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Abstract

A neutral polysaccharide (NMBG) and an acidic polysaccharide (AMBG) were fractionated from Mesona Blumes gum (MBG) with
yields of 0.5% and 90% (w/w), respectively. AMBG was composed of Gal, Glc, Man, Xyl, Ara, Rha and GalA with a molar ratio of
2.66:1:0.37:2.29:12.5:5.99:23.5, and NMBG consisted of Gal, Glc, Man, Xyl, Ara, Rha with a molar ratio of 9.9:15.3:4.31:1.48:11.6:1.
But there was no GalA in NMBG. Both AMBG and NMBG were homogeneous with Mw of 6566 and 5277, respectively. AMBG could
form a viscous solution but NMBG could not. Structure features of the purified AMBG were investigated by a combination of chemical
and instrumental analyses, such as periodate oxidation, Smith degradation, GC-MS, '*C and 'H NMR. It was found that AMBG pos-
sessed a a-(1 — 4)-galacturonan backbone with some insertions of a-1,2-Rhap residues. The branches of arabinogalactan, arabinan,
galactan and xylan could be all attached to the backbone via O-4 of Rhap residues. In addition, some Rhap residues on the backbone
terminated with a-L-Araf and some O-6 in galacturonic acid residues could be acetylated and some O-6 in GalAp residues could be
methyl estered. The molecular structure of AMBG at different concentrations was observed with atomic force microscopy (AFM).
AMBG showed a spherical lump at 1 ug/mL, but an irregular shape like worm at 10 pg/mL, which indicated that the viscous property

of AMBG might be caused by its strong tendency to aggregate.
© 2007 Published by Elsevier Ltd.
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1. Introduction

Mesona Blumes is a herb from Lamiaceae family origi-
nally from South China and wide spread in Southeast Asia.
In China, it has been used as a folk medicine for preventing
heatstroke, hypertension, diabetes and muscle or joint
pain. The unique aroma and health benefits of this herb
make it popular to the Chinese. Traditionally the plant is
consumed as a herbal tea or as a jelly-type dessert (a mixed
gel with non-waxy type starch) (Lai & Lin, 2004).

Mesona Blumes contains an ionic polysaccharide gum,
named Mesona Blumes gum (MBG). As compared with
other commercial gums, MBG forms a low-viscosity solu-
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tion with pronounced shearing-thinning behaviour (Lai,
Tung, & Lin, 2000). Although the structural features of
MBG are still unclear, Yang and Huang (1990) reported
that the core of the structure was a heteroglycan, contain-
ing galactose, glucose, rhamnose, arabinose and uronic
acid with a molar ratio of about 2:1:1:1:2. Lai, Liu, and
Lin (2003) reported that the neutral sugar composition of
crude MBG could be rhamnose, arabinose, galactose, glu-
cose, xylose, mannose, fructose and erythrose at mole frac-
tion of 13.68%, 10.26%, 20.86%, 23.25%, 6.84%, 14.71%,
10.26% and 0.14%, respectively, but the uronic acid content
is not reported.

Polysaccharide gums have wide applications because of
their rheological properties. Although MBG has a unique
rheological property, there is lack of systematic structural
analysis. In order to elucidate the relationship between
the rheological characteristics of MBG and its structure,
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Fig. 2. HPGPC chromatograms on Ultrahydrogel column of (a) NMBG (b) AMBG. (c) Calibration standard curves of lgMw and relative retention time
(1) of Dextran T on Ultrahydrogel. The linear fit equation of this standard curve was lg Mw = 13.7 — 0.4997, R> = 0.9974.
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D-Glucose, D-xylose, L-rhamnose, D-ribose, D-arabinose
and L-fucose were bought from Sigma Chemical (USA);
Dextran standard series T-2000, T-580, T-188, T-70, T-10
and T-5 were bought from Pharmacosmos Co. Ltd.
(Denmark); the other analytically pure reagents were
bought from the Shanghai Chemical Reagent (PR China).

