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Abstract

Background
The optimization of process parameters in the pharmaceutical industry is often carried out according to the Quality by Design (QbD) concept. QbD
also emphasizes that continuous improvement should be performed in life cycle management. Process parameters that are di�cult to control in
actual production could be regarded as noise parameters. In this study, a noise parameter was considered, an example of continuous improvement in
the design space was provided.

Methods
The ethanol precipitation process of Carthami Flos (Honghua) extract was optimized based on the QbD concept. The critical process parameters
(CPPs) were identi�ed using a de�nitive screening design. Considering that the refrigeration temperature of industrial ethanol precipitation is often
di�cult to control with seasonal changes, the refrigeration temperature was treated as a noise parameter. The design space was then calculated using
an exhaustive search-Monte Carlo method. The mathematical models were reestablished when more data were obtained and then the calculated
probabilities of reaching the process standards were updated.

Results
The calculation procedure of design space based on an exhaustive search-Monte Carlo method was proposed. The density of the concentrated
extract, ethanol concentration, the volume ratio of ethanol to concentrated extract, stirring time after ethanol addition, and refrigeration temperature
were selected as CPPs. The mathematical models of CPPs and evaluation indicators were established, and the coe�cient of determination of each
model was greater than 0.81. The predictive performance of the models was good. After continuous improvement, the recalculated probability values
were more reliable, the design space became larger.

Conclusions
The calculation of design space and the continuous improvement strategy considering a noise parameter was developed. In industrial production, it is
also recommended to adopt this similar idea, that is, continuing to collect industrial data and regularly updating the mathematical models, which can
further update the design space and make it more stable and reliable.

Background
Ethanol precipitation is a common re�nement process in traditional Chinese medicine (TCM) production and is used to remove impurities such as
starch, proteins, and polysaccharides while retaining the effective ingredients. Because ethanol precipitation has a good impurity removal effect and
does not need special equipment, it is widely used in TCM production. The Chinese Pharmacopoeia (2020 Edition) includes 1,607 compound
preparations and single preparations [1], of which 319 used ethanol precipitation, accounting for approximately 19.8% of the total preparations, and
49% of the liquid preparations contained were prepared by the ethanol precipitation process (EPP).

In recent years, many researchers have studied the ethanol precipitation of TCM, mainly focusing on the optimization of process parameters [2–5],
process monitoring technology [6–8], ethanol precipitation equipment [9, 10], sediment morphology [11, 12], etc. There are also many reports on the
optimization of ethanol precipitation parameters based on the quality by design (QbD) concept [13–15]. One key to implementing the QbD concept is
the establishment of the design space, both to improve production �exibility and to reduce the regulatory burden [16, 17]. In actual operation, some
ethanol precipitation parameters, such as refrigeration temperature (RT) of the ethanol precipitation system, are easily affected by the seasons, which
are di�cult to control and can be regarded as a process noise parameter. When establishing the design space, the in�uence of adjusting the range of
easily controllable parameters and reducing the noise parameters should be considered [18]. However, there are few studies on the optimization of
ethanol precipitation to distinguish easily controllable parameters from noise parameters. In addition, the QbD concept emphasizes validation
throughout the lifecycle, continuous process validation, and encouraging continuous improvement. However, there is currently a lack of reporting on
continuous improvement based on additional data in the process.

Guhong injection is clinically used to treat cerebrovascular diseases [19] and orthopaedic diseases [20], including cerebral insu�ciency, cerebral
thrombosis, coronary heart disease, fracture healing, etc. The EPP of Carthami Flos (Honghua) is an important link in the production of Guhong
injection, and its process quality directly affects the quality of the �nished products.

In this study, based on the QbD concept, the identi�cation of critical process parameters (CPPs) of Carthami Flos ethanol precipitation was carried out
by de�nitive screening design (DSD), and the mathematical relationship between CPPs and EPP evaluation indicators was established. In the process
of ethanol precipitation, the level of easily controllable parameters was controlled, the sensitivity of noise parameters was reduced, and the stability of
ethanol precipitation was improved. This study presented a design space method based on the probability of reaching the standard for calculating theLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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range of easily controllable parameters. After obtaining new data, the design space was continuously improved to obtain a more reliable design space,
which also provided a reference method for improving the robustness of the process and the implementation of continuous improvement in the
pharmaceutical industry.

