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In this study, the polysaccharides were firstly extracted from the tamarind seeds in which the crude polysaccharides have been
extracted once by hot water extraction. The structure was characterized by FTIR, SEM, and X-ray diffraction after removing
protein and small molecule impurities. Furthermore, the rheological and bioactivity of tamarind seed polysaccharides (TSP) were
also investigated. The results indicated that the yield of the obtained polysaccharide was 3.42%. TSP was mainly composed of
glucose (45.09%), galactose (22.80%), and xylose (28.89%), while it contained characteristic structure of polysaccharides, such as
-OH, pyranose, and uronic acid at 3,418, 1,150, and 1,040 cm! respectively, which demonstrated that it was a uronic acid
heteropolysaccharide. Moreover, the XRD pattern revealed the amorphous behavior of TSP, and it was found to consist of films or
“sheets” reflected by SEM. The flow behavior testing confirmed its pseudoplastic character, and the flow behavior index (1) was
between 0.4539 and 0.9201. The DPPH radical scavenging activity of TSP was 40.34% at 10 mg/mL. Furthermore, TSP displayed
moderate hydroxyl radical scavenging and anti-bacterial activities, owing to its special structure and composition. Overall, our
results suggested that TSP could be used as a food ingredient with anti-oxidative and antibacterial activities, which provides useful
information on the potential utilization of TSP in the food industry.

1. Introduction

The term “gum” is considered to be a group of naturally
occurring polysaccharides/carbohydrates derived from a
renewable source, which includes plant exudate gum, seed
polysaccharide, seaweed polysaccharide, chitosan, and so on
[1]. In recent years, polysaccharide gums have received
much attention as accessories due to their good functional
(water-holding, binding, stabilizing, and emulsifying)
properties, and it has been extensively used in many

industries, particularly food field as a gelling agent, emul-
sifier, and stabilizer [2]. Natural polysaccharide gums are
preferred over synthetic ones due to their good features such
as biodegradability, nontoxic, sustainability, and availability.
In recent years, a lot of polysaccharide gums have been
pointed out in the literature from different plant sources and
explored for their functional characteristics [3-5].
Tamarind (Tamarindus indica L.) belongs to the Legu-
minosae family and is widely distributed in South Asian and
Southeast Asian countries such as India and Thailand [6].
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The flower and leaf are consumed as vegetables, while the
pulp is used as a raw material to produce snack foods, such as
tamarind cake, beverages, and so on [7]. With the increasing
popularity of Tamarind products, a great expansion of
production leads to a large number of by-products (tama-
rind seeds) being produced, resulting in environmental
pollution and waste of resources. Therefore, the recycling of
tamarind seeds is helpful to improve sustainability in the
food industry and reduce environmental pollution [8].
Currently, some researchers have processed tamarind seed
to extract polysaccharides and characterized their functional
and structural properties [9-11]. For structures, Shao et al.
[11] pointed out that TSP obtained by water extraction and
alcohol precipitation is a mixed polysaccharide composed of
glucose, xylose, and galactose, which contains uronic acid.
Moreover, TSP possesses a wide range of biological activities
such as anti-inflammation, antiobesity, and immune pro-
tection [12, 13]. Besides, some researchers have confirmed
that natural seed polysaccharides can be used as a potential
anti-microbial agent to be applied in the food industry
[14-16]. The presence of uronic acid in TSP makes it possible
to be a potential anti-bacterial agent. However, the anti-
bacterial activity of TSP has not been reported.

Tamarind seeds will be discarded when polysaccharides
or other substances were obtained. In our previous study, the
waste tamarind seed after extracting polysaccharides still
showed high polysaccharide content, indicating that this
industrial waste still contains polysaccharides. However,
until now, little information is available on the utilization of
these wastes. The exploration of extraction and functional
properties of these polysaccharides is one of the most im-
portant challenges in the food industry, which can further
realize the efficient utilization of tamarind seed resources.
Based on this, the present study is to further obtain and
purify the TSP from these tamarind seeds that have been
extracted polysaccharides once, characterizing structures by
composition analysis, SEM, FT-IR, XRD, and rheological
assay. Furthermore, the bioactive (antioxidant activity and
antimicrobial) properties of TSP were evaluated. These re-
sults were compared with the tamarind polysaccharide that
has been reported to help fully utilize the tamarind seed and
guide the potential application of TSP as a pharmaceutical
supplement or functional food ingredient.

