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The aim of the present study was to compare the degradation of 3-p-glucan induced by hydroxyl radical
to the degradation induced by heat treatment. 3-p-Glucan was quickly and widely degraded by the action
of hydroxyl radicals produced by a Fenton system at 85 °C, while thermal hydrolysis at 85 °Cinduced slow
B-p-glucan depolymerization. The hydroxyl radical-induced degradation of (3-p-glucan was accompa-

nied by the formation of peroxyl radicals and new oxidized functional groups (i.e. lactones, carboxylic
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acids, ketones and aldehydes), as detected by ESR and NMR, respectively. In contrast, no changes in the
monomer chemical structure of B-p-glucan were observed upon thermal hydrolysis. Therefore, different
mechanisms are proposed for the oxidative cleavage of 3-D-glucan, which are initiated by the presence
of an unpaired electron on the anomeric carbon.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Cereal (1—3),(1—4)-B-D-glucan, hereafter referred to as
3-p-glucan, is a water soluble fiber occurring in the endospermic
and aleuronic cell walls of barley and oat (Lazaridou & Biliaderis,
2007). It is a homopolysaccharide composed of blocks of con-
secutive [3-(1—4) linked D-glucopyranosyl segments separated
by single (-(1—3)-linkages (Lazaridou & Biliaderis, 2007). The
[3-p-glucan chain is mainly (90%) constituted of cellotriosyl and cel-
lotetraosyl blocks linked by single (1— 3)-linkages, however blocks
of four to fifteen consecutive 3-(1—4) linked glucose residues
can also occur (Wood, 2010). In the last years, 3-p-glucan has
received significant interest from the scientific community due to
its beneficial effects on human health, where it has been attributed
the capacity to attenuate postprandial blood glucose, insulin level,
as well as serum cholesterol (Braaten et al., 1994; Wood, 2004;
Wood et al., 1994). These functionalities have been closely related
to the ability of [3-p-glucan of forming highly viscous solutions,
a feature which is directly linked to its concentration in solution
and molecular weight (Wood, 2007, 2010). However, 3-p-glucan
in solution can easily be subjected to molecular breakdown, due
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to different occurring processes, which in turn could modify the
effectiveness of its viscosity-related health benefits.

Polysaccharides, including 3-p-glucan can be oxidized by the
hydroxyl radical (*OH) produced through the Fenton reaction (Eq.
(1))

Fe?" + H,0; — *OH + OH™ + Fe3* (1)

Recently, it has been demonstrated that the exposure of
B-p-glucan solutions to *OH generating systems such as H,0,
and Fe?* or ascorbic acid (AH,) and Fe?* causes the viscosity
loss of B-D-glucan solution and implicitly its degradation (de
Moura et al.,, 2011; Faure, Andersen, & Nystrom, 2012; Faure,
Miinger, & Nystrom, 2012; Kiveld, Gates, & Sontag-Strohm, 2009;
Kiveld, Nystrém, Salovaara, & Sontag-Strohm, 2009; Kiveld, Sontag-
Strohm, Loponen, Tuomainen, & Nystrém, 2011). In our previous
work, we have explored thoroughly the relation between AH,/Fe2*
induced B-p-glucan degradation and *OH formation, and conclu-
sively confirmed that the degradation of 3-p-glucan was directly
related to *OH formation in the system (Faure, Andersen, et al.,
2012). The formation of hydroxyl radical is also promoted by the
mere presence of iron by a series of reactions, which starts with the
iron(Il) autoxidation (Eq. (2)), followed by the self-dismutation of
the superoxide radical (0°~) (Eq. (3)), and finally the formation of
*OH via the Fenton reaction (Eq. (1)). The introduction of H,0; in
these systems amplifies the formation of *OH.

FeZt + 0y — Fe3t 40y~ (2)
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202'_+2H+—> H;05 + 0, 3)

The hydroxyl radical (*OH) attacks biomolecules such as carbo-
hydrates in their direct vicinity at diffusion-controlled rates in a
non-selective way. These radicals can rapidly oxidize polysaccha-
rides by randomly abstracting carbon-bounded hydrogen atoms
leading to the formation of carbon centered radicals (von Sonntag,
1980). Subsequently, the carbon centered radicals can react with
0, to form peroxyl radicals (R-0,°) which may further undergo
a superoxide radical (O,*~) elimination, resulting in the forma-
tion of carbonyl groups (von Sonntag, 1980) (C=0). Alternatively,
peroxyl radicals formed in the proximity of glycosidic bonds may
also induce cleavages that involves alkoxyl radical fragmentations
(Schuchmann & von Sonntag, 1978).

Kiveld, Henniges, Sontag-Strohm, and Potthast (2012) have
recently observed the formation of carbonyl groups in 3-p-glucan
solutions treated thermally in the presence of AH, and Fe2*, and
related these findings to an extensive degradation of the fiber
(Kiveld et al., 2012). Furthermore, de Moura et al. (2011) have
reported that applying a Fenton system (H,0,/Fe*) toa B-p-glucan
solution promotes the generation of carbonyl and carboxyl func-
tions (de Moura et al., 2011). Moreover, the content of carboxyl
and carbonyl groups was shown to increase with increasing H,0,
concentration, and this was related with the degree of viscosity
loss of the B-p-glucan solution which increased with H,O, con-
centration (de Moura et al., 2011). Both studies demonstrated that
oxidative treatments of (3-D-glucan lead to structural changes of
the fiber, such as the introduction of carbonyl groups, which in turn
trigger its degradation. However, the mechanism of scission of the
polysaccharide chain, which occurs subsequent to the formation of
carbonyl groups, is still poorly understood. Hence, a physicochemi-
cal characterization of the oxidized fragments of 3-p-glucan would
provide valuable information, and an extensive understanding of
the oxidative cleavage mechanism.

