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Abstract

In this study, the second-order model, Fick’s second law of diffusion, and the Peleg model were used to evaluate the extraction
kinetic model of polysaccharide (CPP) from Codonopsis pilosula. The characteristic functional groups, surface structure,
and physical and chemical properties of CPP were analyzed by multi-spectroscopic and microscopic techniques. The results
showed that the extraction process agreed well with the second-order model, Fick’s second diffusion law, and Peleg model.
Rheological tests showed that CPP exhibited different viscosity changes under different conditions (Solution viscosity was
inversely proportional to temperature, time, etc.; proportional to polysaccharide concentration, Na* content, etc.). CPP was
composed of molecular aggregates composed of small particles, with more pore structure and basically completely decom-
posed at 130 °C. The hypoglycemic study showed that CPP had a strong inhibitory effect on a-glycosidase than a-amylase.
The morphology and subsequent structural features, anti-diabetic potential, and rheological properties of CPP were revealed
to provide a theoretical basis for the development of pharmaceutical preparations or health food and functional food for the

treatment of diabetes.
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1 Introduction

Botanical products are new favorites in many fields because
of their low toxicity and easy degradation [1]. Most of the
natural extracts are ubiquitous in the field of medicine [2].
Codonopsis is the dried plant root of Codonopsis pilosula
(Franch.) Nannf, C. pilosula Nannf var. modesta (Nannf.)
LT. Shen or C. tangshen Oliv, belonging to the genus Codo-
nopsis of Campanulaceae. C. pilosula (CP), an authentic
medicinal material, is mainly produced in areas with an
altitude of 1560 to 3100 m in Gansu Province, China. It has
many functions such as treating stomach weakness and is
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used in people’s daily life. With the development of science
and technology, the research on the chemical components of
CP has been continuously deepened including the extraction
technology, analysis methods, and isolation, purification,
and structure identification of the chemical components.
Polysaccharides were originally called immunostimulants
[3], which were a type of natural polymer formed by con-
necting aldose or ketose via glycosidic bonds. Previous stud-
ies had reported that C. pilosula polysaccharides (CPP) had
a wide range of biological activities, such as anti-fatigue
[4], anti-virus [4], anti-oxidation [5], immune regulation
[6], inhibition of tumor cell proliferation [7], promotion of
apoptosis [7], promotion of blood coagulation [8], regulation
of intestinal microbes [9], and prevention of neurodegenera-
tive diseases [10]. Sulfation modification can improve the
antioxidant and hepatoprotective activities of CPP [11] and
has some application prospects in the development of new
anti-coronavirus drugs and vaccines [12], etc. Polysaccha-
rides also have good physical and chemical properties, good
biocompatibility, and low toxicity, so they have been widely
used as biomaterials in medical and biological fields [13].
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The extraction process is very important and indispen-
sable in the production of Chinese herbal medicine, and its
core is to use solvents to extract active ingredients from Chi-
nese herbal medicines. The typical method generally used to
extract medicinal plant polysaccharides is hot-water extrac-
tion, which belongs to the “green extraction method.” Water
extraction is also widely applied into the pharmacy indus-
try due to its lower cost-effectiveness, high repeatability,
simplified operation, and shorter extraction time producing
more target compounds and lower energy input. To get the
optimal extraction conditions to increase the yield, we try to
establish a model to expound the interaction among extrac-
tion time, temperature, solid-liquid ratio, and particle size.
In fact, mathematical modeling can simplify the process
design and control to obtain the optimization condition and
provide correct information for large-scale extraction and
preparation [14]. Kinetic modeling is of great significance
for understanding the complex diffusion, mass transfer, and
thermodynamic parameters affecting extraction [15, 16].
Many material kinetic models for extracting polysaccha-
rides from other traditional Chinese medicines have been
reported before, such as two-point kinetic models [17], first-
order models [18], two-parameter empirical models [19],
and chemical kinetics and diffusion models based on Fick’s
law [20]. Most studies indicate that the two-stage rate model
can best describe the dynamics of modern and traditional
extraction techniques [21, 22]. Looking at the mathematical
models of plant target component dynamics deduced and
established by domestic and foreign researchers, they are
all guided by the theory of mass diffusion and mass trans-
fer. The granular structure of plant particle is derived from
abstract assumptions such as spherical, quasi-spherical, and
cylindrical, and then the equation is further simplified and
revised. However, due to factors such as the tissue structure,
hardness, and density, it is difficult to establish a universally
applicable extraction kinetic model from plant tissues during
the process of non-steady state diffusion and mass transfer
of active ingredients.

Most of the studies on CPP focus on its activity and struc-
ture [4-6], while the studies on kinetic extraction models are
relatively few. In this study, the effects of extraction factors
such as temperature, the ratio of material to liquid, particle
size, and extraction time on the yield of CPP were investigated.
And the second-order rate model and Fick’s second law and
Peleg model were fitted to extract the kinetic equation of CPP.
To determine the best model suitable for industrial applica-
tions, the parameters in each model were solved and com-
pared to obtain the optimal hot-water extraction CPP kinetic
model. These results in this study can provide valuable data
for the pilot-scale design and industrial application of the CPP
extraction process. At the same time, a preliminary study of
the physical and chemical properties, rheological properties,
hypoglycemic activity, and polysaccharide structure of CPP
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was carried out in combination with a variety of spectroscopic
techniques. It has a certain guiding significance for the devel-
opment and utilization of CPP.

2 Materials and methods
2.1 Material pretreatment and source

CP was produced in the local medicine market of Minxian,
Dingxi City, Gansu Province, China. The surface sediment was
washed with tap water, then washed several times with distilled
water, dried in a drying oven (45 °C, 36 h), crushed, and sifted
through 40, 60, and 80 mesh, respectively. The particles with
uniform particle size were selected as experimental materials.

2.2 CPP preparation

The CPP was extracted using the hot-water extraction method,
and 5.0 g of the dried CP powder was weighed out and mixed
with distilled water in a 100-mL conical flask. The extraction
was carried out according to the pre-experimental require-
ments for extraction time, solid—liquid ratio, extraction tem-
perature, and particle size. After the extraction, the crude
extract was centrifuged at 4500 rpm for 15 min to separate the
supernatant extract and solid residue (TD5A-WS, Changsha
Xiangyi Centrifuge Instrument Co. Ltd., Hunan, China). After
the supernatant was collected and concentrated to 1/5 volume,
the concentrate was further mixed with ethanol with a final
concentration of 80% (V/V) and precipitated at 4 °C for 24 h.
The precipitate collection was used by the Sevag method [23]
to remove protein 5 times. The upper liquid was dialyzed with
8000-10,000 Da dialysis bag for 24 h, and the crude poly-
saccharides were obtained by freeze-drying (SCIENIZ-18 N,
Ningbo Biotechnology Co. Ltd., Ningbo, China).