2. Materials and Methods

2.1. Materials and Chemicals. Tamarind seed powder was
provided by Yunnan Maoduoli Group Food Co. Ltd. (Yuxi,
China). The monosaccharide standards were all of chroma-
tography grade with purity >99%. All monosaccharide stan-
dards, trifluoroacetic acid, acetic acid sodium salt, and
chromatography-grade methanol were obtained from Sigma
Chemical Co. (St. Louis, MO, USA). Other chemicals used in
the study (e.g., Congo Red reagent, phenol, chloroform, ferrous
sulfate, DPPH, salicylic acid, etc.) were of analytical grade. All
solutions were prepared using distilled water, and ultrapure
water was obtained from a Milli-Q water purification system.

Brain heart infusion broth (BHI) was purchased from
Yinuo Biotechnology Co. Ltd., and agar was used, which
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were obtained from Shanghai Merck Chemical Technology
Co. Ltd. (Shanghai, China).

2.2. Preparation of TSP. The tamarind seed polysaccharides
(TSP) were extracted by water and precipitated by ethanol
according to the methods described by Chai and Zhao [17]
with modifications. The tamarind seed powder (5.00 g) was
dissolved in the distilled water at a mass ratio of 1:50 and
then kept at 90°C for 50 min with constant stirring. The
solution was further allowed to stand for 24 h and centri-
fuged at 4,000 rpm for 20 min. The supernatants were mixed
with the same volume of 95% ethanol, stirring and standing
for 24 h; the precipitate was obtained after washing with 95%
ethanol 5 times and dried at 40~45°C as crude
polysaccharides.

2.3. Purification of TSP. The free protein in the crude
polysaccharides was removed by employing the method of
Sevage [18]. The crude polysaccharides (2.00g) were dis-
solved in distilled water (200 mL) and mixed with four
volumes of Sevage reagent (chloroform/n-butanol, V/V =4:
1) at 25°C. Following centrifugation (TDL5M, Kaldasy Co.
Ltd, Changsha, China) at 7,000 rpm for 15min at room
temperature, the up-layer solution was collected, and the
above procedure was repeated until the protein layer dis-
appears completely. All polysaccharides were collected and
precipitated with ethanol. Subsequently, the precipitate was
redissolved in water and was dialyzed (MW 3500 Da) against
flow tap water for 48 h and distilled water for 12 h. The TSP
was obtained by lyophilization treatment. The polysaccha-
ride yield (%, w/w) was calculated as follows:

polysaccharide yield (%) = % x 100, (1)

where W; and W, were the weight of the freeze-dried sample
and the raw material, respectively.

Protein content was performed as described by Jahanbin
et al. [19] using a Kjeldahl apparatus. The protein removal
rate was calculated as follows:

Al - A2

x 100, 2
m (2)

protein removal rate (%) =

where A; and A, were the protein content of crude TSP and
purified TSP, respectively.

The TSP was added to distilled water to a final con-
centration of 1 mg/mL. The full ultraviolet scan of TSP was
obtained in the wavelength range of 190-400 nm.

2.4. Chemical and Monosaccharide Composition Analysis.
The total carbohydrate content of TSP was measured by the
phenol sulfuric acid method, and glucose was used as
standard [20]. Uronic acid content was determined via meta-
hydroxydiphenyl analysis [21].

The monosaccharide composition of TSP was deter-
mined using a Thermo ICS5000+ system (Thermo Fisher
Scientific, Waltham, MA, USA) with fucose (Fuc), rhamnose
(Rha), arabinose (Ara), galactose (Gal), glucose (Glu), xylose
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(Xyl), mannose (Man), fructose (Fru), ribose (Rib), gal-
acturonic acid (Gal-UA), glucuronic acid (Glc-UA), man-
nuronic acid (Man-UA), and guluronic acid (Gul-UA) as the
standards. Briefly, 5.00 mg TSP was dissolved in trifluoro-
acetic acid (TFA) solution at 121°C for 2h and blow-dried
with nitrogen. Then mixed with methanol clean and blow-
dried for 3 times. The TSP was redissolved with ultrapure
water and filtered through a 0.22 ym membrane filter for
instrument detection. A Dionex™ CarboPac™ PAI0
(4.0 mm x 250 mm, 10 ym, Thermo Fisher Scientific, USA)
was used to identify the composition and kept at 30°C during
operation. The 10 uL sample was injected; then using A-H,O
and B-NaOH (100 mM) as mobile phase, monosaccharide
compounds were eluted under the conditions, which were
shown in Table 1.

