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The 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO)-mediated oxidation was applied to water-
insoluble (1 — 3)-B-p-glucans, paramylon and curdlan, to prepare water-soluble oxidized products.
When the addition level of NaClO used as the primary oxidant was 15 mmol per gram of the polysaccha-
ride in the combination with catalytic amounts of TEMPO and NaBr under aqueous conditions at pH 10,
water-soluble TEMPO-oxidized products were obtained quantitatively within 100 min. 13C NMR analysis
of the TEMPO-oxidized products revealed that the C6 primary hydroxyl groups of both paramylon and

ﬁej/_‘iv ggt_jEiD_glucan curdlan were completely converted to carboxylate groups by the oxidation. Thus, new (1 — 3)-p-p-polyg-
Paramylon lucuronic acid sodium salts having almost homogeneous chemical structures can be obtained. The highly
curdlan crystalline paramylon took longer time for the complete oxidation of the C6 primary hydroxyls to carbox-
TEMPO ylate groups than curdlan. However, remarkable depolymerization occurs on main chains during the oxi-
Oxidation dation, and the degrees of polymerization of the water-soluble TEMPO-oxidized products prepared from
SEC-MALLS paramylon and curdlan were only 68 and 86, respectively.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

(1 - 3)-B-p-Glucans widely exist in living organisms such as
plants, fungi, yeasts and some bacteria (Clarke & Stone, 1960; Man-
ners, Masson, & Patterson, 1973). Both paramylon and curdlan are
linear (1 — 3)-B-p-glucans, and insoluble in water at room temper-
ature. Paramylon is present as granular form in the alga Euglena
gracilis, and has high crystallinity of about 90%, whereas curdlan
is an extracellular bacterial polysaccharide with low crystallinity
of about 30% (Marchessault & Deslandes, 1979). Some (1 — 3)-B-
p-glucans produced by fungi have branch structures, which
sometimes lead to increases in water-solubility and have some
bioactivities (Barbosa, Steluti, Dekker, Cardoso, & da Silva, 2003;
Hirokawa et al., 2008; Johansson et al., 2000; Tada et al., 2007).
Crystal and solid-state structures of dry and hydrated paramylon
and curdlan have been studied by X-ray diffraction and solid-state
13C NMR analyses, showing that these (1 — 3)-p-p-glucans have
triple-helical structures (Chuah, Sarko, Deslandes, & Marchessault,
1983; Deslandes, Marchessault, & Sarko, 1980; Fyfe et al., 1984;
Kiss, Roberts, Brown, & Triemer, 1988; Marchessault & Deslandes,
1979).

Many researches have been carried out on (1 — 3)-B-p-glucans
over the past two decades mainly because of their biological
behavior such as immunomodulation and anti-tumoral activities
and the corresponding potential applications to the biomedical
fields (Bohn & BeMiller, 1995; Kataoka, Muta, Yamazaki, & Takesh-
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ige, 2002; McIntire & Brant, 1998; Ooi & Liu, 2000; Vismar, Vestri,
Frassanito, Barsanti, & Gualtieri, 2004; Wood, 1994). Even though
(1 — 3)-B-p-glucans are promising natural polysaccharides having
such biological activities, their water-solubilities are quite low.
Particularly, crystalline and liner (1 — 3)-B-b-glucans such as na-
tive paramylon and curdlan are insoluble in water. Derivatizations
such as partial carboxymethylation and sulfation of hydroxyl
groups of paramylon or curdlan have been thus studied to increase
their biological activities with increasing water-solubility (Gao
et al.,, 2008; Ohya, Nishimoto, Murata, & Ouchi, 1994; Suzuki
et al., 1991; Usui, Matsunaga, Ukai, & Kiho, 1997).

