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Abstract
 Tremella fuciformis polysaccharidess possess broad application 

potential in diverse industrial fi elds. Submerged fermentation is an effi  cient 

technology for producing fermented Tremella fuciformis polysaccharides 

FTP. In this study, Deep Eutectic Solvents (DES) were adopted to extract FTP 

from fermentation broths after comparing multiple extraction strategies. 

The structural characteristics, antioxidant activity, and viscosity stability 

of the purifi ed components were systematically characterized. Extraction 

parameters were optimized via Box–Behnken design of response surface 

methodology. Under optimal conditions, the FTP extraction yield reached 

75.35 mg/g, representing an 88.06% improvement relative to the traditional 

hot water extraction and ethanol precipitation. The characterization results of 

purifi ed components (FTP1 and FTP2) revealed the presence of α-pyranoside 

bonds and a triple-helix conformations in both compounds. Assays for 

antioxidant activities demonstrated that FTP1 exhibited signifi cantly greater 

DPPH and hydroxyl radical scavenging activities compared to FTP2. The 

results of the viscosity stability test indicate that both FTP1 and FTP2 are 

suitable for various applications in the food industry. Notably, this is the fi rst 

report employing deep eutectic solvents (DES) to extract Tremella fuciformis 

polysaccharidess (FTP) from Tremella fuciformis fermentation broth. This 

study systematically validates the comprehensive advantages of DES against 

conventional extraction techniques and offers a sustainable green protocol 

for the preparation of polysaccharidess derived from fungal submerged 

fermentation. Collectively, FTP1 and FTP2 hold great industrial development 

value as natural functional biomaterials.
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Introduction
Tremella fuciformis, a member of the 

Tremellales order and Tremellaceae family, is 
a widely distributed fungus commonly found 
on decaying branches of broadleaf trees in 
tropical regions [1]. The polysaccharidess 
derived from Tremella fuciformis, known as 
 Tremella fuciformis polysaccharidess (FTP), have 
been scientifi cally proven to possess various 
physiological activities, including hypoglycemic 
lipid, anti-aging, antitumor, wound healing, 
immunomodulation, and neuroprotective 
eff ects [2]. Yang, et al. [3] in our research team 
confi rmed that Tremella polysaccharidess has 
good moisturizing properties and has potential 
application in the fi eld of beauty. With modern 
submerged fermentation technology, high-
purity FTP can be continuously produced 
without relying on rare wild fruiting bodies, 
laying a foundation for large-scale industrial 
manufacture of functional food additives.

 Tremellam is predominantly found within 
the solid cells of Tremella fruiting bodies and 
developing mycelium, or it is secreted into the 
fermentation broth during liquid cultivation. 
The utilization of submerged culture represents 
an innovative approach for the production of 
edible fungal polysaccharidess. In comparison to 
the extraction of polysaccharidess from  fruiting 
bodies, the extraction from fermentation broth 
off ers several advantages, including controllable 
processing, shorter duration, reduced costs, 
and  enhanced stability of the resulting 
polysaccharidess. Meanwhile, submerged 
fermentation serves as an effi  cient technique for 
the production of fermented Tremella fuciformis 
polysaccharidess (FTP) [4,5]. 

At present, the extraction of FTP primarily 
relies on hot water extraction, enzyme-assisted 
extraction, and ultrasound-assisted extraction 
methods [1,6,7]. Although the hot water 
extraction method is relatively straightforward, 
it necessitates a lengthy extraction period 

and Requires prolonged high-temperature 
heating (180-240 min), consumes massive 
volumes of water and ethanol, and weakens 
polysaccharidess triple-helical structures via 
thermal hydrolysis, leading to low extraction 
yield (~40 mg/g) and deteriorated antioxidant 
activity [8,30] . In addition, enzyme preparations 
tend to be more costly, and the extraction of 
enzyme-assisted methods are narrow optimal 
pH-temperature windows;  residual protein 
impurities complicate downstream purifi cation 
and reduce food safety grade [9]. Moreover, 
ultrasound-assisted extraction requires more 
sophisticated equipment [10]. Additionally, 
traditional separation workfl ows frequently 
adopt toxic volatile organic solvents for impurity 
removal, generating hazardous wastewater 
and solvent residue risks for food-grade 
products. Therefore, the development of novel 
environmentally friendly solvents is a crucial 
area of focus for enhancing the effi  ciency and 
sustainability of chemical processes.  The global 
demand for solvent substitution is increasing 
due to the extensive use of organic reagents in 
the extraction of fermented polysaccharidess 
and the associated environmental, health, and 
safety concerns related to organic solvents [11]. 
In 2001, deep eutectic solvent (DES) were fi rst 
introduced as a group of emerging solvents 
with the potential to serve as alternatives to 
traditional solvents and conventional ionic 
liquids [12]. DES have demonstrated their effi  cacy 
as excellent solvents for extracting numerous 
phytochemicals from biomass and agricultural 
by-products, surpassing the selectivity and 
extractability of conventional volatile and 
toxic organic solvents [13]. DES off ers several 
advantages, including its environmentally 
benign nature, low cost, biodegradability, and 
ease of preparation. In addition, due to its unique 
properties, DES has the potential to signifi cantly 
enhance extraction effi  ciency [14]. As a result, 
DES has been predominantly employed as a green 
solvent in separation and extraction  processes. 
Multiple studies validated DES’s remarkable 
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extraction effi  ciency for plant, mushroom 
polysaccharidess and phenolic compounds 
[15-17]. However, to the best of our knowledge, 
there have been no reports on the extraction 
of polysaccharidess from fermentation broth 
using DES, which constitutes the core novelty of 
this study.