CXVXF
— X

yield(%) = 100 1)

where C denotes the concentration of polysaccharides
(mg/mL); F denotes the dilution factor; V denotes the vol-
ume of extraction solution (mL); and M denotes the weight
of CPP (g).

According to the abovementioned extraction process, the
dynamics model was established based on the experimental
data.

2.3 CPP kinetic model fitting analysis

To study the effect of experimental factors (solid-to-liquid
ratio, extraction time, extraction temperature, particle size)
on the yield of CPP, the solid to liquid ratio was set at 1:08,
1:10, 1:12, 1:14, and 1:16 (g/mL); the material particle size
was chosen to 40 mesh (420 pm), 60 mesh (250 pm), and 80
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Table 1 CPP water extraction conditions

Level Factor
Time (T/min) Tempera-  Solid-liquid Particle
ture (°C) ratio (g/mL) size
(Hm)

1 10 40 8 420

2 20 50 10 250

3 30 60 12 180

4 40 70 14

5 50 80 16

6 60

7 70

8 80

mesh (180 pm); the extraction temperature was given at 40,
50, 60, 70, and 80 °C; and the extraction time was set at 10,
20, 30, 40, 50, 60, 70, and 80 min. The extraction experi-
ment was performed according to the combination shown in
Table 1. The phenol-sulfuric acid method [24] was used to
determine the polysaccharide content in each experiment.

The extraction process of polysaccharides is complicated.
The essence is the mass transfer process of the effective
components from the intracellular diffusion of the medici-
nal materials to the solvent, and the solute concentration
in the particles decreases continuously with time, which is
an unstable mass transfer process. The process is generally
considered to have three steps:

(1) The solvent is mixed with CP particles, penetrates the
particles, and dissolves the polysaccharides of CP (sol-
vent penetration).

(2) The dissolved polysaccharide diffuses to the particle
surface (internal diffusion).

(3) The polysaccharide moves from the surface of the par-
ticle to the main body of the solution diffusion (external
diffusion).

In the abovementioned procession, the second step (internal
diffusion) determined directly the yield of CPP. At this time,
the particle size of CP, extraction temperature, solid to material
ratio, and extraction time will all affect the internal diffusion effi-
ciency. The following three kinetic models will be used to model
the CPP extraction kinetics as shown in the following (Table 2).

2.3.1 Second-order rate model

The second-order rate model was applied to study the
extraction kinetics of CPP. The second-order rate model
can well explain the mass transfer mechanism of active
components in the process of solid-liquid extraction [25,
26]. The dissolution rate of active components in CP gran-
ules can be expressed by the following equation:

L _ke,-cy @
dt s

where C, is the concentration of the active ingredient in
the extract at any time ¢ (mg polysaccharide/100 g dry mat-
ter); C; is the concentration of the active ingredient in the CP
granule at any time ¢ (mg polysaccharide/100 g dry matter);
and k is the second-order extraction rate constant.

The initial and boundary conditions of Eq. (2) are given
as follows: =0, C,=0, and t=¢, C=C,. According to this
condition, the solution of Eq. (2) can be obtained as Eq. (3).

c C2kt ;
"1+ Ckt )
Transform the Eq. (2) to obtain the Eq. (3):
t 1 t 1 t
C, k' C, hG, “)

In Eq. (4), h is the extraction rate of the active ingredi-
ent at the initial time. Equation (4) is deformed again to
obtain the total polysaccharide concentration at any time
t, and the expression is shown in Eq. (5).

1
0

In which, the extraction rate (k) of the active ingredient at
the initial moment and the second-order extraction rate con-
stant (k) in the saturated state could be calculated through the
slope and intercept of the linearity curve that plots ¢ by #/C,.

C =

2.3.2 Fick’s second law model

Fick’s second law model was used to explain the active
substance extraction process [27, 28]. To facilitate

Table 2 CPP extraction kinetic

Model Equation Parameters Reference
model
Second-order model Clkt C, k,and h [20, 25, 26, 55]
LT 1+Cokt
Fick’s second law model In[(p,,e)/ ( Prco — pr>] =kt + Inb K and Ds [27, 28, 56]
Peleg model C, = ! K, and K, [29, 45, 57]

K +Ky1
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subsequent research for CPP extraction, simplified assump-
tions were made for the extraction process:

(1) The pulverized particles of CP with different particle
sizes are regarded as spherical, and the shape remains
unchanged during the entire extraction process without
solvent influence.

(2) Polysaccharides only diffuse with uniform concentra-
tion from the core to the outside along the direction of
their particle size.

(3) The mass transfer resistance of polysaccharides on the
surface of CP particles is negligible.

(4) When the solute diffuses into the solvent, the extrac-
tion time, temperature, solid—liquid ratio, and particle
size have no effect on the concentration of each point
in the solvent, and the uniform diffusion coefficient of
each point of the main mass concentration of the liquid
phase remains unchanged.

(5) CP particles are evenly distributed in the solvent, and
the external solution is a uniform field, and the tem-
perature is consistent with the solvent.

According to Fick’s second law of diffusion:

dpc pc  *pe  9*pc
— =D + +
ot T< a’x 9ty 0%z ©

32/7( 32!’@ azpc
a2x 7 dty’ 0%z’

S e . .
on the x-, y-, and z-axis .% is the mass concentration—time
gradient.

Assumption Ap, =

where

is the mass concentration gradient

dzpc 02& 02pc
02x + 0%y + 2z’
assumption that the grains of CP are assumed to be spheri-
cal, the following Eq. (7) was obtained.

azpc opc 2
.= 4+ —-(= 7
c or? or ( r ) @

due to the above

Azp

If f = p_ e r, then Eq. (8) was expressed as follows.

