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The effect of acid- or enzyme-catalysed hydrolysis on partial depolymerisation of 3-glucan in oat bran was
studied. Hydrolyses were performed at relatively low water content (50% dry matter) using high shear
mixing in a twin-screw extruder. The hydrolysed oat brans were extracted with hot water and centrifuged
to obtain a water-soluble phase and an insoluble residue. The time-dependent gelling of the water-soluble
phase was monitored for 14 weeks at 5 °C. Acid-hydrolysis required a short reaction time (3 min) to

g?gz:ergs‘;at bran depolymerise the (3-glucan molecules from their original average M,, of 780,000 to 34,000 g/mol. After
p-Glucan acid-hydrolysis, p-glucan had low polydispersity (4.0-6.7). Longer incubation time (3-4 h) was needed for

enzymatic depolymerisation of the 3-glucan molecules down to 71,000-49,000 g/mol. Enzymatic hydrolysis
resulted in high polydispersity (19.0-24.2). The concentration and M,, of 3-glucan significantly affected the
gelling of hot water extracts. At 1.4-2.0% [-glucan concentration, solutions of B-glucan molecules with
M,, > 50,000 g/mol agglomerated rapidly, whereas solutions of smaller molecules (34,000-49,000 g/mol)
remained as stable dispersions for longer. Gelling was strongly concentration-dependent and at 1.4 to 1.6%
beta-glucan concentration gelling occurred after 7 to 12 weeks of storage, whereas at 1.8 to 1.9% concentra-
tion gelling occurred already after 2 weeks of storage.
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1. Introduction

Oats are a good source of B-glucan, because they have high initial
p-glucan concentration, usually around 4.5-5.5% (Ajithkumar,
Andersson, & Aman, 2005; Cho & White, 1993; Saastamoinen,
Plaami, & Kumpulainen, 1992). Oat 3-glucan is a linear polysaccha-
ride consisting of B-p-glucopyranosyl units, which are joined by
(1 — 3)-and (1 — 4)-p-p-linkages. The (1 — 3)-linkages increase
the flexibility of the chain and make B-glucan water-soluble (Buliga,
Brant, & Fincher, 1986). The main building blocks, cellotriose (DP3)
and cellotetraose (DP4), comprise over 90% of the [3-glucan molecule.
A small proportion of oat 3-glucan consists of longer cellulose-like se-
quences, mainly DP5-DP9, but even up to DP20 (Doublier & Wood,
1995; Lazaridou, Biliaderis, & Izydorczyk, 2003). The average molecular
weight (My) of P-glucan in untreated oats is usually around
1,500,000-2,500,000 g/mol (Sikora, Tosh, Brummer, & Olsson, 2013).
Oat B-glucan has a strong water-binding and viscosity-thickening
capacity.

Abbreviations: DP, degree of polymerisation; M, weight average molecular
weight; M, number average molecular weight; HM,, high molecular weight; LM,,,
low molecular weight; SDF, soluble dietary fibre.
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Several studies and meta-analyses have shown that oat 3-glucan can
reduce LDL cholesterol (low-density lipoprotein) of hyperlipidemic
subjects (Brown, Rosner, Willett, & Sacks, 1999; Othman,
Moghadasian, & Jones, 2011; Ripsin, et al., 1992). High or medium mo-
lecular weight (2,210,000 < M,, < 530,000 g/mol) oat B-glucan has
been shown to induce stronger cholesterol lowering capacity compared
to low M,, p-glucan (210,000 g/mol) in extruded breakfast cereals
(Wolever et al.,, 2010). High M,, may also be linked to the cholesterol
lowering capacity of breads and cookies (Kerckhoffs, Hornstra, &
Mensink, 2003). However, Biérklund, van Rees, Mensink and Onning
(2005) and Naumann et al. (2006) have shown that low M,, 3-glucan
(70,000 or 80,000 g/mol) can lower the LDL cholesterol when con-
sumed in beverages. Thus, the food matrix seems to have an effect on
the cholesterol lowering, and the role of M,, in predicting 3-glucan's
cholesterol lowering potency should be further studied.

In low moisture products, such as breads and snacks, much effort is
made to retain the high molecular weight (HM,,) of p-glucan (Aman &
Andersson, 2008; Duss & Nyberg, 2004). The M,, of 3-glucan may be re-
duced due to endogenous enzyme activity, low pH or high temperature
during processing (Aman, Rimsten, & Andersson, 2004; Flander,
Salmenkallio-Marttila, Suortti, & Autio, 2007). In high moisture applica-
tions the use of HM,, 3-glucans is challenging, because they tend to ag-
gregate and form semi-solid or concentrated dispersions. Critical
concentration (c*) is used to describe the concentration at which
B-glucan molecules begin to interact with each other. At c*, the diluted
solution turns into semi-diluted, and finally into concentrated solution
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(c**). For HM,, molecules (~1,000,000-1,500,000 g/mol) the c* and ¢**
values have been reported to be as low as 0.1-0.4% (Doublier & Wood,
1995; Ren, Ellis, Ross-Murphy, Wang, & Wood, 2003).

To obtain high concentration of 3-glucan and yet avoid its aggrega-
tion in foods with very high water content, such as beverages, 3-glucan
needs to be in the diluted region (i.e. high ¢* value and low viscosity).
To obtain lower viscosity, the M,, of 3-glucan must be reduced. This is
possible, for example, by high pressure homogenization (Laakso &
Lehtinen, 2005), by sonication (Varum, Smidsred, & Brant, 1992), by
adding ascorbic acid (Kiveld, Gates, & Sontag-Strohm, 2009), by using
thermo-mechanical degradation in extrusion (Tosh et al., 2010; Zhang,
Bai, & Zhang, 2011), or by acid- or enzyme-catalysed depolymerisation
at reduced water content (Kaukovirta-Norja et al., 2009; Lehtomdki &
Myllymaki, 2009).

The aim of the current study was to compare the effects of acid- and
enzyme-catalysed depolymerisations of 3-glucan in an oat bran fraction
with high B-glucan content. The stability of hot water-extracted bran
hydrolysates at 1.4-2.0% [>-glucan concentration was studied during
14 weeks of storage at 5 °C. The objective was to identify the hydrolysis
conditions which would enable the production of stable 3-glucan dis-
persions to be used in high-moisture foods, such as beverages.