 Tremella fuciformis polysaccharidess, as a 
heteropolysaccharides, has diff erent biological 
activities with diff erent components. The 
bioactivity of this heterosaccharide has 
been extensively investigated. However, the 
relationship between FTP isolation, the structure 
of purifi ed components, and their bioactivity 
remains unclear. In this study, The FTP1 and 
FTP2 polysaccharidess were extracted and 
purifi ed from crude FTP, and their characteristics 
were analyzed using Fourier Transform 
Infrared (FTIR) spectroscopy, Congo red test, 
and Scanning Electron Microscopy (SEM). In 
addition, the antioxidant activity and viscosity 
stability of the purifi ed components were tested 
In vitro, further validating the superiority of the 
DES extraction strategy proposed herein [18,19]. 
The fi ndings of this study off er a theoretical 
foundation advancement and utilization of FTP.

Materials and Methods
Materials 

Tremella f u ciformis spores (strain Tremella 
fuciformis Beck) were purchased from the 
Guangdong Province Microbial Culture 
Collection Center (GDMCC, deposit number 
GDMCC 5.39). The following analytical-grade 
chemicals were procured from Shanghai Titan 
Scientifi c Co. Ltd.: choline chloride (99%), 
ethylene glycol (AR, ≥ 99.0%), glycerol (AR), 
lactic acid (AR, ≥ 80.0%), urea (AR, ≥ 99.0%), 
oxalic acid (AR, ≥ 99.0%), glucose (AR), and 
sulfuric acid (AR, 95-98%). Neutral protease 
was acquired from OXOID, while phenol was 
purchased from Sinopharm Chemical Reagent 
Co. Ltd. All reagents and chemicals utilized were 

of analytical grade in this work. Dialysis bags 
with a molecular weight cut-off  range of 8000-
14000 Da were obtained from Beijing Solarbio 
Science & Technology Co., Ltd., China

Preparation and properties determination 
of DES

The preparation of various types of DES in 
this experiment was carried out using a heating 
and stirring method, as described by Kandanelli, 
et al. [20]. For the purpose of extracting FTP 
from freeze-dried Tremella fuciformis spore 
fermentation broth, six diff erent DES systems 
were prepared (DES-1: Choline chloride-urea; 
DES-2: Choline chlor ide-glycerol; DES-3: 
Choline chloride-glucose; DES-4: Choline 
chloride-lactic acid; DES-5: Choline chloride-
oxalic acid; DES-6: Choline chloride-ethylene 
glycol. Mole ratio: 1:2), to establish an effi  cient 
solvent system.

Single factor test and response surface 
method (RSM)

For the  initial screening of the extraction 
solvent and method, a precise weight of 
1.0000 g of f reeze-dried T remella fuciformis 
fermentation broth powder was combined with 
20 mL of DES in a molar ratio of 1:2, with a 
water content of 60% (every 100g of extraction 
solvent contains 60g of distilled water and 40 
g of DES). The mixture was then subjected to 
heating in a water bath at 60°C for 60 min within 
a fl ask. Subsequently, the mixture underwent 
centrifugation at a speed of 8000 r/min for 15 
min. The resulting supernatant was identifi ed 
as the Tremella fuciformis polysaccharidess 
extract. To determine the content of total 
polysaccharidess in the DES extract, the phenol-
sulfuric acid method was employed, utilizing 
glucose as the standard. The standard curve was 
represented by the equation Y = 1.4343x-0.0528, 
R2 = 0.9958. It is important to note that the 
polysaccharidess content mentioned in the text 
refers to the total sugar content. The extraction 
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yield of total polysaccharidess was calculated 
using the following formula:

Extraction yield (mg/g) = weight of 
polysaccharidess (mg)/weight of sample (g)          
(1)

This study fi r stly investigated the eff ects of 
varying water content  (40, 50, 60, 70, 80%), 
extraction tem perature (30, 40, 50, 60, 70°C), 
extraction  tim e (30, 60, 90, 120, 150 min), and 
solid-liquid r atio (1:10, 1:20, 1:30, 1:40, 1:50 g/mL) 
on the extraction yield of FTP t hrough a single-
factor experimental design. Subsequently, it 
was observed that three parameters (water 
content, extraction temperature and extraction 
time) exerted a more signifi cant infl uence on 
the extraction yield of FTP. Therefore, these 
three parameters were selected for further 
experimentation.

According to the single-factor experimental 
results, a Box-Behnken de sign (BBD) with a 
3-factor-3-level confi guration was employed 
to investigate the infl uence of three variables 
and their interactions. The selection of factors 
and levels for the RSM was based on the 
preliminary single-factor experiments. The 
factors considered in the RSM were DES water 
content (50, 60, 70%), extraction time (90, 120, 
150 min), and extraction temperature (30, 40, 
50°C). In this s tudy, RSM was utilized to optimize 
the process conditions for DES extraction 
of FTP. The data obtained were subjected to 
multiple regression analysis, and a quadratic 
polynomial model was fi tted as follows:


 
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Where Y represent the response variable; A0, 
Ai, Aii, and Aij denote the regression coeffi  cients 
for intercept, linearity, square, and interaction, 
respectively; Xi and Xj refer to the diff erent 
independent vari

Characterization of purifi ed component

Extraction and purifi cation of FTP: Freeze-

dried powder of Tremella fuciformis fermentation 
broth was mixed with DES, followed by water-
bath heating. The mixture was then centrifuged 
at 8000 r/min for 15 min to collect the 
supernatant. Four volumes of 95% ethanol were 
added to the supernatant, and the mixture was 
incubated at 4°C for 28 h. After centrifugation 
(8000 r/min, 15 min), crude polysaccharides 
precipitate was harvested.