2.2. Isolation and purification of MBG

The dried MBG (200 mg) was dissolved in 25 mL, pH
6.0, 0.02 mol/L phosphate buffer, and was further purified
on a DEAE-Sepharose Fast Flow gel column
(@2.6 x 50 cm), firstly by using pH 6.0, 0.02 mol/L phos-
phorous buffer and then using 2 mol/L sodium chloride
in pH 6.0, 0.02 mol/L phosphorous buffer as gradient elu-
ent at a flow rate of 2.5 mL/min. Each tube was collected
every 2 min and the fractions were analyzed by the phe-
nol-sulfuric acid method (Zhang, Yao, Chen, & Wang,
2007).

2.3. Homogeneity and molecular weight of MBG

The homogeneity and molecular weight of MBG were
determined by Gel Permeation Chromatography (GPC)
with a Waters HPLC apparatus (Waters 600, Waters Co.
Ltd., USA) equipped with an ultrahydrogel™ column
(300 x 7.5 mm), a model 2410 Refractive index detector.
A Millennium-32 Workstation was used for the calculation
of average molecular weights. The dextran standards
(T-2000, T-580, T-188, T-70, T-10 and T-5) were used to
calibrate the column. The detailed operation conditions
were mobile phase: 0.1 mol/L sodium nitrate; flow rate:
0.9 mL/min; column temperature: 45 °C; column pressure:
5MPa (model 600 pump); injection volume: 50.00 pL;
sampling volume: 20.00 uL; running time: 40 min (Liu
et al., 2007).

2.4. General analysis methods of NMBG and AMBG

Ultraviolet spectra were recorded with a UV/Vis2000
spectrometer (Ruili Co. Ltd., Beijing, PR China), and
infrared spectra were measured on an Nicolet SDXB FT-
IR infrared spectrometer (Nicolet Co. Ltd., USA) and then
analyzed with OMNIC 2.1 software. Monosaccharide com-
position was measured according to the following proce-
dure: purified neutral MBG(NMBG) and Acidic
MBG(AMBG) 30mg were firstly dissolved into 5mL
2 M trifluoroacetic acid, respectively, then both AMBG
and NMBG solution were heated at 121 °C for 1 h. After
cooling, the solution was centrifuged at 10,000g. The super-
natant was concentrated by rotary evaporation and then
freeze-dried. The dried sample was derivatized into alditol
acetates in the usual way and subjected to HPLC analysis.
The following sugars were used as references: D-glucose,
D-xylose, D-mannose, D-galactose, D-rhamnose, L-fucose,
p-arabinose and p-galacturonic acid (Caili, Haijun, Ton-
gyi, Yi, & Quanhong, 2007). The steady shear viscosities

of NMBG and AMBG (1-5%, w/w) were determined using
the parallel-plate system of an AR1000 rheometer at 25 °C.
The detailed operation conditions were: plate diameter
4 cm, gap between plates 500 pum, and the shear rate was
1-100 s~ ! (Kjoniksen, Hiorth, & Nystrom, 2005).

2.5. Periodate oxidation and smith degradation of AMBG

A suspension of AMBG (50 mg) in 0.015 mol/L sodium
metaperiodate (50 mL) was kept stirring at 4 °C in the
dark. At intervals, the periodate consumption was deter-
mined with the Fleury—Lange method (Fleury & Lange,
1933). After the consumption of periodate was kept con-
stant (10 days), excess of periodate was reduced with ethyl-
ene glycol and the liberated formic acid was titrated with
0.01 mol/L sodium hydroxide. Oxidized product was dia-

Table 1
Monosaccharide composition of NMBG and AMBG (calculated as mole
percentage)