Methods

Materials and chemicals
A concentrated extract of Carthami Flos (batch number 20200918) was provided by Tonghua Guhong Pharmaceutical Co., Ltd. (Jilin, China), with a
density of 1.23 g/cm3, 1 g concentrated extract equivalent to 1.11 g Carthami Flos. Anhydrous aluminium chloride (batch number 20170824) was
purchased from Sinopharm Chemical Reagent Co, Ltd. (Shanghai, China). Hydroxysa�or yellow A (HSYA, batch number R03J10F77660) and
kaempferol (batch number 180705) were purchased from Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China), and their purity was greater
than 98%. Acetonitrile, methanol, glacial acetic acid, and triethylamine for chromatographic analysis were purchased from Merck (Darmstadt,
Germany). Ultrahigh-purity water was produced using a water puri�cation system (Milli-Q, Millipore, USA).

Ethanol precipitation
The concentrated extract of Carthami Flos was diluted with ultrahigh-purity water or concentrated to obtain concentrates with densities of 1.18 g/cm3

and 1.28 g/cm3, respectively, which was accomplished with a density tester (DMA5000M, Anton Paar, Austria) and a rotary evaporator (V-100, BUCHI
Labortechnik AG, Switzerland). Compared to ethanol precipitation equipment in industrial production, reduced equipment proportions are used when
conducting ethanol precipitation experiments in the laboratory. A 100 mL concentrated extract sample was placed into a beaker at a certain
temperature and stirred with a digital speed-measuring electric stirrer (J-JIA, Changzhou Yunhua Electrical Appliance Co., Ltd, China), and different
ethanol addition times were controlled with a peristaltic pump (BT300-2J, Changzhou Runhua Electric Co., Ltd. China), with ethanol continuously
added to the concentrated extract. After the addition of ethanol, the mixture was continuously stirred for a certain period, and then, the beaker was
placed in a low-temperature thermostat bath (THYD-1030W, Ningbo Tianheng Instrument Factory, China) and allowed to stand. The ethanol
precipitation supernatants were collected by vacuum �ltration.

Determining the evaluation indicators of ethanol precipitation
Carthami Flos is a representative medicine for promoting blood circulation and removing blood stasis. It is often used to treat cerebrovascular
diseases such as coronary heart disease and cerebral thrombosis. HSYA in Carthami Flos extract is a critical component in the treatment of
cerebrovascular diseases, and it has anti-ischaemic reperfusion injury [21], neuroprotection [22], antioxidant [23], and anti-in�ammatory [24] effects,
among others. The Chinese Pharmacopoeia (2020 Edition) also uses HSYA as one of the quality evaluation indicators of Carthami Flos. Flavonoids
are the main active components of Carthami Flos and play an important role in the treatment of cerebrovascular diseases [25]. The total solid content
characterizes the removal of impurities after the EPP. Studies have reported [26, 27] that the retention rate of index components was used as the
evaluation indicator for the EPP. Since the retention rate can be calculated from the total solid content and the purity of the index components, the
retention rate was not included in the evaluation indicators in this study. Overall, the extracted amount of HSYA (Y1), extracted amount of total
�avonoids (Y2), extracted amount of total solids (Y3), HSYA purity (Y4), and HSYA purity (Y5) were regarded as evaluation indicators for the EPP in this
study.

Experimental design
Many factors affect the quality of the supernatant from the ethanol precipitation process [28]. In this study, the authors combined industrial practical
experience, the density of the concentrated extract (CD), the temperature of the concentrated extract (CT), ethanol concentration (EC), the volume ratio
of ethanol to the concentrated extract (ECR), stirring speed (SS), time of ethanol addition (EAt), stirring time after ethanol addition (St), RT, and
refrigeration time (Rt) to study the process parameters. DSD was used to analyse the mathematical relationship between process parameters and
evaluation indicators, and its advantage is the ability to study the in�uence of multiple parameters with a small number of experiments [10, 29]. The
coding level and factor level of the DSD are shown in Table 1. Two virtual factors were added in the experimental design, and the centre point was
repeated 3 times, for a total of 28 experiments. The experimental design is shown in Table 2.
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Table 1
The level of experimental design

Factors Symbols Coded values

-1 0 1

CD (g/cm3) X1 1.18 1.23 1.28

CT (°C) X2 20 25 30

EC (%) X3 94 95 96

ECR (v/v) X4 2.6 2.8 3.0

SS (rpm) X5 120 140 160

EAt (min) X6 80 90 100

St (min) X7 60 90 120

RT (°C) X8 2.0 6.0 10.0

Rt (h) X9 24 36 48
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Table 2
The table of experimental design

No. Process parameters

X1 (g/cm3) X2 (°C) X3 (%) X4 (v/v) X5 (rpm) X6 (min) X7 (min) X8 (°C) X9 (h)

