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A B S T R A C T   

In this study, the impact of ultrasound irradiation on the structural characteristics and antioxidant properties of 
yellow tea polysaccharides with different molecular weights (Mw) were investigated. Native yellow tea poly
saccharide containing YTPS-3N, YTPS-5N and YTPS-7N were prepared through precipitation with ethanol at 
various concentrations of 30%, 50%, and 70%, respectively, and irradiated with high intensity ultrasound (20 
kHz) for 55 min to yield yellow tea polysaccharide including YTPS-3U, YTPS-5U and YTPS-7U. The molecular 
weight (Mw) of YTPS-3N (from 37.7 to 15.1 kDa) and YTPS-5N (from 14.6 to 5.2 kDa) sharply decreased upon 
ultrasound irradiation, coincidentally particle size (Zavg) was also significantly reduced for YTPS-3N (40%), 
YTPS-5N (48%) and YTPS-7N (54%). The high-performance liquid chromatography and Fourier transform- 
infrared spectroscopy analysis revealed a partial degradation of native yellow tea polysaccharide treated with 
ultrasound, though the monosaccharide composition was not altered. Furthermore, changes in morphology and 
the breakdown of native yellow tea polysaccharide upon irradiation was confirmed with the circular dichroism 
spectrum, atomic force and scanning electron microscopy. As a consequence, irradiation of yellow tea poly
saccharide increased free radical scavenging activity with YTPS-7U exhibiting the highest levels of 2, 2-diphenyl- 
1-picrylhydrazyl free radical, superoxide and hydroxyl radicals scavenging activity. These results suggest that the 
alteration of the spatial structure of yellow tea polysaccharide can enhance its antioxidant activity which is an 
important property for functional foods or medicines.   

1. Introduction 

Tea is derived from the fresh leaves of Camellia sinensis plant which is 
known to be rich in polyphenols, methylxanthines, polysaccharides, 
minerals, trace elements, amino acids and organic acids. The composi
tion of tea are distinct to tea types considering the varying degree of 
processing techniques, geographical growing locations and conditions 
[1]. Yellow tea is one of the six main tea types in China and has gained 
popularity in recent years because of its pleasant mellow taste and 
perceived health benefits [2,3]. Recently, a new variety of yellow tea 
Huangda cha emerged. The yellow tea is specially produced using coarse 
blade of raw fresh tea leaves after fixation, rolling, sealed yellowing and 
intensive drying process. Among these processes the sealed yellowing 
and intensive drying are key to its successful production. This special 
processing not only generate unique burnt flavor, but also gives it the 
perceived health promoting properties [4]. Studies have suggested that 

the water extraction of this novel yellow tea have health benefits by the 
constituents attenuating macrophage-related chronic inflammation [5]; 
ameliorating metabolic syndrome [6] and may be anti-hyperglycemic 
[7]. 

Hot water extraction method has conventionally been used for pre
paring tea polysaccharides [8]. However, due to the long extraction time 
and low yields, better techniques are now emerging. The new techniques 
such as microwave-assisted extraction [9], supercritical fluid extraction 
[10] and ultrasound-assisted extraction [11] have been developed to 
speed up the extraction. Among these techniques, ultrasound-assisted 
extraction is most promising given its extraction efficiency and envi
ronmental friendliness. We have demonstrated that higher yields of 
yellow tea polysaccharide can be achieved with ultrasound-assisted 
extraction than the traditional hot water extraction. Although the ul
trasound is a promising technique, it may lead to degradation of yellow 
tea polysaccharide. Particularly, ultrasound generates high-energy shear 
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force through the process of acoustic cavitation which refers to the 
formation, growth, and collapse of small gas bubbles in liquids [12]. The 
violent collapse of these bubbles caused by cavitation can produce very 
intense localized heating and pressure spikes in very short lifetimes, 
which may reach up to thousands of degrees K and hundreds of atmo
spheres pressure, respectively [13,14]. These rather extreme conditions 
may promote pyrolysis of water and dissolved oxygen molecules into 
highly reactive species such as hydroxyl (•OH), hydrogen (•H), oxygen 
(•O) and hydroperoxyl (•OOH) radicals [15–17]. The diffusion of some 
of these reactive radicals out of the cavity to the surrounding liquid may 
react with the yellow tea polysaccharide. In addition, rapidly collapsing 
cavitation bubbles may cause mechanochemical action of ultrasound on 
polymers, which can induce high pressure gradients and high local ve
locities of liquid layers in their vicinity, this in turn may cause shear 
forces [18,19] capable of breaking down the chains of yellow tea 
polysaccharide. Besides the mechanochemical and radical attack 
mechanism, the yellow tea polysaccharide in aqueous solution may also 
undergo pyrolysis in the hot interfacial region between the bubble and 
the surrounding liquid [19]. 