2.5. Triple-Helical Structure Determination of TSP. The
conformation structure of TSP was determined using the
Congo red method reported by Wang et al. [22]. The TSP
solution (I mg/mL) containing 80 uM Congo red solution
was mixed in NaOH solution with final concentrations
ranging from 0 M to 0.5 M. A UV spectrometer (T6, Beijing
Puxi General Instrument Co. Ltd., Beijing, China) was used
to scan the absorbance ranging from 190 nm to 600 nm after
being kept for 30 min at room temperature and record the
maximum absorption wavelength.

2.6. Particle Size and Zeta Potential Measurements of TSP.
The particle size and zeta potential measurements were
measured by dynamic light scattering (DLS; Zatasizer nano-
ZSE 900, Malvern Instruments Co. Ltd., United Kingdom).
The TSP powder was diluted in ultrapure water to the de-
sired concentration (2.00mg/L). The measurement was
performed in triplicate at a room temperature of 25°C [23].

2.7. Morphologic Observation of TSP. The morphologic
characterization of TSP was observed by scanning electron
microscope (SEM; SU8010, Hitachi Ltd., Japan) after coating
with gold by a plating instrument. The accelerated voltage
was 10.0 kV with enlargement multiple 100, 500, 2,000, and
10,000.

2.8. Fourier Transform Infrared (FT-IR) Spectroscopic Assay of
TSP. The sample was mixed with KBr with a ratio of 1:50
and then pressed into 1 mm pallets. The infrared spectrum of
TSP was recorded using a Thermo Fisher Scientific Nicolet
6700 FT-IR Spectrometer (Thermo Fisher Science, USA)
during the range of 4,000-400 cm™"' at room temperature.

2.9. X-Ray Diffraction of TSP. An X-ray powder diffrac-
tometer (Bruker D8 Advance, Germany) was used to de-
termine the degree of TSP crystallinity with Cu Ka radiation
(A=1.78901 A) with a source running at 40kV and 40 mA,
respectively. The figure was obtained in the diffraction angle
5-90° (20), with a speed of 3°/min and a step of 0.02°.

3
TaBLe 1: The eluted conditions of the monosaccharide
composition.
Time Flow rate A mobile phase B mobile phase
(min) (min) (%) (%)
0.0 0.5 97.5 2.5
30.0 0.5 80 20
30.1 0.5 60 40
45 0.5 60 40
45.1 0.5 97.5 2.5
60 0.5 97.5 2.5

2.10. Rheological Properties of TSP. All rheological properties
of TSP were performed by TA-AR 2000 controlled-stress
rheometer (TA Instruments Inc., New Castle, DE, USA)
equipped with a 40 mm diameter stainless steel parallel plate.
The flow curves of the various concentrations of TSP so-
lution (1, 3, 5, 10, 15, and 20 mg/mL) were determined with
shear rate ranging from 0.01s™' to 1,000s ' at 25°C. The
consistency coefficient (K) and the flow behavior index ()
were calculated by the power-law model as follows:

T=K(y)", (3)

where 7 is shear stress (Pa), K is the consistency index
(Pa-s"), y is the shear rate, and # is the flow behavior index.

2.11. In Vitro Antioxidant Activity of TSP

2.11.1. DPPH Radical Scavenging Activity Assay. DPPH (2,2-
diphenyl-1-picrylhydrazyl) free radical scavenging activity
was measured as reported by Zhang et al. [24] with several
modifications. The TSP solutions (2.0 mL) of different con-
centrations were added to 2.0 mL of a methanolic solution of
DPPH radical (0.2 mmol/L). The absorbance of the mixture
was measured at 517 nm after incubated for 30 min in dark at
room temperature. The common anti-oxidants-ascorbic acid
and the reaction solution without TSP were used as the
positive and negative control, respectively. Radical scavenging
activity was calculated as follows:

DPPH scavenging activity (%) =

Ay - A,
x 100, 4
» (4)

where A is the absorbance of reaction solution without TSP
and A; is the absorbance of the test sample.

