.5% LiBr solution.
The samples were then placed into an 80 °C thermomixer
overnight, and were then injected into the Agilent 1100 Series
SEC system (PSS GmbH. Mainz, Germany), using a GRAM
preColumn and two 100 columns (PSS GmbH. Mainz,
Germany) in series, in a column oven at 80 °C, and eluted
with DMSO containing 0.5% w/w LiBr at a flow rate of 0.3
mL/min. The system was equipped with multiangle laser light
scattering (MALLS) (BIC-MwA7000, Brookhaven Instrument
Corp., New York) followed by parallel flow into a refractive
index detector (RID) (Shimadzu RID-10A, Shimadzu Corp.,

Figure 1. Overall insoluble NSP, WEAX, and WEBG fractionation procedure.
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Japan) and a viscometric detector (ETA-2010, PSS GmbH,
Mainz, Germany). 42

The AX concentration used for the SEC columns was 2 mg/
mL. To determine that the detectors were giving correct
responses, pullulan standards were used (PSS GmbH, Mainz,
Germany), with a molecular weight range of 342−1.66 × 106. A
differential refractive index (dn/dc) value of 0.0869 mL g−1 for
pullulan in DMSO/LiBr (0.5% w/w) was used, and previous
data for β-glucan and arabinoxylan used for molecular size
calibration.42 Data analysis used WinGPC software.
Soluble and Insoluble Cell Wall Fraction Calculations.

The yield of both the cell wall and soluble fractions was
determined by weighing the extracts in duplicate and repeating
extractions and comparing reported values. Averaged values
over repeated extractions are reported.
Sample Preparation and Analysis Using 1H NMR.

Extract samples were prepared by placing approximately 6 mg
of sample into a 2 mL Eppendorf tube and then adding 690 μL
of d6-DMSO (methyl sulfoxide-D6, 99.9% atom D). The
Eppendorf tubes were then placed into a thermoshaker set at
80 °C and left overnight. Once samples had been dissolved,
they were cooled to room temperature and 10 μL of TSP/D20
solution (1.2 mg/mL) was added. Sample contents were then
pipetted into a labeled Wilmad 5 mm thin wall 7” 500 MHz
NMR tube, and then 40uL d1-TFA was added to each NMR
tube.
NMR spectra were obtained using a Bruker Biospin Avance

500-MHz NMR spectrometer, with a 5 mm TXi5 1H/D probe
equipped with shielded z gradient and controlled by XWIN-
NMR software (Zürich, Switzerland). The same sample
preparation and NMR protocols were used for both the β-
glucan and AX purified fractions. Each 1H NMR spectrum was
obtained under the following conditions: 64 scans, 45°pulse, an
acquisition time of 3.57 s, and a relaxation delay of 20 s to
ensure quantitative responses. Spectral width was 6 kHz, time
domain 43 K. TSP was used as an internal chemical shift
standard (0.0 ppm) and D2O acted as the lock for the
spectrometer. The NSP 1H NMR spectrum has peaks in the
range 3−6 ppm, with diagnostic anomeric signals at 4.3−5.5
ppm. TFA was used to shift the hydroxyl peaks from within this
range to approximately 8 ppm.43

Rheology−Intrinsic viscosity. An Advanced Rheometric
Expansion System TA GA12 (ARES, TA Instruments; New
Castle, DE) was used to investigate the viscoelastic character-
istics of β-glucan (WEBG) and arabinoxylan (WEAX) solutions
of varying concentrations. A range of concentrations from 0.1%
to 2.5% (w/v) (0.1%, 0.3%, 0.5%, 0.8%, 1%, 2.5% (w/v)) of
soluble β-glucan and arabinoxylan was prepared by dissolving in
deionized water at 80 °C for 8 h in an oil bath. Parallel plate
geometry (60 mm diameter) was used at 37 °C, and the linear
visco-elastic region was determined for each sample using a
dynamic strain sweep at 10 Hz frequency. This was followed by
frequency sweep experiments for 0.1−100 Hz at a suitable
strain within the linear viscoelastic region. The steady-shear
experiments were performed for a range of frequencies from 1
to 1000 s−1. Intrinsic viscosity values were calculated.44,45

■ FRACTIONATION PROCEDURES FOR INSOLUBLE
CELL WALL AND SOLUBLE NSP’S
(ARABINOXYLANS AND β-GLUCANS)

Figure 1 gives an overview of the extraction and purification
procedures used for the insoluble cell wall fractions and soluble
arabinoxylan and β-glucan.

