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Abstract: Traditional Chinese Medicine (TCM) has a long history and typical ethnic traits. Astragalus
and Angelica are used in a natural product called a buyang huanwu decoctionand are considered to
function as both food and medicine; such products are called a “homology of medicine and food”.
In this study, we examined the complex extraction kinetics that occur during the preparation of the
natural product BYHWD. Mathematical tools, including the Laplace transformation and Fick’s law,
were used to set up kinetic equations for different components in a model of the decoction. We
selected the five most important bioactive ingredients of the BYHWD to find the most important speed
control component. The intensity and capacity process parameters of the model were determined.
A kinetic model was used to quantitatively analyze the dissolution restriction mechanism among
the major components. Further, a component–effect network relationship was established to study
the interactions of different components during extraction, considering the integrative effect of TCM
compositions. Finally, using network pharmacology, certain network parameters were determined
through topological analysis. The results indicate that Astragaloside IV exerts the strongest control
over the dissolution rates of other components. The BYHWD has a short average path and a high
clustering coefficient. The theoretical and experimental results can be used to quantitatively simulate
and optimize TCM extraction processes.

Keywords: natural product; buyang huanwu decoction; extraction kinetics; mathematical kinetic
model; network kinetics; Traditional Chinese Medicine

1. Introduction

The research on the extraction technology used for Chinese medicinal materials is an
important and basic part of the research on the preparation technology used for Chinese
medicinal materials. At present, orthogonal and uniform experimental design is mostly
used to determine the optimal technological parameters of a single prescription under
experimental conditions; however, this approach cannot clarify the relationship between
the technological parameters of the extraction process used for the ingredients of medicinal
materials [1]. Chinese medicinal materials have a cell membrane structure that is not
conducive to the dissolution of the components in general solid preparations. As a result,
the diffusion and dissolution of components are greatly hindered. At the same time,
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Chinese medicinal materials are often irregularly shaped yinpian, which can absorb several
times more solvent and expand. High-temperature extraction of medicinal materials leads
to ease of decomposition. On the basis of previous studies, this study established, for
the first time, mathematical parameters related to extraction kinetics and established a
three-compartment mathematical model that laid a theoretical foundation for quantitative
research and the further optimization of the extraction processes of TCM.

The buyang huanwu decoction (BYHWD) is a TCM formulation, and it has six in-
gredients: astragalus, Angelica, peony root, peach kernel, safflower, and earthworm [2,3].
Astragalus and Angelica are widely used and are edible TCM herbs. They are rich in
saponins, flavonoids, phenolic acids, amino acids, vitamins, and multiple other essential
bioactive ingredients. This article focuses on the homology of medicine and food used in
the BYHWD and emphasizes the bioactive ingredients and their extraction kinetics and
network kinetic effects. In this study, solid differential equations were set up to model the
extraction process and calculate all kinetic parameters. The kinetic model was based on
diffusion law and took into account solid expansion, solid-to-liquid mass transfer, and the
Noyes–Whitney dissolution theory for the solid components. These differential equations
were used to quantitatively predict the dissolution and diffusion of TCM components and
optimize the extraction process. Furthermore, the most important dissolution rates were
obtained. This model is the first application of these theoretical tools to the TCM extraction
process, and it can provide a quantitative assessment of the process parameters and allow
the numerical simulation of the dissolution process. The results are expected to advance
the study of the dissolution kinetics of TCMs [4,5].

Model Assumptions

Dried herbal pieces swell after soaking in solvents before active ingredients are ex-
tracted [6]. The plant cell walls and membranes act as barriers to component dissolution
and diffusion [7,8]. Therefore, these structures need to be explicitly taken into account in
related mathematical modeling [9]. Following dissolution, diffusion occurs throughout
the cell protoplasm (i.e., the material within the cell cytomembrane, which is referred to
herein as the ‘compartment in cell’ (CIC)). Thereafter, the dissolved components move
into the apoplasm (a contiguous area between the cell membrane and the cell wall), which
acts as an extracellular capillary expansion chamber, and finally into the solution chamber
(i.e., the compartment in solution (CIS)) through the cell wall.