F _p %

or T or? ®

Assuming boundary conditions r=0, f=0, r=R,
Eq. (9) was given as follows.

dpy e
(7) V=PSSO ©

Initial conditions t=0, f=pr; t = 00,p, = Prco- FrOM
the Fourier transform method, we can get Eq. (10).

@ = (6/7%) Y {expl-(nz/RY’D,1} (10)
n=1

Pywoo w0
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Because the high-order term of the mass concentration
distribution tends to 0, when n=1, Eq. (11) was expressed.

2
o2
— = | = ) |exp| - (11)
Prwoeo = Pwo w? R?
At the initial extraction time, p,, = 0 is taken, and the

logarithm on both sides of the logarithm (10) is obtained
by Eq. (12).

In[(Pyy60)/ (Prveo = Puo )] = kt + Inb) (12)
where k= ”;12)’, b =%2 = 1.643, t is the extraction time,

min; R is the radius, mm; p is the mass concentration of
the polysaccharides within the particle at the distance r
from the surface of the sphere at time ¢, mg/mL;D, is the
surface diffusion coefficient; p,, is the mass concentration
of the polysaccharides in the main body of the liquid phase
at time ¢, mg/mL; V is the volume of the solvent in the
main body of the liquid phase, mL; S is the contact area
between the material particles and the solvent, mm?; P 1S
the initial mass concentration of the solute in the particles,
mg/mL; p, is the initial mass concentration of the solute
in the main body of the liquid phase, mg/mL; p_, is the
initial mass concentration of the solute in the granule at
the extraction equilibrium, mg/mL; and p,,, is the mass
concentration of the solution at the equilibrium extraction,
mg/mL. Equations (7) and (8) are the obtained kinetic
equations, which are used to reflect the relationship among
the radius of the CP, the extraction time, the temperature,
the liquid to material ratio, and the polysaccharide mass
concentration.

2.3.3 Peleg model

The Peleg model was applied to the prediction of CPP
extraction behavior. This model has been used in experi-
ments such as polyphenols and volatile oil extraction [29].
Therefore, the Peleg model was tried to study the extraction
of CPP. Equation (13) describing the model is displayed as
follows:

t
C,=——
K+ Kyt (13)

é =K, + Kyt (14)

In the Peleg model, C, is the polysaccharide concentra-
tion at time ¢ (mg/mL), and K| is the Peleg ratio constant (g
polysaccharide/100 g dry matter), which is related to the B,
extraction rate (g polysaccharide/100 g dry matter, min) at
the beginning of the extraction (r=0), as shown in Eq. (14):
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1

By= —
0 Kl

15)

The Peleg capacity constant (K,) is related to the maxi-
mum extraction yield and C, (g polysaccharide/100 g dry
matter) is the extraction capacity of the Peleg model in equi-
librium, defined in equation:

Csp =7 (16)

2.4 Physical and chemical properties

Chemical composition of CPP was determined by classical
methods provided in the literature, including the polysaccha-
ride content determination [24], the protein content measure
[30], the content of uronic acid analysis [31], and the content
of sulfate group determination [32]. Each experiment was
repeated three times and the average value was obtained.

2.5 Rheology analysis of CPP

The freeze-dried CPP was dissolved in distilled water,
and the effects of treatment time, concentration, pH, ionic
strength, temperature, additional amount (K*, Zn*, Na*,
and Ca*), and salt on the viscosity of polysaccharides
were studied, respectively, and the data was recorded using
a digital viscometer in continuous reading mode (SNB-2,
Shanghai Tianmei Tianping Instrument Co., Ltd., China).
Each group of experiments was repeated three times and the
average value was taken.

2.5.1 The effect of heat treatment temperature on CP
viscosity

We took the same volume of CPP solution (5%) into four
beakers, followed by stirring for 30 min at a constant tem-
perature of 40, 60, 80, and 100 °C for 1 h, respectively. The
viscosity of CPP was measured at 20 °C [33-35].

2.5.2 The effect of heat treatment time on the viscosity
of CPP

A 5% CPP solution with the same volume was prepared in
five beakers, heated at 80 °C, and then stirred for 20, 30, 40,
50, and 60 min, respectively. When the temperature declined
at 20 °C, the viscosity of CPP was measured [33-35].

2.5.3 The effect of pH on the viscosity of CPP

The same volume of 5% CPP solution was added into five
beakers, and the solution pH was adjusted to 2, 4, 6, 8, and

10 using NaOH (1 mol/L) or HCI (1 mol/L), respectively.
After stirring for 1 h, the viscosity of CPP was measured at
20 °C [33-35].

2.5.4 The effect of different concentrations of sucrose,
NaOH, antioxidant Vc, and oxidant H,0,
on the viscosity of CPP

Sucrose, NaOH, antioxidant Vc, and oxidant H,O, were
added into the 5% CPP solution to a final concentration of
0.5%, 2.5%, 5%, and 10%, respectively. Then, the viscos-
ity of solution was determined after keeping 1 h at 20 °C
[33-35].

2.5.5 The effect of metal ions on the viscosity of CPP

Different concentrations of NaCl, KCI, CaCl,, and MgCl
solutions were added into the 5% CPP solution. Then, the
viscosity of the solution was determined after keeping 1 h
at 20 °C [33-35].

2.5.6 The viscosity of different concentration CPP
determination

CPP was dissolved in distilled water and stirred slowly at
room temperature to prepare a crude polysaccharide solu-
tion with a concentration of 0.05 mg/mL, 0.1 mg/mL, and
0.2 mg/mL. Then, the prepared polysaccharide solution was
stored at 4 °C for 5 h to make it completely hydrated. We
kept each sample in a water bath at 25 °C for 10 min before
the test, and then the apparent viscosity of different concen-
tration CPP was measured with a digital viscometer [33]
(SNB-2, Shanghai Tianmei balance instrument Co., Ltd.,
Shanghai, China).