Cell Wall Fractionation Procedure and Purification of
Cell Wall Residue. One hundred grams of dry endosperm
flour was spread out evenly onto a tray (50 × 30 cm) and
heated at 130 °C for 90 min, in order to inactivate endogenous
enzymes.8,17,46−48 In order to determine if this treatment
inactivated arabinoxylan and beta-glucan degrading enzymes,
viscosities of 1.25% w/v wheat arabinoxylan (Megazyme) and
barley beta-glucan (Megazyme) were compared after 16 h
treatment at room temperature with (a) boiled (110 °C for 90
min) aqueous flour extract, (b) aqueous extract after dry
heating of flour, and (c) aqueous extract from unheated flour,
for each of the wheat, hull-less barley, and rye. Boiled and dry
heated extracts all showed very similar and essentially unaltered
steady shear viscosities while the unheated extract showed
greatly decreased viscosities (results not shown), consistent
with the presence of arabinoxylan and β-glucan degrading
enzymes in each of the unheated flour extracts, and the effective
inactivation of enzymes by either boiling unheated flour extract
or dry heating flour prior to extraction.
Once the flour had cooled to RT, it was added to 1L of

deionized water, the slurry was mixed using a magnetic stirrer
on a hot plate for 90 min at 40 °C, and then centrifuged at
3200g for 10 min. The supernatant (soluble NSP and protein)
was then decanted, and the residue (insoluble NSP with starch
and protein flour residue) was recovered, as shown in Figure 1.
Approximately 10 g of residue was weighed into a beaker and
made up to a 10% w/v suspension by adding Tris buffer (10
mM tris-maleate buffer pH 6.9).49,50 The sample mixture was
then heated to 70 °C and 1 mL Bacillus lichenformis α-amylase
was added and incubated at 70 °C for 4 h. 23For barley flour,
due to the increased dissolution of β-glucans at temperatures
above 55 °C, amyloglucosidase from Aspergillus niger EC 3.2.1.3
(31.5 U/mL) at 55 °C and pH 4.5 for 4 h, or porcine amylase
(25 mg) 700−1400 U/mg protein) at 40 °C and pH 6.9 for 2
h, was used to digest starch.
The pH was then adjusted to 7.5 using 0.1 M NaOH and 0.5

mg/1 mL of Pronase E from Streptomyces griseus was added.
The mixture was incubated at 55 °C for 2 h51 and then cooled
to RT and centrifuged at 3220g for 10 min. The solution was
then heated to 100 °C for 60 min to inactivate enzymes. The
supernatant was decanted and the residue washed twice with
70% ethanol, and then twice with acetone. Samples were then
air-dried for two days, vortex mixed with minimal amounts of
distilled water, frozen, and lyophilized.

Extractable Arabinoxylan (WEAX) and β-Glucan
(WEBG) Isolation. The WEAX fraction from the wheat,
hull-less barley, and rye endosperm flours was isolated
according to the method described by Ganguli and Turner8

with modifications. The water-extractable β-glucans (WEBG)
were also isolated separately from the WEAX using differential
precipitation with ethanol. The individual steps used were as
follows and are outlined in Figure 1.

