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Abstract
To ensure the quality and safety of herbs, the content of 54 elements in MOUTAN CORTEX (MC) was determined by the 
ICP-AES and ICP-MS, and the health risks of Cu, As, Cd, Pb, Hg and rare earth elements (REEs) were assessed. These herbs 
were collected from 5 producing areas in Anhui Province, China, namely Wuhu, Tongling, Bozhou, Xuancheng and Chizhou. 
The multi-elements fingerprint identification of MC in Anhui Province was established. The total amount of macro-elements 
from Wuhu and Tongling is significantly lower than Bozhou. Among all MC from 5 producing areas, the highest content 
is Ca. Except for Bozhou, the content of macro-elements and REES in the other 4 origins of MC is from highest to lowest: 
Ca > K > Mg > Al > Fe > Na and Ce > La > Nd > Y > Pr > Er > Yb > Eu > Ho > Tb > Tm > Lu. The chemical forms of Cd in 
MC from Bozhou with the highest percentage were  PH2O of high toxicity and migration, while the other 4 regions were  PNaCl 
of low activity and mobility. There was a great difference in the content of inorganic elements and chemical forms of Cd 
between the MC produced from the plain (Bozhou) and the hilly areas (Wuhu, Tongling, Chizhou and Xuancheng). Except 
for Cd, the content of Cu, As, Pb and Hg in MC did not exceed the limit. The results of  PTWIFact and ADI for Cd and REEs 
showed that MC herbs did not pose a risk to human health.
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Introduction

Chinese herbal medicines (CHMs) are a practical product of 
the treatment of diseases for thousands of years and a treas-
ure of Chinese national culture. In particular, Lianhua Qing-
wen Capsule and other Chinese medicines have outstanding 
clinical efficacy in the fight against coronavirus disease 2019 
(COVID-19) (Xiao et al. 2020), and CHMs have attracted 
more enthusiastic attention from people all over the world. 

There are 12,807 kinds of CHMs in China, including 11,146 
kinds of medicinal plants. The global herbal medicine mar-
ket was worth 93.15 billion USD in 2015 and is estimated 
to grow to 5 trillion USD by 2050 (Zhao et al. 2014; Li et al. 
2016; Rai et al. 2005). In recent decades, mining, sewage 
irrigation and fertilizer use are deteriorating the soil envi-
ronment and heavy metals (Pb, As, Cr, Cd, Zn, Hg, Cu, Ni, 
etc.) accumulate in plants (Akram. et al. 2018; Tauqeer et al. 
2022). Cases of heavy metals exceeding standard in CHMs 
often occur (Wang et al. 2019). In order to ensure the effi-
cacy and safety of CHMs, the quality control of CHMs has 
become an urgent issue to be solved.

Previous researches were limited to using multiple index 
organic active ingredients to evaluate the quality of CHMs 
(Chinese Pharmacopeia Commission 2020; Wang et al. 
2016). However, with the rapid development of inorganic 
chemistry and the continuous deepening of researches on 
pharmacological active substances of CHMs, it has found 
that inorganic elements are important components of plant 
secondary metabolites, which affect the quality and efficacy 
of CHMs (Guo et al. 2014). Cd in plants can interfere with 
Fe metabolism and reduce the availability of Fe in plants, 
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and it can interfere with the absorption and migration of Mn, 
Zn, Mg and other elements in plants through antagonism 
and block the transport of nutrient elements to leaves as well 
(Zhao et al. 2009). The toxicity and migration of inorganic 
elements in plants are not only related to their total amount, 
but also depend on some extent in their chemical forms. 
Yang et al. (2015) analyzing the chemical forms of harmful 
elements in 7 Chinese medicinal materials which found that 
As and Hg mainly existed in the oxidation state, organic 
binding state and residue state of iron and manganese which 
are not easily absorbed by human body. Wang et al. (2019) 
reported that in 8 kinds of Chinese medicinal materials with 
Cd exceeding the standard, Cd mainly exists in the form of 
low biological activity pectate and protein-integrated. Spe-
ciation analysis of elements is a more objective and scientific 
method to evaluate toxicity and bioavailability of heavy met-
als to human health (Li et al. 2014).

MOUTAN CORTEX (MC) is the dry root bark of the 
small perennial shrub (Paeonia suffruticosa Andr.) of the 
ranunculaceae family. It was first collected in Shennong's 
Herbal Classic of medicine monographs and listed in a mid-
dle level (poisonous, cannot be taken for a long time). MC 
(S1) is tubular or semi-tubular, and its outer surface is taupe 
or tawny, the inner surface is taupe or light brown, often has 
white crystal. It is a hard, brittle, fragile and flat powder with 
special aroma, taste bitter and hemp tongue feeling. It has 
been used in clinical practice for more than 2000 years (Peng 
et al. 2017). MC was classified as a blood-cooling medicine 
in the theoretical system of traditional Chinese medicine, 
which has the functions of clearing heat and cooling blood, 
promoting circulation and removing stasis (Chinese Phar-
macopeia Commission 2020). The annual output of MC in 
China is between from 400 to 2500 tons (Lu et al. 2014), 
and some famous Chinese patent medicines (e.g., Liuwei 
Dihuang Wan, Jiawei Xiaoyao Wan and Yiganning Keli) 
contain MC. The quality control research of MC has devel-
oped from the outward shape, color, smell and other appear-
ance properties to its internal material basis. Presently, More 
researches have focused on the organic components of MC 
(paeonol, paeoniflorin, total glycoside, polysaccharide, etc.), 
which play an essential role in pharmacological effects of 
lowering blood sugar, liver protection, analgesia and anti-
inflammation and anti-tumor (Zhu et al. 2018; Saahene et al., 
2018; Du et al. 2021; Pourmohammadi et al. 2022). How-
ever, the less research has been done on inorganic elements.