Crude FTP solution (20 mg/mL) was loaded 
onto a DEAE Sepharose Fast Flow anion-
exchange column (2.6 cm×30 cm) for purifi cation. 
Stepwise gradient elution was performed with 
aqueous NaCl solutions at concentrations of 0, 
0.2, 0.4, 0.6 and 0.8 mol/L. Eluent fractions (7 mL 
per tube) were collected at a constant fl ow rate 
of 1 mL/min via an automatic fraction collector 
(BSZ-100, Shanghai Huxi Analytical Instrument 
Factory Co., Ltd., China). The total carbohydrate 
content of each fraction was quantifi ed by the 
phenol-sulfuric acid colorimetric method. 
Homogeneous polysaccharides fractions were 
combined, dialyzed against distilled water for 3 
days, and fi nally lyophilized to obtain purifi ed 
FTP components.

Fourier transform infrared (FTIR) 
spectroscopy analysis: The samples 
were analyzed using a FTIR spectroscopy 
spectrophotometer (Nicolet iN10 model from 
Thermo Fisher Scientifi c). The FTIR spectra 
were recorded in the wavenumber range of 400-
4000 cm−1 with a resolution of 2cm−1.

Congo red assay: The two purifi ed 
components, FTP1 and FTP2 were prepared into 
12 mL 1 mg/mL solution, respectively, and 6 mL 
(80μmol/L) Congo red solution was added. Put 
1 mol/L of 0, 0.1, 0.2, 0.3, 0.4, 0.5 mL of NaOH 
solution into a test tube and fi ll with liquid A to 
1 mL. After mixing, the maximum absorption 
wavelength (λmax) in the range of 400 - 600 
nm is scanned and recorded with an ultraviolet 
spectrophotometer. The curve is drawn with the 
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NaOH concentration as the abscissa and λmax as 
the ordinate.

Scanning electron microscopy (SEM) 
analysis: The powdered FTP1 and FTP2 samples 
were observed using a scanning electron 
microscopy (S-3400N, Hitachi Gaoxin, Japan) 
at an accelerating voltage of 5 kV.

In vitro Antioxidant activity of purifi ed 
FTPs: The DPPH, AB TS, hydroxyl  radical (·OH) 
scave nging activities and reducing power of 
FTP1 and FTP2 were determined. The detailed 
experimental steps are as follow:

DPPH radical scavenging activity: 3 mL of 
DPPH (0.2 mmol/L) in methanol were added 
to 1 mL of sample solutions with varying 
concentrations (0.2, 0.4, 0.6, 0.8, 1.0 mg/
mL). The resulting mixture was thoroughly 
mixed and placed in a dark environment at 
room temperature for a duration of 30 min. 
Subsequently, the absorbance values of DPPH 
were measured at a wavelength of 517 nm. As a 
positive control, the sample was replaced by Vc. 
The formula used for the calculation is as follows: 

DPPH radical scavenging activity (%) = 

100/)(1  cji AAA                (3)

Where Ai repr esents the absorbance of the 
free radical solution with sample solution; Aj 
denotes the absorbance of the sample solution; 
and Ac refers to the free radical solution. 

ABTS radical scavenging activity: 2 mL 
of ABTS (10 mmol/L) in phosphate buff er 
was introduced to 2 mL of sample solutions 
possessing varying concentrations (0.2, 0.4, 0.6, 
0.8, 1.0 mg/mL). Subsequently, the resulting 
mixture was thoroughly agitated. Following a 30 
min incubation period at ambient temperature, 
the absorbance values of the mixture were 
measured at 734 nm. It is worth noting that 
Vc was employed as the positive control. The 
calculation formula employed in this study 
remained consistent with formula 3.

Hydroxyl radical scavenging activity: 1 mL of 
H2O2 (8.8 mmol/L), 1 mL of salicylic acid-ethanol 
(9 mmol/L), and 1 mL of FeSO4 (9 mmol/L) 
were combined with 1 mL of sample solutions 
possessing varying concentrations (0.2, 0.4, 0.6, 
0.8, 1.0 mg/mL). Subsequently, the resulting 
mixture was subjected to a 30 min incubation 
period at 37°C. Following this incubation, the 
absorbance of the mixture was measured at 510 
nm. It is important to note that Vc was utilized 
as the positive control. The calculation formula 
employed in this study remained consistent 
with formula 3.

Determination of reducing power: 1 mL of 
sample solutions with varying concentrations 
(0.2, 0.4, 0.6, 0.8, 1.0 mg/mL) were combined 
with 1 mL of 1% (w/v) K3[Fe(CN)6] and 1 mL 
of Phosphate buff er (pH = 6.6). The resulting 
mixture was allowed to react at a temperature 
of 50°C for a duration of 20 min. Subsequently, 
2 mL of 0.3% trichloroacetic acid was added to 
the reaction solution. Following this, 2 mL of 
distilled water and 0.4 mL of 0.3% (w/v) FeCl3 
were added to a 2 mL mixed solution, and the 
reaction was carried out at 50°C for 10 min. The 
absorbance of the solution was then measured 
at 700 nm. The formula employed is as follows:

21 AAX                           (4)

Where, X represents reducing capacity; A1 
denotes the absorbance value of the sample 
group; A2 refers to the absorbance value of the 
blank group.