The component extraction process is illustrated in Figures 1 and 2. G0, S0, and I0 denote
the solid TCM, solvent, and active ingredients, respectively. The total amount of I0 is W.
Initially, the concentration of I0 in the CIC (effective volume: V0; effective surface area: A1)
is C0. The dissolved components diffuse outside the cell membrane into the apoplasm,
which has an effective volume of V1, an effective surface area of A2, and a concentration
of C1 for component I0. Finally, I0 diffuses into the solution chamber, where it has a
concentration of C2 in a volume of V2. As the ratio of soluble components, i.e., I0, to the
solvent is relatively low, I0 can be considered to initially dissolve completely in the CIC at a
high C0. Then, the active components diffuse from the protoplasm into the apoplasm with
the mass transfer coefficient k1. The concentration ratio (or partition coefficient, i.e., C0/C1)
of I0 between these two chambers is ρ1. Next, I0 further diffuses into the solvent chamber
S0 with the mass transfer coefficient k2, where ρ2 = C1/C2. Meanwhile, the component
may also be eliminated from the solution chamber owing to decomposition, with the rate
constant k. Using Fick’s law [10], the Noyes–Whitney dissolution theory (where C and
Cs represent the actual concentration at time t and the solubility, respectively, and k is the
dissolution rate constant), the dynamic principle, and the Laplace transformation, a system
of differential equations can be constructed and solved under the initial conditions C1,0 = 0
and C2,0 = 0 for t = 0 to obtain C2 at different times (i.e., the composition of the extract) [11].
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Figure 2. Cross-sectional view of composition dissolution in the cells.

To study the kinetics of the BYHWD [12], it is necessary to also consider the rela-
tionships among its important components. The complex sets of chemicals in TCMs can
be regarded as nodes. These components dissolve and diffuse in the solvent, and their
interactions during this process can then be modeled as a network. The resultant network
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can be described by a few parameters, such as the degree, density, average degree, average
path length, network diameter, and clustering coefficient of the network.

Herbal component tissues are usually subjected to certain pretreatments before drying
in order to minimize the occurrence of adverse changes during drying and subsequent
storage. Rehydration is the process of moistening dry material. The rehydration process
itself may also affect the tissue.

Mostly, rehydration is performed by the addition of an abundant amount of water.
Dry material submerged in water undergoes many changes that are the result of water
imbibition and solute loss. When dried herbal pieces swell after soaking in a solvent to
extract the active ingredients, it is considered a rehydration process. Water absorption by
dry material consists of various processes with different kinetics. During rehydration, a
substantial amount of soluble materials leach into the surrounding water. Diffusion is a
prevailing mechanism, and Fick’s second law should provide a good fit to the experimental
data. The moisture uptake of herbal material is closely related to factors that include surface
area, capillary suction, porosity, concentration of surface moisture, temperature, and others.
These factors should also be taken into consideration in future experiments [13].

2. Materials and Methods
2.1. Materials and Instruments

The dried herbs to prepare the BYHWD were manufactured by the Pharmacy Depart-
ment of the Hunan University of Traditional Chinese Medicine (Changsha, China). Detec-
tion was carried out using high-performance liquid chromatography (HPLC; Waters Breeze,
Dual Absorbance Detector, 2487 Workstation) (Milford, MA, USA). HPLC-grade acetonitrile
and methanol were purchased from Shanghai SSS Reagent Co., Ltd. (Shanghai, China),
and other reagents were of pure grade (i.e., 99.7% pure). The water was redistilled, and
1% aqueous acetic acid solution was used as the mobile phase. Five standards were pur-
chased from Changsha Pharmaceutical Laboratory (Changsha, China): Astragaloside IV
(AST-IV, 110781-201213), paeoniflorin (PF, 110736-201451), Laetrile (LT, 110736-201412), fer-
ulic acid (FA, 110736-201337), and ligustrazine (LS, 110736-201324). All samples, drugs,
and reagents were weighed using the Metler Toledo AG 214 balance (Zurich, Switzerland).

2.2. Mathematical Basis of the Extraction Model

For each of the five studied components (I0 = AST-IV, PF, LT, FA, and LS), the value
of W0 was determined at a given temperature. If the sample piece/particle sizes were
known, A1 and A2 could be determined. In the extraction chamber, k, k1

′, and k2
′ could be

determined, and the component I0 was dissolved according to C2 dissolution kinetics. The
process parameters (i.e., W0, A1, A2, V0, V1, V2, ρ1, ρ2, k, k1

′, and k2
′) and the parameters

that measured the extraction effect (tmax, C2 max, P, and D) were measured. According to
Fick’s law, Noyes–Whitney’s stripping theory, and the actual situation of the extraction pro-
cess, a mathematical model of the stripping kinetics of the TCM compound was established,
including algebraic calculus equations, and the function expression was obtained [14–16].

2.3. Solving Extraction Equations in the Model

Using the experimental data, the parameters α, β, π, M, N, and L were estimated using
the multivariate curve residual method or the statistical package for the social sciences
(SPSS) (version 16) (Beijing, China) according to the relevant calculation formula to obtain
K, ρ1, k1

′, and k2
′ [2].