Meanwhile, not only substitution reactions of hydroxyl groups
with carboxymethyl ether or sulfate ester groups but also oxida-
tion of primary hydroxyls of polysaccharides to carboxylate groups
can increase water-solubility. Recently, regioselective oxidation of
C6 primary hydroxyls of water-soluble and water-insoluble poly-
saccharides using 2,2,6,6-tetramethylpiperidine-1-oxyl radical
(TEMPO) and NaBr as catalysts under aqueous conditions has been
developed, and this TEMPO-mediated oxidation has pioneered a
new field of carbohydrate chemistry (Bragd, van Bekkum, & Bese-
mer, 2004; De Nooy, Besemer, & van Bekkum, 1995; Desai & Black-
well, 2003). Especially, water-insoluble B-cyclodextrin, chitins and
regenerated celluloses become water-soluble by the TEMPO/NaBr/
NaClO oxidation system through partial or complete conversion of
the C6 primary hydroxyls to carboxylate groups (Fraschini & Vig-
non, 2000; Isogai & Kato, 1998; Kato, Kaminaga, Matsuo, & Isogai,
2004; Muzzarelli, Muzzarelli, Cosani, & Terbojevich, 1999).

Although water-soluble (1 — 4)-B-p-polyglucuronic acids (cel-
louronic acids) consisting of anhydroglucuronic acid units alone
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can be obtained quantitatively from regenerated celluloses by the
TEMPO-mediated oxidation under specific conditions, remarkable
depolymerization occurs on cellulose chains during the oxidation.
The degrees of polymerization (DP) of cellouronic acids prepared
from regenerated celluloses with the original DP of 380 and 680
decreased to only about 40 (Isogai, Yanagisawa, & Isogai, 2009; Shi-
bata, Yanagisawa, Saito, & Isogai, 2006). Such depolymerization
may take place by p-elimination of glycoside bonds at the C6 alde-
hyde groups formed as intermediate structures under alkaline con-
ditions (de Nooy, Besemer, van Bekkum, van Dijk, & Smit, 1996)
and/or by some active species such as hydroxyl radicals formed
in situ as side reactions (Shibata & Isogai, 2003).

In this study, therefore, the TEMPO-mediated oxidation was ap-
plied to paramylon and curdlan to prepare water-soluble (1 — 3)-
B-linked polyglucuronic acids (Fig. 1), and chemical structures and
molecular weights of the TEMPO-oxidized products thus obtained
were analyzed in detail.

2. Materials and methods
2.1. Materials

Commercial paramylon and curdlan (Wako Pure Chemicals Co.,
Japan) were used as the starting (1 — 3)-B-p-glucans. TEMPO, so-
dium bromide, 12% sodium hypochlorite solution, and other re-
agents and solvents were of laboratory grade (Wako Pure
Chemicals Co., Japan), and used without further purification. Dis-
tilled water of HPLC grade was purchased from Wako Pure
Chemicals.

2.2. TEMPO-mediated oxidation

Curdlan or paramylon (2 g) was suspended in water (200 ml)
at pH 10 containing TEMPO (0.032 g, 0.2 mmol) and sodium bro-
mide (0.2 g, 2 mmol), and the suspension was stirred at room
temperature and 500 rpm. TEMPO-mediated oxidation was
started by adding a designed amount of the 12% NaClO solution.
The oxidation was carried out in a beaker loosely covered with a
wrapping film. The pH of the mixture was maintained to be 10
by adding 0.5 M NaOH using a pH stat until no NaOH consump-
tion was observed. Then, the mixture was dialyzed with de-ion-
ized water, and freeze-dried. Yields of the oxidized products,

Insoluble in water at pH 10

CH,0H CH,OH CHzOH
HO Q |Ho Q |Ho Q
HO 0 o OH
oH OH OH
n

TEMPO, NaBr, NaCIO
at room temp., pH 10

Soluble in water at pH 10
COONa

COONa COONa
HO Q [Ho A |Ho Q
HO 0 o OH
OH OH OH
n

Fig. 1. TEMPO-mediated oxidation of (1 — 3)-B-p-glucan to prepared water-soluble
(1 - 3)-B-p-polyglucuronic acid sodium salt.

which were calculated based on their chemical structures, were
about 90%.

