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A B S T R A C T   

Optimizing the processing technology is an effective way to improve the yield of active ingredients for the in-
dustrial production of medicinal crops. Baikal Skullcap (Scutellaria baicalensis Georgi) is a perennial herb in the 
Lamiaceae family and its dried root is used as a famous traditional Chinese medicine (TCM). Modern pharma-
cological studies have shown that the active ingredients of S. baicalensis have important pharmacological effects 
including anti-oxidation, anti-bacterial, anti-viral, anti-tumor, and anti-inflammation. Specifically, it is recently 
found that S. baicalensis has significant curative effects on the treatment of corona virus disease 2019 (COVID- 
19). In recent years, the market demand for the medicinal products of S. baicalensis is increasing because of its 
great medicinal values. However, the annual yield of active ingredients originated from the root of S. baicalensis 
is limited due to that little progress has been made on the traditional processing technology used in the extraction 
process. A pressing issue faced by both herbalists and scientists is how to improve the processing efficiency, 
thereby obtaining the maximum yield of products for S. baicalensis. In this study, a systematic analysis on the 
effects of growth years and post-harvest processing on the contents of medicinal active ingredients of 
S. baicalensis was conducted. The contents of eight active ingredients (baicalin, wogonoside, baicalein, wogonin, 
scutellarin, scutellarein, apigenin, and chrysin) in roots of S. baicalensis of different growth years (ranging from 
1 year to 15 years) were estimated using high performance liquid chromatography (HPLC) and further analyzed 
to determine the optimal harvest period. In particular, the contents of six active ingredients in different parts 
(cortex and stele) of the root of S. baicalensis were estimated and compared. Meanwhile, the dynamic changes of 
the contents of active ingredients in fresh-crush and fresh-cut roots of S. baicalensis at room temperature were 
compared and analyzed to reveal the influence of post-harvest treatment on the contents of active ingredients. In 
addition, the effects of six different post-harvest treatments on the contents of active ingredients were system-
atically designed and compared to determine the best primary processing technology. The results showed that 
the best harvesting period for S. baicalensis should be determined as 2–3 years based on comprehensive evalu-
ation of active ingredient content, annual yield increment, and land use efficiency. The contents of active in-
gredients including baicalin, wogonoside, baicalein, and wogonin in cortex were significantly higher than those 
in stele (P ≤ 0.05). The contents of baicalin, wogonoside, and scutellarin in fresh roots of S. baicalensis signifi-
cantly reduced as the storage time increased, but the reduction of fresh-cutting was significantly lower than that 
of fresh-crushing. For the effects of different processing treatments, the contents of four main active ingredients 
(baicalin, wogonoside, baicalein, and wogonin) under drying (D) and cutting-drying (C–D) treatments were 
significantly higher than those of the other four treatments (P ≤ 0.05). Collectively, the above results will not 
only provide novel processing methods that will improve the yield of active ingredients for S. baicalensis, but also 
shed light on the optimization of processing technology for the industrial production of medicinal crops.   
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1. Introduction 

Medicinal plants with effective pharmacological activities, low side 
effects as well as high economic values have long been used as raw 
materials and reservoirs of new drugs in pharmaceutical industry 
(Tschofen et al., 2016; Wurtzel and Kutchan, 2016; Tu, 2011; Balandrin 
et al., 1985). As an important part of the traditional Chinese medicine 
(TCM) system, medicinal plants have shown great therapeutic potentials 
in severe and acute diseases including malaria, diabetes, cancer, etc. 
(Chukwuma et al., 2019; Feachem et al., 2019; Manukumar et al., 2017; 
Miller and Su, 2011). Specifically, in the recent pandemic of corona 
virus disease 2019 (COVID-19), TCM preparation and drugs showed 
effective anti-viral and anti-inflammatory activities against the severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Chan et al., 
2020; Li et al., 2020a; Liu et al., 2020; Luo et al., 2020; Ren et al., 2020; 
Su et al., 2020; Yang et al., 2020). Exploring the potential pharmaco-
logical functions and promoting the introduction and development of 
TCM will bring benefits to human health globally. 

Currently, the primary aim of studies in TCM cultivation and pro-
duction is how to improve the yield and quality of medicinal crops 
(specifically the active ingredients with high medicinal values). In 
recent years, the market demand of raw materials originated from me-
dicinal crops is increasing with the development of pharmaceutical in-
dustry (Barata et al., 2016; Chen et al., 2016). Nevertheless, the yield of 
medicinal crops with high quality is decreasing due to growing human 
activities and habitat loss (Cao et al., 2020; He, 2018; Zhang et al., 2018; 
Chi et al., 2017). A pressing challenge faced by scientists is how to obtain 
the maximum yield of active ingredients in medicinal crops. 

Improving the yield of active ingredients by optimizing the pro-
cessing methods is a good way to achieve the above goals (Mishra et al., 
2020; Nabet et al., 2019; Wang et al., 2018a). Typically, the active in-
gredients in medicinal plants are secondary metabolites that are closely 
related to cultivation methods, field management, harvest time, primary 
processing in the producing area, deep processing, storage, and trans-
portation, etc. (Kessler and Kalske, 2018; Zhao et al., 2012; Xiao et al., 
2009; Canter et al., 2005). Specifically, the processing methods 
including removing impurities, stacking, steaming, slicing, and drying 
have significant effects on the contents of active ingredients of Chinese 
medicinal materials (Nozad et al., 2016; Guo et al., 2015; Azizi, 2008). 
The primary processing in the producing area is the first key step for the 
quality formation of Chinese medicinal materials. Previous studies have 
demonstrated that primary processing in the producing area have a 
great influence on the yield, quality, and efficacy of the medicinal ma-
terials (Chen et al., 2015; Duan et al., 2009). In the traditional tech-
nology of primary processing, it is specified that post-harvest treatment 
and processing of medicinal materials in the producing area should 
follow the natural rules of the formation of active ingredients. Mean-
while, the specific characteristics of raw materials during the process of 
storage and transportation should be carefully considered to ensure the 
quality of medicinal materials (Wang et al., 2013; Zhao et al., 2012). 

Nevertheless, most of the active ingredients (e.g., alkaloid salts, 
inorganic salts, etc.) of TCM have different affinity degrees with water 
(Zhang et al., 2017; Jin et al., 2016; Yang et al., 2016). Improper pro-
cessing treatments (long-term exposure to water, water flushing, im-
mersion, etc.) will cause considerable loss of active ingredients (Gao 
et al., 2011). In addition, the contents of active ingredients in medicinal 
materials are closely related to the enzyme activity of plant tissues (Gao 
et al., 2019; Kotwal et al., 2019; Yang et al., 2019; Liu et al., 2017). For 
medicinal crops that are rich in alkaloids and polysaccharides, the 
contents of active ingredients as well as the quality of medicinal mate-
rials will rapidly decline, due to the absence of high-temperature 
treatment that can inactivate enzyme activity in tissues and organs 
after harvest. For example, for the important medicinal crop tall gas-
trodia tuber (Gastrodia elata Bl.), high-temperature steam is firstly used 
to inactivate enzyme activity in the root after harvesting, and then the 
steamed roots are dried. As an alternative, it can also inactivate enzyme 

activity by boiling the root in water. However, the boiling process will 
significantly reduce the content of gastrodin, which will further reduce 
the quality of medicinal materials (Xiao, 2017). Accordingly, it is 
necessary to investigate the effects of processing methods on the quality 
formation of different active ingredients in medicinal crops, thereby 
providing optimum processing methods that will obtain the maximum 
yield of products for the industrial production of traditional Chinese 
medicinal materials. 