Alongside with oxidation, (-p-glucan in solution can be
degraded by hydrolysis. Hydrolysis of polysaccharides is highly
dependent on the pH media, since the process is catalyzed by
H* and OH~. Previous studies have reported that B-p-glucan is
hydrolyzed in acidic media, and favored at elevated temperature
(Johansson et al., 2006; Kiveld, Nystréom, et al., 2009; Vaikousi &
Biliaderis, 2005). Compared to the radical mediated degradation,
[3-p-glucan hydrolysis is considered specific because it leads to
the cleavage of the glycosidic bonds, and thereby to the depoly-
merization of 3-p-glucan. For instance, it has been shown that
treatment with high acid concentrations at 120 °C leads to a total
hydrolysis of (3-p-glucan to glucose monomers (Johansson et al.,
2006). However, moderate acidic treatments may simply lead to
partial hydrolysis of the (3-p-glucan which would result in the
release of lower molecular weight 3-p-glucan products with sim-
ilar structural characteristics (Vaikousi, Biliaderis, & Izydorczyk,
2004).

As mentioned earlier, information about the mechanism of
B-p-glucan oxidative cleavage induced by °OH are scarce.
Therefore, in the present study the *OH-mediated degradation of 3-
D-glucan at elevated temperature in presence of the Fenton system
(H0;/Fe?*) as *OH generator has been thoroughly characterized.
For this purpose, we monitored the formation of *OH using ESR
spin trapping in 3-D-glucan solution, the viscosity loss of the solu-
tions, as well as the molecular weight changes. Additionally, direct
ESR detection was used to investigate the formation of radicals
in the B-p-glucan chain. The structural changes occurring during
the oxidative treatment were followed with FTIR and NMR. All
results are compared to those obtained for mildly acidic hydrolysis
at elevated temperature with the aim of clarifying the competition
between oxidative cleavage of 3-p-glucan chain and cleavage by
hydrolysis.

2. Materials and methods
2.1. Material

High viscosity barley 3-p-glucan (My, =495 kDa, purity >97%),
medium viscosity barley 3-p-glucan (M =245 kDa, purity >97%)
and low viscosity barley 3-p-glucan (My =179 kDa, purity >97%)
were purchased from Megazyme (Ireland). The spin trap POBN
(o-(4-pyridyl N-oxide)-N-tert-butylnitrone; 99%) and the reference
TEMPO (free radical, sublimed, >99%) were bought from Sigma
Aldrich (St. Louis, MO, USA) and were stored at -20 °C. Hydrochlo-
ric acid (HCl) and sodium hydroxide (NaOH) were obtained from
Merck (Germany).

2.2. Preparation of the B-D-glucan solution

The 1 wt.% solution of high viscosity barley (3-p-glucan was pre-
pared by dissolving 1g of dry barley -p-glucan in Milli-Q water
in a 100 mL volumetric flask. The solution was heated for 3h at
80 °C under continuous shaking at 100 rpm in a shaking water bath
(Julabo SW 21, Allentown, USA). After complete dissolution of the
[B-p-glucan, the pH of the solution was adjusted to 4.5 with 1 mM
HCl solution, and then the volume in volumetric flask was adjusted
to 100 mL.

2.3. Solution treatment

The oxidative degradation of 3-p-glucan was carried out with
H,0, treatment at 85°C, collecting samples at 0, 2, 5and 24h,
and after 1 week. The reaction was initiated by the addition of
H,0, to the final concentration of 100mM in a 1wt.% barley
[-D-glucan solution at pH =4.5. Iron(Il) was not added to the reac-
tion mixture since the [3-p-glucan powder contains intrinsic iron
(12.27 £0.28 pgg1), which was sufficient to promote the forma-
tion of *OH and thereby 3-p-glucan oxidation.

The hydrolysis of 3-p-glucan was performed by storing the
1 wt.% barley B-p-glucan solution pH=4.5 at 85°C.

At different reaction time 2, 5, 24h and 1 week, samples from
each solution were collected, and frozen to —80 °C prior to freeze-
drying them. Additionally, at reaction O min, 1h, 24h and 1 week
500 L of the solutions were transferred to 1.5 mL Eppendorf for
the ESR spin trapping procedure.

2.4. ESR spin trapping

The formation of free radicals in the different models was mon-
itored using the spin trapping method together with ESR detection
of spin adducts. The spin trapping method is based on an indirect
detection of *OH using POBN in combination with EtOH (Faure,
Andersen, et al., 2012).