2.3. Acid hydrolysis

Paramylon or curdlan (0.5 g) was suspended in 2 M HCI (50 ml),
and the mixture was heated at 80 °C for 4 h. Then, the residue was
washed thoroughly with water by centrifugation and finally with
acetone. The acid-hydrolyzed products were air-dried and then
vacuum-dried at 60 °C for 1day. Yields of the acid-hydrolyzed
products were 66% and 82% for paramylon and curdlan,
respectively.

2.4. SEC-MALLS analysis

The original and acid-hydrolyzed paramylon and curdlan were
dissolved in 1% LiCl/1,3-dimethyl-2-imidazolidinone (LiCl/DMI) at
0.1% concentration by heating the mixture at about 100 °C for
10 min. The (1 — 3)-B-b-glucan solutions thus obtained were then
subjected to size-exclusion chromatography with multi-angle la-
ser-light scattering method (SEC-MALLS, DAWN EOS, k = 690 nm,;
Wyatt Technologies, USA) using 1% LiCl/DMI as an eluent. A polysty-
rene-divinylbenzene copolymer gel (KD-806 M, 8 mm ¢ x 30 cm,
Shodex, Japan) was used as the SEC column. The solvent and
(1 - 3)-B-p-glucan solutions were filtered using 0.2 pm poly-
tetrafluoroehtylene (PTFE) membranes (Millipore, USA) before use.
Weight and number average molecular weight values were calcu-
lated from the SEC-MALLS data by ASTRA software (Wyatt Technol-
ogies, USA) with a specific refractive index increment (dn/dc) value of
0.087 ml/g for cellulose dissolved in 1% LiCl/DMI (Yanagisawa & Iso-
gai, 2005), which consists of the same anhydroglucose units as those
of (1 - 3)-B-p-glucans. A pullulan standard (M,, 22,800; Shodex, Ja-
pan) was exclusively used to normalize the MALLS photo-detectors
(ASTRA for Windows user’s guide version 4.90). On the other hand,
water-soluble TEMPO-oxidized products were dissolved in 0.1 M
NaCl at 0.1% concentration, and the solutions were subjected to
the SEC-MALLS analysis using a SEC column for aqueous systems
(DB-806MHQ, 8 mm ¢ x 30 cm, Shodex, Japan) and 0.1 M NaCl as
the eluent. The dn/dc value of 0.125 ml/g for cellouronic acid (Isogai
etal.,2009; Shibata et al., 2006) was used for the water-soluble TEM-
PO-oxidized products. Details of the SEC-MALLS system used and
operation conditions were described elsewhere (Shibata et al.,
2006; Yanagisawa & Isogai, 2005).

2.5. Other analyses

Carboxyl contents of the samples were determined by electric
conductivity titration using 0.05 M NaOH (Saito & Isogai, 2004).
Paramylon and curdlan were dissolved in deuterated dimethylsulf-
oxide (DMSO-dg) at about 100 °C for several min, and '>*C NMR
spectra of these solutions cooled at room temperature were re-
corded on an ALPHA-500 (JEOL, Japan) using tetramethylsilane (Al-
drich, USA) as an internal standard for O ppm. Water-soluble
TEMPO-oxidized products were dissolved in D,0 with 3-trimethyl-
silyl-2,2,3,3-d4-propionic acid sodium salt (Aldrich, USA) used as
an internal standard for O ppm, and the solutions were subjected
to the 3C NMR measurement. Data accumulation times were
about 25,000. X-ray diffraction patterns of pellet samples (about
0.1 g for each) prepared using an apparatus for IR measurement
at ca. 750 MPa for 5 min were collected on a RINT 2000 (Rigaku, Ja-
pan) at 0.01°/s from 3° to 30° of the diffraction angle 26 with a Ni-
filtered Cu Ko radiation at 40 kV and 40 mA. Crystallinity indices of
the original polysaccharides and their TEMPO-oxidized products
were determined from the ratio of the separated peak area due
to crystalline diffractions to the total area from 3° to 30° of 20
(Wada, Heux, & Sugiyama, 2004).
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3. Results and discussion
3.1. TEMPO-mediated oxidation of paramylon and curdlan