Sonochemical degradation of polysaccharides such as chitosan, 
starch, and dextran has been extensively studied in the past decades 
[20–22], however, limited information on the sonolysis of tea poly
saccharide. In addition, numerous physical characteristics such as vis
cosity and more complex properties like biological activities have been 
demonstrated in relation to polysaccharides with varying molecular 
weight [23–26]. As to how ultrasound irradiation impacts on the 
physicochemical properties and biological activities of tea poly
saccharides with different molecular weight remains unclear. The pre
sent study therefore aimed at investigating the changes in 
physicochemical properties, structure, and chain conformation of yel
low tea polysaccharide with different molecular weight under ultra
sound irradiation. Furthermore, the potential antioxidant activity of 
ultrasound degrading yellow tea polysaccharide was explored by 
determining the scavenging of 2,2-Diphenyl-1-picrylhydrazyl (DPPH) 
free radical, superoxide and hydroxyl radicals. High performance liquid 
chromatography (HPLC), ultraviolet (UV), Fourier transform-infrared 
(FT-IR) spectroscopy, circular dichroism (CD), atomic force micro
scope (AFM), scanning electron and microscopy (SEM) were used to 
elucidate the structure of untreated control and ultrasound-treated 
yellow tea polysaccharide. 

2. Materials and methods 

2.1. Materials and chemicals 

Yellow tea was purchased from BaoErZhongXiu Tea Co, Ltd. 
(Huoshan, Anhui, China), and the tea samples were stored in desiccator 
at room temperature for further study. 2, 2-diphenyl-1-picrylhydrazyl 
(DPPH) were obtained from Shanghai Aladdin Biochemical Technol
ogy Co., Ltd (Shanghai, China). Dextran standards (2.7 kDa, 5.25 kDa, 
9.75 kDa, 13.05 kDa, 36.8 kDa, 64.65 kDa, 135.35 kDa, and 300.6 kDa) 
were purchased from Beijing Zhongke quality inspection Biotechnology 
Co., Ltd (Beijing, China). Monosaccharide standards were bought from 
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). All other chemicals 
and reagents were analytical grade or chromatographic grade. 

2.2. Preparation and ultrasonic treatment of yellow tea polysaccharide 

The dried yellow tea was shaken with 95% ethanol for 6 h at room 
temperature to remove the pigments, polyphenols, monosaccharides 
and small molecules. The residues were separated by filtration and dried 
in an oven at 37 ◦C to obtain pretreated yellow tea sample. The pre
treated tea sample (100 g) was further extracted twice with hot deion
ized water (3.5 L) at 90℃ for 55 min. The aqueous extractions were 
combined and concentrated to approximately 10% of their original 
volume on a rotary evaporator under reduced pressure (60 ◦C, 100 rpm, 

0.01 Mpa) and then precipitated with 80% (v/v) ethanol at 4 ◦C for 12 h. 
After centrifugation, the precipitate was collected, dissolved in deion
ized water, and subjected to the Sevag method in which the volume ratio 
of chloroform to n-butanol was 4:1 to remove free proteins [27]. As 
shown in Fig. 1, the deproteinized YTPS was sequentially precipitated 
with 30%, 50%, and 70% (v/v) ethanol at 4 ◦C for 12 h and freeze-dried 
to yield the native YTPS fractions (YTPS-3N, YTPS-5N and YTPS-7N) 
with different molecular weight. A 150 mg YTPS-N fractions were 
separately dissolved in 10 mL of deionized water and subjected to ul
trasonic treatment using a sonicator (VCX800, Sonics & Materials Inc., 
Newton, CT, USA) equipped with a probe (tip diameter 3 mm). The 
probe was immersed 1 cm in the solution, before treating the solutions 
by ultrasound for 55 min at a frequency of 20 kHz and a power of 500 W. 
Finally, the ultrasound-treated samples were designated as YTPS-U 
including YTPS-3U, YTPS-5U and YTPS-7U with U representing ultra
sound treated. 

2.3. Physicochemical properties analysis 

2.3.1. Determination of monosaccharide composition 
The monosaccharide composition of YTPS before and after ultrasonic 

treatment was analyzed by HPLC according to the procedure described 
by Nie and co-workers [28]. Briefly, 100 μL sample solution (5 mg/mL) 
and 100 μL trifluoroacetic acid (4 mol/L) were added to an ampoule 
bottle and hydrolyzed at 120℃ for 2 h, before 2 mL methanol were 
added to the hydrolysate with subsequent triple drying with a rotatory 
evaporator at 40℃ to ensure complete removal of excess trifluoroacetic 
acid. The dried hydrolysate was re-dissolved in 100 μL deionized water 
for subsequent derivatization. 100 μL NaOH solution (0.6 mol/L) was 
added to the hydrolysate solution, followed by the addition of 200 μL 
PMP methanol solution (0.5 mol/L) and mixed vigorously on a vortex 
mixer. The mixture was kept in water bath at 70℃ for 100 min. At the 
end of the reaction, the mixture was cooled to room temperature, fol
lowed by addition of 100 μL HCl solution (0.3 mol/L) to neutralize the 
residual alkali before drying with a rotatory evaporator. Then 1 mL of 
chloroform and deionized water were added and vigorously shaken 
before discarding the chloroform layer. The aqueous layer was then 
filtered through a 0.45 μm pore membrane filter for high performance 
liquid chromatography analysis (Agilent Technologies, Santa Clara, CA, 
USA) equipped with photodiode array detector was used for detecting 
PMP labeled monosaccharides. The mobile phase was a mixture of 
acetonitrile and 0.1 mol/mL phosphate buffer solution (PBS, pH 6.7) in a 
ratio of 83:17 (v/v). The samples with 20 μL injection volume were 
performed on a Zorbax Eclipse XDB-C18 column (4.6 × 250 mm, 5 μm, 
Agilent Technologies, USA) at 30℃ with 1 mL/min of flow rate and 
detected at 245 nm. 