CHMs have regional characteristics. Herbs grown in 
specific regions have better clinical efficacy and are called 
Daodi herbs, while herbs produced in other regions also 
meet the efficacy requirements and they are also used in 
clinical practice. The Daodi herbs of MC are produced in 
Phoenix Mountain at the junction of Tongling and Wuhu in 
Anhui Province, commonly known as “Fengdanpi” (Peng 
et al. 2017; Pan 1989). By introducing seedlings, they are 

planted all over China. In order to explore the influence of 
environmental differences in the quality of MC herbs, an 
experiment with comprehensive information on the inor-
ganic elements and the chemical forms of heavy metals in 
MC was conducted as follows: (1) revealing the distribution 
characteristic of macro-elements and trace elements in MC 
from different producing areas for origin tracing; (2) explor-
ing the speciation of heavy metals in MC for understanding 
bioavailability; and (3) clarifying the potential health risks 
of consuming this herb. This research provides the basis for 
the safety evaluation, the identification of Daodi medicinal 
materials and more reasonable quality evaluation standard 
of MC.

Materials and methods

Reagents and instrument

All the reagents used in the experiment were Guaranteed 
Reagent (GR) grade, which were purchased from Sinopharm 
Chemical Reagents Co., LTD. Ultrapure water (resistiv-
ity > 18.2 MΩ·cm) was prepared using the Milli-Q Synthesis 
Purification System (Merck Millipore, German). All glass 
containers were soaked in 10%  HNO3 for 12 h, boiled with 
20%  HNO3 and then rinsed with ultrapure water repeatedly 
for use. The concentrations of macro-elements and trace ele-
ments in the samples were determined by ICP-AES (Thermo 
Fisher iCAP-6300-Duo, USA) and ICP-MS (Thermo Fisher 
ICAP Q, USA) in Nanjing Center of China Geological 
Survey. All powder samples were treated with microwave 
digester (MDS-8G, Shanghai Xinyi Microwave Chemical 
Technology Co., Ltd, China). Water bath thermostatic oscil-
lator (SHA-C, Changzhou Guoyu Instrument Manufacturing 
Co. LTD, China) and Centrifuge (Thermo Fisher MULTI-
FUGE-X1R, USA) were used for chemical form extraction. 
The Certified Reference Material (CRM) Astragalus (GBW 
10,028, GSB-19) was purchased from Institute of geophysi-
cal and geochemical exploration (Langfang, China) to verify 
the accuracy of the method.

Sample collection

In this research, 66 MC samples were collected from 
Tongling (Daodi-producing area), Wuhu (Daodi-producing 
area), Xuancheng, Chizhou and Bozhou (main producing 
area) in Anhui Province, China (Fig. 1) (Tongling and Wuhu 
each have 5 sampling sites, and the other 3 regions each have 
4 sampling sites, and each sample site collected 3 batches 
of samples). The junction of Tongling and Wuhu is Phoe-
nix Mountain which is the Daodi-producing area of MC. 
Tongling is located on the south bank of the Yangtze River 
(Tao et al. 2011). The landform of Tongling is mainly in 
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low hilly areas. It is located in the middle latitude region 
and belongs to the subtropical humid monsoon climate, with 
abundant water and heat resources. Tongling is rich in min-
eral resources, with a copper mining history of more than 
3000 years, and is an important non-ferrous metal smelt-
ing base in China (Ou et al. 1997). Wuhu, Xuancheng and 
Chizhou are hilly areas along the Yangtze River. Bozhou is 
located in Huaibei Plain, which belongs to the warm tem-
perate semi-humid monsoon climate. Bozhou is the top of 
China's four major medicinal materials production areas, 
and the planting area of medicinal materials has exceeded 
666.7  km2, accounting for about 1/10 of the planting area 
of medicinal materials in China. At present, most of MC 
herbs on the market come from Bozhou. Paeonia suffruti-
cosa Andr. Can be excavated after 3–5 years of cultivation, 
and the roots are usually dug out from October to November. 
Wash, remove the fibrous roots, cut longitudinally with a 
knife, remove the wood core and dry to get the medicinal 
material of MC.

Sample preparation

After being washed with tap water and ultrapure water, all 
collected MC samples are dried in an oven at 40 °C to a 
constant weight. Next, broken into fine powder and passed 
through the No.5 sieve prescribed by the Chinese Pharma-
copoeia (R40/3 series of National Standard) (Chinese Phar-
macopeia Commission 2020).

The 0.5 g MC sample was accurately weighed and poured 
into a Teflon digestion vessel, and then 8 mL of concentrated 
 HNO3 and 2 mL of concentrated  H2O2 were added, mixed 

them well and left for 12 h. Cover the inner lid, tighten the 
jacket, place it in the microwave digestion instrument and 
digest it according to the set digestion program (S2). Each 
MC sample to be digested was parallel three times. Before 
the digestion solution is transferred to a 25 mL volumetric 
flask, it evaporates at 100 °C for about 30 min, then the 
digestion solution is volume fixed with ultrapure water to 
the scale line and shaken well for measurement. Blank con-
trol solution of reagent was prepared by the same method. 
In addition, a CRM Astragalus standard reference material 
(GBW 10,028, GSB-19) was digested and determined using 
the same method. The elemental concentrations of all MC 
samples and standard reference materials were determined 
using ICP-MS and ICP-AES.

Extraction of Cd chemical forms

The chemical forms of Cd were analyzed for all MC herbs 
from 5 producing areas. According to some optimized step-
by-step extraction method designed by Zhao et al. (2015) 
and Xin et al. (2014) (Table 1), different chemical forms of 
Cd in MC samples were successfully obtained. Each CM 
sample was tested three times in parallel and blank at the 
same time.