2.11.2. Hydroxyl Radical Scavenging Activity. A 2.0 mL TSP
solution (1, 2, 5, 10, 15, and 20 mg/mL) was mixed with
1.0 mL of 1.5 mmol/L FeSOy, 0.7 mL of 6 mmol/L H,O,, and
0.3 mL of salicylic acid. The mixture was heated in the water
bath at 37°C for 1 h, and then the absorbance at 510 nm was
measured. The scavenging rate was calculated by the fol-
lowing equation:

. A
scavenging rate (%) =| 1 — i x 100, (5)
0

where A, is the absorbance of control and A; is the ab-
sorbance of the sample.



2.12. Antibacterial Activity of TSP. The anti-bacterial activity
of TSP was assessed by the Oxford cup method described by
Wang et al. [18] with some modifications. Briefly, 10 mL of
an overnight culture of Escherichia coli were mixed 200 mL
brain heart infusion broth (BHI) nutrient agar in well plates.
After solidification, the Oxford cup was pulled out, and
200 uL TSP solution (20 mg/mL) was injected into the hole
for the Oxford cup. The control and positive groups were
treated with sterile dH,O and chitosan (20 mg/mL). The
Petri dishes were incubated at 37+ 1°C for 24h, and the
inhibition zones were observed.

2.13. Statistical Analysis. All experiments were done in
triplicate to get mean values + standard deviations. Statistical
analysis was conducted using a one-way analysis of variant
(ANOVA) by the SPSS 20.0 (SPSS Inc., Chicago, IL, USA). A
probability value of p < 0.05 was considered to be statistically
significant.

3. Results and Discussion

3.1. Extraction and Purification of Polysaccharides. After
standing in 95% ethanol solution for 24 h, the morphology of
TSP subjected to ethanol precipitation is shown in
Figure 1(a). The TSP was loose and porous and floats on the
ethanol. The Sevage solution can denature protein and
promote the separation of protein and polysaccharides.
There were three layers after centrifuging of the mixed
solution (TSP and Sevage solution), namely, TSP on the top,
followed by protein and Sevage solution (Figures 1(b) A).
After repeated Sevage operation 5 times, the protein layer
disappeared (Figure 1(b): B). Furthermore, the UV detector
was used to observe the removal of protein, and the results
were displayed in Figure 1(c). The crude TSP with ab-
sorption peaks was observed at 280nm, while the TSP
treated with the Sevage solution lacks absorption in the
range of 275-300 nm. The results suggested that protein has
been removed, and the protein content analysis indicated
that the removal rate of protein was 86.67%. Tamarind
polysaccharide was obtained by purification and freeze-
drying (Figure 1(d)). The yield of the obtained polysac-
charide was 3.42%.

3.2. Chemical and Monosaccharide Composition Analysis of
TSP. The TSP was low in protein (1.31%) and uronic acid
(1.26%). The total carbohydrate content of TSP was 89.13%
(Table 2), indicating that the purity was relatively high in this
study. The composition of TSP was consistent with a pre-
vious report of Li et al. [25]. The content of uronic acid was
different from the existing reports (5.4% uronic acid), which
may be related to the conditions for the first extraction of
polysaccharides.

The results of monosaccharide compositions of TSP were
determined by HPAEC, and the results were displayed in
Figure 2. According to the retention time of monosaccharides
standard mixture in chromatography system, the retention
times of 13 kinds of standard monosaccharide samples (Fue,
Rha, Ara, Gal, Glc, Xyl, Man, Fru, Rib, Cal-UA, Gul-UA, Glec-
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UA, and Man-UA) were 2.841, 7.200, 7.608, 9.575, 10.983,
12.916, 13.950, 15.608, 17.175, 33.908, 34.650, 36.441, and
38.683, respectively. Moreover, compared with the standard
mixture, the TSP contained 7 kinds of monosaccharides, and
the content of glucose was the highest in TSP, followed by Xyl,
Gal, Ara, Fru, Glc-UA, and Gal-UA (Figure 2) and no Fuc,
Rha, Man, Rib, Gul-UA, and Man-UA were observed in TSP.
There were some differences with the finding of Gidley et al.
[26] on the molar ratio of Glu:Gal:Xyl (1.97:1.00:1.31). This
might be related to the raw material and preparation method
of TSP. In this study, the tamarind seed powder that has been
used for the extraction of polysaccharides was used as raw
material to further extract the remaining polysaccharide to
realize the full utilization of industrial waste. Furthermore, the
monosaccharide composition and content of TSP play an
important role in its functional and biological properties.
Glucose can supplement the energy of the body. On the
contrary, Xylose cannot be absorbed and is considered to be
the best suitable monosaccharide for obese individuals. Be-
sides, xylose can activate intestinal Bifidobacterium and
promote its growth [27]. Due to the presence of glucose and
xylose, TSP can be used in the food industry as a high-quality
polysaccharide, which can endow food with sweetness and
biological activity.