2. Materials and methods
2.1. Raw materials

The raw material was dehulled, non-heat-treated commercial oat
grains from Raisio Oyj (Kokemadki, Finland), the lipid content of
which was reduced by supercritical carbon dioxide extraction at
NATECO2 GmbH & Co. (Wolnzach, Germany). After the lipid extrac-
tion, a B-glucan-enriched fraction was obtained using pin disc milling
and air classification at Hosokawa Alpine AG (Augsburg, Germany).
First, the pin disc milled oats were separated by air classification
into bran and endosperm fractions. Then, the bran fraction was milled
and air classified again to obtain a highly enriched 3-glucan fraction

A

[ Oat bran enriched in B-glucan ]
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which contained 33.9% R-glucan, 23.0% protein, 9.2% starch and 4.6%
total lipids (Sibakov et al., 2011).

2.2. Acid and enzymatic hydrolyses

The B-glucan-enriched oat bran fraction was first preconditioned by
mixing it with 30% water (Fig. 1). The preconditioning ensured that
water was evenly absorbed in the matrix. The acid-catalysed hydrolysis
was performed with ortho-phosphoric acid (Merck KGaA, Darmstadt,
Germany) and enzyme-catalysed hydrolysis with a commercial enzyme
preparation (Depol 740L, Biocatalyst Ltd., Wales, UK). The enzyme prep-
aration was produced by Humicola spp. and the following activities were
detected: Xylanase 17,343 nkat/ml (birch glucurone xylan as substrate,
pH 6, 50 °C; Bailey, Biely, & Poutanen, 1992), B-glucanase 6962 nkat/
ml (1% barley PB-glucan, pH 6, 50 °C; Zurbriggen, Bailey, Penttild,
Poutanen, & Linko, 1990), endoglucanase 614 nkat/ml (1% HEC, pH 6,
50 °C; IUPAC, 1987), B-glucosidase 472 nkat/ml (1 mM 4-nitrophenyl-
{3-p-glucopyranoside, pH 5, 50 °C; Bailey & Linko, 1990), ferulic acid
esterase 52 nkat/ml (pH 5, 50 °C; Forssell et al, 2009), and o-
arabinosidase 34 nkat/ml (p-nitrophenyl-a-L-arabinofuranoside, pH 5,
50 °C; Poutanen, Rattd, Puls, & Viikari, 1987).

The hydrolysis was carried out using an APV MPF 19/25 twin-screw
extruder (Baker Perkins Group Ltd., Peterborough, U.K.). The feed rate
of the preconditioned oat bran into the extruder was 24 ¢ min~',
speed of the twin-screws was 75 rpm, and residence time inside the bar-
rel about 3 min. The temperature inside the extrusion barrel was set to
110-130 °C for acid-hydrolysis and to 50 °C for enzyme-hydrolysis.
Water solution of phosphoric acid (8% w/v) or Depol 740L enzyme prep-
aration (50 nkat 3-glucanase activity/g oat bran) was fed into the ex-
truder at a rate of 12 ml min !, resulting in a final water content of 50%.

After the extrusion, the dough-like mass was either ready for sub-
sequent processing (acid-hydrolysis) or incubated in sealed con-
tainers at 50 °C for 1-4 h (enzyme-hydrolysis) as shown in Fig. 1.
After incubation with the enzyme, the dough-like mass was manually
fed into extruder again to inactivate the enzyme. The inactivation was

Pin disc milling

-
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dry bran ingredient

v

Hot water extraction at 70 °C Water
92-93% water content

.

Centrifugation
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Fig. 1. Process flow chart of the depolymerisation of oat bran enriched in 3-glucan. A. Preparation of depolymerised dry oat 3-glucan ingredient. B. Extraction of dry ingredient into hot
water and separation of solids to yield 3-glucan-concentrated beverage base. *The second extrusion was performed after 1-4 h incubation to inactivate the enzyme. **Neutralisation of

acid was needed when using phosphoric acid.
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performed at 110 °C using 75 rpm speed for the twin-screws, resulting
in a residence time of 3-4 min.

2.3. Preparation of the water extractable fractions

After extrusion, the moist, hydrolysed material was spread on
stainless steel trays and dried overnight in an oven with recirculation
air at 65 °C to avoid microbiological contamination and further
depolymerisation of 3-glucan. The dried material was first ground in a
Wiley cutting mill (Arthur H. Thomas Company, Philadelphia, US.A.)
and subsequently in a Hosokawa Alpine 100 UPZ-Ib Fine impact mill
with stainless steel pin discs (Hosokawa Alpine AG, Augsburg, Germa-
ny) so that the powder was easier to disperse in water. For the hot
water extraction, 66.7 or 83.3 g (d.w.) of dried and milled oat bran
material was mixed with 11 of distilled water at 70 °C. The mixture
was stirred for 2 min with a hand-held homogeniser (Heidolph
Diax900 Ultra Turrax, Gemini BV, Apeldoorn, The Netherlands), using
12,000 rpm speed. The insoluble residue was separated with a centri-
fuge (Sorvall RC-12BP, DuPont, U.S.A.), at 4000 rpm (ca. 4000xg) for
15 min. The centrifugation was performed at room temperature with-
out cooling to avoid gelling of the water-soluble fraction. The superna-
tant of acid-hydrolysed oat bran was neutralised from pH 2.1-2.2 to
pH 5.0-5.2 with calcium hydroxide (Merck KGaA, Darmstadt, Germa-
ny), and the Ca3(PO,), precipitate formed was separated by centrifuga-
tion as described above. Neutralisation was not needed for the
enzyme-hydrolysed material, which had a pH of 5.6-5.8.

The supernatants were cooled to 5 °C and stored in a controlled cold
room at 5 °C for 14 weeks. The viscosities of the solutions (Pa-s) were
measured once a week in a Bohlin Visco 88 Viscometer (Malvern Instru-
ments Ltd., UK) at 5 °C, using eight different shear rates (24-1300 s~ ').
The solution flasks were mixed well before the analysis. Each time a
new sample of 18 ml was taken to be analysed by the viscometer.
After the analysis, the sample was thrown away, not returned back to
the solution flask.