2.4. Statistical Moment Analysis of the Kinetic Network

In the field of kinetics, the first moment is the mean residence time (MRT) of a drug,
and the second moment is the variance of residence time (VRT), which indicates the time
span of a drug’s metabolism [17]. Based on the calculated MRT and VRT values, the
composition with the most additive component is likely the main regulator of the extraction
rate. However, the content of the components should also be considered.
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MRT and VRT were calculated from the area under curve (AUC) data. The zeroth
moment is the sum of all components, as shown in Equation (1).

AUCt = AUCi =
m

∑
i=1

ri

∑
j=1

Mi,j

αi,j
+

s1

∑
l=1

2km,lc0,l + c2
0,l

2Vm,l
+

s2

∑
q=1

∞∫
0

Cnr, qdt (1)

where m is the number of linear components, ri is the number of chambers for component
i, and si is the number of nonlinear components. MRT, being the population mean of the
components, is defined as follows:

MRT =
∑n

i=1 MRTi × AUCi

∑n
i=1 AUCi

(2)

Similarly, the second moment, VRT, is written as:

VRT =
∑n

i=1
[(

MRT2
i + VRTi

)]
× AUCi

∑n
i=1 AUCi

–MRT2
t (3)

The relationship between the concentration of components and the extraction time
was shown in Equation (4)

C2 =
k′1k′2w0

V0(β−α)(π−α)
e−αt + k1

′k2
′w0

V0(α−β) (π−β)
e−βt + k1

′k2
′w0

V0(α−π) (β−π)
e−πt

=
k1
′k2
′c0

0
(β−α) (π−α)

e−αt +
k1
′k2
′c0

0
(α−β) (π−β)

e−βt +
k1k2

′c0
0

(α−π) (β−π)
e−πt

= Me−αt + Ne−βt + Le−πt

(4)

2.5. Theoretical Formulation of Network Analysis for the Extraction Model

A method for calculating the network pharmacology combined with the principle of
chemical kinetics has been previously reported [2]. All nodes and their interactions form
a topological network [18]. The kinetic relationship of the nodes can be expressed by the
corresponding kinetic Equation (5).

A(aij) = K(kij) (5)

The basic assumption is that an increase or decrease in the flow at each node affects
the algebraic sum of the two modes with positive action (+) and negative action (−). The
general diagram is shown in Figure 3.
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2.6. Concepts of Other Parameter Network Dynamics

The network density (D) refers to the percentage of existing connections among all
possible connections. The out-degree is the number of edges linking one specific node
to other nodes in the network. In TCM network analysis, the out-degree represents the
simultaneous effect of one component on other components. The in-degree is the number
of edges linking other nodes to a specific node, and it represents the degree of effectors on
that node. The sum of the out-degree and in-degree for a node is the node degree, which
represents the extent to which one component is constrained by other components. The
average node degree is the sum of edges divided by the number of nodes. The network
diameter is the maximum value of the shortest path between each node and another node.
The ratio of the number of connections to/from a node vs. the maximum possible number
of connections is the clustering coefficient.

2.7. Sample Preparation
2.7.1. Collection of Samples at Different Times

A sample of the dried herbal mix (111 g) was weighed precisely and mixed with
888 mL of distilled water (1/8 w/w) in a three-necked round-bottom flask. One neck
was connected to a condenser, another connected to a quantitative sampler, and the third
connected to a thermometer. The whole device was kept in a water bath. Time 0 was
defined as when the reflux temperature was achieved and the first drop of condensed water
fell off. Samples for HPLC measurement were collected in 2 mL aliquots at 5, 10, 20, 30, 60,
90, 120, 180, 240, 360, 720, 1335, and 1440 min.

2.7.2. Determination of Protoplasm, Apoplasm, and Solution Volumes

A dried herbal sample of weight W1 was placed in a 500 mL flask. Thereafter, distilled
water at 100 ◦C was added to the mark, and the weight was recorded as W2. The flask was
kept at 100 ◦C for 2 h to allow the pieces to fully swell. The entire volume of liquid was then
poured into a 500 mL graduated cylinder to measure Vdischarge. Here, V2 = 500 − Vdischarge,
and V1 + V0 = (W2 −W1)/dwater − V2; dwater is the specific gravity of water. The apoplasm
volume (V1) was then determined by centrifugation of the swollen herbs. The supernatant
volume was measured and plotted against the centrifugal rate (1000–5000 rpm), and the
saturation volume was determined as V1. Finally, V0 was determined based on the (V1 + V0)
value described above. Hence, V0, V1, and V2 were all obtained.

2.7.3. Determination of the Distribution Coefficients ρ1 and ρ2

The concentrations of the five main components in the decoction (AST-IV, PF, LT,
FA, and LS) were measured for liquids in the solution chamber and apoplasm chamber,
using the differential anthrone–sugar hydrazone method. Please see ref. [19] and HPLC
fingerprints (described below). These results allowed the calculation of ρ2.