The stock solution of POBN (4 M) was prepared by dissolving
the spin trap in Milli-Q water. 500 p.L of the solutions were trans-
ferred to 1.5 mL Eppendorf, and then 10 L of POBN solution and
10 pL EtOH were added in order to reach the final concentration
of 80mM and 2% (v/v), respectively. The sample was mixed by
vortexing (1 min), incubated for 1h, and then the ESR spectrum
was recorded. This procedure was used for each solution at 0 min,
1h, 24h and 1 week of incubation time. The ESR spectra were
recorded at room temperature with a benchtop ESR Spectrome-
ter MiniScope MS300 (Magnettech, Berlin, Germany), and using
50 wL micropipettes (Brand GMBH, Wertheim, Germany). The sett-
ings used were as follows: BO-field 3350 G; sweep width 100G;
sweep time 30s; steps 4096; number of passes 4, modulation fre-
quency 1000 mG; microwave attenuation 10 dB; receiver gain 900.
The relative ESR signal or adduct concentration was obtained by
calculating the ratio between the peak-to-peak-amplitude of the
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first doublet in the ESR signal of POBN adduct and the peak-to-
peak-amplitude of the first singlet in the ESR signal of a TEMPO
solution (2 wMin H,0), which was used as a standard and measured
in triplicate on each day of measurements.

2.5. Direct ESR detection of radicals

The freeze-dried samples obtained were analyzed by direct ESR
in order to study the formation of radicals during the degradation
process. The ESR spectra were recorded at room temperature with a
benchtop ESR Spectrometer MiniScope MS300 (Magnettech, Berlin,
Germany). Approximately 50 mg of dried material was placed in
quartz ESR tubes. The settings used were as follows: BO-field
3350G; sweep width 100 G; sweep time 30s; steps 4096; number
of passes 4, modulation frequency 5000 mG; microwave attenua-
tion 10 dB; receiver gain 900. In the case of the sample oxidized for
1 week, the ESR measurements were made with a wide magnetic
field sweep (5000 G) due to the presence of Mn(Il). The g-values of
the ESR signal were calculated by using a calibrated Mn(II) standard
(g=2.0024).

2.6. Viscosity measurement

Viscosity measurements were performed using an AR-2000
rheometer (TA Instruments, New Castle, DE, USA) with computer
control. A cone and plate geometry was used with a plate radius
of 40 mm and a cone angle of 2°. The gap between the cone and
plate geometry was set at 59 wm. The flow curves were obtained
over a shear rate range of 20-2000s~!, and the temperature of
measurements was 20°C.

2.7. Light scattering

Light scattering (LS) experiments were performed ina 1 cm glass
cuvette at 25°C on a Malvern Zetasizer Nano ZS (Malvern Instru-
ments Ltd., Worcestershire, UK) dynamic light scattering device,
and detecting the backscattered light (Age_ne =633 nm, 5 mW) at
173°. From the Debye plot, the mass-average molecular weight
(M) and second virial coefficient (A;) were determined.

2.8. NMR spectroscopy

1H, 13C and 'H-13C HSQC NMR experiments were carried out
at 80°C on a Bruker Avance Spectrometer (Bruker BioSpin GmbH,
Rheinstetten, Germany) operating at 400 MHz ('H) and 100 MHz
(13C), and using DMSO-dg as solvent and as internal standard.

2.9. FTIR spectroscopy

Fourier-transform infrared (FTIR) spectra of solid samples
(freeze-dried) were recorded at room temperature with a Var-
ian 640 FTIR spectrometer (Agilent Technologies AG, Basel,
Switzerland) and a MKII Golden Gate single Attenuated Total
Reflection (ATR) system.

3. Results and discussion

3.1. Relation between the formation of hydroxyl radical, viscosity
loss and molecular weight changes

The ESR-based spin trapping method, which consisted of addi-
tion of POBN in combination with EtOH to the systems, was used
to monitor the formation of *OH in the (3-pD-glucan solutions.
The formation of *OH in the systems leads to the formation of
POBN-CH(OH)CH3 adduct which can be detected by ESR, and there-
fore an increase of the intensity of the ESR signal revealed an

1week x50
24h x50
1h x50

Oh x50

3320 3330 3340 3350 3360 3370 3380 3390
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24h x1
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3320 3330 3340 3350 3360 3370 3380 3390
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Fig. 1. ESR spectra of POBN-CH(OH)CH3 adduct formed in 1 wt.% (3-D-glucan solu-
tion containing (a) 80 mM POBN and 2% (v/v) EtOH and (b) 100 mM H,0;, 80 mM
POBN and 2% (v/v) EtOH at 85°C.

increase of *OH formed (Faure, Andersen, et al., 2012). The ESR
data shows that *OH radicals were formed in the sample without
addition of H,0, (Fig. 1).