1 1.23 30 96 3.0 160 100 120 10.0 48

2 1.23 20 94 2.6 120 80 60 2.0 24

3 1.28 25 96 2.6 160 100 120 2.0 24

4 1.18 25 94 3.0 120 80 60 10.0 48

5 1.28 20 95 3.0 120 100 120 10.0 24

6 1.18 30 95 2.6 160 80 60 2.0 48

7 1.28 30 94 2.8 160 80 120 10.0 48

8 1.18 20 96 2.8 120 100 60 2.0 24

9 1.28 20 96 2.6 140 100 60 10.0 48

10 1.18 30 94 3.0 140 80 120 2.0 24

11 1.28 20 94 3.0 120 90 120 2.0 48

12 1.18 30 96 2.6 160 90 60 10.0 24

13 1.28 20 94 2.6 160 80 90 10.0 24

14 1.18 30 96 3.0 120 100 90 2.0 48

15 1.28 30 94 2.6 120 100 60 6.0 48

16 1.18 20 96 3.0 160 80 120 6.0 24

17 1.28 30 96 2.6 120 80 120 2.0 36

18 1.18 20 94 3.0 160 100 60 10.0 36

19 1.28 30 96 3.0 120 80 60 10.0 24

20 1.18 20 94 2.6 160 100 120 2.0 48

21 1.28 20 96 3.0 160 80 60 2.0 48

22 1.18 30 94 2.6 120 100 120 10.0 24

23 1.28 30 94 3.0 160 100 60 2.0 24

24 1.18 20 96 2.6 120 80 120 10.0 48

25 1.23 25 95 2.8 140 90 90 6.0 36

26 1.23 25 95 2.8 140 90 90 6.0 36

27 1.23 25 95 2.8 140 90 90 6.0 36

28 1.23 25 95 2.8 140 90 90 6.0 36

 

Analytical method
The content of HSYA was determined by an HPLC method [30], and HPLC analysis was performed with an HPLC system (1100, Agilent Technologies,
USA) coupled with a UV detector. The ethanol precipitation supernatant and concentrated extract of Carthami Flos samples were diluted 25 and 50
times with ultrahigh-purity water, respectively. Chromatographic separation was carried out at 30°C on an Agilent Extend SB-C18 column (250 mm×4.6
mm, 5 µm). Isocratic elution of the mobile phase containing acetonitrile and 1% glacial acetic acid solution containing 0.5% triethylamine (9:91, v/v)
was used. The injection volume was 10 µL, and the detection wavelength was �xed at 403 nm. Representative HPLC chromatograms of the Carthami
Flos sample and the reference standard sample are presented in Additional �le 1: Fig. S1.

The detailed determination method of the total �avonoid content in the supernatant was as described in the National Drug Standard for Guhong
Injection [30], and the total �avonoid content was determined by a UV-Vis spectrophotometer (Cary 60, Agilent Technologies, USA). The total solid
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content was determined using a gravimetric method. The supernatant or concentrated extract was placed into a weighing bottle that had been dried to
a constant mass, the solution was dried to a constant mass at 105°C, its mass was weighed, and the total solid content in the supernatant or the
concentrated extract was calculated.

Data processing
The extracted amount refers to the amount of a certain or a certain type of ingredient extracted per unit mass of Carthami Flos. The calculation
formulas of the extracted amount of the index components and total solids in the supernatant are as follows:

Extractedamountofindexcomponents =
Ms× ACi

Mm

(1)

Extractedamountoftotalsolids =
Ms× DM

Mm

(2)

where M refers to the quality, and the subscripts s and m represent the supernatant and Carthami Flos, respectively. AC refers to the content of the
index components in the supernatant, and the subscript i represents HSYA or total �avonoids. DM refers to the total solid content in the supernatant.

The calculation formulas of the retention rate and purity of the index components in the supernatant are as follows:

Retentionrateofindexcomponents =
Ms× ACi
Mc × Ci

(3)

Purityofindexcompositions =
ACi
DM

(4)

where Mc refers to the quality of the concentrated extract, C refers to the content of the index components in the concentrated extract, and the
subscript i represents HSYA or total �avonoids.

Design Expert 11.0.0 software was used to analyse the results of the experimental design. To identify the CPPs, a multiple linear regression model was
used to model the process parameters and evaluation indicators. The basic form of the model is as follows:

Y = a0 + ∑ 9
i=1biXi

(5)

where Y refers to an evaluation indicator, Xi (i = 1 ~ 9) is a process parameter, a0 is a constant, and bi is the regression coe�cient of the process
parameter. The backward elimination method was used to simplify the model, and the signi�cance level was set to 0.15. Any remaining terms in
the model were considered to be a CPP.