2.3.2. Component analysis 
The carbohydrate contents of ultrasound treated and untreated yel

low tea polysaccharide samples were determined according to the 
anthrone-sulfuric acid method using glucose as the standard [29]. The 
uronic acid contents of yellow tea polysaccharide samples were 
measured using sulfuric acid carbazole colorimetry method with gal
acturonic acid as a standard [30]. The content of protein was determined 
using the Bradford assay [31]. The total polyphenols content of yellow 
tea polysaccharide samples was estimated by the Folin-ciocalteu color
imetric method [32]. 

2.3.3. Determination of molecular weight and average particle size 
The molecular weights of yellow tea polysaccharide before and after 

ultrasonic treatment were determined by high-performance gel perme
ation chromatography (HPGPC) on a Waters 600 HPLC apparatus 
equipped with 2410 differential refractive index (RI) detector and 
Empower workstation according to the procedure described by Chen 
and co-workers [33]. Briefly, a TSK-GEL guard column (PWXL 6.0 mm 
× 40 mm), a TSK-G5000 PWXL (300 × 7.8 mm, i.d., 10 μm) and a TSK- 
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G3000 PWXL (300 × 7.8 mm, i.d., 7 μm: TOSOH Co., Ltd, Japan) were 
applied to the molecular weight determination, respectively. The sample 
was previously filtered through a membrane (0.22 μm, Millipore) before 
detection. The performance conditions were as follows: column tem
perature 35 ◦C, injection volume 20 μL (1 mg/mL, w) and flow rate 0.6 
mL/min with 0.02 M KH2PO4 (pH 6.0). Dextran standards of various 
molecular weights were used to establish a standard curve. 

Average particle size (Zavg) of the YTPS was detected by particle size 
zeta potential analyzer (DelsaMax PRO Zeta, Beckman Coulter Com
mercial Enterprise Co., China) at 632.8 nm and a 90◦ scattering angle of 
25 ◦C according to the method described by Xu et al. [34]. Briefly, 
different YTPS samples were diluted with deionized water to a con
centration of 2.0 mg/mL, and three runs were performed for each 
sample. 

2.4. Structure characterization 

In order to determine the structure of yellow tea polysaccharide, the 
Ultraviolet–visible (UV–vis) spectrum, Fourier-transform infrared (FT- 
IR) spectrum, Circular dichroism (CD) spectrum, Atomic force micro
scopy (AFM), and Scanning electron microscopy (SEM) were used in this 
study. The UV absorbance of all yellow tea polysaccharide solutions (1 
mg/mL) were performed on a UV–visible spectrophotometer (BioTek 
Instruments, Inc., Vermont, US) at the wavelength of 200–400 nm range. 
The IR spectroscopy was performed using the KBr pellet method [35]. 
Briefly, the sample was ground and compressed with KBr powder and 
subjected to infrared spectral scanning analysis in the range of 
400–4000 cm− 1 using a Nicolet 6700 FT-IR spectrometer (Thermo 
Fisher Scientific Inc., Waltham, MA, USA). The CD spectra were recor
ded on a ChirascanV100 instrument (CD, Applied Photophysics Ltd., 
Surrey, UK). All solutions were filtered through 0.45 μm Millipore 
membrane before testing. Each CD spectrum was the accumulation of 
three scans at 100 nm/min, with a bandwidth of 1 nm and a time con
stant of 0.25 s. Data were collected from 190 nm to 250 nm. A correction 
for the solvent baseline was made digitally in each case. The morphology 
of ultrasound treated and untreated yellow tea polysaccharide was 
performed on a dimension Icon atomic force microscope (AFM, Bruker 
Optics, Inc., Ettlingen, Germany). Briefly, 5 μL yellow tea poly
saccharide solution (10 μg/ml) was dropped on the surface of fresh mica 
(1 cm2), completely dried, and then observed on an AMF. Finally, the 
image processing was performed using NanoScope Analysis software. A 
S-4800 scanning electron microscope (SEM, Hitachi, Ltd, Tokyo, Japan) 
with an acceleration voltage of 3 kV with an image magnification of 
25.0 k × was also used for the morphological feature analysis of the 
yellow tea polysaccharide before and after ultrasound treatment. During 
the process, the dried samples were firmly fixed on the sample table with 
conductive adhesive and sputtered a 3 ~ 30 nm gold film using a 

vacuum sputter coater. 

2.5. Antioxidant activity assay 

2.5.1. DPPH radical scavenging activity 
The 2, 2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging 

activity of ultrasound treated and untreated yellow tea polysaccharide 
was measured as previously described by Shimada et al. [36] with slight 
modification. Briefly, 200 μL tea polysaccharides water solutions at 
various concentration from 0.05 mg/mL to 2.0 mg/mL were separately 
added to 600 μL DPPH ethanol solutions (0.1 mM), the mixture was 
shaken thoroughly and kept at room temperature in the dark for 30 min 
before measuring the absorbance at 517 nm. Each sample solution was 
replaced with an absolute ethanol solution as a blank control and 
vitamin C was used as a positive control. DPPH radical scavenging ac
tivity was calculated by the following equation: 

Scavenging activity (%) = [1-(A1-A2) /A0] × 100 
Where A0 is the absorbance of the blank control, A1 is the absor

bance of the sample and A2 is the absorbance of the sample under 
identical conditions as A1 with ethanol instead of DPPH solution. 