Mole percentage  Gal Gle Man Xyl Ara GalA Rha
NMBG (%) 2275 3499 9.88 339 2669 - 2.29
AMBG (%) 5.51 207 077 475 2588 48.62 124
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Fig. 3. Steady shear rheology of (a) 1-5% (w/w) NMBG and (b) 1-5% (w/w)
AMBG at shear rates 1-100s~! at 25°C. O 1%, O 2%, A 3%, V 4%,
<& S5%.
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lyzed against tap-water (2 days) and distilled water (1 day),
the residue in the dialysis bag was filtered, re-dissolved in
distilled water (20 mL), reduced with sodium borohydride,
and the reduced solution was decomposed by the addition
of 10% acetic acid to pH 5.5. The reaction mixture was dia-
lyzed against tap-water and distilled water and filtered,
after lyophilization a white powder of AMBG polyalcohol
(AMBG-1) was obtained. AMBG-1(10 mg) was hydro-
lyzed with 2 M trifluoroacetic acid (2mL) at 121 °C,
0.1 MPa for 1 h in sealed tubes, and the mixture was evap-
orated to dryness. The sugars or alcohols thus obtained
were converted into their alditol acetates and subjected to
gas chromatography analysis. Gas chromatography was
conducted on a Shimadzu GC-14A gas chromatograph
(Japan Shimadzu Co., Tokyo, Japan) equipped with a
SPB-5 column (30 m X 0.53 mm) and a flame ionization
detector. The detailed experimental conditions were: H,
(30 mL/min); air (200 mL/min); N, (20 mL/min); the initial
column temperature of 150 °C was held for 1 min and then
the temperature was increased at 10 °C min~' to 205 °C in
5.5 min, held at 205 °C for 1 min and then increased again
at 3°C min~' to 240 °C, held for 20 min. The temperature
of the injector was 205 °C and the temperature of the detec-
tor was 240 °C. p-glucose, D-xylose, D-mannose, D-galact-
ose, D-rhamnose, L-fucose, D-arabinose, glycerol and
erythritol were used as references. Inositol was used as an
internal standard (Duan, Zheng, Dong, & Fang, 2004).

2.6. Methylation analysis

Methylation of AMBG was carried out in three stages.
Firstly, the uronic acids of AMBG were reduced to the cor-
responding neutral sugars: AMBG (5 mg) was fully solubi-
lized in D,O at pH 4.75, then carboxyl esters were first
reduced with sodium borodeuteride in imidazole buffer to
generate 6,6-dideuteriosugars, while free uronic acids were
activated with a carbodiimide (/N-cyclohexyl-N’'-(2-mor-
pholinoethyl)-carbodiimide methyl-p-toluenesulfonate,
Sigma—Aldrich) and it was then reduced with sodium boro-
deuteride, dialyzed and freeze-dried as previously described
(Taylor & Conrad, 1972; Ciucanu & kerek, 1984). Sec-
ondly, carboxyl-reduced AMBG (3 mg) was fully solubi-
lized in DMSO, reacted with sodium hydroxide powder
and methyl iodide. After that, the reaction solution was
extracted by methyl iodide and poured through a Na,SO,4
column, then the filtrate was collected and volatilized with
nitrogen as described by Ciucanu and kerek, 1984. Thirdly,
methylated AMBG was hydrolyzed with 2 M trifluoroace-
tic acid and reduced with sodium borodeuteride, then
0.5 mL acetic anhydride was added and derivatized at
100 °C. The derivatives were partially methylated alditol
acetates (PMAA). The methylated polysaccharides were
examined with FT-IR spectroscopy. Complete methylation
was confirmed by the lack of a hydroxyl peak. The result-
ing PMAA were subjected to GC-MS analysis. Analyses
were performed on a GC (GC-14A, Shimadzu, Japan)
interfaced with a MS (Finnigan Trace MS, Finnigan Co.,

USA) mass-selective detector at 70 eV ionization energy.
The GC column was an OV1701 (30 m x 0.25 mm), with
a temperature program from 150 to 250 °C at a rate of
3°Cmin~'. The rate of helium carrier gas was 3.0mL/
min. The interface temperature was 250 °C, the ion source
temperature was 200 °C and the detective voltage was
350 V. The quantification for the molar ratio of each sugar
was calibrated using the peak area and response factor of
the FID in GC (Shiga & Lajolo, 2006).