Paramylon and curdlan were oxidized by designated amounts
of NaClO used as the primary oxidant and catalytic amounts of
TEMPO and NaBr in water at pH 10 and room temperature until
no consumption of 0.5 M NaOH was observed. The stoichiometric
amount of NaClO to complete oxidation of the C6 primary hy-
droxyl groups of the 1g polysaccharide was 12.3 mmol. How-
ever, the maximum addition level of NaClO was set to be
15 mmol/g, i.e., about 20% excess to the stoichiometric amount,
being assumed that a part of NaClO added was evaporated from
the reaction mixture loosely covered with a wrapping film dur-
ing the oxidation.

As shown in Fig. 2, the paramylon granules 1-5 pm in size were
swollen in water as the amount of NaClO added was increased in
the oxidation. It seemed that the swelling or dispersion in water
occurred from the outer side of paramylon granules by the oxida-
tion. Even at the NaClO addition level of 7.5 mmol/g, the oxidized
products were insoluble in water, and some granules still remained
in the oxidized products without dissolution. On the other hand,
the curdlan particles with crashed spherical shapes became
water-soluble by the oxidation with NaClO of 7.5 mmol/g.
Although the oxidized product prepared with NaClO of 3.8 mmol/
g was insoluble in water, most of the original shapes of curdlan
particles disappeared, and were strongly swollen in water (Fig. 3).

The relationships between the amount of NaClO added and
either reaction time, ratio of C6 carboxylate groups formed, crys-
tallinity index or water-solubility are listed in Table 1. Here, the
carboxylate groups formed and determined by the conductivity
titration were regarded as the C6 carboxylate groups formed by
the oxidation. From both paramylon and curdlan, water-soluble
oxidized products were obtained quantitatively by the TEMPO-
mediated oxidation. Because all the C6 primary hydroxyl groups
were converted to carboxylate groups by the oxidation with NaClO
of 15 mmol/g, the reaction was likely to proceed almost stoichio-
metrically. In the case of curdlan, the oxidized product prepared
even at the NaClO addition level of 7.5 mmol/g became water-sol-
uble, where 62% of the C6 primary hydroxyl groups were converted
to carboxylate ones.

The results in Table 1 are plotted in Fig. 4. Carboxylate groups
were formed in similar manners to the NaClO addition level for
both the TEMPO-oxidized paramylon and curdlan, although curd-
lan was slightly susceptible to the oxidation more than paramylon.
Especially, the time required for complete consumption of NaClO
added was twice as much as that for curdlan at the NaClO addition
level of 15 mmol/g; paramylon is more restrictive to the oxidation
probably because of its high crystallinity.

3.2. Structural analyses of the TEMPO-oxidized products

Fig. 5 shows '>C NMR spectra of the original paramylon and
curdlan dissolved in DMSO and their TEMPO-oxidized products
dissolved in D,0. '3C NMR spectra of both paramylon and curdlan
had six signals alone, showing that these polysaccharides are liner
(1 - 3)-B-p-glucans without any branch structures. When the Na-
ClO addition level was 15 mmol/g, no signal around 60 ppm due to
the C6 primary hydroxyls of the original (1 — 3)-B-p-glucans was
present in the spectra. Correspondingly, the signal due to the C6
carboxylate groups appeared at about 175 ppm. Thus, almost all
C6 primary hydroxyls of paramylon and curdlan were converted
to carboxylate groups by the TEMPO-mediated oxidation. When
the NaClO addition level was 7.5 mmol/g, the oxidized curdlan
had signals due to both the C6 primary hydroxyls and carboxylate
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NaClO 3.8 mmol/g
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Fig. 2. SEM image of the original paramylon and phase-contrast microphotographs
of paramylon and its TEMPO-oxidized products in water.

groups in the NMR spectrum. The signal area ratio, the C6 carbox-
ylate groups/(the C6 primary hydroxyl and C6 carboxylate groups),
were about 0.7. This value is close to that of 0.62 in Table 1, which
was determined by conductivity titration.