The radical formation is most likely due to the presence of
iron contaminant in the (3-p-glucan powder, which catalyzes the
formation of *OH through a metal-catalyzed cycle. We have previ-
ously observed that the presence of iron(Il) in (3-D-glucan solution
promoted the formation of *OH at elevated temperatures (unpub-
lished data). Moreover, in the present study the formation of *OH
was still observed after 1 week in a HO0,-untreated [3-p-glucan
solution (Fig. 1a). This is in agreement with a previous study where
the generation of *OH was maintained during 24 h in a 3-p-glucan
solution containing iron(Il). The sustainability of the *OH genera-
tion was readily explained by the reducing capacity of 3-p-glucan,
which allows regeneration of iron(IIl) to iron(Il). The addition of
H,0, to the (3-p-glucan solution led to a significant increase in the
amount of *OH generated compared to the H,O,-untreated sample
(Fig. 1b). For instance, after 0, 1 and 24 h the concentration of spin
adducts in the sample containing H,O, was 7-10 times higher
than in the (3-p-glucan solution without H,0,. This clearly shows
the importance of H,0, in the formation of *OH in the presence
of iron(Il). Furthermore, the ESR data showed that between 24 h
and 1 week of storage time the amount of *OH formed in the
H,0,-treated (3-D-glucan solution decreased dramatically, with
the ESR relative signal dropping from 60 to 0.4 (Fig. 1). The reason
for this could be that after a certain time of storage (over 24 h) most
of the added H;0, had been consumed by the Fenton reaction.
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Table 1

Apparent viscosity (7pp), average-weight molecular mass (My ), and second virial coefficient (A;) of 1 wt.% 3-D-glucan solution treated with 100 or 0mM H;0, at 85°C at
different reaction times. The percentage of remaining viscosity is obtained by comparing the apparent viscosity at t, to the apparent viscosity at t, of the 3-p-glucan solution.

100 mM HzOz 0mM HzOz

2h 24h 1 week 2h 24h 1 week
Napp at 28571 (mPas) 3.7+0.6 (1.5%) 1.7+0.5(0.7%) 1.3+0.1(0.5%) 244 + 17 (98.3%) 113 + 11 (45.3%) 13.7 + 1.9(5.6%)
My (kDa) ND ND ND 513 +6 469 + 23 318+ 7
A; (m? molkg2) ND ND ND 2.06 +0.17 x 104 2.36 +0.78 x 104 1.99 +£ 047 x 104

Note: ND means not detected.

Furthermore, the relative ESR signal of the H,0,-untreated (3-p-
glucan solution after 1 week of storage time was higher than for the
solution that originally contained added H, 0, (Fig. 1). Thus, iron(II)
was less available in the sample treated with H,O,, possibly due to
a depleted reducing capacity of the 3-p-glucan oxidation products.

In order to check whether the formation of oxidizing species
(*OH) was related to the viscosity loss in the (3-p-glucan solu-
tion, the viscosity changes of two systems were investigated over a
period of 1 week. The addition of H,0; in the (3-p-glucan solution
caused a drastic viscosity loss of the solution (Table 1). After 2h
the B-p-glucan solution treated with H, 0, presented a viscosity of
3.7 mPas (remaining viscosity of 1.5%) while the viscosity of the 3-
D-glucan solution without H,0, did not significantly decrease and
had a viscosity of 244 mPa s (98.3% remaining viscosity) (Table 1).
This related well with the ESR data showing that a much higher
amount of *OH were generated in the sample containing H, O, com-
pared to the one without H,0, at 0 and 1 h. In the H,O,-untreated
sample no significant viscosity loss was observed after 2 h, even
though *OH were detected at 0 and 1 h (Fig. 1 and Table 1). There-
fore, the amount of *OH formed during the first 2 h of incubation
time in this solution was assumed to be too low to induce a signif-
icant viscosity loss. Furthermore, these results demonstrate that a
2 h of heat treatment at 85 °C did not significantly affect the viscos-
ity of the 3-p-glucan solution. Hence, the dramatic viscosity loss
of the H,0, containing [3-D-glucan solution was mainly caused by
a *OH-induced oxidative cleavage degradation. Additionally, our
data are in agreement with the findings of de Moura et al. (2011)
who showed that the addition of H,0, in 3-D-glucan solutions
leads to a significant viscosity loss. Moreover, after 24 h the sample
without H,0, exhibited a viscosity of 113 mPas, which was sig-
nificantly lower than the original viscosity of 248 mPas (Table 1).
After 1 week, the same sample presented a viscosity of 13.7 mPas
(or remaining viscosity of 5.6%) approaching the viscosity value of
the H,0, treated sample at 2 h (3.7 mPas) (Table 1). Although the
ESR data showed that *OH radicals were continuously generated
also in the H,0,-untreated sample, the viscosity decrease observed
after 1 week in this sample cannot completely be attributed to an
*OH-induced oxidative cleavage (Fig. 1).

In order to obtain a better understanding of the changes,
the weight-average molar mass (My) changes of the 3-p-glucan
in the two systems at different incubation times were investi-
gated by light scattering (LS) (Table 1). The LS experiments were
not suitable to determine the molecular weight modifications of
-p-glucan during H,0, treatment because the molecular weight
of the degradation products was below the limit of detection at
the chosen time of 2 h, 24 h and 1 week. This further indicates that
the treatment of the 3-bD-glucan solution with H,0, causes a fast
(2 h) molecular breakdown of the polysaccharide into oligomers,
in great agreement with the observed viscosity data, which show
dramatic decrease in viscosity (249 mPa s down to 3.7 mPas) after
2 h of incubation time.