To describe the mathematical relationship between the CPPs and the evaluation indicators of the EPP, the mathematical model was established by the
quadratic multiple regression analysis. The basic form of the mathematical model is as follows:

Y = b0 + ∑ n
i=1biXi + ∑ n

i=1biiX
2
i + ∑ n−1

i=1 ∑ n
j=i+1bijXiXj

(6)

where b0 is a constant term, n is the number of CPPs, bi, bii and bij are the regression coe�cients of the �rst, quadratic and interaction terms,
respectively, and Xi and Xj are the CPPs. The above method adopted stepwise regression, and the signi�cance levels of adding terms and
removing terms were both set to 0.10.

Calculation of the design space
The design space was calculated using the probability of reaching the standard method, which was based on an exhaustive search-Monte Carlo
method. The process of this method is shown in Fig. 1. The calculation procedure is as follows:

The �rst step was to calculate and determine the relative standard deviation (RSD) of each process evaluation indicator obtained from repeated
experiments. These values were recorded as RSD1, RSD2, …, RSDn, …, RSDN, ..., where N in RSDN is the number of process evaluation
indicators, n = 1, …, N.

The second step was to determine the overall distribution parameters corresponding to each process evaluation indicator in each experiment.
Assuming that the experimental values of all process evaluation indicators were a sample from the normal distribution population A, the average
value of the normal distribution population A is the experimentally determined value DRn,j of the process evaluation indicators, where j = 1, …, J, and J
is the total number of experiments. A normally distributed population A was assumed to be a variance (DRn,j × RSDn)2, and then, the overall
distribution parameters corresponding to each process evaluation indicator could be determined.

The third step was to generate random values for each process evaluation indicator. According to the parameters of the normal distribution A, the
random value DMn,j,k of each process evaluation indicator was generated by random simulation, where k = 1, …, K, and K is the random simulation
time. Each process evaluation indicator in all experiments simulates the generation of K random values and generates a total of N × J × K random
values.

Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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The fourth step was to establish mathematical models. When each process evaluation indicator in all experiments generates one random value, N
models can be established. When there were K random simulations, a total of N × K models were established.

The �fth step was to predict the results using the obtained models. Exhaustive research was used to predict the results of the evaluation indicators.
Discrete values within the research range of process parameters were taken, and the number of discrete values was determined by the calculation
steps. Assuming that there were 3 process parameters in total and that discrete values of P, Q, and R were taken, there were P × Q × R process
parameter combinations after pairwise matching. A speci�c combination of process parameters was (p, q, r), where p = 1, …, P; q = 1, …, Q; r = 1, …, R.
Substituting each speci�c combination (p, q, r) into N × K models for calculation, a total of N × K prediction results for N process evaluation
indicators were obtained.

The sixth step was to count the probability value. For a certain combination of process parameters (p, q, r), when substituting the N models obtained
from the kth random simulation, the predicted values of all N process evaluation indicators may meet the limits of all process evaluation indicators,
and they may be partially compliant or not at all. Counting the number of times m that the combination (p, q, r) can meet the limit of all process
evaluation indicators in all K random simulations, m ≤ K must hold. The probability Probp,q,r=m/K of reaching the standard corresponding to the
combination (p, q, r) was calculated, and the value of Prob was in the interval [0, 1].

The seventh step was to count the parameter combinations that met the probability of reaching the standard. The threshold T of the probability of
reaching the standard is set, and generally, T ≥ 0.80. If Probp,q,r ≥ T, then the combination of the process parameters (p, q, r) was the parameter
combination that met the probability of reaching the standard. All the process parameter combinations that satis�ed Probp,q,r ≥ T were counted,
and the parameter combination that met the probability of reaching the standard was obtained.

The eighth step was to count the easily controllable CPP combinations that met the probability of reaching the standard within the variation range of
the noise parameter and to calculate the design space. If there were 3 easily controllable CPPs, the combination was (x, y, z). From the parameter
combinations that met the probability of reaching the standard, it was calculated that the easily controllable CPP combinations satis�ed the
parameter combination of x=x, y=y, z=z within the variation range of the noise parameter. Then, the easily controllable CPP combinations within the
variation range of noise parameter are obtained and the design space was calculated.