2.4. Analytical methods

2.4.1. Chemical characterisation

The water-soluble fractions as well as the insoluble residues
were dried in a Christ Epsilon 2-25 freeze drier (Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany).
The freeze-dried samples were ground in an Ultra centrifugal mill
ZM 200 (Retsch GmbH, Haan, Germany) using a 0.3 mm screen.
The total B-glucan concentration was analysed by the spectroscopic
method 32-23 (AACC, 2003) using Megazyme B-glucan mixed linkage
assay kit (Megazyme International Ireland Ltd., Wicklow, Ireland). The
M,, of p-glucan in the hot water extracts was analysed by dissolving
the samples at concentration levels of 12 and 8 g/I in 0.2% H3PO, and
200 ppm Na-azide at room temperature overnight with magnetic stir-
ring. The samples were analysed by liquid chromatography, which
consisted of an Alliance 2690 separation module and M-2414 refractive
index detector. The columns employed were (7.8 x 300 mm) three
uHydrogel 2000, pHydrogel 250 and pHydrogel 120 (Waters Inc., Mil-
ford, MA, U.S.A.) and Aminex HPX-87H (Bio-Rad, Hercules, CA, US.A.)
in series at 60 °C. The eluent was aqueous 0.2% H3PO, at a flow-rate of
0.5 ml/min. Injections (50 pl) were made of sample and standard solu-
tions (Suortti, 1993). The linear size-exclusion calibration curve
(r? > 0.96) was constructed on the basis of pullulan standards ranging
from 788,000 to 5900 g/mol and malto-oligomers ranging from
maltoheptaose to maltose. The system was controlled and calculations
were performed with Waters Empower software's GPC option. In prin-
ciple the software sliced the sample peak into narrow slices. The peak
molecular weight value and the area of each slice (i.e. concentration)
were calculated by the software. Then the weight average molecular
weight (M) and the number average molecular weight (M, ) were cal-
culated over the whole B-glucan peak. Polydispersity, a measure of the

/3

distribution of individual molecular masses, was calculated as a ratio
between M,, and M,,.

Monosaccharides were analysed by extracting 1 g of the cereal sample
with 4 ml of cold water (44 °C) and hydrolysing the water soluble frac-
tion with 1.2 ml of 7.5 N H,S04 at boiling water bath for 2 h. The sugars
obtained from the hydrolysis steps and the monosaccharide standards
(50 mg/ml; glucose, arabinose, xylose, galactose, mannose) were
analysed as their alditol acetates as described by Blakeney, Harris,
Henry, and Stone (1983). The dilutions for the standard curves were
made from these monosaccharide solutions. Myo-inositol was used as
an internal standard (0.5 mg/ml sample). The acetylated monosaccha-
rides were analysed with gas chromatography using an Agilent 6890 GC
(Palo Alto, CA, USA) equipped with a flame ionization detector (FID).
The column was DB-225 (30 m x 0.32 mm; film thickness 0.15 pm;
Agilent). Helium was used as a carrier gas 1.2 ml/min. Split injection
(1:3) was performed at 250 °C and the FID-detector was operated at
250 °C. The analytes were separated at 220 °C for 15 min. The monosac-
charides were identified according to their retention times and quantitat-
ed with standard curve. Free hexose-sugars were corrected by a factor of
0.9 to anhydro sugars, and pentose-sugars by a factor of 0.88. Nitrogen
was analysed by a Kjeldahl autoanalyser (Foss Tecator Ab, Hogands,
Sweden), and protein concentration was calculated as N x 6.25 according
to the method 46-11A (AACC, 2003). Starch was quantified using
Megazyme total starch assay kit according to the method 76-13.01
(AACC, 2003). All chemical characterisations were made in triplicate.

2.4.2. Microscopic analyses

The samples were embedded into agar using a Historesin embed-
ding kit (Leica instruments GmbH, Heidelberg, Germany), and the em-
bedded samples were sectioned (2 pm) in a rotary microtome HM 355
(Microm Laborgerdte GmbH, Walldorf, Germany) using a steel knife.
The sections were stained with Acid Fuchsin (BDH Chemicals Ltd.,
Poole, Dorset UK)/Calcofluor White (Fluorescent Brightener, Aldrich,
Germany). Acid Fuchsin and Calcofluor White were used for staining
protein red and -glucan rich cell walls light blue, respectively, and
the samples were imaged using exciting light (epifluorescence at
400-410 nm and fluorescence at >455 nm). The samples were then
examined under a BX-50 microscope (Olympus Corp., Tokyo, Japan).
Micrographs were obtained using a PCO SensiCam CCD colour camera
(PCO AG, Kelheim, Germany) and the Cell*P imaging software (Olym-
pus). The electron microscopy was performed using a Jeol 6360 Scan-
ning Electron Microscope (Jeol Ltd., Tokyo, Japan). Prior to imaging,
the samples were dried with absolute ethanol and coated with a thin
layer of gold atoms using an Edwards Sputter Coater S150B (Massachu-
setts, US.A.).

2.5. Statistical analysis

The results were calculated as means of triplicate analysis results. The
data was subjected to analysis of variance using the IBM SPSS Statistics
20 (IBM Corporation, Somers, NY, US.A.), and significant differences
(P < 0.05) between individual means were identified by the Tukey's test.

3. Results and discussion

Low water content (1:1 water and bran) enabled a controllable
depolymerisation of HM,, 3-glucan into smaller molecules both in
acid and enzymatic hydrolyses. Higher water content was also inves-
tigated in preliminary experiments. Hydrolysis at 90% water content,
using the same concentration of phosphoric acid (8%) or the same en-
zyme dosage (50 nkat p-glucanase/g oat bran) and at the same tem-
peratures (100-130 °C for acid-hydrolysis or 50 °C for enzymatic
hydrolysis) as at 50% water content, resulted in rapid breakdown of
B-glucan into short oligosaccharides (data not shown). The results
of acid and enzymatic hydrolyses at 50% water content are described
and discussed below.
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3.1. Acid-catalysed depolymerisation of 3-glucan

Acid-hydrolysis had a great effect on the cell wall structures of the
oat bran concentrate. The cell walls were almost completely destroyed
as compared to the unhydrolysed raw material. Irrespective of the dif-
ferent hydrolysis temperatures (100 or 130 °C), the microscopic pic-
tures showed similar dispersed distribution of grain compounds (i.e.
fragments of cell walls, proteins and starch) in the matrix (Fig. 2).