In the case of the H,0, untreated (3-p-glucan solution, the
average-weight molecular mass of (3-p-glucan was determined
after 2h, 24h and 1 week of incubation time. The second virial

coefficient (A, ) obtained for the different analyzed sample showed
a positive value in all cases, which indicated that water is a good
solvent for this biopolymer at the measuring temperature. After 2 h
of heat treatment at 85 °C, the My, of 3-D-glucan decreased slightly
from 538 kDa (native [3-D-glucan powder) to 513 kDa. This is con-
sistent with the viscosity data, which did not show any significant
decrease in viscosity of the 3-p-glucan solution after 2 h of reac-
tion. By increasing the time exposure to 24 h, the M,y of 3-p-glucan
decreased by 13% compared to the starting material, which is in
accordance with the viscosity loss (54.7%) observed for the same
sample after 24 h of incubation time. Finally, after 1 week of ther-
mal treatment at 85°C, the My, of B-D-glucan (318 kDa) was 1.7
times lower that the starting material (538 kDa) explaining the low
remaining viscosity (4.5%) observed for this sample at the same
time point. These results show that with longer exposure to heat
treatment the My, of 3-D-glucan decreased, and this change was
linked to a viscosity loss of the 3-D-glucan solution and degradation
of the pristine polysaccharide backbone. Moreover, the viscosity
datashowed that heat treatment at 85 °C for 1 week — or acombined
H,0,/heat treatment for 2 h on 3-p-glucan solution - lead to simi-
lar low final viscosities (5.6% and 1.5%, respectively). However, the
LS data demonstrated that the molecular mass of the degradation
product obtained after these two treatments were very different.
Indeed, after 1 week of heat treatment, the [3-D-glucan was still in
a relative long polymeric form presenting a My, of 318 kDa, while
[-p-glucan was denatured into oligomers after 2 h of H,O, treat-
ment. Thus, with a H,0, treatment (3-p-glucan is degraded to a
greater extent than by heat treatment alone.

To summarize, the addition of H,0; to a [3-D-glucan solution
with a natural level of iron induces a rapid formation of high level
of oxidizing species (*OH) which attack rapidly the 3-p-glucan
monomeric units, and leads to the polymer backbone breakdown
liberating oligomers after 2 h of incubation time. The exposure of
[3-p-glucan only to elevated temperatures leads to its slow degrada-
tion. Therefore, the degradation of (3-pD-glucan in the two different
systems appears to be promoted by two different mechanisms.

3.2. Direct ESR detection of radicals

In order to monitor the formation of radicals (excluding *OH)
in the 3-p-glucan degradation products, direct ESR measurements
(without addition of a spin trap) were performed at room tempera-
ture on the freeze-dried materials obtained from the two different
systems after 2h, 5h, 24h and 1 week of incubation. Radicals
were not detected in freeze-dried samples obtained from H,0,-
untreated (3-p-glucan solutions. As explained earlier, *OH abstract
H-atoms from the aliphatic moieties in the glucose units, which
results in the formation of carbon-centered radicals. These carbon-
centered radicals subsequently react with O, to form peroxyl
radicals. Therefore, the absence of [3-D-glucan radical formation
in the H,0,-untreated solution indicates that *OH-induced oxida-
tion did not occur. Thus, the 3-D-glucan degradation taking place
in the sample without H,0, would not be caused by *OH-induced
oxidative cleavage but rather by thermally induced hydrolysis.
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Fig. 2. ESR spectra of the freeze-dried samples obtained from a 1wt.% (3-p-glucan
solution treated with 100mM H, 0, at 85°C for (a) 2h and 24 h, and (b) 1week.

The ESR spectrum of the freeze-dried sample of (3-p-glucan
solution treated with H,0O, after 2h, 5h and 24 h gave a singlet
with g=2.014, and a peak-to-peak width of AHp,=9.1 (Fig. 2a).
The g-value of 2.014 obtained from the ESR signal is characteris-
tic of peroxyl radical (Chamulitrat & Mason, 1989; Gunther, Hanna,
Mason, & Cohen, 1995), which indicates that peroxyl radicals were
formed in the H,0,-treated 3-p-glucan solution. This is consistent
with the mechanism of *OH-induced oxidation of carbohydrates,
which includes the formation of peroxyl radical intermediates. The
intensity of this ESR signal did not increase between 2 and 5h of
incubation (data not shown). However, the amplitude of the sam-
ple after 24 h storage was 17 times higher than after 2 h (Fig. 2a).
Therefore, *OH-induced oxidation of [3-p-glucan was amplified
with increasing time of exposure to heat 85°C.

The freeze-dried sample coming from the H;0,-treated
B-p-glucan solution after 1 week of incubation exhibited a more
complex ESR spectrum (Fig. 2b), where the singlet of the peroxyl
radical (g=2.014) and the characteristic sextet from Mn(II) (g~ 2)
could be easily identified (Bacic, Schara, & Ratkovic, 1993; Morsy &
Khaled, 2002). Manganese is an essential element for plant growth,
thus the presence and detection of this element in vegetal material
such as 3-p-glucan preparates should be expected. A well resolved
sextet reveals the presence of unbound Mn(II) (Bacic et al., 1993),
as observed in the ESR spectrum (Fig. 2b). The ESR detection of
this element after 1 week of oxidation suggests that Mn(II) was
initially complexed to 3-p-glucan as an ESR-invisible complex, and
that as the oxidation proceeded it was complexed in a different way
that made it ESR-visible. However, the oxidation of 3-p-glucan is
assumed to cause the change on the Mn-complexation and not the
mere hydrolytic process, which is confirmed by the absence of ESR
Mn(II) signal.