2.7. Nuclear magnetic resonance (NMR) spectroscopy

"H experiments were performed on a Bruker Avance 400
spectrometer (operating frequency of 400.13 MHz). Sam-
ples were examined as a solution in D,O at 333K in a
5mm i.d. tube (internal acetone 'H (CH;) at 2.1 ppm rela-
tive to Me4Si). *C NMR experiments were conducted on
the same spectrometer (operating  frequency:
100.57 MHz). Sample data were recorded as a solution in
D,O at 333K in a 5mm i.d. tube (internal acetone '*C
(CH3) at 31.5 ppm relative to MeySi) (Habibi, Heyraud,
Mahrouz, & Vignon, 2004).

2.8. Atomic force micrograph (AFM)

AMBG solution (1 mg/mL) was prepared by adding
some purified AMBG into double distilled H,O. The aque-
ous solution was stirred for about 1 h at 80 °C in a sealed
bottle under N, stream so that AMBG dissolved com-
pletely. After cooling to room temperature, the solution
was diluted to the final concentration of 1 and 10 pg/mL.
About 10 pL of diluted AMBG solution was dropped on
the surface of a mica sample carrier, allowed to dry (Kirby,
Gunning, & Morris, 1995), and then was imaged in air at
room temperature. The atomic force microscopy used in
this study was a Nano Scope IIla (Digital Instruments,
DI Co., USA) and was operated in the tapping-mode.
The resulting imaging force was estimated to be 3-4 nN
and the resonant frequency was about 2 kHz (Gunning
et al., 2003).

3. Results and discussion
3.1. Isolation, purification and general properties of MBG

MBG was separated into two fractions on DEAE Sephar-
ose Fast Flow (Fig. 1). NMBG was eluted at 0 mol/L sodium
ion concentration while AMBG was eluted at 0.6-0.7 mol/L
sodium ion concentration. The yield of NMBG was 0.5%
while that of AMBG was 90% based on crude MBG. Both
NMBG and AMBG are white powder, soluble in hot water
with characteristic absorption of polysaccharide at 190 nm,
and no absorption at 280 and 260 nm for protein and nucleic
acid. HPGPC of either NMBG or AMBG gave a single and
symmetrical peak (Fig. 2a and b). With Dextran standards
being used to make the calibration curve (Fig. 2¢), the aver-
age molecular weight of NMBG and AMBG were 5277 and
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6566 Da, respectively. NMBG showed IR absorptions at
872 cm ™! (B-configuration), 1066 cm ', 1138 cm ™! (pyrano-
side), 1646cm™' (ve—g), 2930 cm™' (vey), 3406 cm !
(vo_n), and no absorption at 756 cm ™! for the a-configura-
tion, which indicated that NMBG might consist of f-pyran-
oside. AMBG exhibited IR absorptions at 896 cm™!
(B-configuration), 758 cm~! (a-configuration), 1105 cm ™",
1143cm™" (pyranoside), 1621 cm™" (ve—g), 2924 cm™!
(ve_n), 3403 em ! (von), indicating that AMBG might con-
sist of both a-configuration and B-configuration. As shown
in Table 1, monosaccharide components of NMBG in mole
ratio were Gal:Glc:Man:Xyl:Ara:Rha = 9.9:15.3:4.31:1.48:
11.6:1 while those of AMBG in mole ratio were Gal:
Glc:Man:Xyl:Ara:Rha:GlaA = 2.66:1:0.37:2.29:12.5:5.99:23.5.
NMBG had no galacturonic acid but AMBG contained it.
Moreover, it was found that NMBG solutions (1-5%) all
exhibited a Newtonian flow behavior (Fig. 3a) and AMBG
solutions (1-5%) all exhibited a shear-thinning flow behavior
(Fig. 3b) under the shear rate range from 1 to 100 s~'. Hence
in order to explore the relationship between the structure and
rheological properties, AMBG was selected to perform fur-
ther investigation on its exquisite structure.