2.5.2. Superoxide radical scavenging activity 
The superoxide radicals scavenging activity of ultrasound treated 

and untreated yellow tea polysaccharide at various concentration 
(0.05–2.0 mg/mL) was determined using pyrogallic acid method [37]. 
Briefly, 2.5 mL PBS buffer (0.1 mol/L, pH 8.2) and 4.0 mL tea poly
saccharides solution were mixed thoroughly and kept at 25 ◦C for 15 
min, followed by adding 2.5 mL of pyrogallic acid (6 mol/L) to the 
mixture. After 4 min reaction, 0.5 mL of thick hydrochloric acid was 
added to stop the reaction. The absorbance of the solution was read at 
325 nm with vitamin C being used as a reference material. The scav
enging activity was calculated as follows: 

Scavenging activity (%) = [1-(Al-A2)/A3] × 100% 
Where A1 is the absorbance of the sample and A2 is the absorbance 

of the sample solution and PBS mixture without pyrogallol solution. A3 
is the absorbance of the control (ultra-pure water). 

2.5.3. Hydroxyl radical scavenging activity 
The hydroxyl radical scavenging activity was determined using the 

method described by Smirnoff et al. [38] with minor modification. 1 mL 
yellow tea polysaccharide solution (0.05–2.0 mg/mL), 1 mL of FeSO4 (1 
mM), 1.0 mL of H2O2 (0.3%) and 0.5 mL of salicylic acid–ethanol so
lution (9 mM) were mixed and kept at 37 ◦C for 30 min. The absorbance 
of the mixture was determined at 510 nm against a blank while vitamin 
C was used as a positive control. The hydroxyl radical scavenging ac
tivity was calculated by the following equation: 

Scavenging activity (%) = [A0-(A1-A2)]/A0 × 100% 

Fig. 1. Schematic diagram of yellow tea polysaccharide treatment process. The YTPS-3N, YTPS-5N, and YTPS-7N were the native yellow tea polysaccharide 
sequentially precipitated with 30%, 50%, and 70% (v/v) ethanol. The YTPS-3U, YTPS-5U, and YTPS-7U were ultrasound-treated YTPS-3N, YTPS-5N, and YTPS-7N 
samples, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Where A0 is absorbance of the blank control group, A1 is the 
absorbance of the sample and A2 is the absorbance of the sample under 
identical conditions as A1 with salicylic acid–ethanol solution instead of 
FeSO4 and H2O2 solution. 

3. Results and discussion 

3.1. Effects of ultrasound on physicochemical properties 

3.1.1. Monosaccharide composition 
In this study, monosaccharide composition of yellow tea poly

saccharide before and after ultrasound treatment were determined. As 
shown in Table 1, both ultrasound treated and untreated yellow tea 
polysaccharide were predominantly composed of rhamnose but also 
contained mannose, ribose, glucuronic acid, galacturonic acid, glucose, 
galactose, and arabinose. The results indicated that yellow tea poly
saccharide was a heterogeneous polysaccharide and upon ultrasonic 
treatment did not alter the monosaccharide composition, though their 
molar ratios were slightly modified. This finding indicated that ultra
sonic treatment had no major impact on the monosaccharide composi
tion of yellow tea polysaccharide and confirmed the previous findings by 
Dou et al. [39]. 

3.1.2. Molecular weight, particle size and component analysis 
The molecular weight, particle size and the component analysis of 

the yellow tea polysaccharide before and after ultrasound treatment 
were summarized in Table 2. Increasing the concentration of ethanol 
from 30 to 70% decreased the molecular weight and particle size (Zavg) 
of the native yellow tea polysaccharide. While there was no decrease in 
molecular weight of the YTPS-7N (3.3 to 3.1 kDa), the ultrasound irra
diation sharply decreased the molecular weight of YTPS-3N and YTPS- 
5N from 37.7 to 15.1 and 14.6 to 5.2 kDa, respectively, confirming 
that ultrasound irradiation reduce the molecular weight of poly
saccharides [22], the degradation of the high molecular weight poly
saccharides was more pronounced than the low molecular weight 
polysaccharides which are consistent with previous findings [40]. 

The changes of particle size of the native yellow tea polysaccharide 
after ultrasonic treatment showed that ultrasound irradiation signifi
cantly (P < 0.05) decreased the particle size of yellow tea poly
saccharide precipitated with different ethanol concentration. Zavg 
results showed 40%, 48% and 54% reductions in ultrasonic-treated 
YTPS-3N, YTPS-5N, and YTPS-7N, respectively, which indicated that 
the small particle size native yellow tea polysaccharide was easier to 
break down than the large size particles when subjected to the same 
ultrasonic-treated conditions. 

Component analysis revealed that the neutral sugar content was the 
highest in all samples, followed by the uronic acid and protein content, 
with polyphenol content being the lowest. The yellow tea poly
saccharide with high molecular weight had low content of neutral sugar 
and protein yet more uronic acid than that in low molecular weight. 
Upon ultrasound treatment, a significant (P < 0.05) lowering of the 
neutral sugar content and uronic acid content in YTPS-3N, as well as the 
neutral sugar content in and YTPS-7N was observed. The protein content 

analysis revealed that yellow tea polysaccharide might be a type of 
glycoprotein and ultrasound treatment caused glycosidic bond hydro
lysis thereby increasing the protein content. This further demonstrates 
the bond between native yellow tea polysaccharide and protein. 