Baikal Skullcap (Scutellaria baicalensis Georgi) is a perennial herb in 
the Lamiaceae family and its dried root is used as a famous traditional 
Chinese medicine, which was first recorded in the Shen-nong-ben-cao-jing 
(The Classic of Herbal Medicine) for the treatment of diarrhea, dysentery, 
hypertension, hemorrhaging, insomnia, inflammation, and respiratory 
infection (Zhao et al., 2016a; Fig. 1). As one of the most commonly used 
Chinese medicinal materials in China, it has been used as medicinal 
materials for more than 2000 years since being recorded in the ancient 
medical books. Up to date, it has been included in over 90 % TCM for-
mulas for treating cold (National Pharmacopoeia Committee, 2015). 
Modern pharmacological studies show that the active ingredients of 
S. baicalensis have important pharmacological effects such as 
anti-oxidation, anti-bacterial, anti-viral, anti-tumor, and 
anti-inflammation (Ma et al., 2018; Wu et al., 2018a, 2018b; Park et al., 
2011; Zhao et al., 2007; Gao et al., 1999). Specifically, it is recently 
found that S. baicalensis has significant curative effects on the treatment 
of COVID-19 (Liu et al., 2020; Su et al., 2020). The main pharmaceutical 
active ingredients are flavonoids, of which the glycosides (e.g., wogo-
noside) and the aglycones (e.g., baicalein, wogonin) have the strongest 
medicinal activities (Fig. 2). Among them, the content of baicalin is 
determined as the main evaluation index and quality control of 
S. baicalensis by the Pharmacopoeia (National Pharmacopoeia Com-
mittee, 2015). 

Due to its great medicinal values, there is a huge market demand for 
S. baicalensis every year and it is becoming one of the top ten sales of 
Chinese medicinal materials in China (Zhao et al., 2016a). Before the 
1990s, the products of S. baicalensis are mainly originated from wild 
resources. Since the 21 st century, the decreasing wild resources of 
S. baicalensis were far from meeting the rapidly increasing market de-
mand of pharmaceutical use. Accordingly, the market share of cultivated 
varieties has been increasing after extensive cultivation of S. baicalensis 
(Su et al., 2008). 

For the industrial production of S. baicalensis, the harvesting time 
and processing in producing areas are considered as the key factors for 
the quality formation of medicinal materials (Hu et al., 2019). Since 
S. baicalensis is a perennial herb, its stele of the root gradually decays 
from the base after growing for about 4 years (known as “hollow roots”) 
(Fig. 1). Although it has been recorded in the classical prescriptions and 
the medical classics that the hollow roots of S. baicalensis has the best 
curative effect in TCM, the theoretical basis of this statement remains 
unclear. Meanwhile, the factor of harvesting time is very important for 
the quality and yield of medicinal materials as well as the income of 
farmers during the cultivation process. At present, the farmers and 
herbalists believe that harvesting time at two and a half years or three 
years can ensure the best quality, the highest yield, and the highest land 
use efficiency for S. baicalensis. However, there is no clear evidence to 
show whether the contents of medicinal active ingredients of 
S. baicalensis harvested at such time have the highest levels. In addition, 
the primary processing in producing areas (removing impurities, drying, 
slicing, etc.) is considered as another key factor that affects the contents 
of medicinal active ingredients. Previous studies have shown that the 
contents of medicinal active ingredients in S. baicalensis after harvesting 
are closely related to enzyme activities in roots (Wang et al., 2018b; 
Zhao et al., 2016b). The active ingredients such as baicalin and wogo-
noside in fresh roots are easily reduced in enzyme solution under humid 
environment or washing and soaking in water (Liu, 2015). Nevertheless, 
there is a lack of systematic research on the effects of post-harvest 
treatment and processing technology on the contents of medicinal 
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active ingredients to reveal such mechanisms. Taken together, it is of 
great theoretical significance and practical prospect to reveal the effects 
of different processing technology on the medicinal active ingredients 
under the background of increasing market demand for S. baicalensis. 

On the basis of our previous research in S. baicalensis over the past 15 
years (Li et al., 2019; Bai et al., 2018; Guo et al., 2016; Zhang et al., 
2016; Bai et al., 2013), in this study we conducted a comprehensive 
study from the following aspects by taking eight medicinal active in-
gredients from the root of S. baicalensis as indicators: (1) the contents of 
active ingredients in roots of S. baicalensis from growing 1–15 years were 
compared and analyzed to determine the optimal harvest time; (2) six 
medicinal active ingredients in the parts of stele and cortex in roots of 
2-year and 15-year old S. baicalensis were compared and analyzed to 
reveal the differences of active ingredients in different growth years; (3) 
the dynamic changes of the contents of active ingredients in fresh-crush 
and fresh-cut roots of S. baicalensis at room temperature were compared 
and analyzed to reveal the influence of post-harvest treatment on the 
contents of active ingredients; (4) the effects of six different post-harvest 
treatment on the contents of active ingredients were systematically 
designed and compared to determine the best primary processing 
technology. Collectively, the above results will provide a theoretical 
basis for the scientific harvest and the primary processing in the pro-
ducing area of S. baicalensis, and provide a reference for the selection of 
optimal processing technology of medicinal materials for the industrial 
production of medicinal crops. 

2. Materials and methods 

2.1. Plant materials 

In this study, the germplasms of S. baicalensis from singe genetic 
source (originated from the main producing area in Shaanxi province) 
were planted from 2004 to present in the Germplasm Resources Garden 
for Medicinal Plants in Shaanxi Normal University (N34◦09′, E108◦54′), 
Xi’an, China. To determine the age of S. baicalensis for further experi-
ments, the germplasms with different growth years were planted sepa-
rately in the garden. For experiments regarding different ages, the root 
samples were collected from three plants of S. baicalensis with similar 
phenotypic and physiological characters of each age group (planted in 
2004, 2007, 2010, 2012, 2014, 2015, 2016, 2017, and 2018) (Table S1). 
For experiments regarding different storage time and different pro-
cessing methods, the root samples were collected from three plants of 
S. baicalensis with similar phenotypic and physiological characters 
planted in 2017. For experiments regarding different parts, the samples 
of cortex and stele were collected from three plants of S. baicalensis with 
similar phenotypic and physiological characters planted in 2017. All the 
plant samples of S. baicalensis were harvested in September 2019. After 
removing sediment and impurities, the samples were prepared for 
further experiments. 

2.2. Processing methods of samples 

To obtain the maximum yield of active ingredients, six different post- 

Fig. 1. The plant and main medicinal material of S. baicalensis used in pharmaceutical industry. 
(A) The plant of S. baicalensis. From left to right: whole plant, leaf, stem, flower, and root; (B) The roots of S. baicalensis with different growth years. From left to right: 
0.5, 1, 2, 3, 4, 5, 7, 9, 12, 15; (C) The different parts of roots from 2-year-old S. baicalensis. From left to right: whole root, root slice, cortex, stele; (D) The annual 
demand and yield of medicinal products of S. baicalensis used in pharmaceutical industry in China. Data were collected and analyzed by our group. Unit: tons. 
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harvest processing methods were designed based on traditional tech-
nology in this study. The six treatments for processing the roots of 
S. baicalensis were listed as following (D for drying, S for steaming, and C 
for slicing, respectively): 

D treatment: Fresh whole roots were dried at 80 ◦C in oven (101-2A, 
Taisite, Tianjin, China) to constant weight, and then crushed and filtered 
through a 60-mesh sieve; 

D-S- C-D treatment: Fresh whole roots were dried at 80 ◦C in oven to 
constant weight, softened by steam for 20 min, then sliced and dried, 
and finally crushed and filtered through a 60-mesh sieve; 

D-S-C treatment: Fresh whole roots were dried at 80 ◦C in oven to 
constant weight, softened by steam for 20 min, then crushed directly 

after slicing, and finally filtered through a 60-mesh sieve; 
C-S-D treatment: Fresh whole roots were cut into slices, softened by 

steam for 20 min after slicing, dried to constant weight at 80 ◦C in oven, 
and finally crushed and filtered through a 60-mesh sieve; 

S-C–D treatment: Fresh whole roots were softened by steam for 
20 min, cut into slices, dried to constant weight at 80 ◦C in oven, and 
finally crushed and filtered through a 60-mesh sieve; 

C–D treatment: Fresh whole roots were cut into slices, dried to 
constant weight at 80 ◦C in oven, and finally crushed and filtered 
through a 60-mesh sieve. 