On the other hand, the oxidized products prepared with the Na-
ClO addition level of 15 mmol/g had some additional small signals
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Fig. 3. SEM image of the original curdlan and phase-contrast microphotographs of
curdlan and its TEMPO-oxidized product in water.

at about 71, 74, 94 and 96 ppm. The signals at 94 and 96 ppm may
be ascribed to those due to anomeric carbons, indicating the occur-
rence of hydrolytic cleavage of glycoside bonds of the (1 — 3)-B-b-
glucans during the reaction. Thus, some side reactions including
oxidation at C2 or C3 hydroxyls to ketones and/or depolymeriza-
tion are likely to take place in part on the glucan chains during
the TEMPO-mediated oxidation under the conditions used in this
study (Potthast, Rosenau, & Kosma, 2006; Rohring et al., 2001).
However, it can be concluded that polyglucuronic acid Na salts
mostly consisting (1 — 3)-B-linked anhydroglucuronic acid units
can be prepared from paramylon and curdlan by the TEMPO-med-
iated oxidation.

X-ray diffraction patterns of the original (1 — 3)-B-b-glucans
and their TEMPO-oxidized products are depicted in Fig. 6. Param-
ylon had crystallinity clearly higher than that of curdlan. The crys-
tallinity of the oxidized products decreased with increasing the
NaClO addition level. The high crystallinity of paramylon might
have brought about high resistance to the oxidation, in comparison
with curdlan. The TEMPO-oxidized products prepared with the Na-
ClO addition level of 15 mmol/g, whose C6 primary hydroxyl
groups were completely oxidized to carboxylate groups, had disor-
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Table 1
Reaction conditions of TEMPO-mediated oxidations of (1 — 3)-B-p-glucans and
properties of the oxidized products.

Sample NacClO Reaction Ratio of C6 Crystallinity Water-
added time carboxylate index solubility
(mmol/g) (min)* groups
Paramylon 0 0 0.01 0.47 —
Oxidized paramylon 3.8 10 0.22 0.05 —
Oxidized paramylon 7.5 20 0.43 0.00 —
Oxidized paramylon 15.0 100 1.00 0.00 +
Curdlan 0 0 0.02 0.28
Oxidized curdlan 3.8 5 0.28 0.02 —
Oxidized curdlan 7.5 15 0.62 0.00 +
Oxidized curdlan 15.0 50 1.00 0.00 +
2 Time required for complete consumption of NaClO added.
Water-soluble
1.0 T T T 150
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Fig. 4. Ratios of C6 carboxylate groups of TEMPO-oxidized paramylon and curdlan,
and times required for complete consumption of NaClO added. See Table 1.

dered structures, which was the same as those of (1 — 4)-p-p-
polyglucuronic acids, i.e., cellouronic acids, prepared from regener-
ated celluloses by the TEMPO-mediated oxidation.

3.3. Molecular weights of the TEMPO-oxidized products

The TEMPO-oxidized products prepared from paramylon and
curdlan with the NaClO addition level of 15 mmol/g were analyzed
by SEC-MALLS to determine their molecular weight parameters.
Because paramylon and curdlan as well as their acid-hydrolyzed
products were soluble in 1% LiCl/DMI by heating around 100 °C
and the dissolution states were maintained at room temperature
after cooling, SEC-MALLS analysis of these polysaccharides were
carried out using 1% LiCl/DMI as the solvent and eluent.
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Fig. 5. '>C NMR spectra of the original paramylon and curdlan dissolved in DMSO-
ds and the corresponding waters-soluble TEMPO-oxidized products dissolved in
D-0.
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Fig. 6. X-ray diffraction patterns of paramylon, curdlan and their TEMPO-oxidized
products.

