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Sulfated derivatives of galactomannan from locust bean gum (LBG) with the degree of substitution (DS)
0f 0.34-1.07 were synthesized using chlorosulfonic acid/pyridine (CSA/Py) method. Box-Behnken design
(BBD) of response surface methodology (RSM) was employed to optimize the reaction conditions. Results
of FT-IR and X-ray photoelectron spectroscopy (XPS) indicated that —SOsH groups were widely present
in sulfated LBG (SLBG). '*C NMR result revealed that sulfation had occurred and C-6 substitution was pre-
dominant in SLBG. All sulfated samples showed a decrease in M,, and more broad molar mass distribution
in size exclusion chromatography combined with laser light scattering (SEC-LLS) analysis. Results of My,
- (SZ);/2 showed a decrease in fractal dimension (d¢) value. Laser light scattering results also showed a
conformation transition from a compact chain conformation of branched clusters to a random coil con-
formation of SLBG. Compared to LBG and SLBG with low DS and molecular weight, SLBG, exhibited an
internal structure of random coil with a DS of 1.07. DS and molecular weight had great influence on
its conformation in aqueous solution. Our results confirmed that the degradation of polysaccharide and
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—S03H groups improved significantly the stiffness of the chains due to the electrostatic effect.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The biological activity of polysaccharides is being increas-
ingly recognized for human applications (Prajapati, Jani, Moradiya,
Randeria, & Nagar, 2013). The study of the relation between chem-
ical structure and biological activities of polysaccharides is one
of the most intriguing and challenging scientific endeavors (Tao,
Zhang, Yan, & Wu, 2007). It is well known that the activities of
polysaccharides are depended upon the chemical structure, such
as monosaccharide composition, average molecular weight, degree
and pattern of substituting groups and solution conformation (Wu,
Li, Cui, Eskin, & Goff, 2012; Tao et al., 2007; Chen, Xu, Zhang, &
Kennedy, 2009a). Considerable attention has been paid to the solu-
tion conformation of natural polysaccharides (Wu et al., 2012; Yi
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et al., 2012; Tao et al., 2007; Yang & Zhang, 2009). It is reported
that the extended chain conformation were beneficial to enhance
the biological activities of water soluble polysaccharides (Chen, Xu,
Zhang, & Zeng, 2009b).

Recently, chemical modifications of polysaccharides are gener-
ally done for preparing custom-made derivatives having desirable
functionality attributes (Parvathy, Susheelamma, Tharanathan,
& Gaonkar, 2005). Among the synthetic biopolymers, sulfated
polysaccharides represent a class of macromolecules of particu-
lar interest. The sulfation of polysaccharides can not only enhance
the water solubility but also change the chain conformation,
resulting in the alteration of their biological activities (Liu et al.,
2009). Many studies have confirmed that sulfated polysaccha-
rides exerted potent biological properties in comparison with
non-sulfated polysaccharides, such as anti-coagulant, anti-virus,
antioxidant and anti-tumor activities (Wang, Li, & Chen, 2009). It
is well known that the structure of modified polysaccharides is
depended on the reaction conditions. It suggests that upon inter-
action with reaction reagent, modified polysaccharide undergoes
complex conformational changes that subsequently modify the
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biological activities. It is the purpose of the present investigation
to explore systematically the solution conformation of sulfated
polysaccharides with different structure features.

Galactomannans are polysaccharides consisting mainly of man-
nose and galactose units. The mannose elements from linear chain
linked with galactopyranosyl residues as side chain at varying dis-
tances depending on the plant origin (Barak & Mudgil, 2014). The
physicochemical properties of galactomannans are strongly influ-
enced by the galactose content and distribution of the galactose
units along the main chain. Being a galactomannan, locust bean
gum (LBG) has a wide application in pharmaceutical field. LBG
mainly consists of a neutral galactomannan polymer made up of
1,4-linked p-mannopyronosyl units and every fourth of fifth chain
is substituted on C-6 with a D-galactopyranosyl unit (Prajapati
et al., 2013). In our previous studies, sulfated derivatives of galac-
tomannan from guar gum (SGG) were prepared. Antioxidant assays
showed that SGG had better antioxidant activities (Wang, Zhao,
Wang, Yao, & Zhang, 2012). However, earlier reports were not
related to any aspects on synthesis, characterization and solution
conformation studies of sulfated LBG.