—— BG powder
1.0 —2h
——5h
——24h
0.8 |
- — 1 week
<
)
Iy 0.6 -
Q
=
©
£
o 0.4 4
7]
a
<
0.2 -
0.0 44
L= asvies 5
. T 5 T 5 T L T * 1
1800 1600 1400 1200 1000 800

Wavenumber (cm™)

Fig. 3. FTIR spectra of (3-p-glucan freeze-dried samples obtained from a 1wt.%
B-p-glucan solution heat treated at 85°C for 2, 5, and 24 h, and 1 week, as well
as for the pristine sample.

3.3. FTIR

In order to gain a deeper understanding of the molecular dissoci-
ation mechanism of 3-p-glucan molecules during the two different
degradation processes (i.e. hydrolysis and *OH mediated oxidation),
FTIR spectroscopic analysis was performed on solid-state (freeze-
dried) samples after different time of incubation (Figs. 3 and 4). Acid
hydrolysis, a well-known and commonly used pathway toward the
degradation of polysaccharides, via a thermally-induced breakage
of the glycosidic linkages, is a process modulated by factors such as
temperature or/and pH, which play however a very limited role on
the molecular structure of the monomeric units.

Fig. 3 shows the in-time structural evolution of the high molec-
ular weight B-p-glucan polymer during the process of acidic
hydrolysis at a fixed temperature of 85 °C. The results clearly reveal
that there are no major changes occurring within the chemical
structure of the degraded polysaccharide, with the exception of
the band at U = 1641 cm~! (Fig. 3), which absorption can be eas-
ily attributed to traces of H,O remaining in the sample after the
freeze-drying process (Lin, Xue, Ye, Zheng, & Xu, 2009). Further-
more, direct ESR data unambiguously shows the absence of either

—BG powder‘
1.0 4 —2h
—5h
——24h
0.8
— 1 week

Absorbance (a.u.)

Wi iomm i coms o m wiommin 4

T » T . T = T = T * 1
1800 1600 1400 1200 1000 800
Wavenumber (cm™)
Fig. 4. FTIR spectra of the 3-D-glucan freeze-dried samples obtained from a 1 wt.%

B-p-glucan solution treated with 100 mM H,0; at 85°C for 2, 5, 24 h, and 1 week,
as well as for the pristine sample.
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Fig. 5. '3C NMR chemical shifts in DMSO-ds at 85 °C for the cellotetraosyl (x=1) and the cellotriosyl (x=0) units in the B-p-glucan polymer chain.

carbon-centered or peroxyl radicals — which would indicate *OH-
induced oxidative process - during the thermal degradation of the
polysaccharide. Therefore, thermally induced acidic hydrolysis of
the 3-D-glucan takes place without affecting the chemical structure
of the monomers in the polymer backbone.

A qualitative analysis of the OH*-mediated degradation effects
was performed by monitoring the time evolution of 3-p-glucan
samples treated with 100 mM H,0, at pH=4.5 and 85°C (Fig. 4).
Production of a large number of free *OH via the Fenton reaction
that can randomly attack and oxidize the glucose-based backbone
of the polysaccharide led to fast and clear changes in the FTIR
spectra of the degraded 3-p-glucan samples. These changes are
most obvious in the region between v = 1900 cm~! and 1500 cm™~!
(Fig. 4), and correspond to variations in the intensity of the peak at
U =1641cm™! - attributed to remaining H,O - and the appear-
ance of a new peak at v=1730cm™!. This new peak suggests a
systematic altering in the chemical structure of the glucose back-
bone units, and is assigned to a C=0 stretching, usually observed
between 1740cm~! and 1650 cm~! and therefore to the forma-
tion of carbonyl-based functional groups (i.e. carboxylic acids or
lactones) (Pretsch, Buhlmann, & Affolter, 2000). Furthermore, a
quantitative analysis based on the deconvolution of the peaks
between ¥ = 1550cm~1and 1850cm~! in a series of Lorentzian
distributions revealed the systematic increase in time of the
peak area corresponding to the C=0 stretching and implicitly of
the carbonyl-based functional groups - not observed during the
hydrolysis process. Therefore, the formation of a large number of
free *OH due to the presence of H,0, leads to a different degra-
dation pathway, as shown by the formation of C=0 groups and
characterized by the oxidative cleavage of the (3-p-glucan chain.

3.4. NMR analysis

NMR experiments were performed to support and complement
the results of the FITR analysis, furthermore to better understand
the structural changes of the thermal and oxidative process at the
molecular level. Solutions of 3-p-glucan in DMSO-dg were analyzed
by 'H, 3C and 'H-13C HSQC NMR, where 13C NMR was the most
sensitive technique for the analysis of such biopolymers (Colleoni-
Sirghie, Fulton, & White, 2003; Dais & Perlin, 1982). Fig. 5 shows
the 13C NMR chemical shifts for the cellotetraosyl and the cel-
lotriosyl units of the 3-D-glucan starting materials. After thermal
treatment (1 week at 85°C), the 3-p-glucan sample showed the
same peaks in the 13C NMR spectra as the reference starting materi-
als. The anomeric carbons (C1) appear at §=103.2 (f-(1—3)), 102.3
(B-(1—4)) and 102.2 (3-(1—4)) ppm. The peak related to the non-
anomeric carbon participating in the B-(1—3) glycosidic bond (C3)
is shifted to § = 86.8 ppm, and the corresponding non-anomeric car-
bons in the (3-(1—-4) glycosidic linkage (C4) are at §=80.0, 79.9
and 79.7 ppm (Fig. 5). Thus, the thermal treatment of 3-p-glucan

leads to the partial hydrolysis of the biopolymer while keeping the
chemical structure of the monomer units. These results agree to the
decrease in the viscosity of the sample when thermal treatment is
applied.