3.3. Triple-Helical Structure of TSP. Congo red dye can form
complexes with polysaccharides content triple-helical
structure to influence the visible absorbance maximum,
which were used to detect the triple-helical structure of
polysaccharides [28]. It can exhibit a bathochromic shift
when a tertiary structure of polysaccharides was formed. In
contrast, the trend of maximum absorbance wavelength was
similar with Congo red solution to a shorter wavelength
when the tertiary-helical structure does not exist. [22].
Figure 3 shows the change of the max absorbance of the TSP
under NaOH solution with concentrations were 0-0.5 M. In
Congo red tests (Figure 3), there were significant shifts in the
maximum absorption wavelength of TSP and the values
from 499nm to 486 nm with the increasing NaOH con-
centration. Moreover, the changing trend was almost similar
to that of the Congo red. This observation was in accordance
with a previous report by Mao et al. [29], who found that
crude polysaccharides are not easy to form triple helix
structure. Therefore, it could be concluded that triple-helical
does not exist in TSP.

3.4. Particle Size and Zeta Potential of TSP. The { potential
and particle size are good indicators of the colloid system
stability. In general, the particles can disperse or dissolve in
the system when the particles have a small size and large
negative or positive zeta potential [30]. The { potential and
particle size of TSP were 922.7+32.51nm and
—-4.87£0.20mV, respectively. The findings of particle size
were consistent with the finding of Crispin-Isidro et al. [28].
The polydispersity index (PDI) is used to indicate the
uniformity of particle size distribution, the value < 0.3 was
considered a uniform distribution; the value>0.3 was
characteristic of system uneven distribution, and the degree
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FIGURE 1: Preparation, purification, and acquisition of TSP. (a) The solution was precipitated with 95% (v/v) ethanol at 4°C overnight. (b)
Deproteinization: (A) remove protein of TSP by Sevage solution for the first time and (B) remove protein of TSP by Sevage solution for the
fifth time. (c) Scan of TSP during the range of 190-400 nm: (A) crude polysaccharides and (B) TSP after removing impurities. (d) TSP

(impurities removal) lyophilized sample.

of nonuniformity increases with the increase of PDI value
[31]. The PDI (0.32) in this study indicated that the TSP
solution was uneven. Moreover, the TSP solution was
negatively charged, suggesting that TSP contains uronic
acid, but the { potential value of TSP (-4.87 mV) was sig-
nificantly smaller than the previously reported value from
Crispin-Isidro et al. [28]. This may be due to the purification
step. The purification operations can remove more charged
compounds, for instance, the protein impurities removed
during purification improved the { potential value [23].

Overall, our results suggested that TSP were potential
compounds that contain uronic acid and exhibit good
stability of the solution.

3.5. Morphologic Observation. The SEM photograph of TSP
was shown in Figure 4. As presented in Figures 4(a) and 4(b),
the morphology of TSP was smooth and sheet. The shape of
the TSP mainly exhibited leaf structure with some holes. As
seen from the image at 2,000-fold magnification
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TaBLE 2: Chemical and monosaccharide composition of polysaccharides extracted from TSP.
Compound Content (%)
Protein 1.31+0.2¢
Total carbohydrate 89.13+0.27°
Uronic acid 1.26+0.03¢
Glucose (Glc) 45.09+1.21°
Xylose (Xyl) 28.89 +0.43°
Galactose (Gal) 22.80 +0.52¢
Arabinose (Ara) 1.28 +0.03¢
Fructose (Fru) 0.44 +0.01°
Glucuronic acid (Glc-UA) 0.33+0.00°
Galacturonic acid (Gal-UA) 0.17 +0.00°
a—f: statistical significance level of p <0.05 calculated by Duncan’s test.
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FiGure 2: High-performance anion-exchange chromatography (HPAEC) of TSP: (a) HPAEG chromatography of standard mixture with
glucose, xylose, galactose, arabinose, fructose, glucuronic acid, glucuronic acid, fucose, rhamnose, mannose, ribose, mannuronic acid, and

guluronic acid and (b) HPAEG chromatography of TSP.
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FIGURE 3: Plots of the maximum absorption of Congo Red and TSP Congo Red complex at various concentrations of NaOH. Statistical
significance level of p <0.05 calculated by Duncan’s test.