2.7.4. HPLC Quantitative Analysis

For the HPLC determination conditions, refer to the State Pharmacopoeia. The HPLC
analysis used an Ultimate XB-C18 column (250 mm × 4.6 mm, 5 µm), and the flow phases
were 1% acetic acid (aq.) and acetonitrile. The gradient elution was as follows: 0 min
(water:acetonitrile = 100:0)→ 10 min (100:0)→ 25 min (93:7)→ 5 min (87.5:12.5)→ 5 min
(82:18)→ 65 min (75:25)→ 65 min (70:30)→ 70 min (67.5:32.5)→ 71 min (67:37)→ 80 min
(60:40)→ 100 min (20:80)→ 115 min (0:100)→ 120 min (100:0)→ 123 min (100:0). The
flow velocity was 1.0 mL·min−1, the UV detector monitored the wavelength of 264 nm,
the temperature was 40 ◦C, and the injection volume was 20 µL. The linearity, accuracy,
precision, stability, recovery, and specificity were assessed [20].

The HPLC–ELSD determination of AST-IV was as follows: the flow phase was
methanol:water (75:25), and the flow rate was 0.8 mL·min−1. The column temperature was
30 ◦C, and the drift tube temperature was 100 ◦C. The nitrogen flow rate was 2.5 mL·min−1.
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The injection volume was 20 µL. The theoretical plate number should be no less than 4000
according to the peak of AST-IV.

The linearity, accuracy, precision, stability, recovery, and specificity were assessed [21].

2.7.5. Preparation of Reference Solution

The paeoniflorin (2.4 mg), Astragaloside iv (4.0 mg), amygdalin (2.6 mg), ferulic acid
(1.8 mg), and ligustrazine (2.0 mg) were carefully weighed and placed in a 5 mL volu-
metric flask, dissolved in chromatographic pure methanol, and then filtered by a 0.45 µm
microporous membrane. A mixed standard solution containing PF 0.48 mg·mL−1, AST-IV
0.8 mg·mL−1, LT 0.52 mg·mL−1, FA 0.36 mg·mL−1, and LS 0.4 mg·mL−1 was prepared.

2.7.6. Preparation of Sample Solution

The entire quantity of the BYHWD formula was transferred into a 500 mL round-
bottom flask, eight times the amount of water was added, and it was placed on the electric
stove for heating before being boiled for half an hour; then, the liquid was cooled, and the
extract was dried. A quantity of 0.02 g of dry matter was accurately weighed in a 10 mL
volumetric flask, and methanol was added to dissolve at constant volume; then, it was
filtered through a 0.45 µm microporous membrane to prepare the sample solution, which
was set aside.

3. Results
3.1. HPLC Fingerprints of the BYHWD

We obtained the HPLC fingerprints of the BYHWD. 13 HPLC fingerprints of BYHWD
sample solution that collected at 5, 10, 20, 30, 60, 90, 120, 180, 240, 360, 720, 1335, and 1440
min.have shown in Figure 4. A chromatogram of AST-IV, LS, LT, PF, and FA analytical
standards have showen in Figures 5 and 6.
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3.2. HPLC Quantitative Analysis
3.2.1. Linearity Test

Quantities of 10, 5, 1, 0.5, and 0.1 mL of the reference solution were accurately ab-
sorbed and diluted to 10 mL with methanol at constant volume; then, 20 µL was injected
through a 0.45 µm microporous membrane. The peak area of the standard substance
was used to determine the linear regression of the concentration, and the related lin-
ear regression equations were obtained: AST-IV Y = 2.1 × 106X − 1043 (R2 = 0.9995);
PF Y = 4.2 × 106X − 94530 (R2 = 0.9934); LT Y = 1.5 × 106X − 34500 (R2 = 0.9912);
FA Y = 3.2 × 107X − 84590 (R2 = 0.9812); and LS Y = 5.4 × 106X + 23510 (R2 = 0.9943).
The linear ranges of the five standard samples were 1.24~59.4, 4.25.64~479.00, 1.14~182.0,
6.3~4.00, and 1.89~178.00 µg·mL−1.

3.2.2. Precision Test

The peak area RSDs of AST-IV and PF were 1.03% and 0.34%, respectively. LT was
0.35%; FA was 0.45%; LS was 0.96%.

3.2.3. Repeated Test

The peak area RSDs of AST-IV, PF, LT, FA, and LS were 0.34%, 0.26%, 0.31%, 0.12%,
and 0.96%, respectively.
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3.2.4. Stability Test

The peak area RSDs of AST-IV, PF, LT, FA, and LS were 0.65%, 0.63%, 0.35%, 0.45%,
and 0.76%, respectively, at 0, 2, 4, 6, 8, and 24 h after sample solution preparation.