2.6 Determination of a-amylase and a-glucosidase
inhibitory activities in vitro

The a-amylase activity inhibition experiment was slightly
modified according to the method from the literature
[36-38]. CPP was dissolved in 0.2 mol/mL PBS (pH=6.6)
to prepare polysaccharide solutions of 1, 2, 3,4, 5, and 6 mg/
mL, respectively. 0.25-mL sample solutions of different con-
centrations were added to 0.25 mL a-amylase solution (6
U/mL, Solarbio Biotechnology Co., Ltd.) and 0.5 mL PBS
at 37 °C for 10 min, respectively. Then, 0.5 mL 1% soluble
starch solution and 1 mL DNS reagent were added into the
above mixture solution for reacting at 37 °C for 5 min. The
reaction solution was cooled rapidly in an ice water bath,
and placed in a boiling water bath. After diluted with 5 mL
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distilled water, the absorbance was determined at 540 nm.
At the same time, the sample control group was made. Each
experiment was repeated three times; the a-amylase inhibi-
tion rate was calculated with formula (17):

N B (A3 = Ay)
o — amylaseinhibitionrate(%) = [1 — ———= | * 100
(A —4))

a7

where A, is the absorbance of the blank tube, A, is the
absorbance of the blank control tube, A5 is the absorbance
of the suppression tube, and A, is the absorbance of the sup-
pression control tube.

The inhibitory effect of CPP on a-glucosidase was evalu-
ated with p-NPG (Solarbio Biotechnology Co., Ltd.) as a
substrate. The above different concentrations of CPP solu-
tion were mixed with 10 pL a-glucosidase solution (1U)
(Solarbio Biotechnology Co., Ltd.), and 50 pL phosphate
buffer solution 100 mM (pH 6.8) at 37 °C for 15 min. Then,
20 uL 5 mM - P-NPG was added at 37 °C for 20 min, and
then 50 uL 0.1 M Na,COj; solution was added to terminate
the reaction. Acarbose solution was used as the standard
[36-38], and the absorbance was measured under 405 nm,
and the sample was used as control. Each experiment was
repeated 3 times, and the inhibition rate was calculated with
formula (18):

BI_BZ

] * 100
as)

where B, is sample group absorbance, B, denotes sample
blank group absorbance, B; represents control group absorb-
ance, and B, shows control blank group absorbance.

a — glycosidaseinhibitionrate(%) = [1 -

3~ By

2.7 Structural characterization of CPP
2.7.1 Scanning electron microscopy (SEM)

The CPP samples were placed on the viscous sample table
and placed on the gold-plated conductive layer in the vac-
uum spray plating instrument. The samples were observed
by a scanning electron microscope and photographed by
self-contained software (JSM-5600L V, American Kevex
Company, America) [39].

2.7.2 Differential thermal analysis and thermogravimetric
analysis (DTA/TG)

The DTA/TG curve of 2.0 mg CPP was used to analyze
the thermal characteristics of CPP [40, 41] using a thermo-
gravimeter (STA449C, Netzsch, Germany) at a temperature
from 25 to 900 °C with a heating rate of 10 °C/min.
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2.7.3 Fourier infrared (FT-IR) spectroscopy analysis

Two milligrams of CPP was mixed with 300 mg KBr powder
in a small mortar and ground evenly. The CPP was pressed
into a thin sheet by a pressing machine, and the infrared
spectrum was scanned on the wave number 4004000 cm™!
by an infrared spectrometer (Nexus 670 FT-IR, USA) [27].
Each sample was scanned three times.

2.7.4 Atomic force microscopy (AFM) observation

Mica film was used as the negative film of AFM (Multi-
Mode-HR, Brooke, USA). The concentration of 1.0 pg/
mL CPP aqueous solution was prepared at room temper-
ature overnight. The sample solution was dripped on the
newly stripped mica surface by a traditional drip deposition
method, and then dried naturally and tested under AFM.
The morphological features of AFM images (such as height,
width) were analyzed by the software attached to the atomic
force microscope [42].

2.8 Data analysis

All the experiments were repeated three times. The experi-
mental results were analyzed by Origin Pro software (ver-
sion 8.0, Stat-Ease Inc. Minneapolis, MN, USA). Analysis
of variance by Tukey’s test (p <0.05) (ANOVA) evaluates
the significant difference by SPSS software (version 21.0,
SPSS Inc, Chicago, IL, USA).

3 Results and discussion
3.1 Extraction kinetics
3.1.1 Effect of extraction temperature on the yield of CPP

Generally, the two phenomena of thermal effect and cavita-
tion effect play an important role. The thermal effect works
by expanding and loosening the cell structure, while the cav-
itation effect works by imposing cavitation bubbles or holes
[27, 43, 44]. Temperature is the most important parameter
during the polysaccharide extraction process, because many
factors (such as viscosity, diffusion coefficient, and solubil-
ity) are related to the temperature of the extraction solvent.
The extraction efficiency increases with the increasing tem-
perature. The effect of temperature on the extraction process
was attributed to the diffusivity and solubility of biomass
[43—46]. At higher temperatures, the solvent with the higher
solvent vapor pressure fills the cavitation bubbles, and the
cavitation bubbles collapse with low strength, resulting in
reduced cavitation [36, 47].
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The temperature slowly rose in the initial stage
(40~60 °C), and the diffusion and mass transfer of CPP
significantly increased due to an acceleration of molecu-
lar motion (Fig. 1A). In this stage, the higher concentration
of CPP could be obtained because the higher temperatures
could decrease the dielectric constant and polarity of water
(in turn due to the decrease in the polar force between water
molecules). Besides, as the solve temperature increases, the
viscosity of the solve decreased, and the surface tension and
diffusion coefficient of the solve increased, resulting in an
increase in the mass transfer rate of the solute from the sam-
ple matrix to the solvent. In the diffusion stage, the growth
rate of CPP yield was small; with the increase of temperature
(70~80 °C), the CPP concentration increased very slowly.
The phenomenon implied that the extraction process has
arrived at phase balance. The increase of temperature is ben-
eficial for the solvent to enter into the interior and increase
the solubility of CPP in the solvent. The maximal yield of
polysaccharides was obtained at 15.56%, while extraction
temperature 80 °C, material-liquid ratio 1:16, extraction time
80 min, and particle size 180 pm.

3.1.2 Effect of solid-liquid ratio on the yield of CPP

In the presence of sufficient biomass to solvent ratio, due
to the large concentration difference between the biomass
matrix and the solvent system, a better mass transfer from
the particle surface to the solvent can be achieved [48-50].
With the increase of solid-liquid ratio, the contact area
between CP particles and solvents increased, the concentra-
tion gradient of polysaccharides increased gradually in the
boundary of inside and outside CP particles, and the mass
transfer driving force increased to promote mass transfer and
diffusion, thus achieving the purpose of strengthening the
CPP extraction and increasing the diffusion rate.