FIGURE 4: Scanning electron microscope image of TSP obtained from magnification 100x (a), 500x (b), 2,000x (c), and 10,000x (d).



(Figure 4(c)), there were many holes on the surfaces of TSP
sheets. Furthermore, the photograph at 10,000-fold mag-
nification suggested that TSP showed a rough, tight, and
uneven reticular surface (Figure 4(d)). The SEM images
suggested that the method of preparation and purification in
this paper lead to the surface of TSP forming several ir-
regular “sheets” shapes. However, mesh structures were
formed inside by the cross-linking of polysaccharides
molecules. Furthermore, the pores present in the sample
may be related to the lyophilization process [32].

3.6. Fourier Transform Infrared. The FT-IR was performed to
further characterize the tamarind seed polysaccharides. As
shown in Figure 5(a), the picture displays all typical peaks and
bands associated with polysaccharides. The wide absorption
peak at about 3,418 cm™"' corresponded to the stretching vi-
bration of hydroxyl groups (O-H) induced by inter- or
intramolecular, which was considered to be characteristic of
polysaccharides [33, 34]. The peak observed at 2,970 cm ™" and
2,900cm™" were probably due to the C-H stretching and
bending vibrations including CH, CH,, and CHj; [35]. Fur-
thermore, some peaks from 1,400 cm™ to 1,200 cm ™" are also
related to C-H bands; for instance, the peak at 1,370 cm ™" and
1,246cm ™" in this paper was exhibited by CH, bending vi-
brations. Besides, Tang et al. [36] pointed out that the signal at
1,246 cm™" might be related to the asymmetrical stretching
vibration of S=0, evidence of the sulfated group. However, the
C-00 symmetric stretching vibration takes place within the
wavelength at 1,623 cm™". The change in C-OO could affect
the functional properties by providing ions binding sites. The
presence of pyranose was determined in 1,150 cm™'and 1,078
cm™, a characteristic band of carbohydrates, where 1,078 cm™"
was ascribed to the C-O stretching vibration in the pyranose
ring structure of C-O-H [37]. The sharp and strong absorption
peak at 1,040 cm™" was assigned to the pyranose-form sugars
and could be related to the presence of uronic acid. This result
supported the test of TSP composition. Some studies have
confirmed that polysaccharides containing uronic acid possess
good rheological properties. TSP with uronic acid might also
have rheological properties. Moreover, the 1,040 cm™! wave
number could be associated with C-N as well as indicated the
presence of protein in TSP. It is evident that the purification did
not completely remove the protein present in TSP, and there
were some proteins in TSP. These results were consistent with
the 86.67% deproteinization rate determined and 1.31% pro-
tein content in this experiment. According to the report of
Yang and Zhang [38], the absorption in the region of 920 cm™
resulted from a-glycosidic bond, and the peaks at 683 cm™" and
579 cm™" correspond to the B-glycosidic bond. These findings
showed that TSP is a heteropolysaccharide containing uronic
acid, sulfated group, and a- and f-glycosidic bond.

3.7. Crystallinity. The XRD was used to investigate the
crystallography of polysaccharides; the results were shown
in Figure 5(b). There was a broad peak spanning 20 from
10° to 35°, and a peak being observed at approximately
19.62°, 26 revealed that TSP had a typical XRD pattern for
non- or semicrystalline polymers [18], and it is an
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amorphous material. Studies with other polysaccharides
detected crystallinity very similar to the result in this
paper, which was very common in polysaccharides of
nature [39]. Basu et al. [40] studied the polysaccharide
from Dolichos biflorus Linn. and Trachyspermum ammi
Linn. seeds structure, and the same presented crystallinity
similar to the amorphous as observed for TSP in this
present study.