3.1.3. Ultraviolet–visible (UV–vis) spectra 
Not only protein with aromatic amino acids or polyphenol show 

strong absorption at the band of 250–290 nm in the UV–vis spectrum 
due to the benzene ring, compounds with carbonyl groups also show 
weak absorption at the vicinity of 280 nm [41,42]. The UV–vis spectra of 
native yellow tea polysaccharide with different molecular weight (YTPS- 
3N, YTPS-5N, and YTPS-7N) and ultrasound treated yellow tea poly
saccharide (YTPS-3U, YTPS-5U, and YTPS-7U) are shown in Fig. 2. All 
the yellow tea polysaccharides except YTPS-3N showed absorption at 
the vicinity of 280 nm indicating that protein with aromatic amino 
acids, polyphenol, and carbonyl groups exist in the yellow tea poly
saccharides as revealed by the content of protein, polyphenol, and 
uronic acid (Table 2). Ultrasound irradiation slightly increased the ab
sorption strength of YTPS-3N and YTPS-5N at the vicinity of 280 nm in 
the UV–vis spectra. Whereas the polyphenol content was not affected in 
YTPS-3N but slightly decreased in YTPS-5N, the uronic acid content 
decreased in both yellow tea polysaccharides after ultrasound irradia
tion (Table 2), these results indicated that ultrasonic treatment assisted 
exposure of proteins containing aromatic amino acids in YTPS-3N and 
YTPS-5N. It is intriguing that ultrasound irradiation has no observable 
effect on the absorption of YTPS-7N at the vicinity of 280 nm in the 
UV–vis spectra and could be ascribed to the low amounts of aromatic 
amino acids in the protein. However, detailed studies are required to 
determine how varying ethanol concentrations influence the protein 
types of natural yellow tea polysaccharides. 

3.1.4. Fourier-transform infrared (FT-IR) spectra 
The FT-IR spectra of yellow tea polysaccharide treated and untreated 

by ultrasound are shown in Fig. 3. The broad band at 3425 cm− 1 was 
ascribed to the stretching vibration of O–H [43]. The weak absorption 
peak at around 2920 cm− 1 and 1430 cm− 1 was attributed to the 
stretching vibration and bending vibration of C–H [39]. The absorption 
peaks observed around 1636 cm− 1 was assigned to the stretching of C=O 
indicating the presence of carbonyl groups in native and ultrasound 
treated yellow tea polysaccharides. Additionally, the protein amino 
band may also present absorption at 1636 cm− 1 [44] suggesting the 
existence of protein in YTPS. The strong absorption peak at 1324 cm− 1 

was depicted the presence of carboxyl groups which indicated the 
characteristic absorption of uronic acid [45]. Moreover, the absorption 
at 1115 cm− 1, 1052 cm− 1, 939 cm− 1, and 877 cm− 1 were ascribed to the 
existence of arabinose, rhamnose, galactose, and mannose in YTPS, 
respectively [46,47]. The strong peak around 722 cm− 1 was ascribed to 
the four adjacent hydrogen atoms in the benzene ring which indicated 
the existence of aromatic amino acids [48]. The absorption peak at 788 
cm− 1 was the C–H angle vibration of the furan ring [49], and the ab
sorption peak at 617 cm− 1 was the out-of-plane vibration of O–H, which 
revealed the existence of phenolic compounds in YTPS-5N, YTPS-7N, 
YTPS-5U and YTPS-7U [50]. Ultrasonic treatment did not alter the main 
absorption peaks of yellow tea polysaccharide at 3425, 2920 and 1636 
cm− 1. The changes only occurred in the characteristic peaks between 
1500 and 500 cm− 1 after ultrasonic treatment. Our results confirm a 
well-established knowledge on sonochemistry of polysaccharides that 
ultrasonic treatment mainly causes the breaking of glycosidic linkages 
with no change on the primary functional groups in yellow tea poly
saccharide [51]. 

3.1.5. Circular dichroism (CD) spectra 
The tertiary structure is very important to diverse biological activ

ities of yellow tea polysaccharide. The conformational transition of 
native yellow tea polysaccharide induced by ethanol concentration and 
ultrasound treatment was detected on the CD spectra (see Fig. 4). All 

Table 1 
Effect of ultrasonic treatment on monosaccharide composition of yellow tea 
polysaccharide.  

Monosaccharide composition (Molar ratio)  

Man Rib Rha GlcUA GalUA Glc Gal Ara 

YTPS-N 1.65 1 10.95 1.06 2.03 5.49 3.50 4.02 
YTPS-U 1.72 1 11.05 1.09 2.13 5.36 3.62 4.17 

YTPS-N: native yellow tea polysaccharide, YTPS-U: ultrasound-treated yellow 
tea polysaccharide. 
Man: mannose Rib: ribose, Rha: rhamnose, GalUA: galacturonic acid, GlcUA: 
glucuronic acid, Glc: glucose, Gal: galactose, Ara: arabinose. 
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three native yellow tea polysaccharide including YTPS-3N, YTPS-5N, 
and YTPS-7N have positive and negative cotton effect, which suggested 
that native yellow tea polysaccharide was in highly ordered structures. 
However, the ellipticity and maximum/minimum peak position of the 
native yellow tea polysaccharide precipitated with different ethanol 
concentration were significantly different. The CD spectrum of YTPS-3N 
showed positive Cotton effect with maximum absorption at 199 nm and 
negative Cotton effect with minimum absorption at 215 nm in the 
scanned range. As the ethanol concentration increased from 30% to 