3.2. Periodate oxidation analysis and smith degradation
products of AMBG

The oxidation of AMBG with 0.015 mol/L sodium
periodate at 4 °C was completed in 8 days, the consumed
periodate and the liberated formic acid were 0.99 and

0.125 mol/mol of monosaccharide residue, respectively.
Formic acid was formed after periodate oxidation of
AMBG, which indicated that hexapyranose with 1 —,
1 — 6 glycosyl linkage probably existed. The amount of
consumed periodate was twice that of the formed formic
acid, which indicated that a lot of glycosyl linkages which
only consumed periodate but formed no formic acid still
existed, as for hexapyranose, 1 >2, 152, 6, 1 >4,
1 -4, 6 probably existed, as for furanose, 1 -, 1 > 5
probably existed. The oxidized AMBG was reduced with
sodium borohydride to give the corresponding polyalcohol
(AMBG-1). AMBG-1 was completely hydrolyzed with
acid. The hydrolyzed products were converted into their
alditol acetates; GC analysis indicated the presence of glyc-
erol, erythritol and monosaccharides (Fig. 4c). The amount
of glycerol detected was about 70% (mole percentage),
which indicated that a lot of hexapyranose with 1 —,
1-56,1—>2,1- 2,6 glycosyl linkages existed in AMBG.
While the amount of erythritol detected was about 3.61%,
which indicated that a few hexapyranose with 1 — 4,
1 — 4, 6 glycosyl linkages existed in AMBG. The reducing
product of galacturonic acid with 1 — 4 glycosyl linkage
was fully hydrolyzed into glyoxal or ethylene glycol. In
addition, the retained residues of arabinose and galactose
demonstrated that side chains of the hairy regions were
resistant to periodate oxidation. An occurrence of the
rhamnose residues in the fragment AMBG-1 indicated that
some of these residues appeared to be substituted with side
chains (Bushneva, Ovodova, Shashkov, & Ovodov, 2002).
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and internal standard, glycerol, erithritol and inositol (from left to right), (c) smith degraded production of AMBG.
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3.3. Methylation results of AMBG

Carbodiimide-activated reduction of the carboxyl
groups of glycosyluronic acids with sodium borodeuteride
(NaBDy,) resulted in an easily identified sugar (deuterized).
There was only one major peak detected from the GC-MS
analysis of the partially methylated alditol acetate (PMAA)
derived from the carboxyl reduced AMBG as shown in
Fig. 5a, and its corresponding mass spectrum is displayed
in Fig. 5b. The combination of the fragmentation pattern
and retention time of the PMAA suggested that the
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reduced polysaccharide was made of 1,4-linked p-galacto-
syl residues. Combined with the results of monosaccharide
components, it was assumed that the major peak in Fig. 5a
represented 4-O-substituted bp-galacturonic acid. This
result indicates that AMBG is probably a pectin which
has a linear backbone chain of 1 — 4-linked a-D-galact-
uronic acid units (Singthong, Cui, Ningsanond, & Doug-
las, 2004). Methylation results are given in Table 2, it
was concluded from Table 2 that: (a) AMBG was mainly
composed of 1,4-p-GalpA, T-,1,6-,1,3,6-,1,4-,1,4,6,-D-Galp,
T-,1,5-,1,3,5-L.-Araf, 1,2-,1,2,4-.-Rhap, T-,1,4-D-Xylp,
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1,2-p-Manp, T-,1,4-D-Glcp; (b) rhamnose residues were
mainly linked with 1 — 2 glycosidic linkage. Oxygen substi-
tution at the fourth site of Rhap (20.6%) would take place
and turn into 1,2,4-Rhap; (c) the mole ratio of T-,1,5-
,1,3,5-L-Araf was 35.3:36.8:27.9, the backbone of arabinan
consisted of Araf (64.7%) residues with 1 — 5 glycosidic
linkage. There were branched chains linked with the oxy-
gen atom at the third site of Araf residues (33.3%), which
indicated that its branched degree was relatively high.
The other Araf residues (about 35.3%) existed as non-
reduced ends, which indicated that all T-Araf were not
linked with arabinan, they could locate in galactan branch
or directly in the backbone of AMBG; (d) the mole ratio of
T-,1,6-,1,3,6-,1,4-,1,4,6,-D-Galp was 37.8:34.3:18.7:4.0:5.2,
i.e., Galp residue (58.2%) was mainly linked by 1 — 6 gly-
cosidic linkage. Branched chains linked with the oxygen
atom at the third site of Galp residue (18.7%). In addition,
some Galp residues (4.0%) was linked with 1 — 4 glycosidic
linkage, the other Galp residues (37.8%) existed as non-
reduced ends; (e) GalpA was the main glycosyl unit of
AMBG. There were about 99.3% GalpA residues linked
with 1 — 4 glycosidic linkage and 0.7% GalpA residues
existed as non-reduced ends. Moreover, there were very
few amounts of p-Glcp, p-Xylp and p-Manp in AMBG
(Inngjerdingen et al., 2005; Li, Nakagawa, Nevins, & Sak-
urai, 2006).