Degrading Starch. After separation from the cell wall
residue (Figure 1), the flour slurry supernatant was adjusted to
pH 4.5 with 0.1 mol L−1 HCl and 2 mL of distilled water
containing 31.5 U mL−1 of amyloglucosidase from Aspergillus
niger was added to degrade starch by incubating at 55 °C for 16
h.8,46 After starch hydrolysis, the solution was heated in a
boiling water bath for 30 min to inactivate the amyloglucosidase
and to precipitate soluble proteins.8

Removing Protein. The extract was then centrifuged
(3220g for 10 min) and the filtrate was adjusted to pH 5.0
immediately with 0.1 mol L−1 NaOH, then a 0.2% bentonite
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aqueous solution was added to absorb the contaminating
protein.8 The 0.2% bentonite solution was added at a rate of 10
mL per 100 mL of filtrate, while being stirred for 30 min. It has
been reported by Hartmann46 that if just using aqueous
ethanol,46,52 or heating the supernatant at 90 °C46,48,52

proteinaceous material will still remain in the WEAX extracts
causing purity issues. Therefore bentonite was chosen as a more
suitable alternative for removing protein. The reason why
aqueous ethanol is not a universally effective means of
removing protein for cereal extractions lies in the diverse
protein types and the different solubility characteristics of the
four major cereal protein classes 1. albumins (soluble in water
or dilute salt), 2. globulins (soluble in dilute salt, but insoluble
in water), 3. gliadins (soluble in aqueous alcohol), and 4.
glutenins (insoluble in aqueous alcohol).53 For example, in
wheat flour about 15% of the protein is soluble in water or
aqueous salt solutions (albumins or globulins) and the
remaining 85% are insoluble storage protein (gliadins and
glutelins).54 Others have also supported the use of clay as a
more effective means of removing protein from wheat
endosperm extractions.8,11,12,19,46,55

Precipitation of Arabinoxylan (WEAX). The bentonite
suspension was centrifuged at 3220g for 10 min to separate
protein that was adsorbed to the bentonite. The filtrate was
then adjusted to pH 7.0 by addition of 0.1 mol L−1 NaOH. To
selectively precipitate WEAX, ethanol was added while stirring
to a final concentration of 60% (v/v). The solution was stirred
for an additional 30 min and left to stand overnight at 25 °C.
Precipitated WEAX was recovered by decanting most of the
supernatant and subsequent centrifugation at 3220g for 10 min.
The supernatant was kept for subsequent β-glucan precip-
itation. Precipitated WEAX was then washed once with 60%
ethanol, twice with acetone, and air-dried. A 1% aqueous
solution of the precipitate was then prepared, and the solution
was lyophilized and powdered. 8

Precipitation of Soluble β-Glucan. Ethanol was added to
the supernatant after precipitation of WEAX to obtain a 74%
final v/v concentration. The solution was stirred for 60 min and
left to stand overnight at 25 °C. Water extractable β- glucan was
recovered by decanting the supernatant and subsequent
centrifugation at 3220g for 10 min. Precipitated samples were
washed once with 70% ethanol, twice with acetone, and air-
dried. A 1% aqueous solution of the precipitate was then
prepared, and the solution was lyophilized and powdered.
Purification of Soluble β-Glucan. During the 74%

ethanol precipitation, other components were coprecipitated
with the barley β-glucan. To enable the isolation of pure β-
glucan, the precipitate was suspended in 1 M NaOH15,31,56,57 at
25 °C15 for 12 h (solid to liquid ratio 100 mg:5 mL).58,59 The
alkaline extract was neutralized with 2 M HCl and centrifuged
for 20 min at 5000g and 25 °C. A precipitate was obtained
when the pH was between 8.5 and 7.0 upon neutralization with
2 M HCl. An analysis of the precipitate composition by 1H
NMR showed arabinoxylan (and arabinogalactan) with a minor
amount of β-glucan (results not shown). The supernatant was
removed after centrifugation and the residue was washed twice
with distilled water. The washings were recovered and
combined with the supernatant (from the previous centrifuga-
tion step), frozen and lyophilized, as shown in Figure 2.