In the subsequent hot water extraction, 48.2-52.9% of the acid-
hydrolysed oat bran material was solubilised and 61.6-68.9% of the total
[-glucan in the oat bran fraction was extracted in the water solution
(Table 1). The degree of oat bran solubilisation did not differ significantly
between the hydrolysis temperatures (100, 120 and 130 °C) and the
amounts of added bran (66.7 or 83.3 g/l). However, there seemed to be
a trend that higher hydrolysis temperature slightly improved the
solubilisation of oat bran. The highest solubilisation of 3-glucan (68.9%
of the total B-glucan) was obtained when the oat bran was hydrolysed
at 120 °C. The solubilisation level was reduced to 63.4-64.3% when the
bran was hydrolysed at 130 °C. This was most probably due to harsh hy-
drolysis conditions, where a small proportion of the 3-glucan molecules
might have been cleaved down to glucose or even smaller units. However,
as the reduction in 3-glucan's solubilisation was substantially low, it did
not significantly reduce the 3-glucan concentrations in the hot water ex-
tracts (Table 1).

The composition per dry matter of freeze-dried hot water extracts
was: 41.6-45.7% 3-glucan, 7.9-8.5% protein and 6.9-8.9% starch. The ex-
tracts contained 5.4-5.6% arabinose, 5.8-7.1% xylose, 8.3-8.6% mannose
and 52.0-54.1% glucose (Table 2). Similar to the degree of -glucan
solubilisation (Table 1), the P-glucan concentration was highest
(45.7%) after the hydrolysis at 120 °C and decreased slightly (to 41.6%)
when the hydrolysis was performed at 130 °C. The protein content did
not show any clear trend, being lowest (7.9%) after the hydrolysis at
120 °C, but remained at the same level (8.5%) after the hydrolysis at
100 and 130 °C. The starch and xylose concentrations increased when
the hydrolysis temperature was raised. However, there were no signifi-
cant changes in the concentrations of arabinose, mannose and glucose.

The insoluble residues, after the hot water extraction and centrifuga-
tion, contained 6.1-6.5% P-glucan, 30.2-35.0% protein and 7.6-11.1%
starch, and their monosaccharide composition was: 2.4-3.6% arabinose,
44-6.8% xylose, 4.2-4.5% mannose and 18.9-22.6% glucose (Table 2).
The differences in 3-glucan concentrations were not statistically signifi-
cant. The protein concentration increased with higher hydrolysis temper-
ature. However, this was not in line with the results obtained from the
freeze fried extracts. The reason might be linked to the solubility of differ-
ent kinds of proteins, but this was not investigated more in detail in this
study. Starch and xylose concentrations decreased with the increased hy-
drolysis temperature. This was in accordance with the increased starch
and xylose concentrations in the freeze dried extracts. In addition, glucose
concentration decreased slightly between 120 and 130 °C hydrolysis tem-
peratures. As there were no significant differences between the glucose
concentrations of the freeze dried extracts, it might be interpreted that
some of the glucose molecules were degraded into smaller units at
130 °C.

The depolymerisation of 3-glucan was highly dependent on the
hydrolysis temperature. The average M,, of P-glucan in the hot
water extracts was 110,000; 86,000 and 34,000 g/mol after hydroly-
sis at 100, 120 and 130 °C, respectively (Fig. 3). The corresponding
polydispersity (M,,/M,) values of the B-glucan molecules were 4.0,
4.3 and 6.7. The low polydispersity values were also detectable as rel-
atively sharp peaks in the molecular weight distributions (Fig. 3).

3.2. Enzyme-catalysed depolymerisation of 3-glucan

Enzymatic hydrolysis destroyed most of the cell wall structures,
although considerably less severely than acid-hydrolysis. The micro-
scopic analysis showed that some of the cell wall structures still
remained intact after 1 h enzymatic hydrolysis, although they were
mostly destroyed after 4 h hydrolysis (Fig. 2). In contrast to acid-
catalysed hydrolysis, starch particles were still detectable after 1 h
enzymatic hydrolysis.

In the subsequent hot water extraction, 29.0-47.1% of the enzyme-
hydrolysed oat bran material was solubilised and 44.3-77.9% of the
total B-glucan in the oat bran fraction was extracted in the water solution
(Table 1). The degree of oat bran solubilisation did not differ significantly
after the hydrolysis times of 2-4 h. However, after the 1 h hydrolysis
time, a lower solubilisation of oat bran was obtained. The amount of
added bran clearly affected the solubilisation of oat bran, being higher
with the lower bran proportion (66.7 g/1) compared to the higher bran
proportion (83.3 g/l). The reason was most probably related to the
high water-absorption capacity of ‘mildly’ treated oat brans. For exam-
ple, after being hydrolysed for 1 h with Depol 740L, only 29.0% of bran
was solubilised when 88.3 g of oat bran was dissolved in 11 of hot
water. The solubilisation of 3-glucan improved significantly when the
hydrolysis time was increased from 1 to 3 h. A small reduction in
B-glucan's solubilisation between 3 and 4 h hydrolysis time might be
explained by a similar cleavage of 3-glucan as with the acid. However,
the reduction in the level of B-glucan solubilisation between 1 and 4 h
hydrolysis time was substantially low, and did not significantly reduce
the 3-glucan concentrations in the hot water extracts.

The composition per dry matter of hot water extracts of freeze dried
material was: 52.2-58.6% P-glucan, 5.0-8.9% protein and 3.8-6.7%
starch. The water extracts contained 5.2-6.5% arabinose, 5.6-7.2% xy-
lose, 11.2-11.8% mannose and 59.0-63.7% glucose (Table 2). The
B-glucan concentration was reduced with longer hydrolysis time. This
could be explained by the cleavage of some (3-glucan molecules into
glucose. However, the cleavage to glucose should have been low, be-
cause the B-glucosidase activity of Depol 740L (3.4 nkat/g oat bran)
was almost 15-times lower compared to its (B-glucanase activity
(50 nkat/g oat bran). This was actually proved with the reference
blanks of the 3-glucan analysis, where no free p-glucose was detected.
Smaller units than glucose were not produced by the enzyme, as
might have been the case with acid, because there were no significant
differences between the glucose concentrations of freeze dried extracts
of enzyme hydrolysed oat brans. The protein concentrations of the
freeze dried extracts increased along with the longer incubation time.
This was not consistent with the values measured from the insoluble
residues, because those did not show any significant differences in pro-
tein concentration. Similar to higher temperature in acid hydrolysis,
longer hydrolysis time in enzyme hydrolysis resulted in slightly higher
concentrations of starch and xylose in the freeze dried extracts.