The calculation steps of the CD, EC, ECR, St, and RT were 0.20, 0.20, 0.20, 0.16, and 0.20, respectively. The acceptable probability of the design space
was set as 0.80, the simulation was performed 5000 times to calculate reliable probability values, and all calculations were carried out using MATLAB
(R2020a, Version 9.8, MathWorks Inc., USA).

Results

Experimental results of the EPP
The results of the evaluation indicators and the retention rate of the index components of the 28 experiments are shown in Table 3 and Fig. 2. The
extracted amount of HSYA was 3.81 ~ 7.77 mg/g, that of total �avonoids was 1.92 ~ 3.38 mg/g, and that of total solids was 141.84 ~ 198.66 mg/g.
The purity of HSYA in the supernatant was 2.68%~4.04%, which was signi�cantly improved compared with the 1.43%~1.85% purity of the
concentrated extract before ethanol precipitation. The purity of the total �avonoids in the supernatant was 1.31%~1.79%, which was higher than the
0.65%~0.83% total �avonoid purity before ethanol precipitation, showing that while removing impurities after ethanol precipitation, the effective
components of the supernatant were enriched. In terms of ingredient retention, the retention rates of HSYA and total �avonoids were 24.5%~60.3%
and 27.9%~57.8%, respectively, which were equivalent. After ethanol precipitation, the HSYA component was lost, possibly because HSYA solubility in
the supernatant is small.
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Table 3
The results of experimental design

No. Extracted amount (mg/g) Purity (%) Retention rate (%)

HSYA Total �avonoids Total solids HSYA Total �avonoids HSYA Total �avonoids

1 5.69 2.85 171.42 3.32 1.66 41.15 42.18

2 6.55 3.00 178.39 3.67 1.68 44.43 41.70

3 3.81 1.92 141.84 2.68 1.35 24.76 27.88

4 6.77 3.09 184.24 3.67 1.68 52.44 52.76

5 5.12 2.64 177.52 2.88 1.48 33.40 38.33

6 7.48 3.35 187.38 3.99 1.79 54.49 53.73

7 5.32 2.54 173.66 3.06 1.46 32.79 34.96

8 5.75 2.69 155.68 3.69 1.73 43.69 45.00

9 4.85 2.64 160.59 3.02 1.64 30.58 37.05

10 7.15 3.08 189.33 3.78 1.63 55.43 52.47

11 4.87 2.24 169.11 2.88 1.33 32.10 32.99

12 7.11 3.16 188.08 3.78 1.68 54.77 53.56

13 5.17 2.68 164.54 3.14 1.63 32.63 37.75

14 5.84 2.49 164.97 3.54 1.51 43.06 40.46

15 5.98 3.17 198.66 3.01 1.60 37.17 43.96

16 6.54 3.05 180.19 3.63 1.69 48.34 49.57

17 3.98 2.10 147.89 2.69 1.42 24.47 28.81

18 6.12 2.64 160.55 3.81 1.65 46.04 43.74

19 4.92 2.78 175.38 2.80 1.59 30.33 38.24

20 7.57 3.27 193.73 3.91 1.69 55.71 52.96

21 4.00 1.96 148.82 2.69 1.31 26.14 28.48

22 7.77 3.38 192.25 4.04 1.76 60.25 57.75

23 4.72 2.55 161.21 2.93 1.58 29.71 35.83

24 7.16 3.25 186.24 3.85 1.74 51.97 51.84

25 5.95 2.83 176.00 3.38 1.61 40.99 40.01

26 6.44 3.17 183.62 3.51 1.73 46.28 46.69

27 6.07 2.82 173.67 3.50 1.62 42.16 40.09

28 6.08 3.05 173.48 3.50 1.76 41.37 42.59

 

The identi�cation of CPPs
To comprehensively study the in�uence of process parameters on the evaluation indicators of the EPP, the CPPs were identi�ed by establishing
multiple linear regression models. The regression coe�cients and variance analysis of the multiple linear regression models are shown in Table 4. RT
is a noise parameter and a CPP, which affects the evaluation indicators of ethanol precipitation and has a positive relationship; that is, as RT
increases, the index value of each evaluation indicator increases. The extracted amount of HSYA increased with increasing CD, for other evaluation
indicators, the changing trend was opposite to the CD. The extracted amount and purity of HSYA and total �avonoids increased with decreasing ECR.
The extraction amount and purity of HSYA and the extraction amount of total �avonoids and total solids decreased with increasing EC. Therefore,
through multiple linear regression analysis, the CD, EC, ECR, St, and RT were the CPPs of the Carthami Flos EPP, and CT, SS, EAt, and Rt after ethanol
precipitation were less important process parameters.