■ RESULTS AND DISCUSSION
Composition of Original Endosperm Flours. In order to

isolate both soluble and insoluble NSP’s from the same original

endosperm flour, the starch and protein, being the main
components in the flour, need to be degraded and removed.
The contents of glucose (primarily from starch), protein, total
arabinoxylan and total β-glucan (Table 1) were determined so
that the appropriate amounts of enzymes and clays could be
selected. Clay is a proven method used to absorb the protein
from the supernatant fraction during extraction of soluble
NSP’s.8 The amount of clay used will depend on the amounts
of protein in the endosperm flours. Protein amounts vary with
differing cereal flours (Table 1).The enzymes α-amylase (and/
or amyloglucosidase) and Pronase E are used fre-
quently13,46,51,60 to degrade starch and protein respectively
from cell wall material while keeping the cell wall apparently
intact. Cytoplasmic proteins are efficiently eliminated by the
use of Pronase.61 Morrison61 has shown that Pronase, a mixture
of endo- and exopeptidases is able to degrade proteins to amino
acids, and is a more efficient agent for removal of intracellular
proteins in grass samples compared to pepsin and sodium lauryl
sulfate. Pronase has been used by others24,62−64 for isolating
purified cell walls from protein rich sources. The enzyme
exhibits maximum activity at pH 7.5 and 55 °C.51

Total β-glucan levels for the Finniss hull-less barley reported
in Table 1, are 7 times that of the levels in the wheat
endosperm flour, and are comparable to the Bevy rye
endosperm flour β-glucan amounts. Zheng, Holtekjølen, and
Lee,65−67 reported total β-glucan amounts in hull-less barley to
be 2.48−2.95% (flour), and is higher than the values found
here, but studies on β-glucan contents of endosperm hull-less
barley flours have been limited.
The total AX endosperm flour results (Table 1) show that

rye AX levels are much higher than wheat and barley, as
expected.1 In general, hull-less barley contains comparable AX

Figure 2. Purification of water extractable hull-less barley β- glucan.
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levels to wheat,68 but much higher (1-3, 1-4)-β-D-glucan levels

than wheat,69,70 as indicated in Table 1. Trogh et al.71 reported

total AX contents of hull-less European barley flours to be

1.16−1.53% which is in agreement with results found in this

study.
Composition of Separated Purified Soluble NSP

Results. Purified Water Extractable Arabinoxylan (WEAX)

Table 1. Protein Composition, Arabinoxylan (AX) (Monosaccharide HPLC), and β-Glucan Analysis of Endosperm Flours

HPLC Monosaccharide Release (%w/w)

protein content
(%) mannose glucose galactose xylose arabinose

total
AXa

% β-glucan Megazyme (AOAC
995.16)

Barley Finnis
Barley Finnis endosperm flour #1 6.9 0 84.3 0.03 0.8 0.6 1.3 1.4
Barley Finnis endosperm flour #2 7.2 0 77.9 0.03 0.8 0.6 1.2 1.7
Wheat Macro
Wheat Macro endosperm flour #1 15 0.2 83.6 0.3 1.4 0.9 2 0.2
Wheat Macro endosperm flour #2 15.2 0.2 75.5 0.3 1.3 0.8 1.8 0.2
Rye Bevy
Rye Bevy endosperm flour #1 10.4 0 76.3 0.04 3.2 2.4 4.9 1.2
Rye Bevy endosperm flour #2 10.6 0 71.5 0.04 2.9 2.2 4.6 1.2
aTotal arabinoxylan contents have been calculated by adding the arabinose and xylose sugars and multiplying by 0.88 to account for the loss of the
water molecule.

Table 2. Soluble Arabinoxylan (WEAX) Extract Results from Endosperm Flours

HPLC monosaccharide release (%w/w)

SEC average molecular
weight (daltons)

intrinsic
viscosity η
(dL/g)

WEAX
yield/100 g

flour

protein
content
(%) mannose glucose galactose xylose arabinose

total
AXa

Barley Finnis
Barley WEAX RT #1 5.63 × 105 0.47 1.7 0.1 9.4 3.4 52.7 33.6 75.9
Barley WEAX RT #2 0.1 9.8 3.7 50.3 32.4 72.8
Barley WEAX 40 °C #1 4.56 × 105 4.57 0.42 1.7 0.2 9.8 3.9 51.1 32.3 73.5
Barley WEAX 40 °C #2 4.64 0.1 9.9 4.5 50.8 33.1 73.8
Wheat Macro
Wheat WEAX #1 6.24 × 105 4.84 0.56 1.8 0.0 4.2 0.6 61.3 35.4 85.1
Wheat WEAX #2 4.62 0.0 3.1 0.4 58.8 33.7 81.4
Wheat AX Megazyme
29cSt