The yield of CPP increased with the increase of solid-lig-
uid ratio, but the concentration of CPP decreased slowly due
to the increase of solvent volume. When the ratio of material
to liquid reached at 1:16, extraction time was set as 80 min,
the extraction temperature was 80 °C, and the particle size
is 180 pm, the maximum CPP yield was 15.56% (Fig. 1A).

3.1.3 Effect of particle size on the yield of CPP

The particle size played an important role in increasing
the yield during the extraction process [29]. By reducing
the particle size, the surface area of the material in con-
tact with the solvent is increased, and the mass transfer rate
was also increased, and a higher yield can be obtained in a
short extraction time [45, 51]. In the case of large particle
size, percolation of solvent during extraction was slow due
to the large pore length, i.e., higher diffusion resistance and
a lower specific surface area per unit mass [44, 52]. The

finer particles lead to enhance mass transfer due to the deep
penetration of the solvent and the larger surface area (pro-
viding high surface contact between the particles and the
solvent). The reduction of particle size will help to increase
the concentration of CPP in the solvent (Fig. 1B). The rapid
increase of CPP yield was observed when the particle size
decreased from 420 to 180 pm, and the optimal particle size
is 180 pm; the maximum CPP yield was 15.56%.

3.1.4 Effect of extraction time on the yield of CPP

Under different extraction condition combinations, the yield
of CPP increased significantly with the increase of extraction
time (Fig. 1B). The reason could be attributed to that with
the extension of the extraction time, CPP was dissolved by
the extraction solvent, and then diffused from the CP par-
ticles interior to the surrounding solvent. As the extraction
time was further extended, the CPP concentration inside and
outside the particles tended to balance, and the concentration
in the extract solve had reached saturation. Therefore, the
CPP concentration change remained minor during the late
extraction stage. The extraction rate of polysaccharides was
5.58% less at 10 min than at 80 min. If the extraction time
was extended when the equilibrium is reached, the polysac-
charide may be hydrolyzed, so the extraction time should not
be too long. Hence, the optimal extraction time was chosen
as 80 min.

3.2 CPP extraction kinetic model

To clarify the best kinetic model of hot-water extraction
of CPP, three models were selected to study the extraction
behavior according to the experimental design shown in sTa-
ble 1; where the particle size was chosen as 420 pm, 250 pm,
and 180 pm; the ratio of solid-liquid was set as 1:16; extrac-
tion temperature changed from 40 to 80 °C; extraction time
changed from 10 to 80 min; and the concentration of CPP
was measured under different extraction conditions, all data
were used to established three kinetic models.

3.2.1 Peleg model

The Peleg model equation was generated by fitting the experi-
mental data of different CPP extraction combinations. The fit-
ting curve and four kinetic parameters (X, K,, By, Csp) were
obtained, respectively (Table 3). We found all curve agreed
well with the Peleg model; the R* value was > 0.98. The value
of K was inversely proportional to the concentration of CPP.
When the particle size increased from 180 to 420 um, K,
increased significantly from 12.035 to 19.585. K, increased
from 1.16 to 1.21 with the particle size increase from 180
to 250 nm; however, the value change remained minor with
1.21 when the particle size increases from 250 to 420 um. The
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Fig. 1 The effect of different extraction factors on the yield of CPP. A
The extraction yield curve (rose red) of CPP in different temperatures
when the extraction time is 80 min, the ratio of material to liquid is
1:16, and the particle size is 180 um. The extraction yield curve (baby
blue) of CPP in different solid—liquid ratio when the extraction tem-
perature is 80 °C, the extraction time is 80 min, and the particle size
is 180 um. B The extraction yield curve (green) of CPP in different
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time when the extraction temperature is 80 °C, the ratio of solid to
liquid is 1:16, and the particle size is 180 um. The extraction yield
curve (dark blue) of CPP in different particle size when the extrac-
tion temperature is 80 °C, the ratio of solid to liquid is 1:16, and the
extraction time is 80 min. The model prediction and experimental
curve under different particle sizes (420 pm (C),150 pm (D), 280 pm
(E))
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Table3 Related p arameters of Particle Tempera-  Solid-liquid L =K, +K,t R? K, K, B, Cyp

the Peleg model under various size (um)  ture (°C)  ratio (g/mL) c
factors

8 Y=1.1533x+21.798 098 1280 1.15 0.08 0.87

10 Y=12081x+16.158 098 16.16 121 0.06 0.83

180 80 12 Y=1.1478x+18.43 098 1843 115 005 0.87

14 Y=1.194x+11.129 099 1113 119 009 0.84

16 Y=1.1574x+12.035 099 12.04 1.16 0.08 0.86

40 Y =1.422x+18.856 098 1886 142 0.05 0.70

50 Y=1.199x+15.993 099 1599 120 0.06 0.83

180 60 16 Y=12069x+10989 099 1099 121 0.09 0.83

70 Y=1.1455x+14.037 099 1404 1.15 0.07 0.87

80 Y=1.1574x+12.035 099 1204 1.16 0.08 0.86

420 Y=12087x+19.585 098 1959 121 0.05 0.83

250 80 16 Y=12076x+14.598 099 1460 121 0.07 0.83

180 Y=1.1574x+12.035 099 12.04 1.16 0.08 0.86

results indicated that the change of particle size had different
degrees of influence on the kinetic parameters. K; was propor-
tional to particle size, but the effect of particle size on K, was
small, but the overall trend was increasing. B, and equilibrium
concentration (Cy,) increased with the decrease of particle
size, and the extraction rate is increasing. With the continuous
increase of temperature and solid-liquid ratio, the two param-
eters (B, and Cy) of the fitting equation did not change much,
and there was no significant regularity.

When the Peleg model was applied to the experimen-
tal data of CPP extraction (Table 3), the overall fitting of
the experimental data was good, but the applicability of the
whole extraction process was poor, especially for the fitting
effect of temperature and solid-liquid ratio. It cannot well
describe the behavior of CPP extraction during the entire
extraction period. It is necessary to explore better extrac-
tion models.