Process modelling of ethanol precipitation
Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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Before establishing mathematical models between CPPs and evaluation indicators, the purity of HSYA and total �avonoids was subjected to square
root arcsine transformation. The regression coe�cients and variance analysis of each mathematical model are shown in Table 5. The signi�cance
level P value of all models was less than 0.0001, indicating that the models were signi�cant. The coe�cient of determination of each �tted model was
greater than 0.81, which means that most of the data variation can be explained by these models.

Based on the regression models, the in�uence of CPPs on evaluation indicators was evaluated. The relationship between independent variables and
dependent variables was expressed by contour plots, as shown in Fig. 3- Fig. 7. In addition to the two parameters examined in each 2-D contour map,
the other parameter levels were �xed as the centre point level. It can be seen from Fig. 3 that reducing the EC, reducing ECR, and allowing the solution
to stand at a higher temperature will help increase the extracted amount of HSYA in the supernatant. The in�uence on the total �avonoid content is
shown in Fig. 4. The lower the concentration of ethanol added, the smaller ECR, and the higher the total �avonoid content in the supernatant.
According to Fig. 5, increasing EC and lowering the RT were bene�cial to the precipitation of solid impurities. Figure 6 and Fig. 7 show that as the CD
increased and the RT decreased, the purity of HSYA decreased. The higher CD, the lower the total �avonoid purity was in the supernatant.

Table 4
Regression coe�cient and variance analysis of the multiple linear regression model

Parameters Y1 Y2 Y3 Y4 Y5

Coe�cients P value Coe�cients P value Coe�cients P value Coe�cients P value Coe�cients P value

Constant 5.88 - 2.80 - 173.52 - 3.37 - 1.61 -

X1 1.02 < 
0.0001**

-0.2838 < 
0.0001**

-7.43 0.0059** -0.4498 < 
0.0001**

-0.0975 < 
0.0001**

X3 -0.3784 0.0006** -0.1261 0.0342* -6.57 0.0133* -0.1001 0.0001** - -

X4 -0.2576 0.0128* -0.1157 0.0503 - - -0.0835 0.0008** -0.0396 0.0387*

X7 - - - - - -   - -0.0321 0.0885

X8 0.1942 0.0535 0.1358 0.0236* 4.37 0.0881 0.0422 0.0641 0.0431 0.0255*

P value < 0.0001** < 0.0001** 0.0023 < 0.0001** < 0.0001**

*p < 0.05; **p < 0.01.
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Table 5
Regression coe�cient and variance analysis of the quadratic multiple regression model

Parameters Y1 Y2 Y3 ArcSin (Sqrt (Y4)) ArcSin (Sqrt (Y5))

Coe�cients P value Coe�cients P value Coe�cients P value Coe�cients P value Coe�cients P value

Constant 6.189 - 2.985 - 177.6 - 0.1879 - 0.1298 -

X1 -1.0238 < 
0.0001**

-0.2838 < 
0.0001**

-7.4283 0.0002** -0.0126 < 
0.0001**

-0.0039 < 
0.0001**

X3 -0.3784 < 
0.0001**

-0.1261 0.0016** -6.5712 0.0006** -0.0028 < 
0.0001**

- -

X4 -0.2576 < 
0.0001**

-0.1157 0.0033** - - -0.0022 < 
0.0001**

-0.0016 0.0128*

X7 - - - - - - - - -0.0013 0.0346*

X8 0.1942 0.0014** 0.1358 0.0008** 4.3687 0.0129* 0.0013 0.0017** 0.0018 0.0058**

X1X4 - - - - - - 0.0010 0.0120*    

X1X7 - - - - - - - - -0.0012 0.0572

X1X8 - - - - - - 0.0014 0.0010** 0.0012 0.0599

X3X4 0.2068 0.0013** 0.0915 0.0235* 5.1539 0.0091** - - - -

X3X8 0.3248 < 
0.0001**

0.1747 0.0001** 8.7882 < 
0.0001**

- - - -

X4X8 - - - - - - -0.0009 0.0354* - -

X1
2 - - - - 13.2092 0.0128* -0.0046 < 

0.0001**
-0.0036 0.0098**

X3
2 -0.3871 0.0027** - - -8.2773 0.0915 - - - -

X8
2 - - -0.2348 0.0060** -10.0961 0.0409* - - - -

P value < 0.0001** < 0.0001** < 0.0001** < 0.0001** < 0.0001**

R2 0.9637 0.8803 0.8165 0.9874 0.8102

*p < 0.05; **p < 0.01.