3.8. Rheological Behavior Analysis Relation. Figures 6(a) and
6(b) presented the relationship between apparent viscosity/
shear stress and shear rate for different concentrations of
TSP solutions at 25°C. As shown in Figure 6, the viscosity of
TSP at various concentrations decreased gradually with
increasing shear rate that showed typical pseudoplasticity of
shear thinning of the TSP, since the chains of polysaccharide
molecules become aligned in the flow direction, generating
solutions with lower viscosity, resulting in less interaction
among adjacent polymer chains [41]. But the change rate of
viscosity was different with different TSP concentrations.
High diminution was obtained, when the sample concen-
tration was increased. Moreover, in the shear rate from
0.017" to 1,0007", the increased TSP concentration led to an
increase in viscosity. This result was likely due to an increase
of molecular number per unit volume, resulting in increased
entanglement and aggregation of macromolecule chains at
higher concentrations, which would exhibit higher viscosity
[42]. With the increase of shear rate, the stress curve
(Figure 6(b)) shows the opposite trend to the viscosity curve.
At all the concentrations, the stress of the TSP solution
increased with the increase of shear rate, which also indi-
cated the shear-thinning behavior of the solution.

The curve was fitted to a power-law equation, and the
relevant ones are listed in Table 3. The value of the flow be-
havior index (1) was a symbol to explain the liquidity property
of the sample. For n < 1 it was a pseudoplastic fluid. The value
of n=1 behaved as a Newtonian fluid, and it stands for a
dilatant fluid when 7 > 1. The shear-thinning behavior of the
TSP solution could be explained by the power-law equation. It
was noticed from Table 3 that “#” of the TSP solutions was
between 0.4539 and 0.9201 and the “n” value of TSP solutions
tended to be equal to one when the concentration was higher,
which indicated that the TSP solution fluid gradually turns into
Newtonian fluid, exhibiting a slimy appearance. The variation
of “n” value with concentration was related to a reversible
“structure” that formed under “rest” or equilibrium conditions
[43]. Furthermore, the molecules in high concentration TSP
solution began to overlap and form an intermolecular con-
nection or “connection region,” which restricted the move-
ment and stretching of the polymer chain in the aqueous
system. Therefore, the viscosity increased significantly with the
increase of mass concentration. This observation was consis-
tent with the report by Alpizar-Reyes et al. [44], who found
tamarind seed gum exhibited a similar tendency.

As shown in Figure 6(c), different concentrations of TSP
solution were placed in the test tube to observe the sample
state. With the increase of concentration, the transparency of
the TSP solution decreased, and the viscosity of the TSP
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FIGURE 5: The structural characterization of TSP: (a) FT-IR spectroscopy of TSP, indicating different functional groups, and (b) XRD

analysis of TSP.

solution increased. Gel structure was initially formed when
the concentration was 15mg/mL. Shear-thinning hydro-
colloids were widely used to modify food texture. Hence,
TSP (0.1-20 mg/mL) is promising to be used in the food field
to improve the quality of food.

3.9. In Vitro Antioxidant Activity. In this experiment, to
confirm the anti-oxidant activities of TSP in vitro, the DPPH
radical scavenging activity and hydroxyl radical scavenging
activity were determined, while the results were presented in
Figure 7. The DPPH evaluation of free radical scavenging
activity of TSP shows a dose-dependent manner in scav-
enging ability (Figure 7(a)). The scavenging rate of TSP

against DPPH radical directly increased with the increase in
the TSP concentration, but the scavenging rate was lower
than that of the ascorbic acid solution. Between 0 and
20.0 mg/mL of concentrations, the DPPH scavenging rates
of ascorbic acid and TSP increased significantly, which were
0% to 77.93% and 0% to 54.93%, respectively. The con-
centration of the TSP at which the scavenging rate reached
50% was defined as the half-maximal effective concentration
(ECsp). The ECso of DPPH scavenging activity for TSP and
ascorbic acid was 15.32 and 1.17 mg/mL, respectively, in-
dicating that an effect of ascorbic acid on DPPH radical
scavenging was more significant than that of TSP. DPPH is
synthetic stable radicals with an unpaired electron, which
can be used as a probe to evaluate free radical scavenging
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TABLE 3: Power-law equations and parameters of the TSP.

TSP concentration (mg/mL) K n R?

1 0.0241¢  0.4539¢  0.6081
3 0.0146¢  0.6605°  0.7152
5 0.0330  0.6774°  0.8576
10 0.1784°  0.8537°  0.9790
15 0.4831°  0.8464°  0.9522
20 1.5773*  0.9201°  0.9779

a—d: statistical significance level of p <0.05 calculated by Duncan’s test.

activity. The anti-oxidant mechanisms of DPPH is a com-
bination of both single electron transfer mechanism (SET)
and hydrogen atom transfer (HAT) [45]. Hence, this ability
may be related to the hydroxyl group of the TSP that can
provide hydrogen to scavenge the DPPH radical [46].