Viscosity stability of purifi ed FTP: The 
viscosity curve of the sample solution over 
time was determined using a DV3T viscometer 
(Brookfi eld, Middleboro, MA, USA). The purifi ed 
component solutions (50 m L) was added to the 
sample pool. To ensure accurate measurements, 
the appropriate rotor was selected to maintain 
the torque between 10% and 100%. The rotation 
speed was set at 30 r/min, the temperature 
was maintained at 25°C, and the measurement 
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duration was 1 min.Eff ect of temperature on 
viscosity: Purifi ed component solutions (4 mg/
m L) were kept at 30, 40, 50, 60, 70, 80 and 
90°C for 10 min. The viscosity was de termined 
at 30 r/min, respectivelyEff ect of concentration 
on viscosity: The purifi ed components were 
accurately weighed and prepared by dissolving 
them in distilled water to obtain concentrations 
of 1, 2, 3, 4, 5, 6, and 7 mg/mL. The viscosity of 
each solution was then determined at a constant 
rotation speed of 30 r/min.

Eff ect of pH on viscosity: The viscosity of the 
purifi ed component solutions (4 mg/mL) was 
measured at 30 r/min. The pH of each solution 
was adjusted using 1 mol/L HCl solution and 1 
mol/L NaOH solution to achieve pH values of 2, 
4, 6, 8, 10, and 12.

Eff ect of salt ions on viscosity: 0.5% and 
1.0% NaCl and CaCl2 were added to the purifi ed 
component solutions (4 mg/mL). This resulted 
in fi nal concentrations of NaCl and CaCl2 of 5% 
in the solutions. However, it was observed that 
the addition of these inorganic salts caused the 
gel solution system to become unstable. After 
allowing the solution to stand, the viscosity was 
measured at 30 r/min.

Statistical Analysis
All experimental determinations were 

performed in three independent biological 
replicates (n = 3). All quantitative data were 
expressed as mean ± standard deviation (SD). 
One-way analysis of variance (ANOVA) followed 
by LSD and S–N–K post-hoc multiple comparison 
tests were conducted via SPSS Statistics 27 
software to evaluate inter-group signifi cant 
diff erences. Statistical signifi cance thresholds: 
p < 0.05 (marked with diff erent lowercase letters 
in all fi gures), p < 0.01 (extremely signifi cant). 
Origin 2022 software was adopted for all graph 
plotting; every fi gure explicitly labels sample 
number (n = 3), signifi cance letter notation and 
unit specifi cations in captions and axis labels to 
enhance readability.

Results and Discussion
Screening of DES system for extraction 
of FTP

This study investigated the effi  cacy o f six 
distinct choline chloride-based DES in extracting 
freeze-dried Tremella fuciformis fermentation 
broth to obtain FTP. The extraction yields of 
FTP using diff erent solvents were depicted 
in fi gure 1. The results displayed signifi cant 
variations in the ability and effi  ciency of DES 
for FTP extraction. The total sugar extraction 
yields of the six DES preparations from Tremella 
fuciformis were as follows: 15.75, 57.95, 25.27, 
16.30, 16.29, and 36.22 mg/g, respectively. These 
fi ndings indicated that all DES were capable 
of extracting FTP; however, DES-2 exhibited 
the highest yield of 57.95 ± 5.17 mg/g in terms 
of polysaccharides content, surpassing the 
other DES. It is worth noting that DES derived 
from diff erent combinations of hydrogen bond 
donors (HBD) and hydroge n bond acceptors 
(HBA) possess distinct physicochemical 
properties, including surface tension, polarity, 
and solubility [21]. The varying extraction rates 
of FTP among diff erent DES systems have been 
established. Furthermore, Radošević, et al. 

Figure 1 Extraction yields of FTP obtained from deep 
eutectic solvent (DES). Mean ± standard deviation (n = 
3). Different lowercase letters on the columns represent 
signifi cant differences (p < 0.05).
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[22] confi rmed the low cytotoxicity of choline 
chloride-glycerol and its non-inhibitory eff ect 
on wheat seed germination through cytotoxicity 
and phytotoxicity data. Jamshaid and Ahmed 
[23] employed choline chloride-glycerol as an 
extraction solvent for fl avonoids from Koenigia 
weyrichii, and valuable compounds from the 
fruit of Melia azedarach, respectively. Therefore, 
choline chloride-glycerol appears to be the most 
suitable choice for FTP extraction

Analysis of single factor experimental 
results

According to fi gure 2A in this study, it is 
evident that the polysaccharides extraction yield 
exhibited an upward trend, reaching its peak 
at 63.63 mg/g when the water content ranged 
from 50% to 60%. Conversely, a decrease in 
extraction yield was observed when the water 
content ranged from 60% to 80%. This decline 

A  B  

Figure 2 Single factor test results of FTP extraction by deep eutectic solvent (DES).
(A): Water content (B): Temperatures (C): Extraction time (D): Solid-liquid ratio on extraction yield of FTP. Mean ± standard 
deviation (n = 3). Different lowercase letters on the columns represent signifi cant differences (p < 0.05).
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can be attributed to the excessive viscosity of 
the low water content DES, which hampers 
the fl uidity of its constituents and impedes 
molecular diff usion, thereby compromising 
the extraction effi  ciency. However, as the water 
content increased, the viscosity gradually 
diminished, leading to an increment in the 
extraction volume.

The eff ect of extraction temperature on the 
polysaccharides yield was illustrated in fi gure 2B. 
It was observed that the maximum yield of 74.01 
mg/g was achieved at a temperature of 40°C. 
Subsequently, as the temperature increased, the 
polysaccharides yield exhibited a declining trend. 
This  decrease can be attributed to the eff ects of 
excessive heating on the density and viscosity of 
DES, as well as the conductivity. The vibrational 
motion of anions and cations within the DES 
can induce molecular rearrangement, leading to 
changes in the distribution of vacancies or holes 
and weakening the interactions between ions 
[24]. Therefore, precise temperature control 
during the extraction process is vital.