Table 2
Methylation analysis of AMBG

3.4. NMR results of AMBG

Signals in the 'H NMR (Fig. 6a) and *C NMR
(Fig. 6b) spectra of the AMBG were assigned as completely
as possible, based on periodate oxidation, methylation
analysis and on literature values. The '"H NMR of AMBG
showed resonances corresponding to a C-methyl proton at
0 1.90 and ¢ 2.02 and anomeric protons d 5.95 due to the o~
Araf residues. Weak signals at 6 1.08 and J 1.13 were
attributed to methyl proton of Rhap residues; this signal
usually appeared as two widely separated pair peaks, which
indicated that there were two kinds of glycosyl linkages of
Rhap residues. H-1 signals were assigned to the a-Rhap res-
idues (4.56), the a-GalAp residues (4.95), the B-Xylp resi-
dues (4.74) and the B-Galp residues (4.28), respectively
(Cozzolino et al., 2006).

The '*C NMR spectra of AMBG identified signals of
the O-methyl as carboxylic acid methyl esters at o 55.45,
the carboxyl, in acidic form at ¢ 178.3 and the carboxyl,
in ester-form at 6 173.6. In the anomeric carbon region, sig-
nals at 6 102.9 could be attributed to C-1 of a-Araf; § 102.1
to C-1 of B-Galp; 6 101.7 to C-1 of B-Xylp; 6 101.5 to C-1
of a-GalpA, respectively (Sims & Newman, 2006). The
mythylene signals of C-5 of Araf, Xylp and C-6 of Galp res-
idues were identified by the application of DEPT '*C NMR
analysis, in which they appeared as negative peaks. ¢ 62.8

Monosaccharide residues Glycosyl linkage Methylated sugar Mol. %® Mol. %° Retention time (min)

L-Rhap 1,2- 3,4-Me,-Rhap 79.4 12.29
1,2.4- 3-Me-Rhap 20.6 16.32
Total 100.0 6.06

L-Araf T- 2,3,5-Mes-Araf’ 353 8.05
1,5- 2,3-Me,-Araf’ 36.8 12.64
1,3,5- 2-Me-Araf 27.9 16.07
Total 100.0 3.76

D-Xylp T- 2,3,4-Mez-Xylp 359 9.33
1.,4- 2,3-Me,-Xylp 64.1 23.75
Total 100.0 3.98

p-Manp T- 2,3,4,6-Mes-Manp 100.0 22.02
Total 100.0 1.87

p-Galp T- 2,3,4,6-Mey-Galp 37.8 14.31
1,6- 2,3,4-Mes-Galp 34.3 20.89
1,3,6- 2,4-Me,-Galp 18.7 27.03
1,4- 2,3,6-Me,-Galp 4.0 26.25
1.4,6- 2,6-Mesz-Galp 5.2 28.47
Total 100.0 12.12

D-Glep T- 2,3,4,6-Me,-Glep 60.8 23.52
1,4- 2,3,6-Me;-Glcp 39.2 18.49
Total 100.0 2.64

p-GalpA® T- 2,3,4,6-Me,-Galp(6,6'-d>) 0.7 13.39
1.,4- 2,3,6-Me;-Galp(6,6'-d5) 99.3 18.05
Total 100.0 69.56