The insoluble residues after the hot water extraction contained
11.6-16.4% P-glucan, 35.1-35.6% protein and 12.2-14.2% starch, and
their monosaccharide composition was: 4.3-5.5% arabinose, 4.6-6.5%
xylose, 5.1-5.4% mannose and 26.0-27.6% glucose (Table 2). The clearest
difference in the chemical composition of the insoluble residues was in
the concentrations of 3-glucan. The B-glucan concentration was reduced
from 16.4 to 11.6% when the hydrolysis time was prolonged from 1 to
4 h. The significantly higher 3-glucan concentration in the insoluble res-
idue of 1 h hydrolysed sample was likely due to the low solubilisation of
oat bran after the hot water extraction, and due to the amount of higher
M,, B-glucans that did not dissolve into hot water as easily as the lower

Fig. 2. Microscopic pictures of oat bran concentrates: intact oat bran, acid-hydrolysed oat bran (at 100 °C and 130 °C) and enzyme-hydrolysed oat bran (incubated at 50 °C for 1 h
and 4 h). First row = column: Light Green/Lugol's iodine staining, showing protein as green and starch as spherical objects in blue or brown. Second row = column: Acid Fuchsin/
Calcofluor White staining, showing protein as red and 3-glucan rich cell walls as light blue colour. Third row = column: Scanning electron microscopic pictures. Bar = 100 pum (in
the first and second rows = columns) and 10 pm (in the third row = column). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Table 1

Solubilisation of oat bran and -glucan into liquid phase after acid- and enzyme-hydrolyses and hot water extraction at 70 °C. The results are expressed as mean (n = 3) + standard
deviation. Values marked with different letters within the same row = column are significantly different (P < 0.05).

Oat bran (g/1 of water)

Solubilised oat bran (% of total)

Solubilised p-glucan (% of total) B-Glucan in water extract (%)

Acid-hydrolysis

H3P04, 100 °C 66.7 50.5 4+ 0.8 gh
H3P04, 120 °C 66.7 5134+ 09h
H3P04, 130 °C 66.7 5204+ 07h
H3P04, 100 °C 833 482 + 1.1fg
H3P04, 120 °C 83.3 516+ 1.1h
H3P04, 130 °C 833 529 4+ 04h
Enzyme-hydrolysis

Depol 740L, 1 h 66.7 413 4+ 09c
Depol 740L, 2 h 66.7 454 + 0.8 de
Depol 740L, 3 h 66.7 47.2 + 0.6 ef
Depol 740L, 4 h 66.7 45.7 + 0.8 def
Depol 740L, 1 h 833 290+ 1.7a
Depol 740L, 2 h 833 376 £ 12b
Depol 740L, 3 h 833 439 + 09 cd
Depol 740L, 4 h 833 441 +£05d

638 +£ 03d 138 + 0.07 a
68.9 4 0.2 ef 1.56 + 0.05 ab
63.6 + 03d 1.43 + 0.06 ab
61.6 £ 0.7 ¢ 1.83 £ 0.11 cd
68.9 + 0.7 e 2.06 + 0.10d
643 +05d 1.84 + 0.04 cd
711 +£07¢g 1.55 £+ 0.09 ab
765+ 1.0h 1.64 £ 0.07 bc
779 +£ 04 h 1.66 4 0.08 bc
702 4+ 0.3 ef 1.57 £ 0.06 ab
443 + 08 a 193 +£0.10d
574 4+ 06D 1.94 £ 0.12d
70.5 4+ 0.3 fg 2.01 £ 0.06d
67.7 £ 04 e 1.94 + 006 d

M,, molecules after longer hydrolysis times (2-4 h). Along with the lon-
ger hydrolysis time, there was a small decrease in the concentration of
xylose in the insoluble residues. The trend in the concentration of xylose
was similar to the results obtained with the acid hydrolysis at increased
hydrolysis temperatures. The improved extraction of xylose could be
explained by the high xylanase activity in Depol 740L.

The depolymerisation of B-glucan by the enzyme preparation was
dependent on the incubation time at 50 °C. The average M,, of
-glucan in the hot water extracts was 218,000; 93,000; 71,000 and
49,000 g/mol after 10 min, 1 h, 3 h and 4 h incubation times, respec-
tively. Compared to acid-hydrolysis, the enzyme-catalysed hydrolysis
resulted in wider M,, distributions. The polydispersity value, being low-
est with 10 min incubation time, varied between 19.0 and 24.2. The dif-
ference between 10 min and 1 h incubations was the most significant,
as the average M,, fell below 100,000 g/mol and the proportion of
small molecules increased (Fig. 3). The ‘tails’ at the ends of M,, profiles

Table 2

indicated that part of the 3-glucan was depolymerised into shorter oli-
gosaccharides, but their concentrations were not quantified in this work.

3.3. Comparison of acid and enzymatic hydrolyses

The degree and pattern of hydrolysis were different between acid
and enzyme-catalysed hydrolyses. The yield of the water extract after
acid-hydrolysis (48.2-52.6%) was higher than after the enzymatic hy-
drolysis (29.0-47.1%). This was probably due to the fact that the acid
hydrolysed the grain compounds rather unspecifically (Johansson et
al., 2006), whereas the enzyme preparation used, Depol 740L, degraded
mainly polysaccharides. In addition, separation of the insoluble residue
from the water dispersion of enzymatically hydrolysed oat bran was
challenging at 1.9-2.0% 3-glucan concentration, due to the high water
absorption capacity of the B-glucan molecules with an intermediate
M,y (71,000-93,000 g/mol).

Monosaccharide compositions of hydrolysed oat brans after water extraction at 70 °C. The water-soluble (extract) and insoluble (residue) fractions were freeze-dried prior to anal-
ysis. The concentration of galactose was below the detection limit. The results are expressed as mean (n = 3) + standard deviation. Values marked with different letters within the

same row = column are significantly different (P < 0.05).