The present study is focused on the mechanisms governing
the relations between structure features and chain confor-
mation. For that purpose, sulfated derivatives of LBG (SLBG)
are prepared by chlorosulfonic acid/pyridine (CSA/Py) method.
Box-Behnken design (BBD) of response surface methodology (RSM)
was employed to optimize the reaction conditions. FT-IR, 13C NMR
and X-ray photoelectron spectroscopy (XPS) are employed to char-
acterize the chemical structure of SLBG. Moreover, we also attempt
to study the solution conformation of LBG and SLBG using size
exclusion chromatography combined with laser light scattering
(SEC-LLS). We hope this work can provide valuable information
to further understand chain conformation properties of sulfated
biopolymers.

2. Materials and methods
2.1. Purification of LBG

The protein of commercial LBG (protein content was 5.6%,
weight average molecular weights was 2.313 x 106 g/mol) was
removed by Sevage method joined papain according to the reported
method (Wang et al., 2010b). The carbohydrate content of puri-
fied LBG was 90.07%, determined by phenol sulfuric acid procedure
(Wang et al., 2010b). Monosaccharide composition analysis was
determined according to the reported method (Wang et al., 2010a).
The ratio of mannose to galactose was 3.33:1.

2.2. Sulfated modification of LBG

2.2.1. Preparation of sulfating reagent

Chlorosulfuric acid (CSA) was dropped one by one in anhydrous
pyridine filled in three-necked flask, under agitating and cooling in
ice water bath (Wang et al., 2010a). Preparation of sulfating reagent
was completed in 40 min.

2.2.2. Sulfation reaction

LBG (500 mg) was suspended in anhydrous formamide (5 mL)
at room temperature with stirring for 30 min and the sulfating
reagents were added dropwise. The mixture was stirred for vari-
ous durations and/or temperatures as designed by BBD shown in
Tables 1 and 2. After reaction, the mixture was cooled to room
temperature and the pH was adjusted to 7-8 with 2 mol/L NaOH
solution. The mixtures were precipitated with EtOH (95%), washed,
redissolved in water and then dialyzed (molecular weight cutoff
8-12kDa) against tap water for 48 h and distilled water for 24 h to
remove pyridine, salt and potential degradation products. Fifteen

Table 1
Levels and code of variable chosen for Box-Behnken design.
Variables Symbol Levels
Coded Uncoded -1 0 1
Ratio of CSA to pyridine X1 X 1/2 11 2/1
Reaction time (min) X2 X 120 180 240
Reaction temperature (°C) X3 X3 40 55 70

samples (SLBG;-SSLBG5) with different degree of substitution
(DS) were collected after lyophilizing.

The sulfur contents of SLBG were determined by reported
method (Wang et al., 2012). A calibration curve was constructed
with sodium sulfate as standard. Sulfur content (§%) was deter-
mined by elemental analysis (Euro Vector EA3000, Leeman). DS was
calculated according to the equation.

1.62 x S%

DS= 502 5%

(M
2.3. Box-Behnken design of reaction conditions

Box-Behnken statistical design of response surface method-
ology (RSM) is used to statistically optimize the formulation
parameters and evaluate main effects, interaction effects and
quadratic effects of the formulation ingredients on the DS of SLBG.
According to the principle of Box-Behnken design, ratio of CSA to
pyridine (CSA/Py), reaction time and reaction temperature were
taken as the variables tested in a 15-run experiment to determine
their optimum levels. As shown in Table 1, the three factors chosen
for this study was designated as X1, X, X3 and prescribed into three
levels, coded +1, 0 and —1 for high, intermediate and low value,
successively. Test variables were coded according to the following
equation:

(Xi — Xo)

Xj = TAX (2)
where x; was the coded value of an independent variable; X; was
the actual value of an independent variable; Xy was the actual
value of an independent variable at centre point; and AX was
the step change value of an independent variable. DS of SLBG was
taken as response. For predicting the optimal point, a second-order
polynomial model was fitted to correlate relationship between
independent variables and response (DS of SLBG). For the three
factors, the equation was