Figure 2C reveals a notable trend in the 

relationship between extraction time and the 
extraction rate of polysaccharidess. As the 
extraction time extended from 30 min to 120 min, 
the extraction rate exhibited a gradual increase. 
The peak extraction rate of DES was observed 
at 74.28 mg/g after 120 min of extraction. 
However, when the extraction time was further 
extended from 120 min to 150 min, the yield of 
polysaccharidess displayed a gradual decline. 
This decrease could potentially be attributed 
to the hydrolysis of certain components, 
such as FTP, during prolonged exposure to 
high temperatures. Therefore, based on these 
fi ndings, an optimal extraction time of 120 min 
was determined.

The fi ndings depicted in fi gure 2D demonstrate 
the relationship between the volume of DES 
and the extraction rate of polysaccharidess. As 
the volume of DES increased, the extraction 
rate of polysaccharidess exhibited an upward 
trend, reaching its peak of 54.6 ± 5.7 mg/g at 
1:20 (g/mL). However, as the volume of DES 
continued to increase, the extraction rate of 
polysaccharidess gradually decreased. This 

Table 1:  Box-Behnken design (BBD) matrix and response values for the extraction yield of fermented Tremella 
polysaccharidess (FTP).

Group Water content (%)
Extraction 

temperature (°C)
Extraction time 

(min)
Extraction yield 

(mg/g)
Predicted yield

(mg/g)
1 70 40 90 70.5 66.27
2 70 40 150 51.91 57.27
3 70 50 120 68.97 67.58
4 60 40 120 71.49 73.91
5 60 40 120 69.42 73.91
6 60 40 120 72.11 73.91
7 50 30 120 32.53 33.92
8 60 30 150 52.72 47.09
9 50 40 90 36.91 36.91

10 60 40 120 83.25 83.25
11 70 30 120 49.48 49.48
12 60 50 90 49.38 49.39
13 60 40 120 73.28 73.28
14 50 50 120 42.55 42.55
15 60 50 150 60.44 60.44
16 60 30 90 34.22 34.22
17 50 40 150 46.66 46.66
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decline can be attributed to the achievement of 
an extraction equilibrium in smaller volumes of 
DES. While a larger quantity of DES may enhance 
the leaching rate of FTP, it also results in the 
wastage of DES and complicates the extraction 
process. Therefore, based on these observations, 
a material-to-liquid ratio of 1:20 (g/mL) was 
determined to be the opt imal choice.

In summary, the preliminary optimized 
experimental conditions for the extraction of 
polysaccharidess are as follows: a water content 
of 60%, an extraction temperature of 40°C, an 
extraction time of 120 min, and a  solid-liquid 
ratio of 1:20 (g/mL).

Modeling of the extraction process

Based on the experimental design of RSM 
comb ined with BBD, the data of 17 runs are 
presented in table 1. Design-Expert (version 
8.06) software was used to perform second-order 
polynomial regression analysis and statistical 
analysis of variance (ANOVA) on the data in 
table 2. The quadratic multinomial regression 
model, expressing the relationship between the 
response variable and the three independent 
variables, is represented by formula (5).

Extraction yield = 6.2 + 0.3175A + 0.3988B + 

0.0688C + 0.2125AB - 0.1075AC - 0.5250BC - 
1.11A2 - 0.5290B2 - 1.24C2 (5)

The signifi cance of each parameter was 
evaluated using the p-value and the F-value. 
The variance analysis of the regression model 
reveals the model's regression equation to be 
statistically signifi cant (p < 0.05), indicating 
the reliability of the test method. The lack of 
fi t term was found to be non-signifi cant (p = 
0.2314 > 0.05), suggesting that the regression 
equation eff ectively explains the results and 
predicts optimal conditions. The model's 
correlation coeffi  cient R2 = 0.9203 indicates a 
moderate deviation between the experimental 
and predicted values. Analysis from table 2 
demonstrates that the impact of X1 on the model 
was highly signifi cant (p < 0.01), while the eff ect 
of X3 was signifi cant (p < 0.05). Based on the 
F-value of each factor, the order of signifi cance 
for the extraction of tea polysaccharides was 
as follows: A (water content) > C (extraction 
temperature) > B (extraction time).

Verifi cation of predictive model

The optimal values of independent variables 
and response variable for the proposed 
extraction by using the software Design-Expert 

Table 2: Analysis of the variance (ANOVA) for the second-order polynomial model.
Source Sum of Squares df Mean Square F-value p-value
Model 3569.97 9 396.66 8.98 0.0043 signifi cant

A 844.81 1 844.81 19.13 0.0033
B 53.61 1 53.61 1.21 0.3070
C 343.22 1 343.22 7.77 0.0270

AB 200.79 1 200.79 4.55 0.0704
AC 22.42 1 22.42 0.5076 0.4992
BC 13.88 1 13.88 0.3142 0.5926
A2 567.79 1 567.79 12.86 0.0089
B2 491.34 1 491.34 11.13 0.0125
C2 815.27 1 815.27 18.46 0.0036

Residual 309.16 7 44.17
Lack of Fit 192.27 3 64.09 2.19 0.2314 Not signifi cant
Pure Error 116.89 4 29.22
Cor Total 3879.13 16

R2 = 0.9203 R2
Adj = 0.8178
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were determined as follows: The water content 
(A) was found to be 64.81% (w/w), the extraction 

time (B) was 127.71 min, and the extraction 
temperature (C) was 44.34°C. The maximum 

 

 

A  

b a D 

C  B  

Figure 3 Characterization analysis of purifi ed FTP1 and FTP2. (A): DEAE-Sepharose Fast Flow chromatography of FTP (B): FTIR 
spectra (C): Congo red λmax shift curve for triple-helix identifi cation (D): SEM micrographs (500×, a: FTP1; b: FTP2).
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predicted extraction yield was calculated to be 
75.75 mg/g. The actual experimental conditions 
employed were  a water content of 64.8% 
(w/w), an extraction time of 127.7 min, and an 
extraction temperature of 44°C. Through three 
validation experiments conducted under these 
actual conditions, the average extraction yield 
of FTP was determined to be 75.35 mg/g.