3.2.5. Recovery Test

Six samples of 100 µL each were taken, and control was added in quantities of 50, 100,
150, 200, 250, and 300 µL. The recovery of AST-IV was 98.1%, and its RSD was 1.04%. PF’s
recovery was 99.4%, and its RSD was 1.54%. LT’s recovery was 100.1%, and its RSD was
2.21%. FA’s recovery was 98.7%, and its RSD was 0.92%. LS’s recovery was 96.7%, and its
RSD was 1.35%.

3.3. V0, V1, and V2 Values

When the liquid centrifuged from the apoplasm stopped increasing with increasing
rotation speed, the volume of the solution in the apoplasm was determined to be 67.5 mL.
Hence, we determined that V1 = 67.5 mL, V0 = 104.6 mL, and V2 = 218.5 mL.

3.4. Concentrations of Total and Main Glycosides in Dried Herb Samples

The total concentration of glycosides as determined using the differential
anthrone—sugar hydrazine colorimetry method was 75.30%, and the amounts of AST-IV,
PF, LT, FA, and LS as determined by HPLC were 1.231%, 0.2563%, 0.3521%, 0.210%, and
0.467%, respectively.

3.5. Calculation of the Distribution Coefficients ρ2 and ρ1

Using the above data, the ρ2 value for the total glycosides was determined to be 0.3210,
whereas the values for AST-IV, PF, LT, FA, and LS were 1.069, 1.046, 1.154, 1.021, and 0.787,
respectively. The results for the glycoside groups and main glycosides are listed in Table 1.
Based on the results in Table 1, the extraction concentrations of the five components in the
BYHWD from 0 to 1440 min are plotted in Figure 7.

Table 1. Contents of total glycosides and the five main components at different extraction times.

Extraction
Time/min

Total
Glycosides/mg·mL−1

AST-IV
/µg·mL−1

PF
/µg·mL−1

LT
/µg·mL−1

FA
/µg·mL−1

LS
/µg·mL−1

5 24.39 36.1 17.12 48.43 5.21 4.45
10 28.28 38.1 18.54 49.65 6.45 6.38
20 33.53 42.54 19.76 50.54 6.65 7.09
30 35.49 54.76 20.65 51.76 9.87 8.66
60 38.22 67.43 21.66 50.68 16.94 12.98
90 40.94 76.54 23.53 50.11 23.08 14.07

120 48.98 80.65 24.54 50.98 28.39 15.24
180 46.45 85.43 25.87 49.01 36.56 16.09
240 41.65 86.54 26.43 47.11 42.55 17.11
360 35.21 98.21 29.43 42.54 52.8 18.59
720 33.09 93.65 31.19 35.44 63.99 19.14

1355 32.66 90.23 34.43 27.65 70.03 20.09
1440 17.70 89.22 36.65 26.95 70.5 21.17

AST-IV, Astragaloside IV; PF, paeoniflorin; LT, Laetrile; FA, ferulic acid; LS, ligustrazine.
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3.6. Curve Fitting

Next, the initial values of M, α, N, β, L, and π were obtained using the residual method
according to the three-compartment model. The regression equations and correlation
coefficients were evaluated using SPSS to obtain the multivariate nonlinear parameters (the
sampling frequency (N) and the correlation coefficient (R2)).

Table 2 presents the results for the related kinetic parameters. The dissolution kinetics
of the five main components conformed to the three-compartment model (p < 0.01). By
substituting the results into the relevant equations, the kinetic parameters, including
k1
′, k2

′, ρ1, tmax, cmax, P, D, and others, were determined (Table 3).

Table 2. Extraction kinetic curve fitting and the parameters of total glycosides and the five
main components.

Parameter Total
Glycosides AST-IV PF LT FA LS Additive

Component

M/% 0.7016 0.1187 0.7269 0.2902 0.3063 0.4654 0.4930
α/min−1 0.00406 0.00959 0.00201 0.00103 0.00305 0.00902 0.00874

N/% −0.6306 −0.2298 −0.6963 −0.1903 −0.1887 −0.4101 −0.4696
β/min−1 0.02244 0.0225 0.0625 0.0284 0.01768 0.00707 0.01358

L/% 0.09494 0.0219 0.04799 0.07816 0.01432 0.1446 0.09297
π/min−1 0.001078 0.0088 0.07597 0.01154 0.04416 0.0141 0.9.615

R 0.846 0.977 0.984 0.940 0.943 0.9860 0.996
N 34 45 109 24 13 24 23
p <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

The relationships between the concentrations of the components and the extraction
times were obtained by substituting M, N, L, α, β, and π into equation (4). The obtained
quantitative transitivity expressions are listed in Table 4.

The kinetic behavior of drug concentration can be determined by applying the total
statistic moment to the extraction kinetics, as summarized in Table 5. In addition, we
obtained the similarity result of the total statistic moment, as listed in Table 6.