3 3 2 3
Y=Ao+ Y AXi+ > AXE+Y Y AXX; (3)
i=1 i=1

i=1 j=i+1
Table 2
Box-Behnken design and the response values for the DS of SLBG.
Run CSA/pyridine Reaction Reaction DS
time (min) temperature (°C)
1 -1 -1 0 0.65
2 1 -1 0 1.07
3 -1 1 0 0.80
4 1 1 0 0.34
5 -1 0 -1 0.68
6 1 0 -1 0.61
7 -1 0 1 0.42
8 1 0 1 0.39
9 0 -1 -1 0.85
10 0 1 -1 0.68
11 0 -1 0 0.68
12 0 1 1 0.61
13 0 0 0 0.92
14 0 0 0 0.85
15 0 0 0 0.97
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where Y was the response variables (DS of SLBG), Ao, A;, Aji, Ajj
were the regression coefficients of variables for intercept, linear,
quadratic and interaction terms, respectively. X; and X; were inde-
pendent variables (i # j).

Analysis of the experimental design and data was carried out
using Design Expert software (Version 8.0.5). Analyses of vari-
ance were performed by ANOVA procedure. The fitness of the
polynomial model equation was expressed by the coefficient of
determination R? and its statistical significance was checked by F-
test at a probability (P) of 0.001, 0.01 or 0.05. The significances of
the regression coefficients were also tested by F-test.

2.4. Characterization of sulfated LBG

2.4.1. FT-IR analysis

The FT-IR spectrum of each sample was measured by using a
method as reported by Wang et al. (2014). A known weight of dried
sample of each polysaccharide was homogenized with KBr powder
and then pressed into pellets for FT-IR spectrum (Thermo Nicolet
iS10) measurement in the frequency range of 400-4000cm~! ata
resolution of 4cm~1. The total number of scans recorded was 16.

2.4.2. NMR spectroscopy

NMR experiments were obtained using a 400 MHz Bruker model
Avance spectrometer (DPX-400) incorporating Fourier transform.
13C NMR (100.59 MHz) analyzes were performed at 70°C with the
samples being dissolved in D, 0. The chemical shifts were expressed
in ppm relative to the resonance of the internal standard Me,4Si. The
sample (10 mg of each) was heated (at 80 °C for 30 min) with water
(1 mL), centrifuged and the resulting supernatant lyophilized. The
freeze-dried sample was deuterium-exchanged by lyophilisation
with D,0 and then examined in 99.9% D, 0.

2.4.3. X-ray photoelectron spectroscopy (XPS)

For chemical composition analysis, samples were characterized
using XPS (PHI 5702, USA) with a focused monochromatic Al-Ka
source (1486.7 eV) for excitation. The pressure in the chamber was
below 2.666 x 10~7 Pa (i.e. 2.67 x 10~7 Pa) before the data were
taken, the voltage and power of the anode were 15kV and 200 W,
respectively. The take-off angle was set at 45°. The pass energies for
survey and multiplex scans were 117.40 and 23.50 eV, respectively.
Data analysis was carried out with Multipak software provided by
the manufacturer. For quantitative chemical composition analysis,
two samples in each group were acquired and the survey scans
were performed in two different areas on each sample.

2.4.4. Molecular weight determination

SEC-LLS measurements were carried out on size-exclusion
chromatograph combined with multi-angle laser photometer
(MALLS, A=690nm; DAWN EOS, Wyatt Technology Co., USA).
Ultrahydrogel™ column (7.8 x 300 mm, Waters, USA) was used.
An optilab refractometer (Dawn, Wyatt Technology Co., USA) was
simultaneously connected. LBG and SLBG with desired concentra-
tions (0.01 mg/mL) were prepared (dissolved in ultrapure water)
and optical clarification of these samples was achieved by filtra-
tion into a scattering cell. The injection volume was 50 L and the
flow rate was 0.5 mL/min (mobile phase of ultrapure water). The
refractive index increment (dn/dc) value of the sample was deter-
mined by using an optilab refractometer at 690 nm (25°C) to be
0.145 mL/g. The basic light scattering equation was as follows:

KC 1 1672(52), . (6
RQ_IVIW(1+3X2XSIH i +2A2C (4)

where K was an optical constant equal to [472ng2(dn/dc)?]/(A%Na);
C, the polysaccharide concentration in mg/mL; Ry, the Rayleigh

ratio of the scattered to incident light intensity; My, the average
molecule weight; A, the wavelength of incident light; ng, the refrac-
tive index of the solvent; dn/dc, the refractive index increment;
N, the Avogadro number; A, the second virial coefficient; (52),,
the mean square radius of gyration; 6, the scattering angle. As the
column separated the polymer according to molecular size, each
fraction was led to the light scattering detector for instantaneous
measurement of the scattering intensities. The polymer concen-
tration was calculated based on the peak area determined by the
refractive index detector, according to glucan standards.