The observed FTP extraction rate,  which was 
in good agreement with the predicted value, 
demonstrates the accuracy of the regression 
model and its potential for predicting FTP 
extraction rates. Notably, the extraction rate 
achieved using this method was 88.06% higher 
than that of the traditional water extraction 
and alcohol precipitation method. Hence, this 
model proves to be well-suited for optimizing 
FTP extraction in DES. Therefore, the fi ndings 
presented here highlight the utility of DES 
extraction in isolating specifi c compounds from 
microbial fermentation products. Moreover, 
the environmentally friendly, rapid, effi  cient, 
and cost-eff ective nature of DES solvents 
should be duly considered for various biological 
applications.

Cross-Comparison with Previously Reported 
FTP Extraction Yields published. Traditional hot 
water extraction yields range from 32-45 mg/g; 
ultrasonic-assisted extraction ranges from 43-
50 mg/g; enzyme composite extraction reaches 
41-48 mg/g; prior DES extraction for solid 
Tremella fruiting bodies achieves 52-61 mg/g 
[18]. Our optimized DES method for fermentation 
broth FTP reaches 75.35 mg/g, 24-88% higher 
than all reported conventional and solid-matrix 
DES extraction yields, fully demonstrating the 
unique advantage of DES for liquid fermentation 
raw materials.Characterization analysis of FTP1 
and FTP2

Upon purifi cation, two components of FTP, 
namely FTP1 and FTP2, were obtained, as 
depicted in fi gure 3A. 

The infrared spectra of polysaccharidess 

FTP1 and FTP2 are presented in fi gure 3B. 
Through spectrogram analysis, it is evident 
that both FTP1 and FTP2 exhibit nearly identical 
infrared spectral characteristic peaks, which 
are indicative of polysaccharides absorption 
peaks. Notably, as depicted in fi gure 3B, 
both polysaccharidess display pronounced 
absorption peaks at approximately 3420 cm-

1, primarily attributed to the O-H stretching 
vibration. FTP2 exhibits a relatively feeble 
absorption peak at 1718 cm-1, which corresponds 
to the characteristic absorption peak of uronic 
acid, thereby signifying the presence of uronic 
acid in FTP2. Conversely, FTP1 lacks a distinctive 
peak at this wavenumber, indicating its neutral 
polysaccharides nature. The absorption peak 
observed around 1640 cm-1 arises from the 
stretching vibration of the C = O bond of the 
aldehyde. The absorption peak observed at a 
wavelength of 1560 cm-1 corresponds to the 
deformation vibration of N-H. Similarly, the 
absorption peak at 1419 cm-1 signifi es the C-H 
variable angular vibration. In addition, the 
absorption peak at 1290 cm-1 is attributed to the 
elastic vibration of O-H in COOH. Notably, the 
presence of pyranoside in the polysaccharides is 
indicated by the three absorption peaks between 
1000 cm-1 and 1200 cm-1, which arise from the 
stretching vibrations of C-O-C and C-O-H in the 
pyranoid ring. Moreover, the absorption peak 
at approximately 850 cm-1 corresponds to the 
scissor-like vibration of the C-H bond of alpha-
pyranose. Lastly, the CO-NH bond is detected at 
a wavelength of 620 cm-1.

Conducting Congo red experiments becomes 
a valuable endeavor to ascertain the presence of 
a triple-helix structure in polysaccharidess. In 
these experiments, the maximum absorption 
wavelength (λmax) of the polysaccharides's Congo 
red complex undergoes a redshift when exposed 
to solutions with varying concentrations of 
sodium hydroxide. As depicted in fi gure 3C, 
when the NaOH concentration was 0.1 mol/L, 
both FTP1 and FTP2 exhibited a pronounced and 
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signifi cant redshift in the maximum absorption 
wavelength of the Congo red complex. This 
observation strongly suggests the presence of 
a triple helix structure in the eluent fractions, 
aligning with the fi ndings reported by Li, et al. 
[25], the biological activities of polysaccharidess 
are closely linked to their triple-helical 
conformation. Research has demonstrated 
that polysaccharidess exhibiting a triple helix 
structure generally possess stronger biological 
activity compared to those with single helix or 
random helix structures [26]. 

Figure 3D present the SEM images of FTP1 
and FTP2, respectively, at 500× magnifi cation. 
At low magnifi cation, FTP1 exhibits dispersed 
small particles. The microscopic morphology 
of FTP1, as depicted in the fi gure 3D a, reveals 
a compact, block-like structure with quasi-
circular and quasi-spherical shapes. The surface 
appears smooth without any visible pores. In 
contrast, FTP2 displays a fl ake-like morphology 
with larger clumps, indicating strong molecular 
interactions and tight binding. The size of FTP2 
particles is considerably larger than that of FTP1. 
These fi ndings align with the results reported 
by Zhang, et al. [27], who observed a signifi cant 
diff erence in the size of purifi ed components 
through 100-fold scanning electron microscopy.

Antioxidant activity of FTP1 and FTP2 in 
vitro

In this study, a comparative analysis of the 
two components is conducted based on their 
in vitro antioxidant activity, with Vc as positive 
control.