Fig. 2. The flavonoid biosynthesis in roots of S. baicalensis. 
(A) The flavonoid biosynthesis in S. baicalensis. PAL: phenylalanine ammonia lyase; 4CL: 4-coumarate CoA ligase; CHS: chalcone synthase; CHI: chalcone isomerase; 
FNSI: flavone synthase I; FNSII: flavone synthase II; F6H: flavone 6-hydroxylase. (B) The roots of S. baicalensis. 
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2.3. Slicing and crushing of fresh roots of S. baicalensis 

After collecting the fresh roots of S. baicalensis, the soil was removed 
and the surface moisture of roots were dried. The dried roots were then 
sliced quickly and mixed thoroughly. The fresh slices were divided into 
two parts. One was crushed directly and another was left untreated. The 
two groups of samples were placed in a petri dish, sealed with plastic 
wrap to retain water, and then stored at room temperature for 0 h, 0.5 h, 
1 h, 1.5 h, 2 h, 2.5 h, 3 h, 3.5 h, 4 h, 4.5 h, 5 h, 6 h, 8 h, 11 h, 22 h, 23 h, 
24 h, and 25 h, respectively. Finally, these samples were immediately 
placed in a 10 mL centrifuge tube, quick-frozen with liquid nitrogen, and 
stored at -80 ◦C. After completely frozen, these samples were freeze- 
dried at -80 ◦C for 6 h using freeze dryer (GOLD-SIM, Newark, USA), 
and then crushed and filtered through a 60-mesh sieve. 

2.4. Estimation of the contents of medicinal active ingredients 

The extraction and measurement of eight active ingredients (baica-
lin, scutellarin, chrysin, scutellarein, wogonoside, apigenin, wogonin, 
and baicalein) were conducted using our previous protocol (Guo et al., 
2016). First, 0.5 g dried sample was accurately weighed and placed in a 
centrifuge tube. Then the sample was added with 20 mL 70 % ethanol. 
After 30 min of ultrasonic treatment (500 W, 80 kHz), the sample was 
cooled to room temperature, and then filtered and the filtrate was 
collected. Next, 20 mL 70 % ethanol was added to the residue followed 
by sonicating for 30 min under the same condition. After filtration, the 
two filtrates were combined into a 50 mL volumetric flask and 70 % 
ethanol was added to the scale line. Then the sample was filtered 
through a 0.22 μm filter after thoroughly mixing to obtain the sample 
solution. The eight medicinal active ingredients of samples were 
extracted using high-performance liquid chromatograph (HPLC) 
(Thermo Fisher Scientific, New York, USA) (Fig. 3). The determination 
condition was as below. Mobile phase: acetonitrile to 0.1 % formic acid. 
Gradient elution: 0 ~ 10 min, 10 % ~ 15 % acetonitrile; 10 ~ 20 min, 15 

% ~ 20 % acetonitrile; 20 ~ 30 min, 20 % ~ 25 % acetonitrile; 30 ~ 
60 min, 25 % ~ 45 % acetonitrile; 60 ~ 65 min, 45 % ~ 10 % aceto-
nitrile. Flow rate: 1.0 mL/min. Detection wavelength: 274 nm. Column 
temperature: 30 ◦C. Sample size: 10 μL. 

2.5. Quantity evaluation of medicinal active ingredients 

For the generation of standard curves, the standards of the eight 
active ingredients were prepared with a concentration of 5 × 10− 4 mg/ 
μL. The eight standards were then injected with volumes of 1, 2, 4, 6, 8, 
10, 12, 14, 16, and 20 μL, respectively, and were detected at wavelength 
of 274 nm. The peak area values of each standard were recorded. The 
linear regression equations were then calculated using the sample vol-
ume of standards as abscissa (X) and the peak areas as ordinate (Y) 
(Fig. 4). For the quantity evaluation of estimated samples, the peak 
values of each active ingredient were substituted to the linear regression 
equations to obtain the sample sizes. Then the content of each active 
ingredient of 10 μL was calculated by multiplying by the concentration 
of standards (5 × 10− 4 mg/μL). Finally, the contents of the eight active 
ingredients of samples (mg/g) were calculated by multiplying by the 
dilution ratio. 

2.6. Data analysis 

The data of this study were analyzed using IBM SPSS Statistics 
(Version 22.0). For the analysis of the contents of eight active in-
gredients of different growth years, the analysis of variance (ANOVA) 
was conducted. The growth years were chosen as dependent list, and the 
content of each active ingredients was chosen as factor. The LSD pattern 
was used as equal variances assumed. The options of “Descriptive” and 
“Homogeneity of variance test” were selected. For the comparisons of 
the contents of active ingredients among different part, different storage 
time, and different processing methods, the nonparametric tests for each 
group of data was first conducted. The differences of data were then 

Fig. 3. The HPLC chromatograms of eight active ingredients in roots of S. baicalensis. 
(A) The chromatograms of standards of eight active ingredients. 1: scutellarin; 2: scutellarein; 3: baicalin; 4: wogonoside; 5: apigenin; 6: baicalein; 7: wogonin; 8: 
chrysin. (B) The representative chromatograms of eight active ingredients of root sample from 2-year-old S. baicalensis. 1: scutellarin; 2: scutellarein; 3: baicalin; 4: 
wogonoside; 5: apigenin; 6: baicalein; 7: wogonin; 8: chrysin. 
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analyzed using Student’s t-test. P ≤ 0.05 indicates statistically 
significance. 