The maximum similarity between AST-IV and the additive component was 0.8984;
thus, AST-IV is likely the main component controlling the extraction rate. However, the
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content of the composition should also be considered, where the product of the two is
the standard of evaluation. According to the information in Table 7, AST-IV is the main
component controlling the extraction rate.

Table 3. Extraction kinetic parameters of total glycosides and the five main components.

Parameter Total
Glycosides AST-IV PF LT FA LS Additive

Component

K/min−1 16.05 × 10−6 1.466 × 10−6 11.82 × 10−6 0.05339 × 10−6 1.457 × 10−6 3.082 × 10−6 1.963 × 10−6

k1′/min−1 0.2235 0.6291 0.1730 0.2830 0.2384 0.1264 0.2487
k2′/min−1 130.8 94.31 2.372 1.745 3.805 1.105 111.8

ρ1 7.051 2.563 2.607 2.573 2.576 2.597 3.245
ρ2 0.3210 1.069 1.046 1.154 0.453 0.787 0.674

tmax/min 94.94 300 47.99 781.0 719.0 719.9 720.0
cmax/% 57.38 54.10 47.20 29.00 29.66 41.80 46.00

AUC/min 6.226 × 104 6.819 × 104 8.457 × 104 1.872 × 107 6.860 × 105 3.243 × 105 5.0923 × 105

w0/% 75.30 1.231 0.2560 0.3521 0.2100 0.467 2.516
P/% 5738 5410 4720 2900 2966 4180 4600
D/% 0.08480 0.02000 0.1194 0.0005550 0.03068 0.08098 0.06055

Table 4. Relationships between concentration (C) and extraction time (t) for the five main components.

Relational Expression

AST-IV C = 0.1187e−0.00959t − 0.2298e−0.0225t + 0.02190e−0.0088t

PF C = 0.7269e−0.00201t − 0.6963e−0.0625t + 0.04799e−0.07597t

LT C = 0.2902e−0.00103t − 0.1903e−0.0284t + 0.07816e−0.01154t

FA C = 0.3063e−0.00305t − 0.1887e−0.01768t + 0.01432e−0.04416t

LS C = 0.4654e−0.00902t − 0.4101e−0.00707t + 0.1446e−0.0141t

Table 5. Total statistical moment parameters of various compounds in the BYHWD.

Parameter Total
Glycosides AST-IV PF LT FA LS Additive

Component

MRT/min 96.73 86.22 14.68 64.53 22.43 72.10 104.69
VRT/min2 86.22 96.2 7.584 41.60 50.20 80.02 108.07

Table 6. Similarity parameters of total statistic moment in the BYHWD.

Total
Glycosides AST-IV PF LT FA LS Additive

Component

Total glycosides
(effective components) 1 0.1098 0.7685 0.002792 0.0632 0.1823 0.1284

AST-IV 0.1098 1 0.1539 0.03097 0.6588 0.6828 0.8984
PF 0.7685 0.1539 1 0.003900 0.0883 0.2563 0.1802
LT 0.002792 0.03097 0.003900 1 0.05375 0.01856 0.02645
FA 0.06329 0.6580 0.0883 0.05375 1 0.4136 0.5742
LS 0.1823 0.6828 0.2563 0.01856 0.4136 1 0.7760

Additive component 0.1284 0.8984 0.1802 0.02640 0.5742 0.7760 1

Table 7. Product of similarity parameters and content of the BYHWD.

Total
Glycosides AST-IV PF LT FA LS Additive

Component

Similarity of additive data 1 0.1098 0.7685 0.002792 0.0632 0.1823 0.1284
Similarity × content 2.960 82.15 4.491 0.5564 7.368 20.80 184.8

3.7. Action Coefficients of the Kinetic Network

According to the previously discussed HPLC fingerprints of the BYHWD, we obtained
the peak area values of 13 components, and the results are summarized in Table 8.
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Table 8. Peak area values at different times for 13 components of the original herbal mixture.

Average Retention
Time (min) 5 Min 10 Min 20 Min 30 Min 60 Min 90 Min 120 Min 180 Min 240 Min 360 Min 720 Min 1355 Min 1440 Min

3.39 477,789 503,330 686,965 524,721 572,198 644,160 577,595 611,243 619,056 653,347 655,351 1,054,145 1,206,922
5.72 1,714,996 1,832,252 2,077,599 1,896,874 2,331,715 2,573,756 2,261,854 2,385,237 2,814,849 2,643,691 2,349,501 3,444,613 3,864,146
7.49 150,639 572,886 702,495 620,750 549,683 679,000 584,515 749,073 608,900 804,443 860,854 1,673,152 937,343