3.2.2 Second-order rate model

It can be seen from Fig. 1 that the CPP content increases sig-
nificantly with the increase of extraction time at a different
temperature, particle size, and ratio of material to liquid. The
reason is that with the extension of extraction time, CPP was
dissolved by the extraction solvent, and then diffuses from the
CP particles to the surrounding solvent, thus increasing the
content of CPP. The second-order rate modlel was used to fit

the data. As shown in Table 4 below: = = - + = has a good
t N

linear relationship (R>> 0.98) for plotting 7. We determine the
kinetic parameters (4, K, C,) based on the regression of the
second-order rate model in the saturated state. According to
the data in Table 4, the second-order rate constant K reflects
the extraction rate of the extraction process.

It can be found from Eq. (4) that the K value is located
in the denominator in the second-order model fitting curve,

Table 4 Related parameters of

Particle size Tempera-  Solid-liquid LA R’ h C, K
the seconfi-order rate model (um) ture (°C) ratio (g/mL) . h G
under various factors
8 Y=1.2199x+18.199 0.99 0.05 0.82 27.08
10 Y =1.2454x+14.932 0.99 0.07 0.80 23.16
180 80 12 Y=1.1634x+17.929 0.98 0.06 0.86 24.27
14 Y =1.1945x+10.963 0.99 0.09 0.84 15.64
16 Y=1.1724x+11.572 0.99 0.09 0.85 15.91
40 Y=1.1922x +17.821 0.99 0.06 0.84 25.33
50 Y =1.1739x+ 16.967 0.99 0.06 0.85 23.38
180 60 16 Y=1.1748x + 13.546 0.99 0.07 0.85 18.70
70 Y =1.1707x+12.745 0.99 0.08 0.85 17.47
80 Y=1.1724x+11.572 0.99 0.09 0.85 15.91
420 Y =1.22x+19.304 0.98 0.05 0.82 28.73
250 80 16 Y =1.1693x+ 16.349 0.99 0.06 0.86 22.35
180 Y=1.1724x+11.572 0.99 0.09 0.85 15.91
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and the smaller the K value, the faster the solute diffuses
from the CP particles to the solvent. Similar to the Peleg
model, the particle size is proportional to the rate constant
and inversely proportional to the saturation concentration.
When the solution is saturated, the difference between the
maximum concentration and the minimum concentration
is 0.03, and the difference of K value is 12.82 (between
180~420 pm). Under the influence of temperature, mate-
rial-liquid ratio, and other factors, although the overall rate
constant is decreasing and the saturation concentration is
increasing, there is no obvious regularity. It may be due to
the poor fit between the experimental value and the second-
order rate model, resulting in a large deviation. Although the
fitting curve has a good linear relationship, the second-order
rate model has a poor fit and cannot fully reflect the entire
extraction process of CPP, so it is necessary to explore a
better extraction model.

3.2.3 Fick's second law

The In [pw, / (pw-p,,)] has a good linear relationship for
the mapping of time ¢ (R*>0.89) (Table 5), so the CPP
extraction is in accord with the first-order kinetic model.
The slope of each curve was the rate constant k, which could
reflect the speed of polysaccharide extraction. With the
increase of liquid-material ratio and temperature, the particle
size decreased and the rate constant k£ gradually increased,
indicating that the extraction rate of polysaccharides in the
extract increased, so the change of these conditions was
beneficial to the extraction of CPP. It could be seen from
Table 5 that D also increases with the increase of extraction
temperature and solid-liquid ratio, and decrease of particle
size. The driving force of polysaccharide extraction is the
mass concentration difference, the concentration difference
increases with the increase of solvent, the movement of

polysaccharide molecules increases with the increase of tem-
perature, and the particle size makes the solute quickly from
raw material to solvent, which will increase the calculated
Dr relatively. Based on Fick’s second law, a CPP extraction
kinetic model was established, and the key kinetic param-
eters such as the rate constant and diffusion coefficient under
different temperatures, material to liquid ratio, particle size,
and time were obtained. The results show that the experi-
mental data was in good agreement with the calculated value
of the kinetic model, and the extraction rate fitting curve is
divided into two stages: a fast-rising trend and a slow rising
to equilibrium. The whole extraction process was relatively
easy to carry out. It could provide a valuable theoretical
basis for the design of the CPP production process and the
selection and optimization of operating conditions.

3.3 CPP physical and chemical properties test
results

The dried CPP was white, odorless, and powdery, and has
good thermal stability. The content of the sulfate group in
CPP was 3.13% determined by barium sulfate turbidity.
The content of galacturonic acid determined by the sulfuric
acid-carbazole method was 4.03%. The results of the BCA
method showed that the protein content in CPP was 0.25%.

3.4 Rheological properties of CPP

3.4.1 The effect of heat treatment temperature
on the viscosity of CPP

The increasing temperature strengthened the thermal move-
ment of molecules and weakened the cross-linking and
aggregation between molecules. The flexibility of molecular
chains was enhanced; the fluidity of CPP solution increased.

;?;i?@sselj;lfjt?: “I/)?lrrilc;]:ts;iizis Particle size  Temperature  Solid-liquid ratio In[(p,,e)/(pye — Puo)1 = kREIb K Dt
factors ’ (nm) 0 (g/mL)
8 Y =0.0334x+0.3455 0.94 0.033 0.36
10 Y =0.0341x+0.3504 0.94 0.034 0.37
180 80 12 Y =0.036x+0.463 0.96 0.036 0.39
14 Y =0.0362x +0.3455 0.95 0.036 0.39
16 Y =0.0382x+0.5075 0.95 0.038 0.41
40 Y =0.0352x+0.336 0.99 0.035 0.38
50 Y =0.0327x+0.4771 0.89 0.036 0.39
180 60 16 Y =0.0336x+0.2582 0.91 0.037 0.39
70 Y =0.0394x +0.554 0.99 0.039 0.42
80 Y =0.0382x+0.5075 0.97 0.038 0.41
420 Y =0.0321x+0337 0.92 0.032 0.35
250 80 16 Y =0.035x+03,474 0.93 0.035 0.38
180 Y =0.0382x+0.5075 0.97 0.038 0.41
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As shown in Fig. 2A, the viscosity of CPP decreases rapidly
with increasing temperature from 40 to 100 °C. The viscos-
ity of CPP aqueous solution was 0.444 Pa-s at 40 °C, and
when the temperature was raised to 100 °C, the viscosity
decreased at 0.083 Pa-s. The results could be explained that
the higher temperature led to dehydration between polymer
molecules in polysaccharides [14], the degree of polymeri-
zation and cross-linking was weakened, and the viscosity
also was reduced.