3. Results 

3.1. Effects of growth years on the contents of eight active ingredients in 
roots of S. baicalensis 

To investigate the effects of growth years on the contents of active 
ingredients in S. baicalensis, the roots with different growth years 
(ranging from 1–15) were collected and then dried at 80 ◦C in oven after 
removing sediment and impurities. The contents of eight medicinal 
active ingredients were further estimated (Table 1). The results showed 
that the contents of baicalin in roots of S. baicalensis in different growth 
years were all higher than 12 % (corresponding to 120 mg/g), which met 
the minimum requirement of the Pharmacopoeia (2015 version; 9%, 
corresponding to 90 mg/g) and could be used as medicinal materials 
(National Pharmacopoeia Committee, 2015). Further ANOVA analysis 
showed that the content of baicalin exhibited a "V" trend changing with 
growth years (Table 1). It is relatively high at both ends (2 years old and 
older than 7 years old) but low at the middle period (3–5 years old). In 
general, the total amount of the four main active ingredients (baicalin, 
wogonoside, baicalein, and wogonin) (13.5 %, corresponding to 
135 mg/g; National Pharmacopoeia Committee, 2020) in roots of 
S. baicalensis showed the following trend: 15 years > 9 years > 2 years >
7 years > 12 years > 3 years > 5 years > 4 years >=1 year. Among them, 
the total content of the four main active ingredients in 15-year-old roots 
was as high as 190 mg/g, followed by that of 9-year-old roots 

(185.57 mg/g). The content of 2-year-old roots reached 180 mg/g, 
which was significantly higher than that of 1-year-old roots 
(149.73 mg/g) (P ≤ 0.05). For the other four active ingredients (scu-
tellarin, scutellarein, chrysin, and apigenin) with lower contents, they 
also showed significant differences among different growth years 
(Table 1). The contents of scutellarein and scutellarin were significantly 
lower than those of all the four main active ingredients (P < 0.001). For 
the former, its content continued to increase in the first three years and 
remained basically stable after the fourth year. While for the latter, its 
content continued to decrease with growth years, and reached the 
lowest level (0.03 %) in 15-year-old roots. Conversely, for chrysin which 
is the precursor of baicalin, wogonoside, baicalein, and wogonin in the 
flavonoid synthesis pathway, its content reached the highest level 
(about 0.08 %) in 15-year-old roots. 

3.2. Effects of selection for different parts on the contents of six active 
ingredients in roots of S. baicalensis 

To further reveal the mechanism regarding the "V" trend of the 
contents of the four main active ingredients, we next investigated the 
disparity of active ingredients in different parts (cortex and stele). For 
S. baicalensis, as the growth period increases, the part of stele in the 
whole root gradually decays, and the proportion of cortex increases 
rapidly. Our results showed that the contents of active ingredients 
including baicalin, wogonoside, baicalein, and wogonin in cortex were 
significantly higher than those in stele (P ≤ 0.05, Fig. 5). Thus, the 
contents of older roots (rotten stele, older than 4 years) were signifi-
cantly higher than those of younger roots (non-rotten-stele, not older 

Fig. 4. The HPLC standard curves of eight active ingredients in roots of S. baicalensis. 
The HPLC standard curves of eight active ingredients in roots of S. baicalensis were calculated using linear regression. (A) baicalin; (B) scutellarin; (C) chrysin; (D) 
scutellarein; (E) wogonoside; (F) apigenin; (G) wogonin; (H) baicalein. 

Table 1 
The contents of eight medicinal active ingredients in roots of S. baicalensis with different growth years (mg/g).  

Growth years 
The contents of medicinal active ingredients (Dry weight, mg/g) 

Baicalin Wogonoside Baicalein Wogonin Scutellarin Scutellarein Apigenin Chrysin 

1-year-old 124.371 ± 0.135 h 22.037 ± 0.035 g 2.691 ± 0.004 g 0.642 ± 0.001 h 1.073 ± 0.003 a 0.017 ± 0.000 g 0.082 ± 0.001 b 0.223 ± 0.000 i 
2-year-old 141.807 ± 0.415 d 28.408 ± 0.064 b 7.423 ± 0.020 c 2.584 ± 0.006 c 0.897 ± 0.006 b 0.088 ± 0.001 f 0.068 ± 0.000 c 0.624 ± 0.003 d 
3-year-old 132.303 ± 0.342 f 27.795 ± 0.075 c 4.490 ± 0.012 f 1.904 ± 0.003 e 0.564 ± 0.005 d 0.174 ± 0.001 a 0.091 ± 0.001 a 0.397 ± 0.001 e 
4-year-old 124.186 ± 0.218 i 21.261 ± 0.021 h 3.229 ± 0.005 h 1.101 ± 0.003 f 0.583 ± 0.005 c 0.140 ± 0.000 c 0.048 ± 0.001 d 0.312 ± 0.000 g 
5-year-old 126.376 ± 0.303 g 20.800 ± 0.003 i 6.169 ± 0.004 d 3.107 ± 0.007 a 0.364 ± 0.006 g 0.131 ± 0.002 d 0.031 ± 0.001 e 0.765 ± 0.003 c 
7-year-old 146.080 ± 0.152 c 26.989 ± 0.073 d 4.413 ± 0.011 h 1.029 ± 0.004 g 0.356 ± 0.011 g 0.134 ± 0.006 d 0.082 ± 0.001 b 0.269 ± 0.004 h 
9-year-old 150.286 ± 0.480 b 24.020 ± 0.035 f 8.532 ± 0.009 a 2.734 ± 0.007 b 0.378 ± 0.005 f 0.131 ± 0.003 de 0.068 ± 0.000 c 0.806 ± 0.006 b 
12-year-old 137.354 ± 0.170 e 29.263 ± 0.008 a 5.214 ± 0.004 e 2.521 ± 0.003 d 0.412 ± 0.001 e 0.129 ± 0.001 e 0.091 ± 0.001 a 0.335 ± 0.003 f 
15-year-old 155.148 ± 0.301 a 24.272 ± 0.003 e 8.438 ± 0.003 b 2.522 ± 0.002 d 0.321 ± 0.002 h 0.143 ± 0.001 b 0.048 ± 0.001 d 0.832 ± 0.004 a 

Note: Different letters indicate significant differences of the content of each medicinal active ingredient in the same column (P ≤ 0.05). 
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Fig. 5. The contents of six active ingredients in whole root, cortex and stele of S. baicalensis. 
The contents of six active ingredients (from A to E: baicalin, wogonoside, scutellarin, baicalein, wogonin, and scutellarein) in whole root, cortex and stele of 2-year- 
old and 15-year-old S. baicalensis were estimated and compared. Data were presented as Mean ± SD. *P ≤ 0.05, **P ≤ 0.01 (Student’s t test). 
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than 4 years). The proportion of stele and cortex in the root of 2-years- 
old S. baicalensis was balanced, so the content of four active components 
retained high levels. However, for 3- to 5-year-old S. baicalensis, the 
enlargement of roots was mainly due to the rapid growth of stele. 
Therefore, the contents of active ingredients were relatively low. When 
S. baicalensis grows for more than three years, the part of stele in the 
whole roots begin to rot and the proportion of cortex increases year by 
year. Meanwhile, the contents of six main active ingredients in 15-year- 
old roots of S. baicalensis were significantly higher than those in 2-year- 
old roots (Fig. 5). Further comparative analysis of the contents of six 
active ingredients in cortex and stele revealed that the contents of five 
medicinal active ingredients (baicalin, wogonoside, scutellarin, baica-
lein, wogonin) in the cortex of 2-year-old and 15-year-old S. baicalensis 
were all significantly higher than those of the stele (P ≤ 0.05) except for 
scutellarein. However, the contents of baicalin, wogonoside, scutellarein 
in the stele of the roots of 2-year-old S. baicalensis were all significantly 
higher than those of the cortex. The contents of baicalein and wogoninin 
in the stele of 15-year-old S. baicalensis were all significantly higher than 

those of 2-year-old S. baicalensis. The above results indicated that the 
contents of active ingredients in S. baicalensis tended to decrease with 
the increase of growth years (more than 3 years). Since the stele began to 
rot after several years, the proportion of cortex in roots increased year by 
year. Due to the great difference of the contents of active ingredients in 
cortex and stele, the contents of six medicinal active ingredients in the 
whole root of 2-year-old S. baicalensis was lower than that of 15-year-old 
S. baicalensis, but it was higher than that of 3- to 5-year-old S. baicalensis. 
Collectively, these results will give reasonable interpretations why 
S. baicalensis with rotten stele is taken as top-quality products in TCM, 
thereby providing theoretical basis for determining the best harvesting 
time as 2 or 2.5 years. 