The oxidative treatment of (3-bD-glucan showed new peaks
appearing, together with the vanishing of others from the start-
ing material (Fig. 6). After 2h at 85°C, a tiny peak appeared at
§=155.1ppm, which can be attributed to the oxidation of the
secondary carbon C6 or the anomeric carbon C1 into the cor-
responding carboxylic acid or lactone, respectively. This results
relates well with the FTIR data which show the formation of
C=0. Moreover, already after 2 h of H,O,-treatment at 85°C the
[3-p-glucan oxidized product were in oligomeric form and the vis-
cosity measurements already showed a decrease in the viscosity
of the sample, which might indicate that the preferred oxidation
process happened in the anomeric carbon, and the corresponding
fragmentation of the 3-p-glucan polymer chain took place.

After 24 h of oxidative treatment, new peaks at §=172.4, 162.1,
102.7, 76.5, 76.3, 76.1, 73.1, 72.9, 71.7, 71.5, 60.9, 60.0, 59.4 and
54.3 ppm appeared. These peaks are related to carbons with new
chemical environments due the oxidation of aldehydes or alco-
hol groups to carboxylic functions as shown by the presence of
the peaks at §=172.4 and 162.1 ppm. Moreover, after 1 week at
85°C, B-p-glucan showed numerous peaks in the low field region

“C NMR
-CO- -COO- cl c4

Oxidation 1w/85°C ||

Oxidation 24h/85°C ”I‘
Oxidation 2h/85°C

Hydrolysis 1w/85°C

‘2000 150 100 50
5 (ppm)

Fig. 6. 1>C NMR spectra at 80 °C in DMSO-dg for the B-D-glucan sample after 1 week
hydrolysis at 85 °C (black), after 2 h oxidation at 85 °C (red), after 24 h oxidation at
85°C (blue), and after 1 week oxidation at 85°C (green). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 7. Cleavage pathways suggested for the oxidative cleavage of the 3-(1—3) linkage of B-p-glucan.

(6=215.2,180.1,179.1, 178.4, 176.2, 176.0, 174.3 and 165.5 ppm),
which clearly indicated the presence of carbonyl (aldehydes and/or
ketones) and carboxylic groups coming from the oxidation of the
corresponding alcohols and aldehydes in the saccharide units.
More importantly, the peak signals corresponding to the anomeric
carbon in the 3-(1—3) glycosidic bond (§ = 103.5 ppm) and the cor-
responding partner (§=286.8 ppm) disappeared. This result might
support the idea that the (-(1—3) glycosidic linkage is more
suitable to be attacked during the oxidative process than the cor-
responding [3-(1—4) glycosidic bond. The presence of new peaks
at §=95.7 and 91.9 ppm, together with a huge amount of extra
peaks between §=80 and 50 ppm, is an indication that the oxida-
tive process takes place at the different carbons in the repeating
monomer unit. Thus, the anomeric carbon is oxidized and cleavage
of the glycosidic bond happens - 3-(1— 3) preferred than 3-(1—4)
- while the secondary carbon and the rest of tertiary carbon atoms
in the monomers are oxidized at lower rates. Furthermore, 'H and
TH-13C HSQC NMR experiments showed and confirmed the short-
ening of the B-p-glucan chain after thermal treatment due to the
narrowing of the peaks, and in the case of oxidative process, due to
the presence of many narrow extra peaks (Supporting information).

3.5. B-p-Glucan degradation pathways

The thermal treatment (85°C) of a mildly acidic (pH 4.5)
[B-p-glucan solution leads to a slow decrease of the molecular
weight of the polysaccharide (41% decrease from the original
M,, in 1 week at 85°C), inducing the viscosity drop of the solu-
tion. Chemical analysis (FTIR and NMR analysis) of the resulting
degradation materials at different reaction times did not reveal
the introduction of new functional groups on the [3-p-glucan
fragments. It can therefore be concluded that thermal treatment
induces (-p-glucan hydrolysis without affecting the structure
of the glucose units. Additionally, the ESR spin trapping results
show that *OH radicals were formed in the thermally-treated
[3-p-glucan solution are most likely due to the presence of residual
iron. Therefore, it cannot be excluded that a small fraction of
B-p-glucan was affected by oxidative cleavage; however, the

absence of new functional groups indicates that the hydrolysis is
the prevalent path to 3-p-glucan degradation in absence of H,0,.