3.4.2 The effect of pH on the viscosity of CPP

As shown in Fig. 2A, the change of pH value had a great
influence on the rheological properties of the CPP solu-
tion. The viscosity of CPP solution increased gradually
with the increase of pH from 2.0 to 6.0, and reached
the maximum value of 0.24 Pa-s. With the increase of
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Fig.2 Rheological properties of CPP under different treatment condi-
tions. A The effect of different temperature and pH on the rheology of
CPP. B The effect of different CPP concentration and test time on the

pH from 6.0 to 10.0, the solution viscosity decreased
sharply to 0.093 Pa-s at pH 10.0. CPP was an acidic
polysaccharide; the polysaccharide stretches the mol-
ecules through intermolecular repulsion and disperses
in water to form a more stable conformation at around
pH 5.0. At very low pH values, the higher concentra-
tions of H* can inhibit the ionization of carboxyl groups
in galacturonic acid of CPP, weaken the intermolecular
electrostatic interaction, and degrade polysaccharide
macromolecules under strong acid conditions. Hence,
CPP has lower viscosity at very low pH. In a strongly
alkaline environment with higher pH, OH™ can undergo
acetylation and methyl esterification reactions with the
methoxy group of polysaccharide molecules, which
could shorten the molecular chain of polysaccharides,
reduce the molecular weight, and decrease the viscosity
of polysaccharides [53].
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centrations of metal ions on the rheology of CPP
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3.4.3 The effect of polysaccharide concentration
on the viscosity of CPP

The viscosity of the CPP solution increased with the increase
of CPP concentration shown in Fig. 2B. When the concen-
tration range of CPP solution was 0.05 ~0.1 mg/mL, the vis-
cosity of CPP increases the fastest from 0.056 to 0.11 Pa-s.
When the concentration increased to 0.2 mg/mL, the viscos-
ity increased to 0.121 Pa-s. CPP was a hydrophilic polymer
with a chain-like linear conformation in aqueous solution.
The number of polysaccharide molecules increased along
with the increase of CPP concentration, the intermolecu-
lar hydrogen bonding and hydrophobic interaction forces
increased, and the fluid flow resistance increased. Hence,
polysaccharide solution viscosity gradually increased.

3.4.4 The effect of heat treatment time on the viscosity
of CPP

As shown in Fig. 2B, the viscosity of CPP decreased rap-
idly with the prolongation of heating time at 80 °C. After
heating from 20 to 30 min, the viscosity of CPP decreased
by 24% from 0.375 to 0.285 Pa-s. When kept for 40 min,
50 min, and 60 min, the viscosity was 0.105 Pa-s, 0.046 Pa-s,
and 0.026 Pa-s, respectively, and the viscosity decreased by
93.07%. In the early stage of heating, the viscosity decreased
rapidly, which was mainly due to the chain breaking of poly-
saccharides at high temperature, the linear structure of a
molecular chain and intermolecular cross-linking struc-
ture was gradually destroyed, and the degree of molecular
polymerization was reduced, the increase of intermolecular
dispersion made CPP solution viscosity rapidly decrease.
The thermal effect on the structure of the CPP reached the
maximum at 50 min. With the increase of the heat treat-
ment time, the thermal effect on the molecular structure and
molecular chain of the polysaccharides was not obvious, so
the decreasing trend of viscosity became slow.

3.4.5 The effect of the concentration of sucrose, NaOH, Vc,
and H,0, on the viscosity of CPP

As shown in Fig. 2C, the viscosity of CPP solution increased
slightly from 0.032 to 0.12 Pa-s with the addition of sucrose
from 0.5 to 2.5%. The results showed that sucrose mole-
cule containing hydroxyl groups can produce a synergistic
thickening effect with CPP, which may form a new reticular
structure through a hydrogen bond in an aqueous solution
and lead to the viscosity increasing. Finally, the sucrose
content continued to increase, the viscosity of CPP gradu-
ally decreased, and the concentration of CPP was 0.029 Pa-s
when the addition of sucrose was 10%. It can be seen from
Fig. 2C that the viscosity of CPP decreased with the increase
of the amount of NaOH, indicating that CPP was unstable to
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alkali. The addition of H,O, had a significant effect on the
viscosity of CPP, and the viscosity decreased linearly with
the increase of the amount of H,O, (displayed in Fig. 2C).
H,0, is a strong oxidant, which could oxidize the hydroxyl
groups of CPP and break the molecular chain of polysac-
charides, resulting in the viscosity decrease. The effect of
different concentrations of Vc on the rheology of CPP also
can be seen from Fig. 2C; the viscosity was the smallest at
the additive amount of 2.5%. However, when the addition
of Vc was more than 5%, the viscosity increased gradually
with the increase of the addition. This may be that the higher
concentration Vc will intensify the intermolecular interac-
tion of polysaccharides, thus increase the viscosity.

3.4.6 The effect of metal ions on the viscosity of CPP

The effects of different concentrations of K*, Zn*, and Ca**
on the viscosity of CPP solution are exhibited in Fig. 2D;
the viscosity of the CPP solution decreases along with the
additive concentration increase. The concentration of K,
Zn*, and Ca®" increased from 0.5 to 2%, and the solution
viscosity decreased by 0.129, 0.073, and 0.078 Pa-s, respec-
tively. Under the same ion concentration, the viscosity of
the CPP solution decreased with the increase of K+, Zn™,
and Ca" ionic strength. But the viscosity increases with the
increase of Na* intensity, and the viscosity of CPP solution
increases to the maximum 0.250 Pa-s at 2%. We believed
that the strong electrostatic interaction caused by the addi-
tion of K*, Zn™, and Ca®" may lead to the shrinkage of CPP
molecule, and further reduced the apparent viscosity. In the
presence of Na™, the polysaccharide solution can maintain
obvious pseudoplastic fluid characteristics [53].

3.5 Hypoglycemic activity

CPP exhibited a certain inhibitory activity on a-amylase
(Fig. 3A). The inhibitory rate firstly increased and
then decreased minorly with the increasing concentra-
tion. The inhibition rate increased rapidly and reached
10.72+0.79% at 2.0 mg/mL CPP and reached the maxi-
mum of 25.82+1.12% at 8.0 mg/mL. When the concen-
tration increased to 10 mg/mL, the inhibition rate was
24.50+0.33%.