3.3. Effects of storage time on the contents of active ingredients in fresh- 
crushed roots 

In general, the plant of S. baicalensis needs to be dried after har-
vesting in the primary processing process. During the subsequent 

Fig. 6. The contents of eight active ingredients in fresh-crushed roots of S. baicalensis with different storage time. 
The contents of eight active ingredients in fresh-crushed roots of S. baicalensis with different storage time (0 h, 0.5 h, 1 h, 1.5 h, 2 h, 2.5 h, 3 h, 3.5 h, 4 h, 4.5 h, 5 h, 6 h, 
8 h, 11 h, 22 h, 23 h, 24 h, and 25 h) were estimated and compared. (A) baicalin and baicalein; (B) wogonoside and wogonin; (C) scutellarin and scutellarein; (D) 
apigenin; (E) chrysin. Data were presented as Mean ± SD. 
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extracting process, it will be softened with water or steam, and then 
sliced, and finally dried for extraction. Thus, it is of great importance to 
investigate how the storage time before extraction affects the contents of 
active ingredients in the industrial production of S. baicalensis. In this 
study, the fresh roots of S. baicalensis were directly crushed after 
removing sediments. The samples were then stored for different times at 
room temperature to reveal the trend of the contents of eight active 
ingredients changing with storage time. The results showed that the 
contents of chrysin, baicalein, wogonin and scutellarein in the fresh- 
crushed roots of S. baicalensis increased from 0 h to 25 h at room tem-
perature (Fig. 6). Among them, the contents of chrysin and wogonin 
showed similar trend, and then they reached the highest level at 25 h 
(Dry weight: 1.97 mg/g and 13.94 mg/g, respectively), which were 6.0 
% and 10.9 % higher than those in the beginning time (0 h). The content 
of baicalein increased slowly, reaching a stable level at about 38.84 mg/ 
g after 2 h. On the contrary, the contents of baicalin and wogonoside 
continued to decline with the extension of storage time, and tended to be 
stable at around 22 h. The two active ingredients decreased from 
95.67 mg/g and 17.89 mg/g (0 h storage) to 5.04 mg/g and 1.13 mg/g 

(22 h storage), with decreases of 94.7 % and 93.7 %, respectively. In 
particular, the contents of baicalin and wogonoside decreased signifi-
cantly from 0 h to 1 h. The content of apigenin showed a generally 
downward trend with the extension of storage time, and it rebounded at 
3 h–4 h with a peak of 0.03 mg/g, and then continued to decline after 
4 h. Collectively, the above results showed that the storage time at room 
temperature had a significant effect on the eight active ingredients in 
fresh-crushed roots of S. baicalensis. According to the trends of active 
ingredients to be extracted, specific extraction process should be 
developed for the industrial production of S. baicalensis. 

3.4. Effects of storage time on the contents of active ingredients in fresh- 
cut roots 

In traditional processing methods, the roots of S. baicalensis are dried 
after harvesting, and then softened by steam or boiling water, which is 
convenient for further cutting. However, this process takes a long time 
and consumes energy. Moreover, the contents of effective active in-
gredients in the slices will decrease once the dried roots are softened 

Fig. 7. The contents of eight active ingredients in fresh-cut roots of S. baicalensis with different storage time. 
The contents of eight active ingredients in fresh-cut roots of S. baicalensis with different storage time (0 h, 0.5 h, 1 h, 1.5 h, 2 h, 2.5 h, 3 h, 3.5 h, 4 h, 4.5 h, 5 h, 6 h, 8 h, 
11 h, 22 h, 23 h, 24 h, and 25 h) were estimated and compared. (A) baicalin and baicalein; (B) wogonoside and wogonin; (C) scutellarin and scutellarein; (D) api-
genin; (E) chrysin. Data were presented as Mean ± SD. 

C. Bai et al.                                                                                                                                                                                                                                      



Industrial Crops & Products 158 (2020) 112985

10

with steam or boiling water. It is not clear how the active ingredients 
change after the fresh roots of S. baicalensis were cut to slices and then 
placed at room temperature for different times. In this study, the fresh 
slices of roots of S. baicalensis were stored for different times at room 
temperature, and then the contents of active ingredients were deter-
mined after drying and comminuting. The results showed that the con-
tents of baicalein (Fig. 7A), wogonin (Fig. 7B), and chrysin (Fig. 7E) 
gradually increased with the extension of storage time at room tem-
perature, reaching the maximum of 0.39 mg/g, 12.67 mg/g and 
1.67 mg/g, respectively at about 25 h. Compared with those at 0 h, the 
contents of baicalin (Fig. 7A), wogonoside (Fig. 7B), and scutellarin 
(Fig. 7C) all decreased significantly with the extension of storage time, 
but were observed with a repeated fluctuation at different storage time. 
Comparatively, the two active ingredients apigenin (Fig. 7D) and scu-
tellarein (Fig. 7C) had relatively low contents with a gradually 
increasing trend, reaching a maximum of 0.053 mg/g and 0.091 mg/g, 
respectively, at storage time of 25 h. The above results indicated that the 
contents of baicalin, wogonoside, and scutellarin in the slices of fresh 
roots of S. baicalensis will significantly reduce as the storage time in-
creases, but the reduction of fresh-cutting was significantly lower than 
that of fresh-crushing. 

3.5. Correlation analysis of medicinal active ingredients in fresh-crushed 
roots of S. baicalensis 

The above results demonstrated that the eight medicinal active in-
gredients exhibited increasing or decreasing trends changing with 
storage time after crushing the fresh roots of S. baicalensis at room 
temperature. To investigate whether there exist correlations among the 
changes of active ingredients, we further conducted correlation analysis 
on the contents of different active ingredients. The results showed that 
there was significant negative correlations between the contents of 
baicalin and baicalein (correlation coefficient: -0.815, P < 0.0001, 
Fig. 8A), as well as the contents of wogonoside and wogonin (correlation 
coefficient: -0.998, P < 0.0001, Fig. 8B), indicating that there exists 
mutual conversion between baicalin and baicalein, and between 
wogonoside and wogonin. The contents of baicalein and wogonin in-
crease significantly with the extension of storage time, while the con-
tents of baicalin and wogonoside decrease significantly. On the contrary, 
the contents of scutellarin and scutellarein (Fig. 8C) have a very sig-
nificant positive correlation with correlation coefficient as high as 0.95 
(P < 0.0001). The contents of several other ingredients were relatively 
low, and the correlations among them were not significant (P > 0.05). 
These results suggested that the secondary metabolism in fresh roots of 
S. baicalensis had not been stopped after crushing, and there were still 
mutual transformations among different components. 