Yield {>-Glucan Protein Starch Arabinose Xylose Mannose Glucose
(Wt.%) (g/100 g) (g/100 g) (g/100 g) (g/100 g) (g/100 g) (g/100 g) (g/100 g)

Raw material (OBC) 100.0 339+ 02e 23.0+02e 92 +01f 54 4+ 0.1de 6.0+ 0.1d 86+ 0.1b 454 4+ 0.7d
Acid-hydrolysed, extract

Hydrolysed at 100 °C 50.5 429 +06¢g 85+ 0.1d 69+ 0.1c 5.6 + 0.1de 58 +02d 83+0.1b 522+ 13e
Hydrolysed at 120 °C 51.3 457 £ 06 h 79 +01c¢ 78 +0.1d 54 + 0.1de 60+01d 85+ 03b 541+ 06e
Hydrolysed at 130 °C 52.0 416 £ 03 f 85+ 02d 89+ 03e 5.5+ 0.2 de 71 +£03f 86 +03b 520+ 16e
Acid-hydrolysed, residue

Hydrolysed at 100 °C 49.5 6.1 +01a 302 +02f 111+ 0.1h 36+ 13ab 6.8 &+ 0.1 ef 42 +01a 217+ 0.1b
Hydrolysed at 120 °C 48.7 65+02a 345+ 03¢g 108 +02¢g 24+ 03a 44 +02a 45+ 01a 226 £ 02b
Hydrolysed at 130 °C 48.0 6.1 +0.1a 350+ 01h 76 +£0.1d 244+ 05a 5.0 +£ 0.2 bc 44 4+ 02a 189+ 06a
Enzyme-hydrolysed, extract

Incubated for 1 h 413 586 + 061 50+ 0.1a 41+01a 52 4 0.3 de 56+ 0.1d 118 £ 08¢ 637+ 10¢g
Incubated for 2 h 454 573+ 0.1k 60+ 02b 38+02a 6.0 + 0.1 ef 6.7 £ 0.2 ef 115+ 09¢ 619+ 18¢g
Incubated for 3 h 471 562 +0.2] 86+ 0.1d 44+01b 6.5 + 0.5 ef 71+£01f 114 £ 06 ¢ 61.7 £ 0.7 fg
Incubated for 4 h 45.7 522 4+ 1.11i 89+ 0.1d 6.7 +02c 6.2 + 0.1 ef 72+02f 112 + 04 ¢ 59.0 £ 1.0f
Enzyme-hydrolysed, residue

Incubated for 1 h 58.7 164 £02d 351+ 011 122 £ 0.1 55+ 02de 65+ 02e 53 +04a 26.8 + 08 ¢
Incubated for 2 h 54.6 135+ 01c¢ 3524+ 02h 14.0 £ 0.1k 53 + 0.2de 58 +0.1d 54+02a 276 £ 0.1c¢
Incubated for 3 h 529 118 £01b 354+ 0.1h 14.2 + 04 k 49 + 0.5 cd 51+02c 51+01a 264 + 04 ¢
Incubated for 4 h 543 116 £01b 356+ 02h 136 £ 05] 43 4+ 0.1 bc 46 £ 0.1ab 54 +01a 26.0 + 02 ¢
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Fig. 3. M,, distributions of the hot water extracts of oat brans after A) acid- and B)
enzyme-hydrolysis.

The B-glucan concentrations of freeze-dried extracts were 41.6-45.7
and 52.2-58.6% after acid and enzymatic hydrolyses, respectively. Thus,
it was evident that both acid and enzymatic hydrolyses efficiently liber-
ated B-glucan from the oat bran matrix. The p-glucanase in the enzyme
preparation used, Depol 740L, was specific for (1 — 4)-pB-p-linkages,
whereas acid could cleave both (1 — 3)- and (1 — 4)-R-p-linkages
(McCleary & Matheson, 1987; Tosh, Wood, Wang, & Weisz, 2004).
Therefore the acid-hydrolysed 3-glucan molecules may have contained
relatively more (1 — 4)-3-p-linkages, meaning that the polymers were
more linear. However, this was not fully proved by the current study.

The nature of the enzyme catalysed reaction resulted in wider M,,
distributions (Fig. 3) and higher polydispersity values (19.0-24.2) as
compared to acid-hydrolysis (4.0-6.7). The side activities of the enzyme
preparation may also have affected the results, because the enzyme
preparation had several polysaccharide-hydrolysing activities. In earlier
studies, for example a very low endo-glucanase contamination in
exo-acting cellobiohydrolase Il preparation caused considerable changes
in the hydrolysis products of PB-glucan (Reinikainen, Henriksson,
Siika-aho, Teleman, & Poutanen, 1995). However, as Depol 740L
contained only low B-glucosidase side activity (around 3.4 nkat/g oat
bran), it did not produce free p-glucose and all the B-glucans remained
in polymeric or oligomeric form after enzymatic hydrolysis.

3.4. Low water and high substrate vs. high water and low substrate content

Low water content (50% dry matter) maintained the M,, of 3-glucan
higher than 34,000 g/mol, when using either 8% phosphoric acid at
100-130 °C for 3 min or an enzyme preparation, Depol 740L, with
50 nkat p-glucanase activity per gram of bran at 50 °C for 1-4 h. The
same principle as in the current study was used in a patent of
Kaukovirta-Norja et al. (2009). They used acid-hydrolysis of oat
-glucan at 45-50% water content. The M,, of B-glucan after acid-
hydrolysis of different oat bran preparations at different temperatures
and acid concentrations was in the range of 5000-360,000 g/mol.

sz

When 8% phosphoric acid was used at 110-130 °C, the M,, of 3-glucan
was between 37,000 and 135,000 g/mol (oat bran with 22% B-glucan)
or between 28,000 and 105,000 g/mol (oat bran with 33% R-glucan).
Thus, the results of Kaukovirta-Norja et al. (2009) were in agreement
with the results obtained in the current study, in which the M,, of
B-glucan was decreased from 110,000 to 34,000 g/mol at temperatures
of 100-130 °C. Johansson et al. (2006) showed that at relatively low
temperature (37 °C) no degradation of p-glucan was observed with
0.1 M HCl over a 12 h period. By contrast, at high temperature
(120 °C) total hydrolysis to p-glucose occurred with 3 M HCl already
after 1 h hydrolysis. Hydrolysis with 0.1 M HCl at 120 °C for 1 h pro-
duced a range of products, but as the water content was high, the major-
ity of the resulting oligosaccharides had a low M,y (DP 1-7) compared to
the molecules in the present study (M,, > 34,000 g/mol, DP > 190). In
addition, Tosh et al. (2004) hydrolysed oat 3-glucan at high water con-
tent (1% dry matter) with 0.1 M HCl at 70 °C for 30-90 min, resulting
in fragments with M,,-values from 1,200,000 to 30,000-170,000 g/mol.