The weight and number average DP values (DPw and DPn,
respectively) of paramylon and curdlan and their acid-hydrolyzed
products are listed in Table 2. The DPw of curdlan was as high as
6790, whereas that of paramylon was only 1670, which was about
1/4 of that of curdlan. On the other hand, the DPw of curdlan de-
creased to 270, i.e., about 1/25 of the original value, by the acid
hydrolysis, while the DPw of paramylon decreased to 1010. The
high crystallinity of paramylon might have brought about such
higher resistance to acid hydrolysis.

The DPw values of water-soluble TEMPO-oxidized paramylon
and curdlan were only 68 and 86, respectively. Thus, remarkable
depolymerization occurred on the TEMPO-oxidized products. In
the case of TEMPO-mediated oxidation of regenerated celluloses
at pH 10, DPw values of cellouronic acids obtained are about 40,
which corresponds to their leveling-off DP values obtained by di-
lute acid hydrolysis (Isogai et al., 2009). In the case of paramylon
and curdlan, however, the DPw values of the TEMPO-oxidized
products were not related to those of the acid-hydrolyzed prod-
ucts. Other factors than the leveling-off DP may participate in the
decreases in DP of the (1 — 3)-B-p-glucans during the oxidation.
The DPw of the TEMPO-oxidized paramylon was lower than that
of the TEMPO-oxidized curdlan, probably because the reaction
time for the former was longer than that for the latter.

The DP distribution patterns of the original paramylon and
curdlan, their acid-hydrolyzed products and TEMPO-oxidized
products are shown in Fig. 7. All samples had normal distribution
patterns without any additional peaks or shoulders. Even though
the TEMPO-oxidized products had the DPw values of only 68-86,
these products are expected to have certain levels of biological
activities caused by the (1 — 3)-B-linked backbone chains and their
water-solubility. These are our future research subjects.

4. Conclusions

Water-insoluble paramylon and curdlan turn to water-soluble
products by catalytic oxidation using the TEMPO/NaBr/NaClO sys-
tem in water at pH 10 and room temperature. When the NaClO
addition level was 15 mmol per gram of the polysaccharide, almost
all the C6 primary hydroxyl groups were oxidized to carboxylate
groups within 100 min for both paramylon and curdlan by the oxi-
dation. The highly crystalline paramylon took longer time for the
complete oxidation of the C6 primary hydroxyls to carboxylate
groups than curdlan. Thus, (1 — 3)-B-linked polyglucuronic acid
sodium salts having almost homogeneous chemical structures
can be obtained quantitatively by the TEMPO-mediated oxidation.
However, significant depolymerization occurs on the main chains
during the oxidation, and the DPw values of the water-soluble
TEMPO-oxidized products prepared from paramylon and curdlan
were only 68 and 86, respectively. The original DPw values of
paramylon and curdlan determined by SEC-MALLS using 1% LiCl/
DMI as the solvent and eluent were 1670 and 6790, respectively.

Table 2

Weight and number average molecular weights (M,, and M, respectively) and the
corresponding DPw and DPn values of the original (1 — 3)-B-p-glucans, their acid-
hydrolyzed products?®, and water-soluble TEMPO-oxidized products.

Sample M,y (DPw) M, (DPn) My/M,
Paramylon 270,000 (1670) 212,000 (1310) 1.37
Curdlan 1,100,000 (6790) 890,000 (5500) 1.24
Acid-hydrolyzed paramylon 164,000 (1010) 99,300 (610) 1.66
Acid-hydrolyzed curdlan 43,300 (270) 29,900 (180) 1.45
TEMPO-oxidized paramylon 13,600 (68) 9920 (50) 1.28
TEMPO-oxidized curdlan 17,000 (86) 13,500 (68) 1.26

¢ Acid hydrolysis with 2 M HCI at 80 °C for 4 h.
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Fig. 7. DP distribution patterns of paramylon, curdlan, their acid-hydrolyzed
products and water-soluble TEMPO-oxidized products.
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