The 2 g MC sample was accurately weighed and added to 
20 mL ethanol and was vibrated at 30 °C on the oscillator for 
24 h, then centrifuged at 5000 × g for 10 min to obtain super-
natant I. The precipitation was mixed with 20 mL ethanol 
again, vibrated for 4 h and centrifuged at 5000 × g for 10 min 
to obtain supernatant II. The obtained precipitates were 
extracted step by step with other extractants (The extrac-
tion agents are ultrapure water, 1 mol/ L NaCl, 2% HAc and 

Fig. 1  Sampling locations in China
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0.6 mol/ L HCl). The supernatant I and II extracted at each 
step were mixed and dried at 80 °C to a constant weight. 
Added digestion solution  (HNO3-to-H2O2 ratio: 4:1) and left 
for 12 h and digested it at 120–180 °C until it was clear and 
transparent, then kept the volume to 100 mL for testing. The 
following 4 extraction steps for supernatant digestion are the 
same. After the extraction steps were completed, the diges-
tion method of the last step residues was the same as that 
of MC medicinal materials. The concentration of different 
chemical forms of Cd was determined by ICP-MS.

Method validation

ICP-AES and ICP-MS operating conditions, working 
parameters of Microwave Digester and standard solution 
preparation methods were presented in S2. The linear equa-
tion of the standard curve, the linear ranges, the LODs and 
the LOQs for each element are presented in S3. The cor-
relation coefficients of 54 elements in the linear range are 
0.99–1.000, which shows a good linear relationship and indi-
cates a good linear relationship. The accuracy of the method 
was verified by A CRM Astragalus standard reference mate-
rial (GBW 10,028, GSB-19). As shown in S4, the recovery 
rate is in the range of 80% (I) ~ 124% (Br), indicating that the 
measured value is close to the standard value. Meanwhile, 
the precision of the method was verified by calculating the 
relative standard deviation (RSD%) of the replicates. The 
value was less than 5%, indicating that the two instruments 
had good stability during the testing process.

Risk assessment methods

To assess the health risks of people who take MC regu-
larly, we used the PTWI of Cd to evaluate potential adverse 
health effects. Calculation formula shows as follows (Zuo 
et al. 2016; Lei et al. 2015; Zhu et al. 2013):

In the above formulas, PTWI is the tolerable weekly 
intake per kilogram of body weight (ug.kg−1). Ci is the 
average metal concentration in the MC (mg.kg−1), IR is the 
maximum dose of CHMs intake for an adult prescribed by 
the Chinese Pharmacopoeia 2020 (g.person−1.day−1) (Chi-
nese Pharmacopeia Commission 2020), BW represents the 
average adult weight, which is 62.5 kg (Lei et al. 2015). MC 
cannot be used for a long time, and general clinical medica-
tion is stopped after seven consecutive days. ED is the expo-
sure cycle (7d). The limit for Cd is 0.6 mg.kg−1 (specified by 
WHO) (Zuo et al. 2016; Geneva: Joint FAO/WHO Expert 
Committee on Food Additives 2010).

To assess the risk of rare earth elements (REEs) in MC to 
human health, the health risk method recommended by the 
United States Environmental Protection Agency (USEPA) 
was used, and the calculation model is as follows (Yuan 
et al. 2019):

ADI is the lifetime average daily pollutant intake (mg.
kg−1.d−1), and Ci is the concentration of REEs in the MC 
(mg.kg−1), IR is the daily intake (kg.d−1), EF is the exposure 
frequency (90 d.a−1) (Zuo et al. 2016), ED is the exposure 
cycle (70 a), BW is the body weight, and the standard body 
weight (62.5 kg) is generally adopted. AT is lifetime time 
(365 × 70 d) (Li et al. 2013a, b).

PTWI =
Ci × IR × ED

BW

ADI =
Ci × IR × EF × ED

BW × AT

Table 1  Method for extracting chemical forms of Cd

Extrac-
tion 
step

Chemical form Extracting agent Extracted substance Digestion conditions

1 Inorganic  (PEtOH) 80% ethanol Inorganic metals giving priority to nitrate, 
chloride and aminophenol metals

HNO3-to-H2O2 ratio: 4:1

2 Water-soluble  (PH2O) Ultrapure water Water-soluble metals associated with 
organic acids and M(H2PO4)2

HNO3-to-H2O2 ratio: 4:1

3 Pectate and protein-integrated  (PNaCl) 1 mol/L NaCl Pectate and protein-integrated metals HNO3-to-H2O2 ratio: 4:1
4 Insoluble heavy metal phosphates  (PHAc) 2% acetic acid (HAc) Insoluble  MHPO4,  M3(PO4)2 and other 

metal-phosphate complexes
HNO3-to-H2O2 ratio: 4:1

5 Oxalate  (PHCl) 0.6 mol/L HCl Metal-oxalate complexes HNO3-to-H2O2 ratio: 4:1
6 Residual form  (PR) – Residues 8mLHNO3 and  2mLH2O2
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Results and discussion

Multi‑elements characteristic and fingerprint

The concentrations of 54 elements in the studied MC sam-
ples were expressed as mean (c) ± standard deviation (SD) 
of the sampling sites, the means and RSDs% of all the stud-
ied elements were calculated for further analysis whether 
there were differences in the samples of MC from different 
regions. Data of K, Na, P, Ca, Mg, Al, S, Si, B, Fe, Mn, 
Zn, Ba, Sr and Cu were obtained by ICP-AES, and the rest 
elements were determined by ICP-MS. Internal standard 
solution (Rh) was used during the ICP-MS determination. 
According to the average content of 54 elements from dif-
ferent producing areas, we established the multi-elements 
distribution fingerprint of MC herbs using Origin 9.0, as 
shown in Fig. 2. These elements are divided into 4 groups: 
(a) K, Ca, Mg, Na, Al, Fe, S and P are at the above 100 mg.
kg−1; (b) Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, 
Er, Tm, Yb and Lu are rare earth elements (REEs); (c) As, 
Cd, Hg, Pb and Cu are heavy metals and toxic elements that 
must be monitored according to “Green Trade Standards of 
Importing & Exporting Medicinal Plants & Preparations” 
(WM2-2001); (d) Ba, V, Mo, Sr, Li, I, Zn, Mn, B, Ti, Si, Co, 
Sb, Sn, Rb, Ni, Cs, U, Be, Bi, Tl, Th, Ge, Br and Cr are the 
remaining elements to be studied.