10.35 823,603 91,477 1,147,259 124,004 68,864 250,291 1,111,596 126,141 1,192,171 135,977 1,257,381 1,925,657 1,872,837
13.23 883,314 1,081,969 1,510,304 1,629,265 125,011 537,224 3,146,488 4,585,570 4,553,217 4,948,196 5,502,817 7,333,328 8,083,948
22.65 1,280,253 1,070,115 1,602,922 1,493,914 2,595,508 1,791,472 1,876,407 2,389,710 2,016,905 2,574,613 2,122,311 3,650,321 3,919,484
38.55 285,418 312,803 395,585 366,656 1,066,898 393,072 379,575 326,211 356,300 325,626 301,266 475,478 449,841
40.26 129,901 500,075 238,799 155,218 228,087 1,632,093 222,357 152,379 1,291,733 696,912 479,320 407,426 165,495
48.02 749,934 822,291 1,187,851 1,142,140 1,375,508 1,992,421 1,875,622 179,447 1,203,844 292,330 99,423 135,279 967,129
52.12 500,843 612,545 746,073 831,971 2,187,140 1,860,377 1,630,272 2,597,072 1,797,012 2,896,386 2,403,598 142,326 2,142,757
57.3 176,380 445,776 148,598 167,340 397,890 455,110 213,213 75,222 126,402 162,541 139,202 181,702 130,122

61.49 253,481 276,938 241,488 318,408 606,205 613,445 359,062 400,048 481,896 128,604 449,955 115,779 61,445
63.57 151,775 145,948 280,280 362,128 501,849 805,806 741,438 867,384 934,550 116,489 95,788 1,008,009 59,506

Pajek software was used to effectively analyze large networks. We substituted the values in Table 8 into SPSS, and the resultant action coefficients are presented in Table 9.

Table 9. Action coefficients of 13 components of the original herbal mixture.

1 2 3 4 5 6 7 8 9 10 11 12 13

1 1 −3.202 6.501 −1.981 −19.755 13.455 — −21.328 38.527 50.059 −13.855 −19.374 −1.777
2 −0.287 1 1.914 — −5.992 — 1.272 −12.262 — 44.878 −55.358 −55.677 −30.396
3 0.152 — 1 0.287 — −2.402 −0.694 4.327 −5.850 −23.039 27.753 30.253 15.616
4 −0.019 −0.037 — 1 −0.107 −2.780 — 4.696 1.477 — 11.561 −7.057 —
5 −0.042 −0.143 0.280 −0.024 1 23.150 86.186 −1.701 −71.15 0.097 2.588 −8.084 −4.450
6 0.008 — −0.057 −0.090 0.251 1 −0.016 1.703 — — — 0.949 1.038
7 0.199 — −1.285 3.774 — — 1 2.654 −8.322 −28.757 31.286 42.298 19.776
8 −0.076 −0.239 0.492 −0.309 −1.464 0.358 — 1 3.108 11.156 −12.657 −15.887 −7.650
9 0.024 0.075 −0.154 — — −0.030 −0.119 — 1 −3.447 4.314 5.057 2.422

10 — 0.020 −0.040 0.006 0.131 −0.152 −0.027 0.247 −0.227 1 1.349 — 0.651
11 −0.001 −0.005 0.009 0.009 — 0.043 16.47 −0.100 0.051 0.244 1 −0.220 −0.181
12 −0.005 −0.014 0.030 — — 0.018 2.365 −0.044 0.190 0.671 −0.695 1 −0.469
13 −0.009 −0.030 0.058 −0.008 −0.181 0.178 0.040 −0.338 0.342 1.398 −2.151 −1.766 1

The action coefficient reflects the relationship between two components, where larger values indicate stronger effects on each other. A positive value indicates the promotion of
dissolution, a negative value indicates the inhibition of dissolution, and ‘—’ indicates no interaction. The action coefficient between a component and itself is 1.
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3.8. Network Diagrams Visualized Using Pajek Software

The action coefficients in Table 9 were imported into Pajek software to obtain the
network action diagrams of the 13 components shown in Figures 8 and 9.
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Given the complex composition of TCMs, topological analysis can simplify the interac-
tion network of the components in a very intuitive way [22]. The solid and dotted lines in
Figures 8 and 9 correspond to the positive and negative numbers, respectively, in Table 9.

3.9. Network Topological Analysis of BYHWD Extraction Dynamics

Using the data in Table 3, the network action coefficients for the 13 fingerprint peaks
were substituted into Pajek software [23] to obtain the results presented in Table 10. In this
network, the network diameter was 0.287, the average degree was 21.84, and the network
density was 83%.

Table 10. Characteristics for each node in the network.