As shown in Fig. 3B, CPP also displayed better inhibitory
activity on a-glycosidase. The inhibition rate increased rap-
idly to 60.22 +1.26% at the concentration of 4.0 mg/mL, and
then increased gradually to the maximum of 70.8 +1.43%
at 10 mg/mL.

3.6 SEM observation

SEM could be carried out to observe the surface three-
dimensional structure of polysaccharides [54]. By
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adjusting the scanning observation multiple of SEM, the
morphological characteristics of CPP were obtained in
Fig. 4 with four magnification fields (x 100, x 800, x 1000,
and x 3000). It was found that CPP was a kind of loose
irregular rod-shaped, rod-shaped, serrated, or honeycomb-
like particle with a rough surface and more pore structure.

Fig.4 Electron microscope
pictures of CPP under differ-
ent magnifications of X 100
(A), %800 (B),x 1000 (C),
and X 3000 (D) by SEM obser-
vation

The pore structure may form voids in the particles due
to the drying process, causing some invagination to form
more pores. Each rod-shaped, honeycomb-shaped, or zig-
zag polysaccharide particle was composed of many dense
small particles, and with the increase of magnification, the
surface pores showed more obvious.
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Fig.5 Functional group structure characteristics of CPP by FT-IR (A), TG/DTA (B), and the microstructure characteristics of CPP were

observed by AFM (C, D, E)

3.7 FT-IR analysis

The characteristic absorption peaks of CPP were analyzed
by FT-IR and are shown in Fig. SA. Some sharp peaks
were found at 3745.144 cm™' and 3650.648 cm™', which
may be free -OH. The sharp peaks at 3413.44 cm™! and
3232.164 cm™! may be the stretching vibration of C-H on
unsaturated carbon. The stretching vibration formed by
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the intramolecular association indicates that the polysac-
charide has intermolecular and intramolecular hydrogen
bonds. With the stretching vibration of the double bond at
2032.637 cm™!, and the absorption peak and amido group
of crystal water in the CPP at 1637.29 cm™' C=0 stretch-
ing vibration, it can be inferred that there may be -COOH in
CPP, and there may be uronic acid in its composition. There
were also many small impurity peaks on the curve, which
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may be the interference of related reagents in the purification
process of the extraction machine. The absorption peak of
1124.315 cm™! indicated that the sugar ring configuration
in CPP was pyran. The absorption peak of 620.98 cm™! may
be the vibration of a long carbon chain. 478.267 cm™! may
be the stretching vibration of a single bond or the bending
vibration of a group, indicating that the monosaccharide
residues of CPP may exist in the form of pyran rings.

3.8 Thermogravimetric and differential thermal
analysis

The thermogravimetric curve of CPP showed the whole
process can be divided into two stages (Fig. 5B). In the
first stage, the sample quality decreased linearly from O to
130 °C. At this stage, the free water in the CPP was lost,
and the weight loss rate reached 65.4%, indicating that CPP
was decomposed in a large amount during this stage. Free
water was adsorbed with weak force by van der Waals force
[41]. This stage was accompanied by thermal decomposi-
tion of polysaccharides at 36.23 °C. The second stage was
at 150-800 °C; the weight loss rate decreased slowly about
7.2% at this stage, indicating that CPP gradually decom-
posed completely. On the whole, the thermogravimetric
range of CPP was mainly concentrated in 36.23 ~ 150 °C,
and the total weight loss rate was about 72.6%. The qual-
ity loss in the second stage was due to carbonization and
complete decomposition of intermediate products in this
temperature range. At the beginning of the first stage, the
rapid dehydration and decomposition of the glucose ring
hydrocarbon group to form water molecules. In the second
stage, the C—C-H, C =0, and C-C bonds were broken, and
the main chain was also broken along with gas products CO,
CO,, and so on.

The DTA curve of CPP showed a strong endothermic
peak (Fig. 5B) at 36 ~79 °C that could account for 27.1%
of the total weight (corresponding weight loss on the TG
curve). The endothermic reaction of dehydration, degas-
sing, and softening plastic deformation occurred mainly at
this stage. At 79~ 112 °C, the decomposition heat release of
the DTA curve was accelerated, and the weight loss on the
TG curve accounted for 31.9% of the total weight, which
expressed combined water loss and oxidative decomposi-
tion. At 112~443 °C, the decomposition heat of the DTA
curve slowed down, and the weight loss on the TG curve
accounted for 13.7% of the total weight. As the temperature
continued to rise, the weight of the sample did not change.

3.9 Atomicforce microscopy

The density of the sugar chain is related to the initial mass
concentration of the polysaccharide solution [42]. The

higher concentration of polysaccharides with the large num-
ber of hydroxyl groups, the closer polymerization of poly-
saccharides chain maybe occurred, and the true morphology
of polysaccharides cannot be observed. At the concentration
of 1.0 pg/mL, the AFM images of CPP are shown in Fig. 5
(C, D, E). The density of branched chains per unit region
was highlighted in Fig. 5 (C, D) that could explain the for-
mation of polysaccharide aggregates with the increase of
interchain action points and the enhancement of interchain
forces under the action of hydrogen bonds and van der Waals
forces. As shown in Fig. SE, the CPP was on the mica sheet,
the horizontal distance was 5.664 pm, the vertical distance
was 15.13 nm, the surface distance was 5.667 pum, and the
radius was 294.05 pm. In the case of overlapping complexes,
the apex distance was 14.459 nm. The height of a polysac-
charide molecule was 0.411 nm. Therefore, the size of the
CPP molecule was within the theoretical value (0.1 ~ 1.0 nm)
of the polysaccharide chain diameter.

4 Conclusion

In this study, three kinetic models of CPP extraction were
established and comparative analysis. CPP extraction kinet-
ics with hot water was more in line with Fick’s second law
model. The physical and chemical properties and micro-
structure of CPP also were determined. The highest CPP
yield of 15.56% were obtained as extraction temperature
80 °C, material-liquid ratio 1:16, extraction time 80 min,
and particle size 180 pm. The viscosity of CPP was inversely
proportional to temperature, heating time, ion concentration
(Ca®*, K*, Zn™), sucrose, NaOH, and H,0, content. How-
ever, the viscosity was proportional to the concentration of
Vc and NaCl. CPP also had a significant inhibitory effect on
a-glycosidase with more than 70% at 10.0 mg/mL.
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