% Sample was carboxyl-reduced with sodium borodeuteride, methylated, then converted into alditol acetates(6,6’-d,).
® Relative molar ratio, calculated from the ratio of peak areas.
¢ Mol. % of the parent AMBG, calculated from the ratio of peak areas.
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was assigned to C-5 of terminal Araf and C-6 of terminal
and 3-linked Galp. Signals at 6 68.3 (C-5 of 5 and 2,5-
linked Araf) and signals at 6 71.6 (6-linked and 3,6-linked
Galp) were also assigned. The weaker signals at 6 63.6 were
attributed to C-5 of terminal Xylp (Duan, Wang, Dong,
Fang, & Li, 2003). 6 178.6 was attributed to C-6 of the car-
boxyl in the units — 4)-0-D-GalpA(1 — 2)-a-L-Rhap-(1 —,
o 178.3 attributed to that in the units — 4)-o-D-
GalpA(1 - 4)-a-p-GalpA(1 —, and 6 173.5 attributed to
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carboxyl groups in ester-form. The resonances at § 102.7,
81.2, 73.1, 70.8 and 70.6 were assigned to C-1, C-4, C-5,
C-3 and C-2 of the repeating unit — 4)-o-D-GalpA(1 —,
respectively (Iacomini et al., 2005).

Based on the results described above, it could be con-
cluded that AMBG might possess a backbone of the
average disaccharide of [—4)-a-D-GalpA(l — 2)-a-D-
Rhap-(1 -], having a certain degree of methyl esterifica-
tion. The side chains are attached at the O-4 of Rhap

a
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Fig. 6. (a) "H NMR spectrum of AMBG (400 MHz, 60 °C). (b) (‘*C+BB135) NMR spectrum of AMBG (400 MHz, 60 °C).
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residues, including B-(1 — 4)-linked Xylp residues, and
B-(1 = 3) and B-(1 — 6)-linked Galp (galactan) residues.
The highly branched a-(1 — 5) arabinan was attached to
0-2 of B-(1 — 4)-linked Xylp and O-3 of B-(1 — 6)-linked
Galp residues, forming arabinoxylan and arabinogalactan
moieties, respectively. These partial structural features
resemble those of the pectic polysaccharides isolated from
the carrot, Daucus carota (Stevens & Selvendran, 1984),
the seed of Coix lacryma-jobi L. var. ma-yuen (Yamada,
Yanahira, Kiyohara, Cyong, & Otsuka, 1987), the root
of Angelica acutiloba Kitagawa and the leaves of Plantago
major L (Samuelsen et al., 1996). These acidic arabinoga-
lactans contain a higher content of (1 — 3,6)-linked Galp
residues and/or contain some (1 — 4)-linked Galp residues.
Therefore, we could assume the structure of AMBG is as
follows (Yamada, Kiyohara, Cyong, & Otsuka, 1987):

molecules and the hydroxyl groups (-OH) of polysaccha-
rides in the solution, AMBG released water slowly. There-
fore, the fluidity of AMBG solution could be low because
of network structure (Zhang et al., 2007).

3.6. Relationship between structure and rheology properties

The results from the viscosity measurements suggested
that the viscosity () of the AMBG solution decreased with
the increasing shear stress (t) and exhibited a typical non-
Newtonian pseudoplastic behavior. Due to its high galact-
uronic acid content AMBG has a lot of negatively charged
carboxyl groups, which give AMBG molecules a very
extended conformation in aqueous solution, and a high
hydrodynamic volume. Moreover, AMBG is highly
branched, which made AMBG molecules entangle with

[+4)-a-D-Gal pA(l—»2)-q-L—Rhap-4(1—>4)-0(-D-GalpA(1—»2)-(1-L-Rhap-(1Z4)-(1—D—GalpA(l—>2)-(x-L—Rhap-(1 -,

1 1 1
1 1 1
B-D-Xylp B-D-Galp a-L-Araf
4 6 5
¥
1 it "
B'D;‘XYU’ a-L-Araf-(l%)-B-D-G%lp o-L-Araf-(1-3)-a-L-Araf
1 1 T
1 1 1
B-D-Xylp B-D-Galp a-L-Ara f