70%, the maximum absorption gradually increased and shifted to 205 
nm, while the minimum absorption peak appeared at 226 nm, indicating 
remarkable transformation of native yellow tea polysaccharide in 
conformation after the ultrasound treatment. Meanwhile, the increased 
ellipticity of YTPS-3N, YTPS-5N and YTPS-7N revealed the changes of 
yellow tea polysaccharide are heterogenous [52]. Ultrasound irradiation 
altered the ellipticity and the appearance of maximum/minimum ab
sorption peaks of yellow tea polysaccharide, as shown in Fig. 4b, ul
trasonic treatment changed the maximum and minimum band of YTPS- 
3N, YTPS-5N, and YTPS-7N. As can be seen in Fig. 4c, the CD spectrum 
of YTPS-3N had a red shift after ultrasonic treatment in which the 
minimum peaks shifted from 215 nm to 222 nm with the increasing of 
negative ellipticity which might attribute to the n → π* transition of 
carboxyl group, and the optical activity of the carboxyl chromophore 
could be affected by intra- and intermolecular interactions [53,54]. It 
was in accordance with the result of component analysis of yellow tea 
polysaccharide in which uronic acid was observed (Table 2). A minor 
blue shift of n → π* transition with increasing positive ellipticity at 
around 200 nm in YTPS-5U and decreasing negative ellipticity at around 
220 nm in YTPS-7U were observed in Fig. 4d and Fig. 4e, respectively, it 
was proposed that such changes in the ellipticity and minor red/blue 
shift of the n → π* transition reflect the degrading of yellow tea poly
saccharide to expose more carboxyl group inducing the alteration of the 
microenvironment around the carboxyl site [55]. Collectively, the 
changes of the CD spectrum of yellow tea polysaccharide indicated the 
conformation transformation of yellow tea polysaccharide in aqueous 
solutions after ultrasonic treatment. 

3.1.6. Morphology observation 
To provide direct evidence of the chain conformation of the yellow 

tea polysaccharide, Atomic Force Microscope (AFM) was used to observe 
morphology of the polysaccharide in aqueous solution. As can be seen 
from the AFM images all the yellow tea polysaccharides were irregularly 
spherical lumps and uneven in size (Fig. 5). The height of the lumps 
ranged from 0.1 to 4.8 nm while the height of single polysaccharide 
particle was generally in the range of 0.1–1.0 nm which suggested inter- 
and/or intra-molecular aggregation was involved during the drying 
process of yellow tea polysaccharide solution on the surface of fresh 
mica [56]. On the other hand, the large diameter of over 1.0 nm may 
also suggest the aggregates of chains and branched structure entangling 
with each other for all the polysaccharide fractions. The average height 
of the polysaccharide particles in YTPS-3N, YTPS-5N, and YTPS-7N were 
5, 3, and 2 nm with an average diameter approximately being 129, 128, 
and 101 nm, respectively. Ultrasound treatment significantly decreased 
the particle size of the yellow tea polysaccharide in which YTPS-3N, 
YTPS-5N and YTPS-7N showed reductions in average height of 41%, 
17% and 7%, and widths to 93, 83 and 69 nm, respectively. These results 
are in agreement with previous studies which demonstrated that ultra
sound can break the original structure and morphology of yellow tea 
polysaccharide [57]. 

3.1.7. Scanning electron microscopy (SEM) analysis 
The surface topography of the yellow tea polysaccharide particles 

Table 2 
Molecular weight, particle size and component analysis of native yellow tea polysaccharide and ultrasound-treated yellow tea polysaccharide by LSD. n = 3.  

Samples Neutral sugar (%) Uronic acid (%) Protein (%) Polyphenol (%) Zavg (nm) Molecular weight (kDa) 

YTPS-3N 58.46 ± 0.14c 24.11 ± 0.57a 3.44 ± 0.24c 0.13 ± 0.01b 1280 ± 5 a  37.7 
YTPS-3U 52.71 ± 0.48d 20.27 ± 0.66b 3.49 ± 0.19c 0.13 ± 0.01b 761 ± 4b  15.1 
YTPS-5N 58.77 ± 0.55c 12.35 ± 0.13b 4.38 ± 0.14b 1.04 ± 0.58a 687 ± 3c  14.6 
YTPS-5U 57.06 ± 0.75c 11.28 ± 0.22b 4.41 ± 0.65b 1.00 ± 0.30a 352 ± 2 d  5.2 
YTPS-7N 75.82 ± 1.70a 7.63 ± 0.27c 6.00 ± 0.36a 1.21 ± 0.30a 11 ± 1e  3.3 
YTPS-7U 71.15 ± 1.40b 6.84 ± 0.25c 6.36 ± 0.29a 1.17 ± 0.64a 5 ± 0f  3.1 

Note: Each value represents the mean ± standard deviation (n = 3). Means with different letters (a–d) for each column (neutral sugar, uronic acid, protein, poly
phenols, and Zavg) showed significant difference (p < 0.05). The YTPS-3N, YTPS-5N, and YTPS-7N were the native yellow tea polysaccharide sequentially precipitated 
with 30%, 50%, and 70% (v/v) ethanol. The YTPS-3U, YTPS-5U, and YTPS-7U were ultrasound-treated YTPS-3N, YTPS-5N, and YTPS-7N samples, respectively. 