3.6. Effects of different processing treatments on the contents of eight 
medicinal active ingredients in S. baicalensis 

In recent years, the market demand for the raw medicinal materials 
of S. baicalensis is growing, with the development of pharmacological 
studies (Yuan et al., 2010). Specifically, pharmaceutical enterprises 
mainly focus on how to obtain the maximum contents of active in-
gredients in medicinal materials. In this study, six different post-harvest 
treatments were designed and used to systematically reveal the effects of 
different processing treatments on the contents of eight medicinal active 
ingredients (Table 2). The results showed that the contents of four main 
active ingredients (baicalin, wogonoside, baicalein, and wogonin) under 
D and C-D treatments were significantly higher than those of the other 
four treatments (P ≤ 0.05), indicating that the active ingredients in 
roots of S. baicalensis lost considerably after softening treatment by 
steam. The contents of the other four medicinal active ingredients were 
all lower than 0.06 % (corresponding to 0.6 mg/g), which were signif-
icantly lower than those of the four main active components in roots 
(P ≤ 0.05). Among the six different treatments, the contents of baicalin 
were all higher than 10 %, which was in accordance with the standard of 
the Pharmacopoeia. The highest content was observed in D treatment 
(134.54 mg/g), followed by C-D treatment (129.48 mg/g). The contents 
of baicalin and wogonoside of D-S-C treatment were the lowest 
(104.09 mg/g and 18.27 mg/g, respectively). Collectively, the above 
results suggested that pharmaceutical companies should adopt appro-
priate processing treatments according to the characteristics of medici-
nal materials, since the active ingredients were significantly influenced 
by processing methods. For instance, the crushing process after direct 
drying (C-D treatment) is very suitable for improving the yield of active 
ingredients. In addition to the D-S-C treatment (cutting after drying and 
softening), the C-S-D treatment (killing enzyme by steam after cutting, 
and then drying the slices) is a potential processing method for the in-
dustrial production of S. baicalensis. 

3.7. Effects of different processing treatments on the total content of four 
main medicinal active ingredients in S. baicalensis 

Recent studies have revealed that there exists conversion among 
different active ingredients in plants, and only one active ingredient is 
difficult to reflect the quality and stability of medicinal materials (Li 
et al., 2020b). Accordingly, in the latest release of Chinese Pharmaco-
poeia, it is stipulated that the total content of baicalin, wogonoside, 
baicalein, and wogonin should not less than 13.5 % for S. baicalensis 
(National Pharmacopoeia Committee, 2020). In this study, the total 
content of four main active ingredients in the root of S. baicalensis 
treated with six different processing treatments was further analyzed 
(Fig. 9). The results showed that the total content of the four main active 
ingredients of S. baicalensis roots under D treatment was the highest 
(166.47 mg/g), followed by that of C-D treatment (163.15 mg/g), which 

Fig. 8. The correlation analysis of medicinal active ingredients in fresh-crushed roots of S. baicalensis. 
The correlations among eight active ingredients in fresh-crushed roots of S. baicalensis were analyzed. (A) The correlation of the contents between baicalin and 
baicalein; (B) The correlation of the contents between wogonoside and wogonin; (C) The correlation of the contents between scutellarin and scutellarein. Data were 
presented as Mean ± SD. 
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was much higher than the standard of 13.5 % (corresponding to 
135 mg/g) stipulated in the Chinese Pharmacopoeia (2020) (National 
Pharmacopoeia Committee, 2020). For S. baicalensis roots under D-S-C 
treatment, the total content of the four main active ingredients 
decreased to 125.33 mg/g, which was below the minimum requirement 
of 13.5 % by the Pharmacopoeia. The total contents of the four main 
active ingredients under D-S- C-D, C-S-D, and S- C-D treatments were 
153.88 mg/g, 155.64 mg/g, and 151.29 mg/g, respectively, which were 
all lower than those of D treatment (16.6 %) and C-D treatment (16.32 
%), but were higher than the minimum requirement of 13.5 %. Collec-
tively, the above results indicated that different post-harvest processing 
treatments had significant effects on the total contents of medicinal 
active ingredients of S. baicalensis. Specifically, the D-S- C-D treatment 
can be adopted for the medicinal materials used in traditional formu-
lations of Chinese medicine, while the D and C-D treatments can be used 
in industrial production since neither of the two treatments significantly 
reduce the total content of four main active ingredients in medicinal 
materials. Compared with D and C-D treatments, the total content of the 
four main active ingredients under C-S-D treatment significantly 
decreased. Nevertheless, the traditional processing treatment (D-S- C-D) 
requires four steps including drying, softening, cutting, and drying 
treatment, which is considered to high consumption of energy and time. 
In contrast, the C-S-D treatment with energy conservation and high ef-
ficiency is a potential processing technology to be further studied in the 
future. 

4. Discussion 

The contradictions between harvesting years and contents of active 
ingredients have long been the primary issue for the industrial produc-
tion of medicinal crops (Saha and Basak, 2020; Wang et al., 2017). At 
present, the medicinal materials of S. baicalensis used in pharmaceutical 
industry are mostly collected from cultivation resources. According to 
our field investigation as of May 2020, the cultivated area of 
S. baicalensis is more than 26,000 ha in China, with an annual production 
of about 60,000 tons for raw materials. However, an emerging challenge 

faced by herbalists and pharmaceutical enterprises is how to obtain the 
maximum yield of active ingredients from limited medicinal materials. 
For S. baicalensis, its root gradually grows thicker, and the production of 
medicinal materials increases with cultivation years. However, the yield 
of active ingredients showed different regular patterns changing with 
growth years (Xu et al., 2018). In this study, the contents of four main 
medicinal active ingredients (baicalin, wogonoside, baicalein, and 
wogonin) showed a changing trend of "V" type from 1-year-old to 
15-year-old S. baicalensis, indicating that the contents of 2 or 3 growth 
years and 15 growth years were higher than those of 4 or 5 growth years. 
The main reason is mostly due to the age of plant tissues. As the growth 
year increases, the phenotypic, biochemical, and physiological charac-
ters (e.g. leaf area, chlorophyll content) of plants change gradually. 
Previous studies have found that leaf area as well as chlorophyll content 
have critical effects on the contents of primary and secondary metabo-
lites of crops (Munz et al., 2018; Senger et al., 2014; Hudina and 
Štampar, 2002). For S. baicalensis, its capacity of sugar biosynthesis in-
creases with growing leaf area and chlorophyll content, thereby 
increasing the contents of secondary metabolites (e.g. the four main 
active ingredients). However, the increasing leaf area will also lead to 
more consumptions of organic matters through cellular respiration. 
Thus, there exists a trade-off between accumulation of secondary me-
tabolites and consumption of organic matters. This is rational to explain 
the “V” type trend of active ingredients of 1-year-old to 15-year-old 
S. baicalensis. In addition, another reason is probably the significant 
differences of the contents of active ingredients between cortex and stele 
in roots of S. baicalensis. In 2-year and 15-year old S. baicalensis, the 
contents of baicalin, wogonoside, scutellarin, scutellarein, baicalein, 
and wogonin in the part of cortex were significantly higher than those of 
stele (P ≤ 0.01, Fig. 5). Previous studies have shown that baicalein and 
wogonin are mainly distributed in cortex, while baicalin and wogono-
side are evenly distributed in both cortex and stele (Wei et al., 2015). 
Meanwhile, it is found that the contents of baicalin, wogonoside, bai-
calein, and wogonin in roots of 2-years-old S. baicalensis is higher than 
that of 1.5-year and 3-year-old S. baicalensis (Chen and Hu, 2006; Li 
et al., 2008). After growing for more than 3 years, the part of stele in the 

Table 2 
The contents of eight medicinal active ingredients of S. baicalensis under different treatments (mg/g).  