The content of K, Ca, Mg, Na, Al, Fe, S and P is above 
100 mg.kg−1 in Table 2 and Fig. 2, accounting for 98.79% 
of the total amount (27,306 mg.kg−1, S5). The RSDs% val-
ues were all higher than 48, indicating significant differ-
ences in the levels of each element from different regions. 
The herbs of Chizhou got the highest K (11,812 mg.kg−1) 
and Ca (25,369 mg.kg−1) while the lowest content of K 
(3364 mg.kg−1) and Ca (8370 mg.kg−1) was in Tongling 
and in Xuancheng, respectively. The Na content in Bozhou 
sample (890 mg.kg−1) is extremely high, which is 9.08 
times of that in Tongling sample (98 mg.kg−1). The herbs of 
Bozhou got the highest Mg (2832 mg.kg−1), but was only 
824 mg.kg−1 in herbs of Wuhu. The Fe content is the high-
est in the herb produced in Bozhou (744 mg.kg−1), which 
is 4.4 times the lowest in Wuhu (170 mg.kg−1). Al is an 
element that accumulates in the body and causes chronic 
toxicity. The highest Al content in Chizhou was 1254 mg.
kg−1, while the Al content in Wuhu was only 286 mg.kg−1. 
P and S are non-metallic elements, and their contents are in 
the range of 805 mg.kg−1 (Wuhu) ~ 2214 mg.kg−1 (Chizhou) 
and 412 mg.kg−1 (Wuhu) ~ 1325 mg.kg−1 (Bozhou), respec-
tively. The contents of K, Ca, Mg, Na, Al, Fe and P in MC 
from different producing areas were close to those of other 
reports (Liu et al. 2017; Zhu et al. 2020). In short, the con-
tent of K, Mg, Al, Fe, Na, S and P of the MC herbs from 
Tongling and Wuhu is much lower than those from other 

regions in Group (a). Except Bozhou, the contents of metal 
elements in other origins are arranged in the following order: 
Ca > K > Mg > Al > Fe > Na, and Ca is the most abundant 
element of all MC herbs.

The concentration of elements in Group (b), (c) and (d) 
are significantly lower than the group (a). Therefore, RSDs% 
of the studied elements below 50 are considered to have lit-
tle difference in origin. In group (b), 16 REEs (Sc, Y and 
Lanthanide, Pm was excluded) are determined in Table 3 and 
Fig. 2, and all REEs are found in all MC herbs. The content 
of REEs (i.e., Eu, Tb, Y, Pr, La, Nd, Th, Sm, Dy, Ho and Gd) 
displayed similar levels as the RSDs% is 25–52. The high-
est and lowest contents of REEs were Wuhu and Bozhou, 
which got 5.094 mg.kg−1 and 2.000 mg.kg−1, respectively. 
The abundance of even atomic number elements was higher 
than that of their odd atomic number neighbors (Fig. 2), 
which conforms to the law of Oddo–Harkins (Markert 1987). 
The ratio of light to heavy rare earth elements (LREEs/
HREEs = ∑([La]-[Eu])/∑([Gd]-[Lu] + Y + Sc) is between 
3.807 and 5.504, indicating the enrichment of LREEs in all 
MC samples. Except for Bozhou, the contents of REEs in 
the other four production areas of MC are as follows: Ce > L
a > Nd > Y > Pr > Er > Yb > Eu > Ho > Tb > Tm > Lu. These 
results can not only see the differences between MC grow-
ing in the plain and hilly areas, but also can be used for the 
identification of MC.

For heavy metals and toxic elements (Table 4 and Fig. 3), 
the content of Pb, Cu and Cd had remarkable different as 
the RSDs% are 65, 56 and 67, while As and Hg are slightly 
less affected by origin. The highest content of As and Hg is 
0.223 mg.kg−1 and 0.004 mg.kg−1, respectively. The con-
tent of Pb was the highest in Wuhu (2.897 mg.kg−1) and 
the lowest in Bozhou (0.457 mg.kg−1). The content of Cu 
varied in the range of 3.395–11.029 mg.kg−1, and the herbs 
from Bozhou is the highest. Tongling, commonly known 
as Tongdu, has many copper mines. It is believed that MC 
has grown here with a high content of Cu, but in fact it is 
only 4.432 mg.kg−1. The herbs of Wuhu got the highest Cd 
(0.778 mg.kg−1) whereas other regions content was in the 
range of 0.070–0.448 mg.kg−1. According to the regulations 
in the “Green Trade Standards of Importing & Exporting 
Medicinal Plants & Preparations” (WM2-2001), the maxi-
mum limits of Cu, Cd, Pb, Hg and As in CHMs are 20, 0.3, 
5, 0.2 and 2 mg.kg−1, respectively. Among all the herbs, 
Cu, Pb, Hg and As are below the limiting value. Some of 
herbs from Wuhu, Xuancheng and Chizhou were found to 
have excessive Cd levels, while the sample from Bozhou 
contains low level of Cd. This result should be related to 
the soil environment of producing area. The soil types in 
Wuhu, Xuancheng and Chizhou are mainly red (brown) 
soil, limestone soil and paddy soil in some areas. The soil 
is mostly acidic (Tao et al. 2011). The soil in Bozhou is 
developed from the parent material of yellow flood alluvium 
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Fig. 2  Multi-elements distribu-
tion fingerprint map of MC 
herbs (WH—Wuhu, TL—
Tongling, XC—Xuancheng, 
CZ—Chizhou, BZ—Bozhou). 
Heavy metals and toxic ele-
ments are excluded
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and mainly consists of yellow tide soil, which is alkaline 
(Ye et al. 2007). Studies have shown that the proportion 
of ion-exchangeable Cd in acidic soil is high, and that Cd 

bound with carbonate is released, increasing the fluidity and 
bioavailability of Cd. The pH of Bozhou soil is higher than 
8, which reduces the solubility of Cd in soil, increases the 