Fig. 2. UV–vis spectra of native yellow tea polysaccharide and ultrasonic 
treated yellow tea polysaccharide in the range of 200–400 nm. The YTPS-3N, 
YTPS-5N, and YTPS-7N were the native yellow tea polysaccharide sequen
tially precipitated with 30%, 50%, and 70% (v/v) ethanol. The YTPS-3U, YTPS- 
5U, and YTPS-7U were ultrasound-treated YTPS-3N, YTPS-5N, and YTPS-7N 
samples, respectively. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 3. FT-IR spectra of native YTPS and ultrasonic treated YTPS in the range of 
4000–500 cm− 1. The YTPS-3N, YTPS-5N, and YTPS-7N were the native yellow 
tea polysaccharide sequentially precipitated with 30%, 50%, and 70% (v/v) 
ethanol. The YTPS-3U, YTPS-5U, and YTPS-7U were ultrasound-treated YTPS- 
3N, YTPS-5N, and YTPS-7N samples, respectively. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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was analyzed using Scanning electron microscope (SEM). As shown in 
Fig. 6, the YTPS-3N showed an irregular thin slice shape with sharp 
corner and a rough surface (Fig. 6a). After ultrasonic treatment, the 
particles of native yellow tea polysaccharide were degraded, the slices in 
YTPS-3U were much thinner than that in YTPS-3N, and the laminar 
corner was blunt with porous on the surface (indicated by the red arrow 
in Fig. 6b). When the native yellow tea polysaccharide was precipitated 
with 50% ethanol, the YTPS-5N showed a block structure with smooth 
surface and edge (Fig. 6c), ultrasonication altered the YTPS-5N structure 
to smaller fragments with porous on surface and cavities on fracture 
surface (as shown in YTPS-5U image) (Fig. 6d), which may be caused by 
the substantial cavitation activity, turbulence shear, and instantaneous 
high pressure [58]. However, the YTPS-7N had a smooth surface with 
characteristic small wrinkles which was very distinct from YTPS-3N and 
YTPS-5N (Fig. 6e). After ultrasound treatment, the yellow tea poly
saccharide developed a flat and rough surface with plenty of tiny pits 
and pores (as shown in YTPS-7U image) (Fig. 6f). The results were 
consistent with those of Chen et al. [9], in which the Moringa oleifera 
Lam polysaccharides precipitated with various concentrations of 
ethanol with varying surface structures. The differences in the surfaces 
between YTPS-3N, YTPS-5N, and YTPS-7N could be attributed to the 
changes in interconnection and intermolecular distance caused by 
different ethanol concentration. Collectively, our results confirmed that 
ultrasonic energy is sufficient to break the covalent bonds, such as 
glycosidic linkages that connects the monosaccharides and promotes the 
segregation of polysaccharide molecules [59]. 

3.2. Effects of ultrasound on antioxidant activities 

The in vitro antioxidant activities of yellow tea polysaccharide 
treated and untreated by ultrasound were investigated by detection of 
radical scavenging activities of 2, 2-diphenyl-1-picrylhydrazyl (DPPH), 
superoxide, and hydroxyl. The DPPH radical is one of the few stable 

radical species widely used to evaluate the free radical scavenging 
ability of antioxidants. As shown in Fig. 7a and b, the DPPH radical 
scavenging activity was improved with the increasing of yellow tea 
polysaccharide concentration. However, the antioxidant activity of the 
ultrasound treated and untreated yellow tea polysaccharides were much 
lower than the positive control (vitamin C, 2.035 × 10-6 mg/mL), in 
which the IC50 values were 0.63 ± 0.09, 0.36 ± 0.15, 0.25 ± 0.03, 0.52 
± 0.1, 0.34 ± 0.15 and 0.06 ± 0.02 mg/mL. respectively. As compared 
to the native yellow tea polysaccharide, ultrasonication lowered the IC50 
values of yellow tea polysaccharide, but only that of YTPS-7U were 
significantly decreased (P < 0.05). This could be attributed to the native 
hydrogen bond of the polysaccharide being broken during the ultrasonic 
treatment process; DPPH free radicals generated from ultrasonic treat
ment can receive more hydrogen atoms from degraded polysaccharide 
[60] and contributed to the higher DPPH free radical scavenging capa
bility of yellow tea polysaccharide. 

The superoxide radical is one of the highly toxic reactive oxygen 
species which can generate other reactive oxygen species with a po
tential to cause tissue damage [61]. Thus, it is very important to test 
superoxide radical scavenging activity of antioxidants to characterize 
their safety. Despite yellow tea polysaccharide showing a radical scav
enging ability in a concentration dependent manner (Fig. 7c), its anti
oxidant ability was found to be lower than vitamin C at the same 
concentration. Upon ultrasonication, the superoxide radical scavenging 
capacity of YTPS-3U and YTPS-5U significantly improved (P < 0.05) and 
exhibited a much lower IC50 compared to YTPS-3N and YTPS-5N. Of all 
the six yellow tea polysaccharide fractions, the YTPS-7U showed the best 
superoxide radical scavenging ability (Fig. 7d). These results suggests 
the degradation effect of ultrasound on the yellow tea polysaccharide 
can expose more hydroxyl groups. The hydroxyl group may subse
quently donate electrons to reduce the radicals to more stable forms 
and/or by directly reacting with the free radicals to terminate the radical 
chain reaction thereby causing the antioxidation of tea polysaccharides 