Treatments 
The contents of medicinal active ingredients (Dry weight, mg/g) 

Baicalin Wogonoside Baicalein Wogonin Scutellarin Scutellarein Apigenin Chrysin 

D 134.538 ± 0.190 a 26.582 ± 0.021 b 3.962 ± 0.008 b 1.387 ± 0.007 b 0.463 ± 0.003 c 0.099 ± 0.001 a 0.057 ± 0.000 a 0.313 ± 0.001 b 
D-S- C-D 128.146 ± 0.295 bc 22.314 ± 0.087 e 2.426 ± 0.014 c 0.998 ± 0.006 c 0.591 ± 0.007 a 0.042 ± 0.001 c 0.055 ± 0.000 b 0.345 ± 0.002 a 
D-S-C 104.085 ± 0.194 d 18.274 ± 0.048 f 2.085 ± 0.011 d 0.890 ± 0.002 d 0.574 ± 0.004 b 0.033 ± 0.000 e 0.036 ± 0.001 c 0.298 ± 0.001 c 
C-S-D 128.001 ± 0.155 bc 26.106 ± 0.077 c 0.900 ± 0.004 e 0.630 ± 0.003 f 0.365 ± 0.004 e 0.036 ± 0.001 d 0.028 ± 0.001 d 0.106 ± 0.000 f 
S- C-D 124.634 ± 0.084 c 25.059 ± 0.124 d 0.860 ± 0.003 f 0.733 ± 0.003 e 0.392 ± 0.002 d 0.062 ± 0.001 b 0.055 ± 0.000 a 0.137 ± 0.001 e 
C-D 129.478 ± 0.185 b 26.946 ± 0.052 a 5.200 ± 0.012 a 1.522 ± 0.004 a 0.191 ± 0.005 f 0.026 ± 0.001 f 0.026 ± 0.000 e 0.192 ± 0.002 d 

Note: Different letters indicate significant differences of the content of each medicinal active ingredient in the same column (P ≤ 0.05). 

Fig. 9. The total content of four main active ingredients in 
roots of S. baicalensis under different treatments. 
The total content of four main active ingredients (baicalin, 
wogonoside, baicalein, and wogonin) in roots of S. baicalensis 
under different treatments were estimated and analyzed. D: 
drying; S: steaming; C: slicing. Different letters indicate sig-
nificant differences of the total content of four main active 
ingredients among different treatments (P ≤ 0.05). Data were 
presented as Mean ± SD.   
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whole root will gradually decay, and the proportion of cortex will in-
crease year after year. Therefore, the contents of five medicinal active 
ingredients in roots of S. baicalensis older than 4 growth years are 
significantly higher than those of 2 growth years. Considering only land 
use efficiency and product yield, the contents of active ingredients, and 
the yield of medicinal materials in perennial S. baicalensis (more than 3 
years) were both higher than those of 2 years. However, the increment of 
yield per hectare and per year significantly reduced in S. baicalensis 
growing over three years (Table 1). Moreover, the increment of eco-
nomic benefit per unit area and per year significantly reduced with 
growing years of land utilization. In addition, for S. baicalensis growing 
more than 3 years, the part of stele in the whole root will gradually rot 
and the proportion of cortex will increase. The contents of baicalin, 
wogonoside, scutellarin, baicalein, and wogonin in cortex were signifi-
cantly higher than those in stele (P < 0.001) (Fig. 5). Thus, the contents 
of active ingredients in roots (with decayed stele) growing more than 3 
years is significantly higher than that of roots (without decayed stele) 
growing less than 3 years. Taken together, the best harvesting year of 
S. baicalensis is determined as cultivated 2–3 years based on compre-
hensive evaluation of the content of medicinal active ingredients, the 
increment of annual yield, and the efficiency of land utilization. 
Collectively, the above results not only gave interpretations for the 
differences of medicinal active ingredients in different growing years 
and different parts of roots, but also provided valuable references that 
old S. baicalensis (rotten or hollow stele) was best quality of Chinese 
medicinal materials in ancient pharmacopoeia. 

The duration of storage time is also an important factor that effects 
the yield of active ingredients. In traditional processing of S. baicalensis 
products, the farmers usually dried the roots immediately in the sun 
after harvesting, and then softened the dried roots with steam and cut 
the soft roots into slices. Finally, the dried slices were sold to pharma-
ceutical companies or hospitals for further processing. Typically, this 
process will take considerable time and lead to loss of active ingredients. 
Thus, new processing approaches are needed to solve this problem. 
Reducing the effect of storage time is a potential way to achieve such 
gorals. For the industrial production of S. baicalensis, it will greatly 
improve efficiency and reduce cost if the fresh roots are directly used for 
the extraction of medicinal active ingredients. However, the medicinal 
active ingredients of S. baicalensis are mainly flavonoids, which are 
secondary metabolites synthesized by a variety of key enzymes (Zhao 
et al., 2016b). It is necessary to systematically reveal how the contents of 
active ingredients changes with the prolongation of storage time at room 
temperature after crushing or cutting, thereby determining whether the 
processing methods are effective and reliable. Previous studies have 
demonstrated that the four main medicinal active ingredients (baicalin, 
wogonoside, baicalein, and wogonin) in roots of S. baicalensis are located 
in the downstream of flavonoid synthesis pathway (Zhao et al., 2016b). 
Glycosides and aglycones can be mutually transformed by the enzymes 
of UDP-glucuronate: baicalein 7-O-glucuronosyltransferase (UBGAT) 
(Nagashima et al., 2000) and glucuronidase (GUS) (Sakurama et al., 
2013). When the plant of S. baicalensis is affected by external stress 
environment, the cells will produce a large amount of H2O2 (Fu et al., 
2018). Baicalin, a glycoside component in roots of S. baicalensis, is 
immediately hydrolyzed to baicalein (an aglycone component) under 
the action of GUS (Dikaya et al., 2018; Matsuda et al., 2000). In this 
study, we revealed the dynamic change of the effects of storage time on 
the contents of eight active ingredients in fresh-crushed and fresh-cut 
roots at room temperature. The results showed that the contents of 
glycosides (baicalin and wogonoside) decreased linearly with the 
extension of storage time after the fresh roots were crushed or cut, while 
those of aglycones (baicalein and scutellarin) increased linearly (P ≤
0.01). These results indicated that the secondary metabolism in tissues 
of fresh roots did not stop immediately after crushing or cutting. With 
the extension of storage time at room temperature, the UBGAT enzyme 
hydrolyzed the glycosides to produce glucuronic acid and aglycones in 
suitable conditions. Based on these observations, the best processing 

methods for the extraction of active ingredients should be determined 
according to characteristics of specific products. For instance, for the 
extraction of chrysin, baicalein, and wogonin, the fresh slices should be 
stored at room temperature (22◦C) for more than 25 h after roots were 
fresh-crushed or fresh-cut. On the contrary, for the extraction of baica-
lin, wogonoside, and apigenin, the fresh slices should be extracted as 
soon as possible after roots were fresh-crushed or fresh-cut. Compared 
with fresh-crushing treatment, the content of glycosides under 
fresh-cutting treatment in roots has a little decrease. Collectively, the 
processing technology for fresh-crushed or fresh-cut roots of 
S. baicalensis should be further studied in the future. 