Table 2  Analytical results of 
the macro-elements in MC 
herbs. Sum (a): The sum of the 
concentrations of all macro-
elements

8 Elements Macro-elements content (mg.kg−1 ± SD of the sampling sites, n = 5,5,4,4,4)

Wuhu Tongling Xuancheng Chizhou Bozhou Mean RSD%

Ca 9067 ± 2112 10,176 ± 1219 8370 ± 686 25,369 ± 2732 22,113 ± 7363 15,019 54
K 3728 ± 808 3364 ± 575 4363 ± 351 11,812 ± 1531 9841 ± 1828 6621 59
Mg 824 ± 138 882 ± 98 1288 ± 219 2132 ± 188 2832 ± 490 1591 55
P 805 ± 267 997 ± 460 1019 ± 103 2214 ± 223 2153 ± 573 1438 48
S 412 ± 62 435 ± 133 539 ± 70 1246 ± 108 1325 ± 314 791 57
Al 286 ± 105 350 ± 98 789 ± 205 1254 ± 219 1065 ± 305 749 57
Fe 170 ± 61 201 ± 53 452 ± 123 756 ± 129 744 ± 209 465 61
Na 111 ± 81 98 ± 29 109 ± 12 299 ± 23 890 ± 73 301 113
Sum(a) 15,401 16,503 16,929 45,081 40,963 26,976

Table 3  Analytical results of 
the rare earth elements in MC 
herbs.  Sum(b): The sum of the 
concentrations of all rare earth 
elements

16 Elements Rare earth element content (mg.kg−1 ± the sampling sites, n = 5,5,4,4,4))

Wuhu Tongling Xuancheng Chizhou Bozhou Mean RSD%

Sc 0.096
 ± 0.04

0.133
 ± 0.05

0.143
 ± 0.05

0.081
 ± 0.02

0.090
 ± 0.05

0.109 25

Y 0.615
 ± 0.34

0.380
 ± 0.32

0.397
 ± 0.10

0.350
 ± 0.10

0.195
 ± 0.07

0.387 39

La 1.210
 ± 0.63

0.838
 ± 0.69

1.010
 ± 0.22

0.757
 ± 0.14

0.340
 ± 0.16

0.831 39

Ce 1.530
 ± 0.85

1.147
 ± 0.75

1.925
 ± 0.39

1.008
 ± 0.20

0.716
 ± 0.34

1.265 37

Pr 0.218
 ± 0.11

0.149
 ± 0.12

0.201
 ± 0.04

0.147
 ± 0.03

0.079
 ± 0.04

0.159 34

Nd 0.814
 ± 0.40

0.565
 ± 0.43

0.759
 ± 0.16

0.568
 ± 0.11

0.321
 ± 0.14

0.605 32

Sm 0.155
 ± 0.07

0.108
 ± 0.08

0.144
 ± 0.03

0.107
 ± 0.02

0.067
 ± 0.03

0.116 30

Eu 0.032
 ± 0.02

0.018
 ± 0.02

0.023
 ± 0.01

0.014
 ± 0

0.006
 ± 0.01

0.019 52

Gd 0.162
 ± 0.08

0.111
 ± 0.09

0.139
 ± 0.03

0.107
 ± 0.02

0.066
 ± 0.03

0.117 31

Tb 0.019
 ± 0.01

0.012
 ± 0.01

0.015
 ± 0

0.011
 ± 0

0.006
 ± 0

0.012 37

Dy 0.106
 ± 0.05

0.071
 ± 0.06

0.082
 ± 0.02

0.065
 ± 0.01

0.046
 ± 0.02

0.074 30

Ho 0.021
 ± 0.01

0.014
 ± 0.01

0.015
 ± 0

0.012
 ± 0

0.009
 ± 0

0.014 31

Er 0.060
 ± 0.03

0.042
 ± 0.03

0.046
 ± 0.01

0.038
 ± 0.01

0.029
 ± 0.01

0.043 27

Tm 0.008
 ± 0

0.006
 ± 0

0.007
 ± 0

0.006
 ± 0

0.005
 ± 0

0.006 22

Yb 0.044
 ± 0.02

0.031
 ± 0.02

0.034
 ± 0.01

0.028
 ± 0

0.023
 ± 0.01

0.032 24

Lu 0.005
 ± 0

0.003
 ± 0

0.003
 ± 0

0.002
 ± 0

0.001
 ± 0

0.003 43

LREEs/HREEs 3.807 4.216 5.504 4.202 4.024 3.807 4.351
Sum(b) 5.094 3.626 4.944 3.302 2.000 3.793
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negative charge of soil particles, reduces the exchangeable 
Cd in soil and reduces the mobility of Cd (Song et al. 2015; 
Li et al. 2013a, b). The exceedance ratios of Cd in the 66 
samples were 59.09%, which pointed out that the Cd pollu-
tion is serious in MC herbs. Li et al. (2018) also reported that 
Cd content in MC from Daodi-producing areas exceeded the 
standard, which is consistent with the results of this study. 