3.80 × 105 5.04

Rye Bevy
Rye WEAX #1 3.25 × 105 6.21 1.64 2.8 0.0 2.2 1.3 63.2 33.3 85.0
Rye WEAX #2 6.15 0.0 2.4 1.3 59.1 31.0 79.3
Rye AX Megazyme 33cSt 3.50 × 105 6.23
aTotal arabinoxylan contents have been calculated by adding the arabinose and xylose sugars and multiplying by 0.88 to account for the loss of the
water molecule.

Table 3. Analysis of Purified Soluble β-glucan WEBG from Hull Less Barley Endosperm Flour Extract

HPLC monosaccharide release (%w/w)

SEC weight
average MWt
(daltons)

intrinsic
viscosity
(dL/g)

WEBG
yield/100 g

Flour

protein
content
(%) mannose glucose galactose xylose arabinose

% beta-glucan
Megazyme (AOAC

995.16)

Before 1 M NaOH
treatment

Barley Finnis
Barley BG 40C #1 3.2 35.6 19.9 14.2 26.0
Barley BG 40C #2 3.1 36.6 18.4 15.5 26.1
After 1 M NaOH
Treatment

Barley Finnis
Barley BG RT #1 3.10 × 105 5.84 0.49 0.3 0.4 80.4 0.4 0.6 0.8 74.8

6.95 × 104

Barley BG 40C #1 3.10 × 105 5.96 0.47 0.2 0.4 91.2 0.4 0.7 0.7 93.0
6.50 × 104 0.4 87.3 0.6 0.9 1.0 88.7

Barley BG
Megazyme 28cSt

3.10 × 105 6.71
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Composition Results. For the WEAX or soluble extraction
method, amyloglucosidase from Aspergillus niger (EC 3.2.1.3)
and bentonite clay were used to degrade the starch, and remove
the protein, respectively. Optimal concentrations of bentonite
clay needed to remove protein from wheat flour slurries (100g
flour/1L water) have previously been found to be approx-
imately 0.2% w/w.8 Purity of the soluble extracts was evaluated
by HPLC for monosaccharide analysis which showed that
arabinose and xylose were the dominant sugars (Table 2).
SEC analysis gave weight average molecular weights ranging

from 324 kDa to 625 kDa. Reported Mwts of WEAX for wheat,
barley, and rye are typically in the range of 200−300 kDa.1 All
of the WEAX extracts from the current method (Table 2) have
higher values than this, which suggests that minimal
depolymerisation occurred with the wheat, hull-less barley

and rye WEAX polymers. WEAX average molecular weights are
comparable to those of commercial (Megazyme) products. 42

The WEAX yields obtained from this study ranged from 0.4
to 1.6 g/100g for the wheat, hull-less barley, and rye endosperm
flours. Generally, wheat WEAX yields are reported to be
approximately 0.3−1 g/100g.7,72 Rye WEAX yield values are
about 3 times that of wheat, being 1.0−1.5 g/100g flour.5

Similar results were found in this study (Table 2).
Holtekjølen65 reported soluble AX results for various hull-less
barley types to be 0.62−5.03%, while Trogh71 found WEAX
contents of European hull-less barley flours were 0.15−0.31%.
This study indicates WEAX contents of 0.42−0.47%, in Finniss
hull-less barley flour (Table 2).
Protein contents of the hull-less barley β-glucan and wheat,

hull-less barley and rye arabinoxylan soluble extracts and
insoluble cell wall extracts were analyzed and found to all be

Table 4. Purified Insoluble Cell Wall Composition Results

HPLC monosaccharide release (%w/w)

cell wall yield/100 g
flour

protein content
(%) mannose glucose galactose xylose arabinose

total
AXa

% β-glucan Megazyme (AOAC
995.16)