 

Design space development and veri�cation
The extracted amount of total solids in the supernatant can re�ect the impurity removal effect of the EPP, so the upper limit of the extracted amount of
total solids was set at 185 mg/g. HSYA and total �avonoids are the effective ingredients of Carthami Flos, and their extracted amount and purity were
set at a lower limit. Therefore, the lower limits of the extracted amount of HSYA and total �avonoids were 5.0 mg/g and 2.3 mg/g, respectively, and the
lower limits of the purity of HSYA and total �avonoids were 2.8% and 1.4%, respectively. According to the design space calculation method based on
the probability of reaching the standard proposed in this work, the parameter combination with a probability of reaching the standard exceeding 80%
belongs to the design space. The easily controllable CPP combinations and the probability of reaching the standard in the design space are shown in
Additional �le 2: Table S1 and the design space is shown in Fig. 8.

One point inside and one point outside the design space were selected for the veri�cation of the design space, and 3 experiments were performed for
each veri�cation point. The calculation formula of the average relative deviation (ARD) value is as follows:

ARD =
| EV−PV|

EV × 100% (7)

where EV and PV refer to the experimental value and the predicted value, respectively. The speci�c conditions and results of the veri�cation
experiment are shown in Table 6. It can be seen from the veri�cation results that the experimental value and the predicted value were basically in
agreement, indicating that the predictive performance of the models was good. Carrying out Carthami Flos ethanol precipitation in the design space
can make the evaluation indicators meet the limit regulations. At the veri�cation point outside the design space, the extracted amount of the total solidLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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content obtained from Experiment V6 did not reach 185 mg/g. The above results showed that the operation in the design space can ensure a better
process quality of ethanol precipitation.

Table 6
The results of the veri�cation experiments

CPPs or evaluation indicators Inside the design space Outside the design space

V1 V2 V3 V4 V5 V6

X1 (g/cm3) 1.23 1.23 1.23 1.19 1.19 1.19

X3 (%) 94.8 94.8 94.8 95.0 95.0 95.0

X4 (v/v) 2.96 2.96 2.96 2.96 2.96 2.96

X7 (min) 120 120 120 90 90 90

X8 (°C) 2.0 6.0 10.0 2.0 6.0 10.0

Calculated probability (%) 93.1 94.0 96.0 97.0 52.0 76.0

Extracted amount of HSYA PV (mg/g) 5.88 6.01 6.14 6.61 6.80 7.00

EV (mg/g) 5.94 6.07 6.39 6.51 6.98 6.94

ARD (%) 0.98 0.92 3.95 1.50 2.56 0.86

Extracted amount of total �avonoids PV (mg/g) 2.57 2.90 2.77 2.75 3.12 3.02

EV (mg/g) 2.68 2.70 2.85 2.94 3.02 3.43

ARD (%) 4.11 7.47 2.76 6.67 3.23 12.02

Extracted amount of total solids PV (mg/g) 163.3 178.4 168.9 173.1 189.1 181.8

EV (mg/g) 160.8 164.2 169.1 170.8 183.6 189.7

ARD (%) 1.57 8.65 0.13 1.37 3.01 4.17

Purity of HSYA PV (mg/g) 3.42 3.44 3.47 3.68 3.64 3.72

EV (mg/g) 3.69 3.69 3.78 3.81 3.80 3.66

ARD (%) 7.34 6.77 8.17 3.42 4.26 1.75

Purity of HSYA PV (mg/g) 1.57 1.61 1.66 1.65 1.67 1.69

EV (mg/g) 1.67 1.64 1.68 1.72 1.65 1.81

ARD (%) 5.92 1.96 1.66 4.53 1.24 6.79

 

The operation space for the production process was also calculated, and the optimized ranges of CPPs were as follows: CD was 1.20~1.26 g/cm3, EC
was 94.6-95.8%, ECR was controlled at 2.64-2.84 v/v, St was 60-120 min. The RT was used as a noise parameter, and its allowable range was from 2-
10°C. The allowable range of other process parameters was the entire experimental research range; that is, CT was 20~30°C, SS was 120~160 rpm,
EAt was 80~100 min, and Rt was 24~48 h.