3. Results and discussion
3.1. Optimization of reaction conditions by BBD

3.1.1. Model and statistical analysis

Response surface optimization is more advantageous than the
traditional single parameter optimization because it saves time (Yin
& Dang, 2008). There were a total of 15 runs for optimizing the three
individual parameters in the current Box-Behnken design which
was applied to the sulfation reaction of LBG. The values of response
(DS of SLBG) at different experimental combination for coded vari-
ables were given in Table 2. The DS ranged from 0.34 to 1.07. By
applying multiple regression analysis on the experimental data,
the response variable and the test variables were related by the
following second-order polynomial equation:

Y = 0.91 — 0.018X; — 0.10X, — 0.090X3 — 0.22X; X + 0.010X; X3

+0.025X,X3 — 0.19X2 — 0.00091X2 — 0.20X2
(5)

where Y was the DS and Xi, X, and X3 were the coded values for
three parameters.

The ANOVA of the quadratic regression model showed that the
value of the determination coefficient (R% =0.9335) was reasonably
close to 1. At the same time, a low value of coefficient of the varia-
tion (CV=4.41%) indicated a high degree of precision and reliability
of the experimental values.

The Pvalueis used as a tool to check the significance of each coef-
ficient, which in turn may indicate the pattern of the interactions
between the variables. The coefficient estimate for the parameter
optimization suggested that the independent variables studied (X5,
X3),all the two quadratic terms (X1 X1, X3X3) and cross product coef-
ficient (X;X>) significantly affected the DS of SLBG. The results of
ANOVA showed that the reaction time was the most significant
single parameter which influence DS followed by reaction temper-
ature and the ratio of CSA/Py.

3.1.2. Optimization of the reaction conditions

The regression model (5) allowed prediction the effects of the
three parameters on the DS of SLBG. The relationship between
independent and dependent variables was shown in 2D contour
and 3D representation of the response surfaces generated by the
model. Two variables within experimental range were depicted
in 3D surface plots while the other variables kept constant at
zero level. Response surfaces provided a visual interpretation of
interactions between two tested variables and the relationships
between responses and experiment levels of each variable (Liu
et al., 2014). The shapes of the contour plots, circular or elliptical,
indicate whether the mutual interactions between the variables
are significant or not. Circular contour plot indicates that the inter-
actions between the corresponding variables are negligible, while
elliptical contour plot indicates that the interactions between the
corresponding variables are significant (Muralidhar, Chirumamila,
Marchant, & Nigam, 2001).
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Fig. 1. Response surface for the effects on the DS of SLBG (A) response surface plot for time and ratio of CSA to pyridine; (B) response surface plot for temperature and ratio
of CSA to pyridine; (C) response surface plot for temperature and time.
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In the present study, three independent response surface plots
were shown in Fig. 1. It was clear that the DS of SLBG was sensitive
to alterations of the test variables. As shown in Fig. 1A, where the DS
of SLBG was given as a function of ratio of CSA/Py (X7 ) and reaction
time (X5). Itindicated that a high DS can be achieved when the ratio
of CSA/Py was 1.27. It was reported that controlling the reagent
amount was better than controlling the reaction temperature to
obtain sulfated polysaccharide with high DS (Liu et al., 2009). This
was in accordance with the previous studies that higher ratio of
CSA/Py is benefit to obtain high DS samples (Wang et al., 2009,
2010a). In addition, reaction time (X> ) had a negative impact on the
DS of SLBG (Fig. 1A). There was a decrease in the DS with increase
in the reaction time (X3 ). The surface plots showed that there was
a significant interaction between the two parameters. Meanwhile,
increased reaction temperature (X3) up to a threshold level led to a
high DS of SLBG. Beyond this level, DS slightly decreased (Fig. 1B).
Thus, it might indicate that a medium level of the ratio of CSA/Py
and reaction time was required to achieve high DS of SLBG. Lu, Mo,
Guo, and Zhang (2012) reported the optimal conditions for sulfation
of polysaccharides from persimmon fruits with response surface
methodology. They also found that higher DS were obtained at a
medium volume ratio (ratio of Py to CSA). However, higher reaction
temperature resulted lower DS of SLBG in the studied experimental
range (Fig. 1C). This result was in agreement with reports of other
authors that hydrolysis or degradation of polysaccharides resulting
from the strong acidity of sulfating agent (Lu et al., 2012; Zou et al.,
2008; Yang, Du, Huang, Wan, & Wen, 2005a) which was supported
by SEC-LLS analysis in Section 3.5.