Barley Finnis
Barley Cell Wall #1 3.3 1.5 2.7 72.9 0.0 12.8 10.1 20.2 68.2
Wheat Macro
Wheat Cell Wall #1 2.3 1.6 3.9 19.4 0.8 47.7 28.3 66.9 19.3
Wheat Cell Wall #2 3.2 19.5 0.7 47.7 28.2 66.8 19.1
Rye Bevy
Rye Cell Wall #1 6.2 1.7 2.3 11.5 0.5 43.1 23.5 58.6 10.1
Rye Cell Wall #2 2.5 10.3 0.4 42.7 22.6 57.5 11.2

aTotal arabinoxylan contents have been calculated by adding the arabinose and xylose sugars and multiplying by 0.88 to account for the loss of the
water molecule.

Figure 3. 1H-NMR spectra of WEAX fractions from hull-less barley, wheat, and rye endosperm flours. Monosubstituted arabinose O-3 at 5.40 ppm;
disubstituted arabinose O-2,O-3 at 5.03 ppm, and 5.17 ppm, and xylose at 4.23−4.60 ppm. Traces of arabinogalactan can be seen in the hull-less
barley and wheat endosperm spectra at 5.12 ppm.
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less than 3% and typically less than 2% (Table 2, Table 3, and
Table 4) compared to starting flour levels of 7−15% (Table 1),
demonstrating that the enzyme and clay methods for the
removal of protein were effective, bearing in mind that some
protein is expected to be associated with the arabinogalactan
found in the WEAX fraction and with the insoluble cell wall
material.
Glucose contents for all extracts were determined using

HPLC for monosaccharide analysis. The glucose contents for
the barley WEAX, cell wall, and purified β-glucan extracts are
higher than wheat and rye as barley contains higher levels of β-
glucan, a polymer of glucose. The (1-3,1-4) β-glucan contents
of the extracts were also measured to determine if the glucose
detected was due to β-glucan alone and not residual starch.
There was close agreement between β-glucan and glucose levels
for barley, rye, and wheat cell wall residues (Table 4) showing
that starch had been effectively removed from the insoluble
residue.
Small amounts of galactose in WEAX extracts (Table 2)

suggest the coprecipitation of traces of arabinogalactan. This
was confirmed by the presence of a characteristic anomeric
proton signal at 5.12 ppm in the 1H NMR spectrum (Figure 3),
particularly for barley WEAX.
Signals for mono and disubstituted arabinose residues in

WEAX fractions illustrate characteristic differences between rye
and wheat AX with the former having a larger relative amount
of monosubstituted arabinose.1,11 Barley WEAX is different
from both rye and wheat in having a relatively lower level of
monosubstituted arabinose and higher level of disubstitution as
in Figure 3. 71

The hull-less barley WEAX and β-glucan WEBG extractions
were performed at both 40 °C and room temperature (RT ca.
20 °C) to test if the temperature difference affected the overall
characterization results. The extractions did not show any
significant differences in sugar composition or yield (Table 2
and Table 3). Intrinsic viscosities were also determined for the
WEAX and hull-less barley WEBG samples at 37 °C. Values
were approximately 4.57−6.21 dL/g for wheat, hull-less barley,
and rye WEAX samples, and the hull-less barley WEBG (40
°C) samples were approximately 5.84−5.96 dL/g. Others1,4

have reported intrinsic viscosity values between 2 and 6 dL/g
for wheat, barley, oat, and triticale WEAX,1 and higher values
for rye, approximately 4−10 dL/g.1 Barley β-glucan intrinsic
viscosities have been reported to be between 4.6 and 6.9 dL/g,4

and general cereal β-glucans 0.3−9.6 dL/g.4,68 The values
obtained in this study confirm the high molecular weight nature
of the extracts.
FT-IR spectra for the WEAX rye and wheat fractions show

excellent agreement with the Megazyme AX rye 33cSt, and
Megazyme wheat AX 29cSt products, and barley WEAX also
shows similar features (Figure 4). Robert et al.7 have reported
that each particular polysaccharide has a specific band
maximum in the 1200−800 cm−1 region. For example, the
linear and branched (1−4)-β-xylans have a band maximum at
about 1047 cm−1,7 as shown in Figure 4. In arabinogalactans,
two strong bands are observed at about 1075 and 1045 cm−1

which characterize galactopyranose in the backbone and
arabinofuranose units in side branches, respectively. 7