Continuous improvement strategy
ICH Q8 (R2) [16] encourages continuous improvement of the drug production process and continuous improvement of process performance and
product quality. In this work, with the collection of production data, the mathematical model and design space were updated, making the design space
more reliable. In this work, the models were rebuilt by combining the 6 sets of data from the previous veri�cation experiment with the 28 sets of data in
DSD. As for the experimental point N, the CPP conditions were X1 = 1.23 g/cm3, X3 = 94.0%, X4 = 2.6 v/v, X7 = 60 min, and X8 = 10.0°C. The calculated
probability of reaching the standard was 77.0%, which was lower than the design space threshold of 80%. The regression coe�cient and variance
analysis of the regression model after continuous improvement are shown in Additional �le 3: Table S2. After rebuilding the models, it was found that
the probability of reaching test point N was 85.7%, which exceeded 80%. Then, a set of validation tests was performed, and the evaluation indicators
are shown in Table 7. All of the evaluation indicators complied with the limits. This �nding showed that the recalculated probability value is more
reliable after obtaining new data. Therefore, we reupdated the combination of easily controllable parameters in the design space, and the results are
shown in Additional �le 4: Table S3. Compared with Table S1, Table S3 presents more easily controllable parameter combinations. It is thusLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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recommended to continuously collect new process data during daily production, continuously improve the model based on the data, and regularly
update and maintain the design space to improve its reliability.

Table 7
The results of experimental point N

Evaluation indicators Extracted amount (mg/g) Purity (%)

HSYA Total �avonoids Total solids HSYA Total �avonoids

PV (mg/g) 6.51 3.04 167.2 3.76 1.80

EV (mg/g) 6.63 2.66 173.3 3.82 1.54

ARD (%) 1.70 14.31 3.49 1.73 17.04

Discussion
In the literature, commercial software such as MODDE, Minitab, or Design Expert was used to calculate the design space. In this work, a self-coded
program was used to calculate the effects of noise parameters for building the design space. The exhaustive search-Monte Carlo method was used to
calculate the design space, which required a lot of computation. To improve the convenience of data calculation, software that can consider noise
parameters should be developed for calculating design space in the future. The mathematical models between the CPPs and evaluation indicators
were established with the quadratic models. However, the determination coe�cients of some models were not large enough, for example, less than
0.90. Recently, some machine learning models were used in the researchers of TCMs, such as convolution neural networks[31, 32]. These models can
also be considered in the optimization of pharmaceutical process parameters.

Conclusion
In this work, the design space calculation method in the presence of noise parameters was proposed, the models and design space were updated
based on new data. Optimization of the Carthami Flos EPP was studied based on the QbD concept. The extracted amount of HSYA, extracted amount
of total �avonoids, extracted amount of the total solids, purity of HSYA, and the purity of total �avonoids were regarded as evaluation indicators. CD,
EC, ECR, St, and RT were identi�ed as CPPs using DSD. Quantitative models between the CPPs and evaluation indicators were developed, the
determination coe�cients were higher than 0.81. Decreasing CD and EC could increase the extraction amount of total �avonoids and total solids and
the purity of HSYA. Then the RT was considered as the noise parameter because it is easily affected by the seasons. The design space considering a
noise parameter was calculated and veri�ed. The combination of easily controllable CPPs in the design space was obtained. The calculated operation
space of the EPP was as follows: CD was 1.20 ~ 1.26 g/cm3, CT was 20 ~ 30°C, EC was 94.6–95.8%, ECR was controlled at 2.64–2.84 v/v, SS was
120 ~ 160 rpm, EAt was 80 ~ 100 min, St was 60–120 min, the allowable ranges of RT were from 2–10°C, and Rt was 24 ~ 48 h. In this operating
space, the quality of the supernatant could be guaranteed.

According to the data of the new batches from the veri�cation experiments, the models and design space were updated. The calculated probabilities
of the models built with more data were more accurate and reliable, and the design space was more reliable. The methods provided in this work can
similarly be used for the continuous improvement of industrial production.
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Figures

Figure 1

Design space calculation process of the probability of reaching standards considering a noise parameter
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Figure 2

Box diagram of evaluation indicator results of the EPP

Figure 3

Contour plot of the extracted amount of HSYA

Figure 4

Contour plot of the extracted amount of total �avonoids
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Figure 5

Contour plot of the extracted amount of total solids

Figure 6

Contour plot of the purity of HSYA

Figure 7
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Contour plot of the purity of total �avonoids

Figure 8

Design space and veri�cation points a St =90 min, RT=6 ℃. b ECR =2.8 v/v, RT =6℃. c CD =1.23 g/cm3, RT =6 ℃. d ECR =2.96 v/v, St =120 min. e CD
=1.19 g/cm3, ECR =2.96 v/v. ○ Veri�cation points in the design space. △ Veri�cation points outside the design space
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