1 2 3 4 5 6 7 8 9 10 11 12 13

Out-degree 11 9 10 8 12 8 9 11 9 10 11 10 12
In-degree 11 9 11 9 7 10 9 11 10 10 11 11 11

Node degree 22 18 21 17 19 18 18 22 19 20 22 21 23
Clustering
coefficient 0.81 0.85 0.82 0.85 0.84 0.85 0.84 0.81 0.84 0.83 0.81 0.82 0.81

4. Discussion

Some extraction process models of extraction kinetics have been reported [24], but they
do not consider the cellular structure of the herbs [25]. In addition, herbs can absorb solvent
and swell to several times their original size [26,27]. The tendency of certain components
to decompose during the typical high-temperature extraction process used in TCMs has
not been considered. In this work, a general model for the Laplace-transformed dissolution
kinetics of TCMs was established to provide a theoretical foundation for quantitative
research and the further optimization of the TCM extraction process [8].

The experimental extraction data for the total glycosides and the components AST-IV,
PF, LT, FA, and LS were consistent with the predictions of the three-compartment model
(p < 0.01). As K 6= 0, we have k1

′ 6= k2
′, and ρ1, ρ2 6= 1, indicating that the apparent

concentrations in the different chambers were not equal. For all components, ρ1 >> ρ2 and
k2
′ >> k1

′, indicating that component diffusion was faster in the solution chamber than in
the other two chambers [28]. In future studies, certain TCM ingredients, such as hard or
irregularly shaped herbs, may require models that have more than three compartments [29].
Additionally, we studied a closed extraction system, and the modeling of open systems (e.g.,
the diacolation method) and insoluble components need further discussion. Nevertheless,
the method and results presented here (Table 3) for the three-compartment model can be
easily generalized into a multi-compartment linear model.

According to the information in Table 1, the measured concentrations of glycoside
components in the solvent first increased during extraction and then decreased, owing to
elimination at high temperatures. Therefore, the extraction time of the BYHWD should not
be too long. We obtained the total statistic moment values for all components (Table 5).
AST-IV was the most additive component, and it is likely the main component controlling
the extraction rate (Table 6). In addition to similarity, the content of the composition should
be considered, where the product of the two is regarded as the standard of evaluation. The
component with the largest product value is the rate-limiting component [30–32]. Here, the
results showed that the bioactive ingredient AST-IV was the main component controlling
the extraction rate (Table 7).

In the obtained topological network for the BYHWD consisting of 13 ingredients as
nodes, the network density, that is, the probability of a connection between two arbitrary
nodes, was 83%, which indicated that the nodes in the network had quite close interactions.
However, this is only a relative conclusion; if the network scale were increased, then
the density value would reduce substantially, and it may be difficult to obtain valuable
conclusions by comparing the network densities of different networks.
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The use of the node degree can compensate for the inadequacy of network density: the
former has no relationship with the network scale, whereas the latter does. For example,
AST-IV had maximum and minimum out-degree values of 12 and 7, respectively, which
indicated that AST-IV had a significant effect on the other 12 components in the extraction
process but was less affected by the others. AST-IV promoted the dissolution of LS and LT
and inhibited that of PF and FA. When discussing the network relationships among AST-IV,
PF, LT, FA, and LS, it is possible to deduce whether a component promoted or inhibited the
dissolution according to the sign of the action coefficient.

The average degree also shows that the nodes are densely linked, although some have
no effect on each other. These unlinked nodes reduce the average node degree for the
entire network, which conforms to the normal state of TCM compounds. Therefore, the
average node degree determined here (21.84) demonstrates that this network system had a
high degree of condensation. The nodes in the extraction network of the BYHWD were
closely connected.

Nevertheless, in the current study, the node degree was calculated by assuming an
unweighted scale-free network [33]. Weighting of the nodes may be necessary to further
explain the mutual promotion and inhibition among the 13 ingredients in the BYHWD.

5. Conclusions

In summary, research on the extraction technology used for Chinese medicinal materi-
als is an important link in the modernization of Chinese medicinal preparations. In this
article, a set of algebraic calculus equations was established to obtain the kinetic parameters
of each bioactive ingredient in the BYHWD. After determining these functional expressions,
the obtained kinetic parameters were analyzed to locate the main rate-control components.
The kinetic network was further represented by a network topology diagram for the various
components in the BYHWD, and the dissolution kinetics and dissolution relationships
of the five principal components were discussed in this context. These theoretical and
experimental results could be used to quantitatively simulate and optimize TCM and food
extraction processes.
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Abbreviations

TCM Traditional Chinese Medicine
BYHWD buyang huanwu decoction
AST-IV Astragaloside IV
PF paeoniflorin
LT Laetrile
FA ferulic acid
LS ligustrazine
AUC area under the curve
MIC compartment in cell
CIS compartment in solution
CMCP Chinese medicine compound prescription
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