According to Fig. 1, the optimal reaction conditions of SLBG were
as follows: ratio of CSA/Py 1.27, reaction time 120 min and reaction
temperature 50.8 °C. Among the three reaction parameters studied,
reaction time was the most significant factor to affect DS according
to gradient of slope in the 3D response surface plots.

3.1.3. Validation of the models

In order to validate the adequacy of the model equations (Eq.
(5)), a verification experiment was carried out under the optimal
conditions. Good agreement must exist between the values pre-
dicted using the model equations and the experimental values
at the points of interest. To ensure the predicted result was not
biased toward the practical value, experimental rechecking was
performed using this deduced optimal condition (Samavati, 2013;
Liuetal.,,2014). A mean value of 1.05 4 0.064 (n=5), obtained from
real experiments, demonstrated the validation of the RSM model.
The validation result revealed that there was no significant dif-
ference between experimental and predicted values, suggesting
that the response model was adequate for reflecting the expected
optimization. This result of analysis indicated that the experimen-
tal values were in good agreement with the predicted ones, and
also suggested that the model of Eq. (5) is satisfactory and accu-
rate.

3.2. FT-IR analysis

Fig. 2 shows the FT-IR spectrum of purified LBG, SLBG,, SLBG4
and SLBGy4 with the DS of 1.07, 0.34 and 0.85, respectively.
The bands around 3437cm~! and 2939cm~! were due to the
hydroxyl stretching vibration and C—H stretching vibration, respec-
tively. With the increasing of DS, the intensity of 2939 cm~! was
decreased. New bands at 1251 cm~! described an asymmetrical
S=0 stretching vibration in SLBG. The region around 800-850 cm~!
is used to infer the position of the sulfate group in sulfated polysac-
charides. The bands at 845, 830 and 810cm~! are assigned to
3-sulfate, 2-sulfate and 6-sulfate of D-galactose units, respectively
(Jeanny et al., 2008). SLBG showed a moderate intensity bands at
810cm™! indicating a symmetrical C—O—S vibration which was
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Fig. 2. FT-IR spectra of LBG and its sulfated derivatives in different reaction condi-
tions.

attributed to the sulfate substitution at C-6. It was well known
that the reactivity of hydroxyl group was C-6>C-2>C-3. The low
reactivity of position C-2 and C-3 could be attributed to the steric
hindrance (Yang et al., 2005a). The result was also supported by 13C
NMR analysis in Section 3.3.

The effect of DS on the FT-IR spectrum of SLBG was also inves-
tigated by the peak intensity. As shown in Fig. 2, an increase in
DS from 0.37 to 1.07 resulted an increment in the intensity of the
bands (1251 cm~! for S=0 stretching vibration). In addition, the
intensity of the peak at 1043.48 cm~! for C—O—C stretching vibra-
tion slightly decreased due to the degradation of the samples during
esterification reaction.

3.3. NMR analysis

The 3C NMR spectrum of LBG and SLBG, was presented in
Fig. 3A and B. The anomeric region near 100 ppm showed two
main signals, which were assigned as C-1 of a-D-galactose at
953 ppm and (3-pD-mannose at 99.1 ppm. The substitution of a-
D-galactose on the (1 — 4)--p-mannopyranose main chain was
characteristic by the C-4 peaks at 76.4 and 76.2 ppm. Peak at

110 100 90 80 70 60 50
ppm

B 0-6 substituted carbons
(66.1 ppm)

disappearance of
/ C-6 signals

I T ' !
110 105 100 95 90 8 8 75 70 65 60 55 50
ppm

Fig. 3. 3C NMR spectra of LBG (A) and SLBG; (B). M and G represents mannose and
galactose unit, respectively.
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Fig. 4. XPS spectra and curve-fitting of C 1s spectra (A) survey spectra. (B) C 1s spectra. (C) O 1s spectra. (D) S 2p spectra. (E) curve-fitting of LBG (F) curve-fitting of SLBG14

and (G) curve-fitting of SLBG,.