Fig. 4. Circular dichroism (CD) spectra of native yellow tea polysaccharide and ultrasonic treated yellow tea polysaccharide in the wavelength region from 190 to 
250 nm. (a) CD spectra of native yellow tea polysaccharide including YTPS-3N, YTPS-5N and YTPS-7N, (b) CD spectra of ultrasonic-treated yellow tea polysaccharide 
including YTPS-3U, YTPS-5U and YTPS-7U, (c) CD spectra of YTPS-3N and YTPS-3U, (d) CD spectra of YTPS-5N and YTPS-5U, (e) CD spectra of YTPS-7N and YTPS- 
7U. The YTPS-3N, YTPS-5N, and YTPS-7N were the native yellow tea polysaccharide sequentially precipitated with 30%, 50%, and 70% (v/v) ethanol. The YTPS-3U, 
YTPS-5U, and YTPS-7U were ultrasound-treated YTPS-3N, YTPS-5N, and YTPS-7N samples, respectively. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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[62,63]. In addition, the uronic acid in yellow tea polysaccharide 
(Table 2) can also play a role in scavenging of superoxide radicals as has 
been reported [64]. 

Hydroxyl radicals is similarly regarded as one of the most harmful 
free radicals among reactive oxygen species. It can attack almost all the 
biomacromolecules, such as carbohydrates, proteins, lipids, and DNA in 
living cells and induce severe damage [65]. Fig. 7e and f showed the 
hydroxyl radical scavenging activity of yellow tea polysaccharide and 
their IC50, respectively. As shown in Fig. 7e, all the yellow tea poly
saccharide fractions exhibited higher hydroxyl radicals scavenging 
ability than vitamin C in the concentration range from 0.05 mg/ml to 2 
mg/ml. The IC50 of YTPS-3N, YTPS-5N, and YTPS-7 were 0.14 ± 0.002, 
0.13 ± 0.004, 0.09 ± 0.003, respectively. Ultrasonic treatment signifi
cantly increased (P < 0.05) the hydroxyl radical scavenging activity of 

YTPS-5N and YTPS-7N, in which the IC50 were decreased to 0.10 ±
0.006 and 0.07 ± 0.004 mg/mL, respectively (Fig. 7f). The higher hy
droxyl radical scavenging activity in YTPS-3U, YTPS-5U, and YTPS-7U 
may be due to the induction of the hydroxyl groups by the ultra
sonication in yellow tea polysaccharide which further enhanced the 
radical scavenging capacity. Our findings are in accordance with those 
of Yan et al. [66]. Additionally, the monosaccharide composition, 
chemical structure, and spatial conformation of yellow tea poly
saccharide may also affect hydroxyl radical scavenging activity. 

The results clearly demonstrated that ultrasonication had improved 
the free radical scavenging activity of yellow tea polysaccharide based 
on molecular weight and particle size. Previous studies have also re
ported notable radical scavenging ability of polysaccharides from 
different sources [11,47,67]. This phenomenon could be ascribed to the 

Fig. 5. Morphology of native yellow tea poly
saccharide and ultrasonic treated yellow tea poly
saccharide by atomic force microscope. The YTPS- 
3N, YTPS-5N, and YTPS-7N were the native yellow 
tea polysaccharide sequentially precipitated with 
30%, 50%, and 70% (v/v) ethanol. The YTPS-3U, 
YTPS-5U, and YTPS-7U were ultrasound-treated 
YTPS-3N, YTPS-5N, and YTPS-7N samples, respec
tively. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web 
version of this article.)   
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ultrasonic cavitation effect which break up the aggregates and reduce 
their particle size [68]. Generally, the degraded yellow tea poly
saccharide particles provided a larger surface area and more reactive 
sites with free radicals and/or suppress the reactions between the free 
radicals. Consequently, the ultrasonic cavitation contributed to the 
improving of scavenging abilities of yellow tea polysaccharide against 
different types of free radicals. 

4. Conclusion 

The structural characteristic and antioxidant activity of yellow tea 
polysaccharide with different molecular weight were influenced by ul
trasound irradiation. Compared to the native yellow tea polysaccharide, 
the ultrasound treatment caused a degradation of polysaccharides 
without altering the primary chemical composition of the mono
saccharides. Ultrasound treatment nonetheless significantly altered the 
tertiary structure and surface morphology based on FT-IR, AFM, CD, and 
SEM analysis and subsequently the yellow tea polysaccharide free 

radical scavenging activity. The smaller particle size yellow tea poly
saccharide exhibited stronger free radical scavenging activity than the 
larger counterparts. Similarly, the degraded yellow tea polysaccharide 
by ultrasound also showed strong antioxidant capacity compared to the 
native yellow tea polysaccharide. Thus, ultrasonic treatment can be an 
effective way to improve the free radical scavenging activity of yellow 
tea polysaccharide with different molecular wights. In addition, there is 
a complex relationship between structural changes and antioxidant 
properties of polysaccharides before and after ultrasound. In the future 
structure–function relationship of yellow tea polysaccharide and its 
action mechanism will also be studied. 
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