In the group (Table 5), due to the origin, the concen-
tration of Si, U, Li, Be, Cr and Sr had remarkable differ-
ence, and the RSDs% varies from 54 to 77. There are a 
wide variety of Si in herb, ranging from 162 (Tongling) to 
23.29 mg.kg−1 (Bozhou). Sr in Xuancheng was the lowest 
at 21.034 mg.kg−1 while it was the highest at 135.277 mg.
kg−1 in Bozhou. Cr content of the herbs was in the range 
of 2.302–8.280  mg.kg−1 with the highest value from 
Xuancheng. The content of Si and Sr in MC in this study 
was higher than that in previous reports (Guo et al. 2008; 
Liu et al. 2017). Nevertheless, the concentrations of other 
elements in this group of samples from different origins 
display similar levels as the RSDs% are 8 and 43. Average 
content of Ti, Rb, B, Mo, Ni and Ba is 47.334 mg.kg−1, 

5.680 mg.kg−1, 23.984 mg.kg−1, 0.260 mg.kg−1, 1.360 mg.
kg−1 and 35.208 mg.kg−1, respectively. Br and I are typical 
non-metallic elements, Br level of all herbs is higher than 
I. They were determined the mean of 1.674 mg.kg−1 and 
0.154 mg.kg−1, respectively. Zn in the herbs was ranged 
from 12.996 mg.kg−1 (Xuancheng) to 25.041 mg.kg−1 
(Bozhou), which was consistent with Zn content in 32 
batches of MC reported by Zhu et al. (2020).

Chemical forms of Cd

Due to the phenomenon of Cd exceeding the standard 
detected in MC herbs, Cd chemical forms were further ana-
lyzed. The percentage of chemical forms of Cd in MC is 
shown in Table 6 and Fig. 4. The MC from Bozhou has the 
highest residue state Cd  (PR) in 6 chemical forms, account-
ing for 30.6%, while the other 4 producing areas have the 
highest integration with pectate and protein Cd  (PNaCl). Own-
ing to higher migration ability and higher biological activ-
ity,  PEtOH (inorganic Cd) and  PH2O (water-soluble Cd) are 
more harmful to plant cells than other Cd forms (Li et al 
2014; Wang et al. 2008; Qiu et al.2011). The lowest sum 

Table 4  Analytical results of 
the heavy metals and toxic 
elements in MC herbs.  Sum(c): 
The sum of the concentrations 
of the heavy metals and toxic 
elements

5 Elements Heavy metals and toxic elements (mg.kg−1 ± the sampling sites, n = 5,5,4,4,4))

Wuhu Tongling Xuancheng Chizhou Bozhou Mean Limiting value RSD%

Cu 3.395
 ± 0.70

4.432
 ± 1.63

3.684
 ± 0.23

9.472
 ± 1.77

11.029
 ± 2.14

6.402 20 56

As 0.080
 ± 0.03

0.110
 ± 0.05

0.223
 ± 0.03

0.202
 ± 0.04

0.187
 ± 0.08

0.160 2.0 39

Cd 0.778
 ± 0.76

0.287
 ± 0.09

0.448
 ± 0.21

0.358
 ± 0.03

0.070
 ± 0.01

0.388 0.3 67

Hg 0.004
 ± 0

0.004
 ± 0

0.004
 ± 0

0.004
 ± 0

0.003
 ± 0

0.004 0.2 5

Pb 2.897
 ± 2.63

0.936
 ± 0.31

1.616
 ± 0.52

1.241
 ± 0.18

0.457
 ± 0.11

1.429 5 65

Sum(c) 7.154 5.769 5.975 11.277 11.746 8.384 - -

Fig. 3  Distribution map of 
heavy metals and toxic ele-
ments in MC herbs (WH—
Wuhu, TL—Tongling, XC—
Xuancheng, CZ—Chizhou, 
BZ—Bozhou)

mg.kg−1
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Table 5  Analytical results 
of 25 trace elements in MC 
herbs.  Sum(d): The sum of 
the concentrations of 25 trace 
elements