76.4 corresponded to two continuous substituted (3-D-mannose
units while peak at 76.2 was assigned to unsubstituted (3-D-
mannose units that were adjacent to another residue of the same
kind. It was very similar to the results of the 13C NMR spectra
reported by Muschin and Yoshida (2012). Our result also showed
that resonance from C-4 of p-mannose residues were split, in
evident dependence upon the nearest neighbor probabilities of
D-galactosyl groups along the mannose chains (Sébastiena et al.,
2014). Signals at 59.9 and 60.7 ppm were assigned to C-6 of
[3-p-mannopyranosyl and a-D-galactose unit. The downfield dis-
placement of the mannose primary group from 59.9 to 67.8 ppm
was characteristic of 6-O substitution of a-D-galactose linked to
[3-pD-mannose main chain (Melo, Feitosa, Feitosa, Freitas, & Paula,
2002).

It was found that the 13C NMR spectra became more compli-
cated after sulfation (Fig. 3B) because the carbon directly attached
to an electron-withdrawing sulfate group would shift to a lower
field position, while the carbon indirectly attached to sulfate group
would shift to higher field position (Cunha, Vieira, Arriaga, Paula,
& Feitosa, 2009; Yang, Gao, Han, & Tan, 2005b). The new peak at
66.1 ppm of SLBG, was assigned to the 0-6 substituted carbons,
suggesting sulfation of O-6 (Melo et al., 2002; Cunha et al., 2009;
Cardoso, Noseda, Fujii, Zibettic, & Duartea, 2007). In addition, the
disappearance of C-6 signals near 60 ppm indicated that the C-6 OH
groups were completely sulfated. It was known that the signal of
C-1 splits if OH group on C-2 was functionalized and this splitting of
the C-1 signal correlates well with the extent of substitution at the
C-2 atom (Yang et al., 2005b). SLBG, showed a split of the signals at
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Table 3
Molecular characterization of LBG and its sulfated derivative by SEC-LLS.
Sample My x 10° Mw/[My (Sz);/Z (nm) Relation equation d¢ Conformation
LBG 23.13 1.952 91.6 (s? )11/2 = —0.982M45+0.036 222 Between hard sphere and random coil (not swollen)
SLBG; 1.250 2.97 27.9 (s? )11/2 = 0.360M0;34+0.049 2.94 Between hard sphere and random coil (fully swollen)
SLBG, 5.926 2.170 72.6 ()12 = _1.377M054+0.019 1.85 Random coil
SLBG; 4229 1.534 575 (§2)1/2 = _1.523M0.56+0.028 1.78 Random coil
SLBG4 0.626 1.898 245 (52)172 = 0.892M0;32£0.051 3.12 Hard sphere
SLBGs 43811 1.541 79.5 (2 )11/2 = —2.326M046+0.017 2.17 Between hard sphere and random coil (not swollen)
SLBGe 0.893 2.086 42.8 ()12 = _0.077M0:30=0.024 3.33 Hard sphere
SLBG 3.098 1.656 49.8 (s? )11/2 = —1.085M43+0.022 2.32 Between hard sphere and random coil (not swollen)
SLBGs 0.521 1.473 216 (52)172 = 0.064M0;28+0.051 3.59 Hard sphere
SLBGo 3.285 1.834 54.1 (s? )11/2 = —1.957M0;48+0.033 2.08 Between hard sphere and random coil (not swollen)
SLBG1o 3.932 1.889 64.9 (§2)12 = _1.505M0.56+0.029 1.78 Random coil
SLBG1; 0.688 2.021 234 ()12 = _0.02M0;28+0.057 3.57 Hard sphere
SLBG1» 0.748 2.031 2438 ()12 = 0.128M0;3120.029 322 Hard sphere
SLBG 13 1.148 2.295 434 ()12 = _1.262M0:510.021 1.96 Random coil
SLBG14 1.534 2.357 44.7 ()12 = _1.881M0.620.027 1.61 Random coil
SLBG1s 1.002 2.555 39.2 (s? )11/2 = —1.633M048+0.029 2.08 Between hard sphere and random coil (not swollen)

95-100 ppm for C-1. Obviously, all could be assigned for C-1 either
without a sulfate group on C-2 or for C-1 with a sulfate group on
C-2.