The enzymatic hydrolysis at low water content was shown to be
highly dependent on the plasticisation phenomenon at 45-50% water
content. Similar findings were reported in a patent of Lehtomdki and
Myllymadki (2009). They investigated the enzymatic hydrolysis of oat
bran at 45-55% water content, using commercial cellulase and
a-amylase preparations. They used a twin-screw extruder with a
short reaction time (65 s) and an intermediate temperature (65 °C),
and controlled the hydrolysis of B-glucan by the dosage of enzymes
(17-17,000 nkat 3-glucanase activity/g oat bran). The enzymes were
inactivated immediately after the short hydrolysis by repeating the ex-
trusion at 95 °C. Unfortunately, the patent did not report the M,, values
of the enzyme-hydrolysed oat bran preparations.

Enzymatic hydrolysis at low water content is a complex reaction. In
general, enzymes need water for their catalytic activity. Water also in-
fluences the structure of enzyme proteins via non-covalent bonding,
disrupts the hydrogen bonds, facilitates the reagent diffusion, and influ-
ences the reaction equilibrium (Hari Krishna, 2002). Too low water con-
tent generally reduces the activity of enzymes, but the minimum
hydration level for the enzymatic activity varies considerably between
different enzyme preparations. Some enzymes can function even in
solvent-free reaction conditions on solid substrates (Hobbs & Thomas,
2007). In addition to oat bran, Moore, Cheng, Su, and Yu (2006), as
well as Santala, Lehtinen, Nordlund, Suortti, and Poutanen (2011) and
Santala, Nordlund, and Poutanen (2012) have successfully treated
wheat bran with hydrolytic enzymes at water contents of 30-90% to im-
prove the bioaccessibility of antioxidants or the solubilisation of
arabinoxylans. For example, Santala et al. (2011) showed that the enzy-
matic solubilisation of arabinoxylan at 40% water content was as effi-
cient as at 90% water content. However, wheat bran is more resistant
towards enzymatic hydrolysis than oat bran, because the major part
of dietary fibre in oat bran consists of water-soluble 3-glucan, whereas
most of the fibre in wheat bran is water-insoluble arabinoxylan.

In addition to acid- and enzyme-assisted hydrolyses of B-glucan,
Tosh et al. (2010) reported a study of extruded breakfast cereals in
which the extrusion temperatures were 181-237 °C and water content
was 7.0-18.7%. High specific mechanical energy resulted in the reduc-
tion of M,, of B-glucan from 1,930,000 to 251,000 g/mol. It was difficult
to compare these results to the current study, because the recipe of the
breakfast cereals contained corn flour in addition to the oat bran prep-
aration. The low water content increased the torque during the extru-
sion, thus leading to much higher specific mechanical energy levels
than in the current study. However, it was clearly seen that extrusion
without acid or enzymes resulted in lower polydispersity and sharper
M,y-distribution peaks compared to the present study (Fig. 3). Zhang
et al. (2011) also reported that extrusion can increase the amount of
soluble dietary fibre (SDF) in oat bran. Their results showed that the
best yield of SDF was obtained with 10% water content. The yield of
SDF increased (from 9.9 to 14.2%) when the extrusion temperature
was increased from 100 to 140 °C, but somewhat decreased (12.4%



106 J. Sibakov et al. / Food Research International 52 (2013) 99-108

yield of SDF) when the temperature was 160 °C. Unfortunately, this
study did not report the My,-values of 3-glucan.

3.5. Stability of depolymerised oat (3-glucan dispersions

The intrinsic tendency to form gels and aggregates limits the use
of B-glucans in food products with high water content. The size of ag-
gregates has been shown to increase with increasing M,, and con-
centration (Wu et al., 2006). Similarly, in the current study, the
viscosity of the water extracts of the hydrolysed oat brans depended
on the average M,y and the concentration of 3-glucan (Fig. 4). The
hot water extracts prepared from the oat bran after 4 h enzyme-
hydrolysis (M,, = 49,000 g/mol) retained their low viscosity only
for 2 weeks at 1.9% P-glucan concentration but as long as for
12 weeks at 1.6% 3-glucan concentration. Acid-hydrolysis at 130 °C
(M, = 34,000 g/mol), in turn, resulted in elevated viscosities after
3 or 7 weeks at 1.8 or 1.4% P-glucan concentration, respectively
(Fig. 4). When the shear rate in the Bohlin 88 viscometer was gradu-
ally increased (from 24 to 1300 s~ '), lower viscosity values were
measured, indicating shear thinning behaviour of the dispersions
(data not shown). However, the solutions were considered as New-
tonian fluids when their viscosity remained below the detection
limit of the viscometer (<0.05 Pa-s).

Even though the average M,, of the acid-hydrolysed B-glucans was
lower than after the enzymatic hydrolysis, they resulted in faster and
more intensive gel-formation as compared to enzyme-hydrolysed
B-glucan. The reason could be that acid-hydrolysed polymer populations
had a sharper M,, distribution and more linear chains of 3-glucan, which
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Fig. 4. The viscosity formation of A) acid- (120 and 130 °C) and B) enzyme-
hydrolysed (3 and 4 h) oat bran extracts. The viscosity profiles were measured
from acid-hydrolysed solutions with 1.4-2.0% P-glucan and from enzymatically
hydrolysed solutions with 1.6-1.9% p-glucan. The viscosity values were measured
at 24 s~ ! shear rate in the viscometer. The dashed line (at 0.8 Pa s) shows the mea-
surement limit of the viscometer. The results are expressed as means of duplicate
analyses.

easily form aggregates with each other (Doublier & Wood, 1995). The ag-
glomeration phenomenon has also been explained by the intermolecular
interactions resulting from the increased mobility of hydrolysed macro-
molecules (Bohm & Kulicke, 1999; Doublier & Wood, 1995). As the
hydrolysed macromolecules are more mobile, they have a greater prob-
ability to achieve the proximity of other compounds with regions re-
quired for aggregation (Doublier & Wood, 1995; Vaikousi, Biliaderis, &
Izydorczyk, 2004).