25 Elements Trace elements content (mg.kg−1 ± the sampling sites, n = 5,5,4,4,4))

Wuhu Tongling Xuancheng Chizhou Bozhou Mean RSD%

Ba 39.366
 ± 24.40

25.933
 ± 21.07

25.811
 ± 6.06

46.232
 ± 2.57

38.698
 ± 10.69

35.208 26

Sr 72.153
 ± 15.64

64.902
 ± 41.89

21.034
 ± 7.93

107.723
 ± 18.38

135.277
 ± 40.52

80.218 54

Zn 17.779
 ± 4.62

13.819
 ± 2.74

12.996
 ± 0.95

32.923
 ± 2.65

25.041
 ± 6.59

20.511 41

Mn 19.416
 ± 9.31

12.908
 ± 3.50

26.252
 ± 4.10

23.370
 ± 4.59

14.799
 ± 4.30

19.349 29

Si 105.906
 ± 66.56

161.997
 ± 86.41

25.607
 ± 12.34

64.435
 ± 49.93

23.286
 ± 16.66

76.246 77

B 21.299
 ± 2.10

20.474
 ± 2.08

27.959
 ± 2.15

21.052
 ± 1.43

29.127
 ± 3.83

23.982 17

Li 0.217
 ± 0.08

0.230
 ± 0.09

0.603
 ± 0.14

0.374
 ± 0.11

0.882
 ± 0.20

0.461 61

Be 0.013
 ± 0.01

0.009
 ± 0.01

0.026
 ± 0.01

0.016
 ± 0

0.004
 ± 0

0.014 59

Ti 43.962
 ± 10.43

53.223
 ± 5.70

47.557
 ± 6.18

44.357
 ± 9.78

47.570
 ± 7.46

47.334 8

V 0.412
 ± 0.15

0.558
 ± 0.18

1.257
 ± 0.29

0.755
 ± 0.22

0.978
 ± 0.42

0.792 42

Cr 2.346
 ± 0.83

2.302
 ± 0.68

8.280
 ± 1.21

4.178
 ± 0.99

3.952
 ± 1.18

4.211 58

Co 0.187
 ± 0.06

0.167
 ± 0.06

0.316
 ± 0.04

0.194
 ± 0.04

0.233
 ± 0.09

0.220 27

Ni 1.207
 ± 0.44

1.148
 ± 0.62

1.651
 ± 0.34

1.719
 ± 0.18

1.077
 ± 0.28

1.360 22

Ge 0.008
 ± 0

0.012
 ± 0

0.007
 ± 0

0.004
 ± 0

0.005
 ± 0

0.007 40

Br 1.995
 ± 0.87

1.334
 ± 0.43

1.897
 ± 0.17

1.551
 ± 0.21

1.593
 ± 0.34

1.674 16

Rb 6.082
 ± 3.30

5.848
 ± 0.88

5.126
 ± 0.32

4.538
 ± 0.84

6.808
 ± 1.71

5.680 15

Mo 0.301
 ± 0.10

0.195
 ± 0.10

0.302
 ± 0.04

0.203
 ± 0.02

0.297
 ± 0.06

0.260 21

Sn 0.137
 ± 0.07

0.130
 ± 0.06

0.051
 ± 0.04

0.066
 ± 0.07

0.074
 ± 0.03

0.091 43

Sb 0.134
 ± 0.14

0.152
 ± 0.07

0.185
 ± 0.04

0.156
 ± 0.04

0.123
 ± 0.03

0.150 16

I 0.212
 ± 0.05

0.176
 ± 0.06

0.146
 ± 0.04

0.136
 ± 0.02

0.101
 ± 0.01

0.154 27

Cs 0.048
 ± 0.02

0.063
 ± 0.02

0.117
 ± 0.03

0.078
 ± 0.04

0.100
 ± 0.05

0.081 34

Tl 0.052
 ± 0.02

0.052
 ± 0.01

0.041
 ± 0.01

0.042
 ± 0.01

0.029
 ± 0.01

0.043 22

Bi 0.007
 ± 0

0.007
 ± 0

0.011
 ± 0

0.008
 ± 0

0.007
 ± 0

0.008 23

Th 0.071
 ± 0.02

0.080
 ± 0.02

0.177
 ± 0.05

0.100
 ± 0.03

0.127
 ± 0.06

0.111 38

U 0.023
 ± 0.01

0.025
 ± 0.01

0.022
 ± 0

0.022
 ± 0.01

0.070
 ± 0.04

0.033 65

Sum(d) 333.333 365.744 207.431 354.232 330.258 318.198 -
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of inorganic Cd and water-soluble Cd in MC from Wuhu 
and Tongling is 18.4% and 19.7%, followed by that from 
Xuancheng and Chizhou, which is 29.8% and 27.7%, the 
highest is from Bozhou as 31.2%. The average percentage 
of  PHAc (insoluble  CdHPO4,  Cd3(PO4)2),  PHCl (Cd oxalate) 
and  PR (residues) in all forms were 14.6% (8.0–21.3%), 5.4% 
(2.8–8.2%) and 19.4% (13.1–30.6%), respectively. The per-
centage of  PNaCl (Cd integrated with pectate and protein) in 
herbs from Wuhu, Tongling, Xuancheng and Chizhou was 
the highest, accounting for 41.2% (25.2–56.4%) of all chemi-
cal forms. However,  PNaCl percentage in MC from Bozhou 
is much lower than other regions, which only contained 
9.1%. In terms of chemical form distribution, the herbs from 
Bozhou are quite different from those from other origins, 
and the proportion of  PR,  PH2O and  PHAc is the highest top 
3 among all samples. This is probably due to the geologi-
cal environment where herbs are grown. Wuhu, Tongling, 
Xuancheng and Chizhou are hilly but Bozhou is plain.

Statistical analysis

Based on the content of 54 elements in MC samples from 
22 sampling sites in 5 producing areas, the Fisher discrimi-
nant function general discriminant method was used to per-
form multivariate discriminant analysis through Statistical 
software, SPSS (Version23). Five elements (K, Na, Sc, Cr 
and Cd) with obvious regional distribution differences were 
taken as indicators as independent variables for judgment 
analysis to establish a discriminant model of MC origin, 
which is listed in S6. The discriminant function 1 and 2 
cumulative explain ability of discriminant model is 94.8%, 
and the correlation coefficient was greater than 0.95, which 
shows that discriminant function 1 and 2 to five MC origins 
classification of main contribution, using the discriminant 
function score value of the discriminant function 1 and 2 
as a scatter plot. It can be seen from Fig. 5. The group cen-
troid of MC from Tongling and Wuhu is close to each other 
and overlap, which is also related to the special climate and 
soil conditions of Phoenix Mountain. The group centroid of 
MC from Xuancheng and Chizhou is closer to that of Wuhu 
and Tongling, and this may be due to their hilly terrain and 
location along the Yangtze River. It should be noted that the 
distance between Bozhou and other producing areas is far, so 

the distribution of inorganic elements is easy to distinguish 
the producing areas.