Purified Water Extractable β-glucan (WEBG) Composition
Results. Following precipitation of WEAX with 60% ethanol,
the soluble β-glucan (WEBG) remains in the supernatant, but
can be precipitated using 74% ethanol as shown in Figure 2.
However, it appears that significant amounts of arabinoxylan

and arabinogalactan coprecipitate with the β-glucans, as shown
in 1H NMR spectra (Figure 5, cf. Figure 3 for AX), and HPLC
results in Table 3. Characteristic signals for arabinogalactan47

are at 5.12 and 4.3 ppm, and are the major signals in the 74%
ethanol precipitate from wheat (Figure 5).
To help remove arabinogalactan and arabinoxylan from the

residue after precipitation with 74% ethanol, 1 M NaOH was
used (Figure 2) which resulted in a purer form of β-glucan, as
shown by 1H NMR (Figure 5), and the HPLC results showing
the % (w/w) monosaccharide before and after treatment with 1
M NaOH in Table 3. This purification is achieved through the
precipitation of arabinoxylan (and arabinogalactan) during
neutralization after the alkaline treatment. As a validation of this
method, a mixture of pure wheat arabinoxylan and barley β-
glucan was dissolved, precipitated with 74% ethanol and
subjected to the alkali treatment shown in Figure 2. 1H NMR
analysis showed that the precipitate obtained on neutralization
after alkaline treatment was largely arabinoxylan with a small
amount of β-glucan, and the supernatant was essentially pure β-
glucan. The relatively high solution concentration (20 mg/mL)
and salt concentration (1 M) are probably the key factors which
result in arabinoxylan precipitation.
The SEC data for the β-glucan WEBG purified extracts, gave

a peak apparent molecular weight of 3.1 × 105 Da, identical to
that for the barley β-glucan 28cSt Megazyme product. All
WEBG purified extracts showed the same peak apparent
molecular weight, but also contained small but varying amounts
of a lower molecular size fraction averaging 6−7 × 104 Da. We
conclude that this smaller fraction represents the products of
alkali degradation which occurred to varying extents for repeat
treatments. The purification using 1 M NaOH therefore
appears to have reduced the molecular weight of a portion of
the β-glucan.15,27 Others have reported molecular weight values
for cereal β-glucans in the range of 65−3100 × 103 for oats,
31−2700 × 103 for barley, 21−1100 × 103 for rye, and 209−
487 × 103 for wheat.1,73 The fact that the intrinsic viscosity
values for the β-glucans isolated in this study (5.84, 5.96, Table
3) are only slightly lower than that for the commercial standard
with the same peak molecular weight (6.71, Table 3) suggests
that the extent of degradation is not major.
The purified soluble barley β-glucan WEBG yield results in

Table 3 are approximately 0.48 g/100g flour. Lee et al.67

reported soluble β-glucan 2.65% (insoluble β-glucan 1.73%) in
Bowman hull-less barley milled groats. Collins et al.4 described
water extractable β-glucan levels of 1.7−2.6% in barley cereal
grain. However, specific reports on water extractable β-glucan
contents in endosperm hull-less barley flour have not been

Figure 4. FT-IR spectra of WEAX fractions from wheat, hull-less
barley, and rye endosperm flours in comparison with the Megazyme
AX wheat 29cSt and Megazyme AX rye 33cSt.
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found. The FT-IR results shown in Figure 6, show the
characteristic (1−4)-β-glucan absorption band at around 1030

cm−1.7 Both the purified β-glucan extract and the Megazyme
barley β glucan have similar FT-IR spectra, clearly different to
AX (Figure 4).
Composition of Purified Insoluble Cell Wall Residues.