The HM,, oat 3-glucans (>250,000 g/mol) have been shown to form
stronger gel networks, which consist of micro-aggregates with better
organization, than their LM,, (35,000-140,000 g/mol) counterparts
(Lazaridou et al., 2003). However, unhydrolysed HM,, oat >-glucan solu-
tions (>1,200,000 g/mol) have not shown any tendency to form gel
(Doublier & Wood, 1995). According to Agbenorhevi, Kontogiorgos,
Kirby, Morris, and Tosh (2011), the solution viscosity was higher for
HM,, samples when oat B-glucan molecules with different M,s
(142,000-2,800,000 g/mol) were compared at the same concentrations
(0.01-8.0% w/v). Increased critical concentration (c* = 0.25-1.10%)
with decreased M,, of 3-glucan (from 2,800,000 to 142,000 g/mol, re-
spectively) showed that coil overlap occurred at lower concentrations
in the case of HM,, samples (Agbenorhevi et al,, 2011).

Similar critical concentrations (c* = 0.5-2.0%) were also observed by
Bohm and Kulicke (1999) for hydrolysed barley 3-glucans (M,, range be-
tween 375,000 and 40,000 g/mol, respectively). Nevertheless, the solu-
tion stability of barley 3-glucan differs from that of oat 3-glucan. Barley
{3-glucan has a higher tri- to tetrasaccharide ratio (DP3/DP4) and more
ordered cellotriose units compared to oats, and consequently a greater
gelling and aggregate-forming tendency (Lazaridou & Biliaderis, 2004;
Lazaridou, Biliaderis, Micha-Screttas, & Steele, 2004). Zheng, Hess,
Khare, Hilbert, and Deguise (2004) patented an enzymatic method to re-
duce the M,, of barley 3-glucan, based on the cellulase activity in the en-
zyme preparation. The M,, was preferably between 120,000 and
170,000 g/mol. In large scale, the dry matter concentration in hydrolysis
could be up to 18%, which was however much lower than presented in
the current study (50% dry matter). Zheng et al. (2004) reported that a
0.75-0.78% w/v solution of 120,000-170,000 g/mol 3-glucan in water
showed little or no precipitation when stored overnight (16 h) at 4 °C.
However, they used a p-glucan ingredient which was highly purified
(up to 75-78% P-glucan concentration) prior to the solution stability
tests.

Tosh et al. (2004) investigated the ability of acid- (HCl) and
enzyme-catalysed (lichenase and cellulase) hydrolyses to produce
LM,, B-glucan molecules (31,000-237,000 g/mol). Independently
of the hydrolysis method, all 6% oat B-glucan solutions with
M,, < 150,000 g/mol formed gels at 5 °C in less than one week.
The authors also showed that the time required for a gel to form became
shorter in relation to the reduced M,,. These findings were opposite to the
results obtained in the present study. It is difficult to compare the results,
because the [3-glucan concentration (6%) and purity of the 3-glucan prep-
aration (92%) were much higher than in the present study (max. 2 and
34%, respectively). Tosh et al. (2004) measured the apparent viscosity of
the freshly dissolved 6% [3-glucan at 25 °C, and the gel-samples in the rhe-
ological measurements were heated from 5 °C (at 5 °C/min) up to the
melting temperature of the gel. In addition, they used lichenase enzyme
which is known to cleave the (1 — 3)-3-p-linkages of 3-glucan, leaving
a higher amount of linear (1 — 4)-B-p-linked units in the disper-
sion, thus enhancing the gelling behaviour of the extracted pB-
glucan molecules.

In the present study, the oat bran material was extracted with hot
water directly after the acid or enzymatic hydrolysis. In consequence,
the resulting water extracts also contained other oat-based com-
pounds, such as proteins, starch and arabinoxylan. These components
may have prevented the interactions between the regions in the
{3-glucan molecules which are prone to agglomeration, thus limiting
the increase in viscosity. In addition, the polydispersity values in the
study of Tosh et al. (2004) were much lower (1.2-1.7) than those in
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the present study (4.0-24.2). The oligosaccharides generated by the
enzymatic hydrolysis in the present study may also have decreased
the aggregation tendency of the 3-glucan molecules.

4. Conclusions

This study showed that acid or enzymatic hydrolysis at low water
content enabled controlled depolymerisation of [3-glucan in oat bran.
However, the reaction mechanisms of acid- and enzyme-catalysed hy-
drolyses were rather different. Acid hydrolysed both (1 — 3)- and
(1 — 4)-B-p-linkages, whereas the enzyme preparation seemed to
cleave mainly (1 — 4)-3-p-linkages. In acid-hydrolysis, the degradation
was controlled by temperature. A clear change in the M,, of 3-glucan
(from 86,000 to 34,000 g/mol) as well as in the subsequent dispersion
stability occurred between 120 and 130 °C. In the enzymatic hydrolysis,
the degradation was mainly dependent on the incubation time. The M,,
of B-glucan was reduced from 71,000 to 49,000 g/mol between 3 and 4 h
incubations with the enzyme preparation. When stored at 5 °C, the hot
water extracts of acid-hydrolysed oat bran (M,, = 34,000 g/mol) were
stable for 2 weeks at 1.8% and for 7 weeks at 1.4% B-glucan concentra-
tion, respectively. Similarly, the water extracts of enzyme-hydrolysed
oat bran (M,, = 49,000 g/mol) were stable for 2 weeks at 1.9% and for
12 weeks at 1.6% 3-glucan concentration. Enzyme-catalysed hydrolysis
was superior to acid-hydrolysis in requiring less harsh conditions, not
producing inorganic side streams, and resulting in more stable extracts.
The stability of the acid- and enzyme-hydrolysed oat bran extracts
could also be affected by other bran components, such as proteins, starch
and arabinoxylans. However, the associations between [-glucan and
other bran components were not subject to this study, and should be
studied in future work.
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