Health risk evaluation

The average Cd content of MC from Wuhu, Xuancheng and 
Chizhou was 0.778 mg.kg−1, 0.448 mg.kg−1 and 0.358 mg.
kg−1, respectively. According to the maximum dose of 12 g 
for Chinese medicinal materials prescribed by the Chinese 
Pharmacopoeia 2020, the average weekly intake of Cd in 
MC (PTWI = Ci × 12 × 7)/62.5) from these three regions was 
1.046 μg.kg−1, 0.602 μg.kg−1 and 0.481 μg.kg−1, respec-
tively (Table 7). But in fact, oral Chinese medicine is mostly 
taken in the form of water decoction. Wang et al. (2019) 
reported that the dissolution rate of Cd in traditional Chi-
nese medicine was 20.5%, so the actual weekly average 
intake of Cd in MC  (PTWIfact = PTWI × 20.5%) from Wuhu, 
Xuancheng and Chizhou was 0.215 μg.kg−1, 0.166 μg.kg−1 
and 0.133 μg.kg−1, respectively. That's less than 0.6 μg.kg−1 
for Cd prescribed by WHO. Moreover, the highest migration 
and toxicity are  PEtOH (inorganic Cd) and  PH2O (water-solu-
ble Cd) in 6 chemical forms of Cd, and the sum of the two 
percentage of Wuhu, Xuancheng and Chizhou was 18.4%, 
29.8% and 27.7%, respectively. Corresponding to PIWI was 
0.192 μg.kg−1, 0.180 μg.kg−1 and 0.133 μg.kg−1, which were 

Table 6  The 6 chemical forms 
of Cd in MC expressed by the 
percentage of total content

Wuhu Tongling Xuancheng Chizhou Bozhou Mean

PEtOH (%) 3.2 5.8 12.2 5.8 7.1 6.8
PH2O (%) 15.2 13.9 17.6 21.9 24.1 18.5
PNaCl (%) 56.4 47.9 37.2 25.5 9.1 35.2
PHAC (%) 8.0 11.6 14.5 17.4 21.3 14.6
PHCl (%) 4.1 2.8 4.3 8.2 7.9 5.4
PR (%) 13.1 18.1 14.2 21.2 30.6 19.4

Fig. 4  Chemical form of Cd in MC was expressed as percentage of 
total concentration
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also below limits (0.6 μg.kg−1) as well. Therefore, in Wuhu, 
Xuancheng, Chizhou the residual amount of Cd in MC 
ingested by water decoction had little harm to human health. 

Low doses of REEs are beneficial to human body, such 
as inhibiting tumors and protecting brain nerves (Xia et al. 
2012; Jin et al. 2014), while high doses are opposite. The 
REEs that people consume accumulate in their internal 
organs, bones, brain, hair and blood and have significant 
effects on human digestive, respiratory, reproductive, nerv-
ous, blood and immune systems (Chen et al. 2005; Chen 
et al. 2008). The total amount of REEs in MC is in the 
range of 2.000–5.094 mg.kg−1. Based on the maximum 
daily consumption of 12 g.person−1 (Chinese Pharmaco-
peia Commission 2020), the lifetime average daily pollut-
ant intake (ADI = Ci × 12 × 90 × 70 /62.5 × 365 × 70) is only 
0.0947–0.241 ug.kg−1.d−1 (Table 7), and the REEs intake 
is 70 ug.kg−1.d−1, as the safe dose (Li et al.2013a, b; Zhu 

et al.1997). Judging from the amount of REEs in MC herbs, 
it is not harmful to human health.

Conclusion

The multi-element fingerprint was established by deter-
mining the contents of 54 elements in MC from 5 pro-
ducing areas, which is different from that of Baishao and 
other herbs, and can be used to distinguish herbs (Xue 
et  al 2021; Lv et  al. 2019).  The content of macro-ele-
ments in MC from Bozhou is twice that from Wuhu and 
Tongling. The concentration of elements in MC from 
Wuhu, Tongling, Xuancheng and Chizhou are in the fol-
lowing order: Ca > K > Mg > Al > Fe > Na. The content of 
REEs in MC from 5 producing areas all conforms to the 
law of Oddo–Harkins, and the content in MC from Wuhu is 
the highest, and that from Bozhou is the lowest. Due to the 
origin, the contents of trace elements such as Si, U, Pb, Cu, 
Cd, Li, Be, Cr, Sr are significantly different. The distribution 
of chemical forms of Cd in MC from Bozhou is obviously 
different from that in the other 4 regions. In Bozhou MC, Cd 
mainly exists in residue state and water-soluble state, while 
in other 4 producing areas, Cd mainly exists in extracted 
NaCl states with low activity and low mobility. Cu, Hg, As 
and Pb in MC did not exceed the limits prescribed by Green 
Trade Standards of Importing & Exporting Medicinal Plants 
& Preparations (WM2-2001), while Cd in MC from Wuhu, 
Xuancheng and Chizhou exceeded the standard. Chinese 
medicine is mostly taken in the form of decoction. After 
reasonable assessment, taking the water decoction of MC 
does not pose a health risk to human health.

Based on the multi-element fingerprint, the MC from 
5 producing areas was divided into 3 groups by statistical 
analysis: Tongling and Wuhu, Xuancheng and Chizhou, and 
Bozhou, providing a new method to trace the origin of herbs. 
Tongling and Wuhu are Daodi-producing areas of MC, and 
patterns of major and trace elements are highly similar. The 
climate, geology and soil conditions of Xuancheng and 
Chizhou are similar to those of Tongling and Wuhu, and 
both of them are hilly areas, so the element distribution in 
MC herbs has certain similarity with the Daodi origin. How-
ever, Bozhou is a typical great plain, and the distribution 
pattern of elements in MC herbs is quite different from the 
above 4 producing areas. Therefore, the next step should 
pay attention to the factors that cause the difference in the 
mineral element of herbs, such as soil, water and so on. This 
study provided a new method and idea for quality control of 
Chinese medicinal materials from the source.

Fig. 5  Scattering points of the first two typical discriminant functions 
in MC herbs

Table 7  Health risk assessment results of MC and decoction

PTWI: the tolerable weekly intake per kilogram of body weight; 
ADI: the lifetime average daily pollutant intake

Cd PTWI (μg.
kg−1)

REEs ADI (ug.kg−1.
d−1)

Max Min Max Min

MC 1.046 0.481 MC 0.241 0.0947
Water decoction of MC 0.215 0.133
Limit value 0.6 Limit value 70
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