On the other hand, the H,0,-induced degradation of 3-p-glucan
leads to a fast breakdown of the polymer chain, accompanied by
the introduction of new functional groups and peroxyl radicals
on the (3-p-glucan products. The chemical analysis performed on
the B-D-glucan residues obtained at different oxidation times pro-
vides new insights on the possible pathways for the oxidative
cleavage of 3-p-glucan. For instance, the NMR data indicated that
during the first 2 h of treatment, the oxidation of 3-b-glucan was
favored on C1 implicitly modulating the cleavage of the glyco-
sidic bond and the release of a lactone in C1. Furthermore, the
*OH-mediated oxidation of [3-D-glucan induces the formation of
peroxyl radical on the polysaccharide fragments already after 2 h.
Based on these findings, two different scission pathways of the
-(1—3) glycosidic bond of the B-p-glucan are proposed, which
lead to the release of a lactone in C1 (Fig. 7). These pathway are
supposedly applicable for the cleavage of the B-(1—4) glycosidic
bond.

The oxidative cleavage of 3-p-glucan is initiated by the abstrac-
tion of a hydrogen atom from the anomeric carbon (C1) of the
polysaccharide inducing the formation of an alkyl radical (1). To
this point, there are two likely routes for the cleavage of the glyco-
sidic bond with the generation of a lactone in C1 (2). The glycosidic
bond may fragment, due to delocalization of the unpaired electron,
which leads to the release of a $-p-glucan fragment with a lactone
at C1 (2), and of a B-p-glucan fragment with an alkyl radical on
C3 (3). Earlier studies have proposed this pathway for the radical
induced scission of the glycosidic linkage of cellobiose after abstrac-
tion of an hydrogen atom on the anomeric carbon C1 (von Sonntag,
1980). Here, we suggest that the newly formed alkyl radical in C3
may react with O, to form the corresponding peroxyl radical (4),
which can further undergo transformations.

Additionally, the glucan with an alkyl radical on the C1 (1)
may also undergo hydrolysis. Indeed, a study on cellobiose radical-
mediated cleavage suggested that the presence of an unpaired
electron on the anomeric carbon (C1) could lead to a hydrolysis (von
Sonntag, 1980). In the present case, this process would lead to the
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release of a non-radical 3-p-glucan fragment (6) and a 3-p-glucan
fragment containing a radical at C1 (5).

An alternative pathway for the cleavage of the 3-(1—3) glyco-
sidic bond of (3-D-glucan involves the formation of peroxyl radical
following the alkyl radical in C1 (1). The carbon centered radical
in C1 would react rapidly with O, to give a peroxyl radical (7). It
has been suggested that peroxyl radical can further combine with
another peroxyl radical and fragment via an alkoxyl radical (R-0°)
(Schuchmann & von Sonntag, 1978). The alkoxyl radical (9) formed
would undergo a 3-fragmentation, releasing a 3-p-glucan fragment
with a lactone in C1 (3) and a 3-p-glucan fragment with an alkoxyl
radical at C3 (10).

The described mechanisms based on initial hydrogen atom
abstraction at C1 account well for our data. However it cannot
be excluded that other pathways contribute to the scission of
B-p-glucan, since the non-selective attack of *OH radicals most
likely also generate radicals at other locations besides at C1. More-
over, the formation of carbonyl and aldehyde functional groups
after 1 week of H,0,-treatment indicates that more complex
degradation and oxidation pathways occur during later stages of
oxidative degradation of 3-p-glucan.

4. Conclusions

Our results demonstrated that the thermal treatment (85 °C)
of an aqueous [-D-glucan solution induces the hydrolysis of the
polymer, which in turn leads to a decrease of its average-weight
molecular mass and viscosity. This degradation is a slow process,
which does not affect the monomer structure of (3-p-glucan. The
presence of the Fenton reagents (H,0, and Fe2*) in B-p-glucan
solution stored at 85°C induces the generation of high amounts
of *OH which promoted a fast and extensive degradation of
B-p-glucan. Simultaneously to the degradation, new functional
groups (i.e. lactone, carboxylic acid, aldehyde and ketone) were
formed on the -D-glucan residues. During the first 24 h of oxi-
dation, lactones and carboxylic acid were formed, and as the time
of exposure to the Fenton reagents increased (up to 1 week), new
functional groups were generated such as ketones and aldehy-
des. Because of the detection of lactones at the beginning of the
oxidation process of (3-p-glucan, this functionality suggested to
be the initial major product should be the result of the oxida-
tive cleavage of the glycosidic bonds. Our results demonstrated
the oxidative cleavage induces the formation of a lactone in C1
in the B-p-glucan fragment. This cleavage is initiated by the pres-
ence of a radical at the anomeric carbon (C1). Two pathways for
the scission of the glycosidic bond leading to the liberation of a
lactone at C1 were suggested: Fragmentation by delocalization of
the unpaired electron at C1, or scission via formation of a per-
oxyl radical at C1 as observed by ESR. Furthermore, based on the
NMR measurements we demonstrated the cleavage of the 3-(1—3)
glycosidic linkage was favored over the cleavage of the B-(1—-4)-
linkage.

Therefore, the treatment of 3-p-glucan with *OH radicals gen-
erating system leads to its degradation, changing its structural
properties with the introduction of new oxidized functional groups
(i.e. lactones, carboxylic acids, ketones and aldehydes). A recent
study showed that oxidized [B3-p-glucan has a better bile acid
binding capacity than native 3-p-glucan (de Moura et al., 2011)
and thereby can potentially improve the cholesterol reducing
capacity. The structural understanding of the chemical changes in
[-p-glucan during oxidation processes is therefore also highly rel-
evant for the study of its health related benefits.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.carbpol.2013.
08.022.
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