Previous reports2−4,7 indicate that AX amounts in the
endosperm cell walls of wheat and rye are approximately
70%, 65%, respectively, and barley endosperm cell walls contain
approximately 20%. Conversely the β-glucan levels in the
endosperm cell walls of wheat and rye are approximately 20%
and 12%, respectively, and that of barley and oats is

approximately 70 and 80%, respectively. The results in Table
4 indicate that the rye and wheat endosperm insoluble cell walls
contain approximately 60 and 70% AX, respectively, and the
hull-less barley endosperm cell wall has approximately 20%.
There are no previous reports of AX contents in the cell walls
of endosperm hull-less barley flours. Table 4 also indicated
approximately 68% β-glucan levels in the endosperm cell wall of
hull-less barley and approximately 10% and 19% β-glucan in the
cell walls of rye and wheat respectively. This is in line with
other reports on endosperm cell wall contents.2−4,7 The
similarity in relative amounts of AX and β-glucan in total
endosperm and water-unextractable fractions is not surprising
given the relatively low percentage solubility values for wheat,
rye and barley endosperm flours found in this study. The fact
that the water-unextractable fraction (and the endosperm cell
wall itself) contains predominantly AX and β-glucan (Table 4)
is reflected in FT-IR spectra (Figure 7).
Bands at 1030 cm−1 for (1−4) β-glucans can be seen in the

barley water unextractable fraction (endosperm cell wall) FT-IR
spectra. While the FTIR spectra for the wheat and rye cell walls
are very similar, the major signal at 1047 cm −1 found for
purified soluble arabinoxylan from rye and wheat (WEAX)
extractions in Figure 4 does not appear to be as pronounced.
Also a feature present at approximately 928 cm−1 was not found
in either AX or BG spectra and needs further investigation.
Although Robert et al.7 have investigated the main individual
cell wall polymers as water-soluble subfractions namely
arabinogalactan, arabinoxylans and β-glucans, the present
results suggest that when these polymers are integrated within
cell walls, the FTIR spectra are not a simple sum of relevant
NSP polymers.

Figure 5. 1H-NMR spectra for hull-less barley β-glucan purified with 1 M NaOH treatment after 74% ethanol precipitation, compared with barley
and wheat after 74% ethanol precipitation. The Megazyme barley β-glucan 28cSt product was used for comparison.

Figure 6. FT-IR spectra of purified hull-less barley and Megazyme
barley β-glucans.
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Applicability in Structure−Nutrition Studies. The
approach described satisfies the criteria of (a) separation of
soluble and insoluble phases without using organic solvents or
other treatments that would be expected to modulate polymer
solubility, (b) efficient removal of both starch and protein from
each of soluble and insoluble fractions, and (c) separation of
solubilized arabinoxylan- and β-glucan for detailed structural
analysis including molecular size. The water extractable and
water-unextractable (cell wall) components from the endo-
sperm flours of rye, wheat, and hull-less barley have been
successfully separated, purified, and characterized under
conditions that are suitable for investigating structure−nutrition
relationships.74 Water-soluble extracts have been further
separated into relatively pure arabinoxylan and β-glucan
preparations by precipitation with 60% and then 74% ethanol
with subsequent alkali treatment, respectively. Molecular sizes
of purified soluble polymers were sufficiently high to suggest
that depolymerisation was avoided (apart from limited
depolymerisation following alkali treatment), and characteristic
substitution differences were observed between wheat, rye, and
barley arabinoxylans. Water unextractable fractions were also
shown to be free from starch and low in protein. FTIR
spectroscopy can be used to quickly and easily characterize
both purified polymers and the mixtures present within the
water insoluble fraction without any sample loss due to
preparation, although cell wall spectra may not be a simple sum
of component spectra due to apparent wall architecture effects.
However to adequately verify extraction purity and specific
NSP polymer structure, the FTIR should be used in
conjunction with other more specific analyses such as 1H
NMR and HPLC monosaccharide analysis. Because this
methodology avoids the use of organic solvents or alkali prior
to the separation into soluble and insoluble fractions, it is also
suitable for use in studies of the effects of food processing on
structure-nutrition relationships.
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