From the results of 13C NMR spectra, the non-selective sulfation
of LBG occurred. The intensity of the signals of the O-substitution
carbons and the disappearance of C-6 signals near 60 ppm denoted
that C-6 substitution was predominant in SLBG compared with
other positions, probably owing to steric hindrance as reported
elsewhere (Liu et al., 2009).

3.4. XPS analysis

XPS is a surface-sensitive analysis technique, which is capable
of providing both qualitative and quantitative information about
the presence of different elements of the samples. Fig. 4 showed
the qualitative XPS spectra of purified LBG and its sulfated deriva-
tives. The purified LBG had presented three main elements. The
binding energy were 284.1eV for C, 532.3eV for O and 400.4 eV
for N. Carbon and oxygen originated from the well known carbo-
hydrate composition on polysaccharide samples. The presence of
nitrogen originated from protein or glycoprotein complex, which
was unavoidable contamination in LBG. Fig. 4A also showed the XPS
spectra of LBG after sulfated modification. Apart from C, O and N,
additional elements, S (binding energy of 169.5eV) was observed
in SLBG samples when compared with the original LBG. This could
be attributed to the addition of CSA/pyridine in LBG solutions. This
newly emerged peak resulted from the abundant sulfated group
that was widely present in SLBG molecules.

Fig. 4C shows O 1s spectra of both LBG and SLBG. The main
component at high binding energy (534.0eV) was due to sulfate
oxygens. Furthermore, a broadening of the O 1s peak upon sulfa-
tion was observed in SLBG which in agreement with the work of
Essayem, Martin, Riondel, and Vedrine (2007). In the case of the O
1s peak presented a different shape possibly due to a much larger
component attributable to oxygen bound to sulfur. The S 2p3, spec-
tra of LBG and SLBG were shown in Fig. 4D. It could be found that
data from S 2p3/2 was fitted by a Gaussian function centered at
169.5 eV, which in agreement with the binding energies of S 2p;,
in —SO3~. The high binding energy of the S 2p3, revealed that S
was only presented as S®* (Cui, Ma, Wang, & Chen, 2007). Hence, it
could be concluded that —SO3~ existed in SLBG. It was also consis-
tent with the results of FT-IR analysis. However, no S 2ps), signal
was detected in LBG.

Fig. 4E-4G also shows the detailed C 1s spectra of LBG before and
after sulfated modification. The C 1s spectrum of LBG was shown

in Fig. 4E. It was composed of two components centered at bind-
ing energies of 284.1 and 286.0 eV, which correspond to C—H and
C—0, respectively (Wang et al., 2006). As shown in Fig. 4F and G,
lower intensity signal at 286.0 eV corresponded to the reduction of
the hydroxyl groups after the sulfated modification of LBG. The ele-
mental surface compositions of the samples were also determined
by XPS. The C/O ratio acquired therefore reflected the chemical
composition of the polysaccharides. For SLBG, and SLBG14, the C/O
ratio was determined as 1.72 and 2.20, which was different from
the value of 2.41 for LBG. The decrease in C/O ratio suggested an
increase in oxygen content after modification.

3.5. Analysis of molecular properties

The characterization of natural polysaccharides and its deriva-
tives having various chemical components, molar mass and chain
conformation was important because of their critical effect on end-
use structure—property relations (Cui et al., 2008). The molecular
weight and chain conformation of LBG and SLBG were determined
by SEC-LLS. The weight average molar mass, My, polydispersity
(PD, My//Mp,) and Z-average radius of gyration ( (52);/2 )were shown
in Table 3 for all samples. The SEC-LLS chromatograms patterns of
LBG and SLBG; (with the highest DS of 1.07) were shown in Fig. 5.
The radius of gyration, My, and PD for LBG were measured to be
91.6nm, 23.13 x 10°, and 1.952, respectively.