Figure 4A illustrates the scavenging effi  cacy 
of FTP1 and FTP2 on DPPH free radicals. At a 
concentrati on of 2 mg/mL, FTP1 exhibited a 
DPPH scavenging activity of 27.58%, while 
FTP2 demonstrated a slightly higher activity 
of 32.01% compared to FTP1. However, as the 
concentration increased, the scavenging abilities 
of the samples on DPPH free radicals followed 
the order: FTP1 > FTP2. The scavenging activities 

of FTP1 a nd FTP2 against ABTS free radicals are 
presented in fi gure 4B. Notably, Vc displayed 
the highest activity in scavenging ABTS free 
radicals, while FTP1 exhibited a signifi cantly 
greater scavenging ability against ABTS free 
radicals compared to FTP2.Figure 4C presents 
the scavenging capacity of F TP1 and FTP2 on·OH 
radicals. The order of scavenging ability on·OH 
radicals was as follows: FTP1 > FTP2. In fi gure 
4D, the reducing power of FTP1 was higher than 
that of FTP2 at low concentrations and slightly 
lower than that of FTP2 at high concentrations. 
At a concentration of 1.0 mg/mL, the maximum 
reducing capacity of FTP1 and FTP2 was 0.191 
and 0.204, respectively.

The analysis of the In vitro antioxidant 
experim ents revealed that FTP1 exhibited robust 
antioxidant activity. This observation led to the 
speculation that the smaller molecular size of 
FTP1 compared to FTP2 may contribute to this 
phenomenon. This inference was supported by 
the results of SEM. FTP1 has smaller dispersed 
particles (SEM), providing larger specifi c surface 
area for full contact with free radicals to capture 
DPPH/·OH radicals effi  ciently Both FTP1 and FTP2 
demonstrated favorable antioxidant activity, 
aligning with the comprehensive assessment 
of Tremella fuciformis polysaccharides's 
antioxidant properties by Wu, et al. [1]. Hence, 
this study confi rms that FTP1 and FTP2 hold 
promise as potential sources of functional food.

Viscosity stability of FTP1 and FTP2

According to fi gure 5A, the viscosity of the 
solutions of FTP1 and FTP2 gradually decreased 
from 0.76 and 0.87 Pa·s to 0.49 and 0.53 Pa·s, 
respectively, as the temperature increased 
from 30°C to 90°C. The viscosity reduction rate 
of FTP1 was 35.53%, while that of FTP2 was 
39.08%. The viscosity change rates of FTP1 
at each temperature interval were as follows: 
9.09%, 7.14%, 3.08%, 7.94%, 8.62%, and 
11.32%. Similarly, the viscosity change rates of 
FTP2 at each temperature interval were 2.27%, 
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9.30%, 16.67%, 3.08%, 17.46%, and 3.85%. Xu, 
et al. [28] suggested that the thermal stability 
of a polysaccharides improves as the viscosity 
change rate decreases. Therefore, FTP1 exhibited 
stronger overall thermal stability compared to 
FTP2. FTP1 demonstrated the highest thermal 
stability between 50°C and 60°C, whereas FTP2 
exhibited the best thermal stability between 30°C 
and 40°C. Notably, FTP2 displayed enhanced 
stability and resistance to decomposition at 
higher temperatures ranging from 80°C to 
90°C. In addition, as the temperature increases, 
the viscosity of both components gradually 
decreases. Previous research has indicated that 
the rise in system temperature leads to increased 
energy dissipation motion of molecules, 
resulting in the disruption of hydrogen bonds 

within and between molecular chains, thereby 
reducing the overall molecular interaction 
[29]. As a result, the entanglement between 
polysaccharides macromolecules weakens, 
leading to a thermal expansion phenomenon 
within the solution. This phenomenon, known 
as the "dilution eff ect," contributes to the 
viscosity reduction observed in the FTP1 and 
FTP2 solutions. These experimental fi ndings 
align with the studies conducted by Nwokocha 
and Williams [26] on Adansonia digitata leaf 
polysaccharides and Exopolysaccharides from 
Leuconostoc citreum 1.2461 Fermented in Soybean 
Whey, as well as Li, et al. [30].

Figure 5B illustrates the infl uence of 
concentration on the viscosity of FTP1 and 
FTP2 solutions. The viscosity of both solutions 

 

 

 

A  

D 
C  

B  

Figure 4 Radar charts of four in vitro antioxidant indicators for FTP1, FTP2 and positive control Vc (A): DPPH (B): ABTS (C): ·OH 
(D): Determination of reducing power. Mean ± standard deviation (n = 3). Different lowercase letters on the columns represent 
signifi cant differences (p < 0.05).
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shows a p ositive correlation with concentration. 
This can be attributed to the increased 
number of molecules per unit volume at lower 
concentrations, as well as the presence of 
branching structures that aff ect intra- and inter-
chain entanglement and interaction, leading to a 
more compact state and reduced intermolecular 
forces and viscosity [29,31]. At a polysaccharides 

concentration of 7 mg/mL, the viscosity of the 
solutions reached a maximum of 3.79 mPa·s. 
This fi nding aligns with the results reported by 
Xu, et al. [32] on the viscosity increase with the 
concentration of Vaccinium bracteatum Thunb 
leaves polysaccharidess. In addition, FTP2 
exhibited higher viscosity than FTP1 at the same 
concentration, which can be attributed to the 

A  B  

D C  

Figure 5 Viscosity stability of purifi ed FTP1 and FTP2. (A): Temperature (B): ConcentrationC): pH (D): Inorganic salt 
concentration. Mean ± standard deviation (n = 3). Different lowercase letters on the columns represent signifi cant differences 
(p < 0.05).
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larger molecular size of FTP2. These results are 
consistent with the observations produced with 
SEM.