[+4)-a-D-GalpA (1-2)-0-L-Rhap-(1-4)-a-D-Gal pA(1-2)-a-L-Rhap-(1+4)-a-D-Gal p A(1-2)-a-L-Rhap-(1-]
4 4

s
1

T-a-L-Araf

3.5. AFM of AMBG

AFM imaging of biopolymer was normally conducted in
air or under a liquid in order to avoid excessive dehydra-
tion. A typical sample preparation procedure consisted of
spreading of a dilute (1-10 pg/mL) polymer solution onto
a freshly cleaved mica surface and successive air-drying
under ambient pressure, temperature, and humidity.
Fig. 7a and c¢ shows a topographical AFM image of
AMBG deposited from a 1 ug/mL aqueous solution. Only
spherical lumps can be seen in Fig. 7a and c, the diameter
and height of the lumps ranged from 5 to 10 nm and 1 to
4 nm, respectively. The heights of the spherical structures
in Fig. 7a are much higher than that of a single polysaccha-
ride chain (about 0.1-1 nm), suggesting that inter- and/or
intra-molecular aggregation was involved. When deposi-
tion was made at a slightly higher polymer concentration
(10 pg/mL), irregularly shaped large structure were formed
together like worm (Fig. 7b and d), which suggested that
AMBG could absorb water in the aqueous solution. On
the other hand, due to the strong interaction between water

N
1

-6)-B-D-Galp-(1-6)-B-D-Galp-(1-
4

1
1

B-D-Galp

each other more easily, and show pseudoplastic behavior.
A similar pseudoplastic behavior of viscosity was observed
in case of an exopolysaccharide, EPS-WN9 from Paeniba-
cillus sp. WNO (Seo et al., 1999) and an extracellular poly-
saccharide from haloalkalophilic Bacillus sp. 1-450
(Kumar, Joo, Choi, Koo, & Chang, 2004). The exponential
decrease in the viscosity with the increasing shear rate
(shear-thinning effect) was also noticed in case of rhamsam
produced by Alcaligenes sp. which had the largest side
chain, while gellan produced by Pseudomonas elodea exhib-
ited the least shear-thinning, since this polysaccharide had
no side chain in the backbone structure (Kwon, Foss, &
Rha, 1987). The reduction in viscosity could also be attrib-
uted to polymer degradation due to the cleavage of glyco-
sidic bonds within the polysaccharide structure (Ren, Ellis,
Sutherland, & Ross-Murphy, 2003). The main Mango pec-
tin SF2 was mostly polygalacturonic acid and type I
rhamnogalacturonan. When analyzed by viscometric meth-
ods at steady shear, SF2 had a high viscosity, which might
be explained by a mixture of charged polysaccharides per-
haps with a different charge density and also by physical
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Fig. 7. Atomic force microscopy (AFM) planar (a and b) and cubic (c and d) images of molecular structure of AMBG from Mesona Blumes gum. The
AMBG concentrations were 1 pg/mL (a and ¢) and 10 pg/mL (b and d). The atomic force microscopy was a Nano Scope Illa instrument and was operated
in the tapping-mode. The resulting imaging force was estimated to be 3-4 nN and the resonant frequency was about 2 kHz.

entanglements between the polysaccharide chains (Iagher,
Reicher, & Ganter, 2002).

4. Conclusions

Two fractions were isolated from MBG, one was a neu-
tral polysaccharide (NMBG) with a molecular weight of
5277 g/mol, the other was acidic polysaccharide (AMBG)
with a molecular weight of 6566 g/mol. NMBG had no
galacturonic acid but AMBG had it. NMBG solutions,
1-5% (w/w), all exhibited a Newtonian behavior and
AMBG solutions, 1-5% (w/w), all exhibited a shear-thin-
ning behavior in the shear rate range from 1 to 100s~'.

Chemical and spectral data support the conclusion that
AMBG has a very complex structure; the backbone corre-
sponds to a galacturono rhamnan; these residues are both
4-0O-linked. The branches of the structure are composed of
galactan, arabinan, xylan and its 4-O-methyl derivatives.

Data on the AFM images showed that AMBG mole-
cules formed a spherical lump at 1 pg/mL, but gave a
worm-like shape at 10 pg/mL. The pseudoplastic behavior

of AMBG aqueous solution might be related to its highly
charged carboxyl groups and large number of side chains.
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