Our results showed that SLBG with different DS and molecular
weight were obtained by changing the reaction conditions. Com-
pared to the native one, all the samples showed a sharp decrease in
M,y due to the extensive degradation of the polysaccharides during
the sulfation (Table 3). Relevant structural information and further
insight into the nature of the polysaccharide can be obtained by
investigating the fractal dimension (ds) (Tao, Zhang, & Peter, 2006).
The df value could be determined from the M (My/) dependence of

(52);/2 (radius of gyration) and was defined as the inverse of the
exponent v:

(s2), 2 M (6)
1
dr =+ (7)

On the theory of polymer solutions, the value of df was 1 for
a rigid rod and linear polymers with Gaussian coil nature had ds
value ranging from 5/3 to 2. A three-dimensional object with a
homogeneous density had a mass fractal dimension of 3. The df
value of monodisperse polymers could be extracted directly from
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the angular dependence of the scattered light or neutron intensity.
This approach had been successfully applied to highly branched
polysaccharides with high molecular size such as amylopectin and
other synthetic branched polymers (Tao & Xu, 2008; Wang et al.,
2011).

The straight line fitting of the experimental data points was
shown in Table 3. The df value of 2.22 suggested that LBG molecules
in aqueous solution was characteristic of a particle having an inter-
nal structure between the hard sphere (df=3.0) and the branched
macromolecule in a thermodynamically good solvent (Tao et al.,
2006). A fractal dimension of d¢=2.5 was predicted for branched
clusters, which were not swollen, either for thermodynamic rea-
sons or because of steric hindrances (Bauer & Burchard, 1993). The
result confirmed that LBG existed as a compact chain conformation
of branched clusters in aqueous solution.

In sulfated samples, a decrease in d; values was observed. The
d¢ values of SLBG3, SLBGs, SLBG7, and SLBGq5 were 1.78, 2.17, 2.32
and 2.08, respectively. A d¢ value of 2.08-2.38 was characteristic of
a particle having an internal structure between hard sphere and the
branched macromolecules (Bauer & Burchard, 1993). The df value
of 1.85 indicated that SLBG, with the highest DS (1.07) exhibited
as arandom coil conformation in aqueous solution. The result indi-
cated that SLBG with higher DS had a lower v value. It suggested
that DS had greater influence on its conformation in aqueous solu-
tion. Our results indicated that sulfated polysaccharides showed
less flexibility compared with the native one. It was confirmed by
the results of Tao et al. Similar d¢ value (1.79) in sulfated polysac-
charide showed that the —SO3H groups in the derivatives enhance
the steric hindrance between the polymer chains (Tao et al., 2006).

However, a lower dy value of 1.61 indicated that SLBG14 exhib-
ited as a random coil conformation in aqueous solution. This value
was lower than that of SLBG, with lower DS (0.85) and molecular
weight (1.534 x 10°). Such a feature could be assigned to the fact
that molecular weight were unneglectable in sulfated polysaccha-
rides (Zou et al.,2008). The major driving force for the conformation
in aqueous solution was due to the intramolecular hydrogen bond-
ing (Zhang, Li, Wang, Zhang, & Peter, 2011). Low molecular weight
and electrostatic effect of —SO3H groups leading to the relatively
expanded conformation of the sulfated derivatives with totally dif-
ferent intramolecular hydrogen bonding compared to the native
one. Similar result was reported that the introduction of —SOsH
groups strengthens the effect of electrostatic repulsion, resulting
in chain expansion and increased stiffness (Zhang, Zhang, Wang, &
Cheung, 2003).

Based on the results, it could be concluded that sulfation
and degradation occurred simultaneously in the sulfation process
(Parvathyetal.,2005). Higher DS and lower molecular weight might
lead to an expanded conformation in aqueous solution. Our earlier
result also suggested that the extended chain conformation was
beneficial to enhance the antioxidant activities of sulfated polysac-
charides in vitro (Wang et al., 2014).

4. Conclusion

In the present study, response surface methodology was proved
to be useful for the optimization of the reaction conditions of sul-
fated LBG. A mathematical model with high fitness was constructed.
The optimal reaction conditions of SLBG were: ratio of CSA/Py 1.27,
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reaction time 120 min and reaction temperature 50.8 °C. According
to the results of XPS, FT-IR and 13C NMR, the sulfation reaction had
occurred. The intensity of the signals of the O-substitution carbons
denoted that C-6 substitution was shown in SLBG. A decrease in
M,, was observed in all samples according to SEC-LLS results. Fur-
thermore, the conformation transition after sulfation was observed
in the sulfation process. The results revealed that the introduc-
tion of —SO3H groups improved significantly the stiffness of the
chains due to the electrostatic effect. In summary, this work would
give an insight that SLBG possessed better physicochemical prop-
erties, which will extend the biological applications of this natural
polysaccharide.
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