The infl uence of pH on the viscosity of FTP1 
and FTP2 solutions was depicted in fi gure 5C. 
The viscosity of the FTP1 solution exhibited 
a range from 0.65 to 0.67 Pa·s at pH 2 to 10. 
Similarly, the FTP2 solution displayed a viscosity 
range of 0.88-0.9 Pa·s at pH 2 to 12, with no 
signifi cant changes observed. Notably, when 
the pH exceeded 10, the viscosity of the FTP1 
solution increased from 0.67 Pa·s to 0.93 Pa·s 
due to alkaline enhancement. Conversely, the 
viscosity of FTP2 solution exhibits an increase 
under conditions of both strong acid and strong 
base. These fi ndings suggest that FTP1 exhibits 
stability under strong acidic conditions, while 
FTP2 demonstrates stability under both 
strong acidic and basic conditions. Previous 
studies have reported that acidic or alkaline 
conditions can disrupt the hydrogen bonds of 
polysaccharidess, leading to conformational 
changes and subsequent alterations in viscosity 
[28]. The apparent viscosity of the Ribes 
stenocarpum Maxim polysaccharides prepared 
by Qiao, et al. [33] was enhanced in an acidic 
environment, and the increase in FTP2 viscosity 
under acidic conditions was comparable to that 
observed in his study. The observed outcome 
may be attributed to the interaction between H+ 
ions and the negatively charged species in the 
solution, leading to a fl occulation reaction that 
enhances the viscosity of the sample [34]. 

The addition of salt ions is also a signifi cant 
factor infl uencing the viscosity of the solution. 
Figure 5D illustrates that the viscosity of both FTP1 
and FTP2 solutions decreased upon the addition 
of NaCl and CaCl2 solutions. Specifi cally, the 
viscosity of FTP1 decreased by 9.68% following 
the addition of CaCl2 and 11.27% following the 
addition of NaCl. Similarly, the viscosity of 
FTP2 decreased by 16.87% and 12.24% after the 
addition of CaCl2 and NaCl, respectively. This 
phenomenon can be attributed to the distinct 

binding modes between the polysaccharides 
molecular chains and metal ions, resulting in 
alterations in the shape and movement of the 
molecular chains [35]. Moreover, the steady-
state and dynamic rheological properties of FTP1 
and FTP2 are aff ected. Experimental fi ndings 
from the literature have demonstrated varying 
eff ects on the viscosity of polysaccharides 
solutions upon the addition of salt, including 
increases, decreases, or minimal changes [28]. 
In summary, the stability of FTP1 exhibited a 
higher resistance to the addition of salt ions 
compared to FTP2.

In conclusion, the fi ndings regarding 
viscosity stability indicate that the viscosity 
of FTP1 and FTP2 is notably infl uenced by 
the concentration, pH, temperature, and salt 
ions present in the polysaccharides solution. 
Additionally, it is evident that FTP1 exhibits a 
higher degree of stability compared to FTP2. 
The viscosity of FTP2 is higher than that of 
FTP1 under varying test conditions. FTP2 forms 
large aggregated fl aky clusters (SEM), raising 
hydrodynamic volume of macromolecules in 
aqueous solution.FTP1’s small isolated particles 
have weaker interchain entanglement, resulting 
in lower viscosity under identical concentration, 
temperature and pH conditions. These 
characteristics, including viscosity stability, 
make FTP1 and FTP2 an appealing choice for 
novel food thickeners, particularly in common 
food environments where such properties are 
desirable for processing purposes. Conclusions

In this study, the investigation focused on the 
antio xidant activities and apparent viscosity of 
the two constituent polysaccharidess derived 
from DES subsequent to purifi cation. Among the 
six distinct solvents examined, the selection for 
the extraction of FTP involved choline chloride-
glycerol (with a molar ratio of 1:2) through a 
process of heating and mixing. The impact of 
water content, extraction time, and temperature 
on the concentration of the desired compounds 
was thoroughly assessed. The response surface 
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method revealed that the optimal extraction 
conditions obtained were in good agreement 
with the experimental values. Under the 
conditions of water content of 64.8% (w/w), 
extraction temperature of 44°C and extraction 
time of 127.7 min, the highest extraction rate of 
75.35 mg/g was obtained, and the extraction rate 
was 88.06% higher than that of traditional water 
extraction and alcohol precipitation method. 
The conformation analysis of FTP1 and FTP2, 
as determined by the congo red test, indicated 
a trihelical structure. Notably, FTP1 exhibited 
robust scavenging and reducing capabilities 
against DPPH, ABTS, and hydroxyl radicals, as 
demonstrated by the antioxidant activity assays. 
Moreover, the viscosity stability measurements 
highlighted the sign ifi cant infl uence of 
polysaccharides solution concentration, pH, 
temperature, and salt ions (NaCl and CaCl2) 
on the observed viscosity stability. Therefore, 
the fi ndings presented herein underscore 
the potential utility of DES extraction for 
the isolation of targeted compounds from 
microbial fermentation products. Moreover, 
the environmentally friendly, rapid, effi  cient, 
and cost-eff ective nature of DES solvents 
warrants greater consideration for diverse 
biological applications. Additionally, this study 
has successfully purifi ed and characterized FTP, 
thereby confi rming the applicability of FTP1 and 
FTP2 in various food products. 

Overall, this study establishes a low-
energy, eco-friendly DES extraction platform 
for fermented polysaccharidess, fi lls the 
research gap of DES application in liquid 
fermentation separation, and provides 
comprehensive theoretical data supporting 
industrial transformation of Tremella fuciformis 
polysaccharides functional biomaterials.
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