Hydroxyl radicals can attack biological macromolecules
and increase the risk of oxidative stress and lead to the
occurrence of related diseases. The scavenging rate on hy-
droxyl radical is shown in Figure 7(b). The hydroxyl radical
scavenging ability of TSP was less than that of ascorbic acid,
and the scavenging rate of TSP and ascorbic acid were
0~27.43% and 0~72.34%, respectively. Moreover, both TSP
and ascorbic acid were found to have an increased scav-
enging rate with the increase of the concentration and also
exhibit a concentration-dependent manner. Compared with
DPPH radical scavenging activity, TSP possessed lower
scavenging activity against hydroxyl radicals.

An increasing number of studies confirm the role of
polysaccharides in anti-oxidants, which was attributed to
their molecular weight, uronic acid content, type of
monosaccharide, and glycosidic linkage [47]. In the FT-IR
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FIGURE 8: Antibacterial activity of TSP toward Escherichia coli bacterial strains: (a) dH,O treat, (b) chitosan treat, and (c) TSP treat.

analysis, we found TSP was composed of configuration in
pyranose form sugars that have been verified to possess
stronger antioxidant activity revealed by Luo et al. [48].
Monosaccharide compositions of the polysaccharides have a
great impact on their antioxidant activities [49]. The anti-
oxidant activity of polysaccharides and the content of uronic
acid in pumpkin seeds were determined by Buathongjan
et al. [50], and the results showed that the anti-oxidant
activity was directly proportional to the glucuronic acid
content. In this work, the results of monosaccharide com-
position showed the contents of uronic acid (0.5%) in TSP.
Moreover, the OH group was also present, which can react
with radical. All of these may be the reason for the anti-
oxidant activity of TSP. However, the specific mechanism of
antioxidant activity of TSP remains to be further
investigated.

3.10. Antibacterial Activity. The anti-microbial activity of
TSP against E. coli was tested. Our pre-experiment showed
that a low concentration of TSP had no anti-bacterial effect,
so 20 mg/ml TSP solution was used to explore in the present
study. The anti-bacterial effects of TSP on E. coli were
assessed according to the size of the inhibition zone. As
shown in Figure 8, it was obvious that the TSP exhibited
good anti-microbial activity against E. coli. Specifically, there
was no inhibition zone in the water treatment group. On the
contrary, chitosan showed a larger inhibition zone. The
inhibition zones were significantly reduced in the experi-
mental group (TSP), indicating that TSP had a certain in-
hibitory activity on the bacteria. This result was in agreement
with the finding of Ding et al. and Wang et al. [4, 18] who
revealed that polysaccharides isolated from plant seed had
anti-bacterial activity against Gram-positive and Gram-
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negative bacteria. Thus, it was testified that TSP showed
potent activity to inhibit Gram-negative bacteria (E. coli).
The antibacterial activity against Gram-positive TSP will
continue to be explored in the future. Previous studies have
shown that the antibacterial activity of polysaccharides could
be related to membrane permeable properties. The poly-
saccharide can act on the cell wall and destroy membrane
structure, causing a large amount of biological macromol-
ecule leakage and affecting its metabolic activity [51]. Thus,
we speculated that the anti-microbial activity of TSP might
be attributed to the membrane permeability. Moreover,
according to a previous report, the content of uronic acid
and charge type in polysaccharides can influence anti-
bacterial activity [52]. TSP contains uronic acid, and the
results of { potential showed that TSP was a kind of poly-
anion polysaccharide, which could attack the positively
charged membrane proteins and lead to bacteria apoptosis
[53]. However, this hypothesis about anti-bacterial mech-
anisms remains to be further investigated. The present re-
sults also showed tamarind seeds were the potential source
for the production of active polysaccharides and confirmed
that TSP can also act as a promising anti-microbial agent.

4. Conclusions

The characterization of TSP showed a typical FTIR spectrum
characteristic of polysaccharides and the XRD picture
revealed the amorphous behavior. Moreover, TSP mor-
phology displayed rough, tight, and uneven. However,
further studies are required to investigate the holistic
structure of TSP. Furthermore, the results of function and
biological activity suggested that TSP possessed pseudo-
plastic characteristics, while it showed good anti-oxidant
and anti-bacterial activities against Gram-negative bacteria.
These results can provide a reference for the efficient uti-
lization of tamarind seed and may guide further works
concerning tamarind seed polysaccharides, enabling its
development and application in the food industry.
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