Among the factors (excellent germplasm, cultivation area, water and 
fertilizer management, pest control, growth years, harvesting time, etc.) 
that affect the quality of Chinese medicinal materials, the post-harvest 
processing has a great impact on the content of medicinal active in-
gredients, which would further affect the clinical efficacy and stability of 
TCM (Wu et al., 2018a, 2018b; Xiao et al., 2016; Zhao et al., 2010). For 
S. baicalensis, the traditional post-harvest processing technology is to 
remove impurities after harvesting and to dry naturally in sun. Gener-
ally, it will not directly kill the enzymes in fresh roots of S. baicalensis 
using steam. Instead, the dried roots will be softened by steam, and then 
cut to slices, and finally to be dried again. Previous studies have 
confirmed that steam treatment is better than water boiling treatment to 
soften the dried roots of S. baicalensis (Liao, 2006). The former has high 
temperature, strong penetration and good enzyme-killing effect, while 
the latter has the dried roots expose to water with slower softening speed 
so that some glycoside components will be dissolved in water (Qin et al., 
2017; Liao et al., 2007). Therefore, the steam treatment is used to soften 
dried roots and to kill enzyme activity before cutting to slices, thereby 
preventing the content of glycosides from decreasing in traditional 
methods. In recent years, a series of new drugs including extracts, drop 
pills, formula particles and injection originated from S. baicalensis have 
been developed, leading to increasing demands for the raw medicinal 
materials of S. baicalensis. Thus, it is bringing urgent needs that novel 
processing approaches should be proposed accordingly based on the 
traditional methods. To develop effective and reliable processing 
methods, a primary issue is that it remains unclear how the different 
treatments and processing technology affect the contents of medicinal 
active ingredients. In this study, we systematically designed six kinds of 
processing and technology according to several traditional treatments of 
post-harvest processing of S. baicalensis. The total contents of the four 
main medicinal active ingredients in roots of S. baicalensis using 
different processing treatments after harvest were shown as (from high 
to low): D > C-D > C-S-D > D-S- C-D > S- C-D > D-S-C (Table 2). Among 
them, the total contents of four main active ingredients of C-D treatment 
declined markedly compared with those of D treatment, which may be 
related to the fact that baicalin and wogonoside can be transformed into 
baicalein and wogonin by the key enzyme UBGAT during the cutting 
process of fresh roots of S. baicalensis (Nagashima et al., 2000). 
Compared with other treatments of softening and slicing, the contents of 
active ingredients under D treatment (drying and cutting directly) have 
the highest levels, indicating that this treatment could effectively reduce 
the loss of active ingredients during the processing process. For tradi-
tional methods, it is very difficult to cut the dried roots to slices 
following the D treatment. Meanwhile, the cutting process of dried root 
is easy to form debris and irregular particles, which will not pass the 
quality control for use in medicine. However, for pharmaceutical en-
terprises, it is easy to cut the dried roots directly and then extract 
effective active ingredients including baicalin, wogonoside, and other 
ingredients. As a traditional processing method, the D-S- C-D treatment 
typically softened the dried roots first and then cut to slices. The con-
tents of active ingredients under such treatment is significantly higher 
than those of D-S-C treatment (drying-softening-cutting) (P ≤ 0.05). 
This result is related to the fact that moisture is often absorbed into dried 
roots during the process of steaming and wet roots that are not dried in 
time. Therefore, the baicalin in roots is susceptible to be hydrolyzed into 
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other components in moisture conditions by steaming. To prevent the 
reduction and conversion of glycosides, the most effective treatment 
should be killing the enzyme activity by steaming. In the industrial 
production, the steam treatment and the drying treatment with high 
temperature can kill the enzyme in roots of S. baicalensis to prevent the 
reduction or conversion of baicalin. For the efficiency of killing enzyme 
activity in fresh root slices of S. baicalensis, the result showed that the 
contents of medicinal active ingredients with drying and cutting treat-
ment (C-D) are higher than those of C-S-D treatment (cutting-softe-
ning-drying). The most possible reason should be that the enzyme 
activity quickly lost under high temperature during the drying process, 
while the moisture could transform glycosides into aglycones in the 
process of steaming treatment. Meanwhile, the other active components 
are reduced and lost with the condensation and dissolution of water 
vapor. The contents of active ingredients of C-S-D treatment are higher 
than those of S- C-D treatment. This result may be related to that the 
enzyme inactivation is faster and more complete in C-S-D treatment. 
Consequently, the dried slices can retain more active ingredients in roots 
of S. baicalensis. 

In traditional processing methods, the roots of S. baicalensis need to 
be dried twice (one for killing enzyme activity by steam, while another 
for cutting to slices), which is energy-consuming and time-consuming. 
Therefore, it is necessary to optimize the traditional processing tech-
nology of S. baicalensis to minimize energy consumption during the 
drying process and the softening treatment by steam. A prospective 
strategy is that the fresh medicinal materials being cut into slices and 
processed after harvest in the original cultivated areas, which will not 
only save time and energy during the processing process, but also 
maintain the quality of medicinal materials (Zhao et al., 2017). In recent 
years, researchers have paid more attention to the processing technol-
ogy of Chinese medicinal materials using fresh slicing on the premise of 
ensuring the quality (Tang et al., 2010). Specifically, it is clearly pro-
posed that further studies should focus on the deep processing tech-
nology of fresh-cutting for medicinal materials in the Protection and 
Development Plan of Chinese Medicinal Materials (2015–2020). Up to 
date, a series of studies aimed at reducing the effects of softening in dried 
medicinal materials and exploring the fresh-cutting methods have been 
reported in Chinese medicinal materials including common peony 
(Paeonia lactiflora Pall.) (Jin et al., 2011), dan shen (Salvia miltiorrhiza 
Bge.) (Zhao et al., 2017), and cassia bark tree (Cinnamomum cassia Presl) 
(Luo et al., 2017). Inevitably, the traditional processing technology (D-S- 
C-D) for S. baicalensis have the issues of mutual conversion and hydro-
lysis of active ingredients. Our results first demonstrated that the C-S-D 
treatment of S. baicalensis would be a candidate of optimal processing 
approaches that produce the maximum yield of active ingredients. The 
comparative analysis results of six processing technology in this study 
showed that the total contents of eight active ingredients and four main 
active ingredients in roots of S. baicalensis were less affected under C-S-D 
treatment than that of the traditional processing technology (D-S-C–D). 
Collectively, the processing technology of fresh-cutting for S. baicalensis 
will become the mainstream processing technology with cost-saving, 
environment-friendly and energy-saving for the extraction of active in-
gredients in pharmaceutical enterprises in the future, which is of 
epochal significance for accelerating the modernization of traditional 
Chinese medicinal materials. 

5. Conclusion 

In this study, we first revealed the effects of growth years and post- 
harvest processing on the contents of medicinal active ingredients of 
S. baicalensis. By estimating the contents of eight active ingredients 
(baicalin, wogonoside, baicalein, wogonin, scutellarin, scutellarein, 
apigenin, and chrysin) in roots of S. baicalensis of different growth years 
(ranging from 1 year to 15 years) using HPLC, we conducted a system-
atic analysis to determine the optimal harvest period of this important 
medicinal crop. Our results showed that the best harvest period for 

S. baicalensis should be determined as 2–3 years based on comprehensive 
evaluation of active ingredient content, annual yield increment, and 
land use efficiency. Meanwhile, we compared the contents of six active 
ingredients in different parts (cortex and stele) of roots of S. baicalensis, 
and monitored the dynamic changes of the contents of active ingredients 
in fresh-crush and fresh-cut roots of S. baicalensis at room temperature. 
In addition, we observed the effects of six different post-harvest treat-
ments on the contents of active ingredients to determine the best pri-
mary processing technology. We concluded that the contents of baicalin, 
wogonoside, baicalein, and wogonin in cortex were significantly higher 
than those in stele (P ≤ 0.05). The contents of four main active in-
gredients (baicalin, wogonoside, baicalein, and wogonin) under drying 
(D) and cutting-drying (C-D) treatments were significantly higher than 
those of the other four treatments (P ≤ 0.05). Collectively, these results 
will provide valuable references for determining the optimal harvesting 
and processing technology that will obtain the maximum products of 
active ingredients for S. baicalensis. Furthermore, the processing 
methods of softening, cutting, and drying proposed in this study will 
help improving the product yield for pharmaceutical industry of other 
medicinal crops. 
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