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ABSTRACT: The elemental composition of medicinal materials (MMs) is directly linked to their therapeutic efficacy and 

clinical safety, making the development of accurate, efficient, and green analytical strategies of elements critically important. This 

review systematically evaluates recent methodological advancements in 

elemental analysis (covering both essential elements and toxic heavy metals) in 

MMs. Firstly, it highlights innovations in green sample pretreatment 

technologies, including efficient digestion or extraction techniques. Secondly, it 

comprehensively compares the performance and application scenarios of 

various analytical techniques, each offering distinct advantages in sensitivity, 

multi-element analysis capability, and on-site applicability. Subsequently, the 

review examined the potential influence of elements on the pharmacological 

activity of MMs and the migration patterns of various elements in the “soil-

medicinal plant” system. Finally, it systematically elaborates on precise health 

risk assessment models, emphasizing the necessity of shifting from total content 

analysis to a risk-oriented evaluation paradigm. This review aims to provide a 

comprehensive reference for the development of green analytical methods, risk 

assessment, as well as quality and safety control of MMs.  

INTRODUCTION  

Medicinal materials (MMs) constitute a complex system 

encompassing herbal (plant-based), animal-derived, and mineral 

drugs, serving as a vital resource for both global traditional 

medicine and modern drug discovery. Their clinical efficacy is 

attributed not only to organic bioactive compounds but is also 

intrinsically linked to their elemental composition.1 This 

composition includes both potentially beneficial essential 

elements (e.g., Fe, Zn, Cu) and HM elements with well-

established human toxicity (e.g., Pb, Cd, As, Hg). These toxic 

HMs can enter the environment through industrial emissions, 

agrochemical application, and background soil contamination, 

subsequently accumulating in medicinal plants and ultimately 

posing threats to human health via the medication chain, causing 

neurotoxicity, nephrotoxicity, and even carcinogenic effects.2,3 

Animal-derived medicines may accumulate HMs through 

biomagnification in the food chain. Mineral drugs (e.g., cinnabar, 

realgar) inherently contain HMs in specific chemical forms, where 

their safety is directly governed by the element’s chemical 

speciation and solubility/release characteristics.4 Regardless of 

their source, excessive levels of toxic elements in MMs can 

threaten human health upon consumption. Consequently, 

performing accurate and comprehensive elemental analysis on 

MMs constitutes the foundation for evaluating their nutritional 

value and pharmacodynamic potential and simultaneously serves 

as an essential prerequisite for guaranteeing medication safety and 

formulating scientific regulatory standards. 

However, the complexity and diversity of MM matrices pose 

multidimensional challenges for elemental analysis. Firstly, 

regarding sample pretreatment, the intricate organic matrices in 

plant and animal tissues (e.g., cellulose, proteins) and the stable 

crystalline structures in mineral drugs demand methods that can  
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Fig. 1 Schematic diagram of recent advances in elemental analysis of MMs. 

completely release target elements while effectively preserving 

volatile species. Secondly, at the detection level, the trace levels of 

target elements, coupled with the fact that their chemical 

speciation dictates bioactivity and toxicity, requires analytical 

methods to possess high sensitivity, a broad dynamic range, and 

excellent speciation resolution. Finally, application needs vary 

from precise laboratory quantification to on-site rapid screening, 

placing different demands on the efficiency, cost, and portability 

of the analytical workflow. To address these challenges, traditional 

approaches combining strong acid digestion with established 

detection techniques like AAS and ICP-OES remain the 

cornerstone for total elemental analysis in laboratories.5,6 

Nevertheless, this paradigm has notable limitations: digestion is 

often time-consuming, requires large amounts of corrosive 

reagents, struggles to provide speciation information, and the 

overall workflow is complex and ill-suited for rapid field analysis. 

Currently, the field of analytical chemistry is undergoing a 

profound evolution towards greening7,8 and intelligence 9 offering 

novel tools to expand and enhance the elemental analysis 

capabilities for MMs. In sample pretreatment, novel green 

solvents like DES and their functionalized variants provide new 

avenues for developing more efficient and environmentally 

friendly strategies.10-12 For detection, ICP-MS has become the core 

technique for trace analysis due to its exceptional sensitivity,13 

while the coupling of HPLC with ICP-MS enables precise 

speciation analysis.14 Concurrently, emerging technologies such as 

LIBS,15-17 XRF,18-20 and molecular fluorescence sensing based on 

functional materials21,22 offer possibilities for in-situ rapid 

screening and highly selective on-site detection, respectively. 

These advancements do not seek to wholly replace traditional 

methods but aim to build upon them, constructing a multi-tiered 

modern analytical methodology that ranges from laboratory 

analysis to field screening, thereby more comprehensively 

safeguarding the quality and safety of MMs. 

This review aims to systematically summarize recent advances 

in the elemental analysis of MMs (Fig. 1). Firstly, it focuses on 

novel strategies for green and efficient sample pretreatment, 

including high-efficiency digestion or extraction techniques based 

on DES and their switchable variants, as well as the development 

and application of novel microextraction materials. Secondly, it 

provides a comprehensive comparison and evaluation of various 

elemental analysis technologies-including atomic spectrometry, 

nuclear analytical techniques, and molecular fluorescence sensing 

techniques-discussing their principles, performance characteristics, 

and applicability in MMs analysis. Furthermore, it examined the 

potential influence of elements on the pharmacological activity of 

MMs and the migration patterns of various elements in the “soil-

medicinal plant” system. Finally, it elaborates on how to translate 

precise analytical data into scientific human health risk 

assessments and provides an outlook on future trends and 

challenges in this field. Unlike previous reviews that focus on a 

single technique or a single matrix, this review systematically 

integrates the entire analytical workflow-from green pretreatment 

to multi‑technology detection-while connecting analytical data to 
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the pharmacological activity and health risk assessment of MMs. 

This cross‑disciplinary synthesis, bridging analytical chemistry, 

environmental science, and clinical safety, lays a more solid 

scientific foundation for ensuring the quality and safe use of MMs. 

SAMPLE PRETREATMENT 

In the analysis of MMs, the primary key to accurately determining 

target components (such as essential elements, toxic HMs, or 

active substances) lies in establishing efficient and reliable sample 

pretreatment methods (Table 1). The core objective is to fully 

release, separate, and enrich the analytes from the complex herbal 

matrix while minimizing matrix interference and preventing 

analyte loss. Sample pretreatment typically involves key steps 

such as digestion, extraction, and concentration. The appropriate 

selection and systematic optimization of these steps directly 

determine the sensitivity, accuracy, and overall analytical 

efficiency of subsequent detection. 

Digestion. Digestion is primarily used to decompose the organic 

matrix of a sample, converting contained mineral elements 

(especially HMs) into soluble ionic forms suitable for 

determination by spectroscopy or mass spectrometry.37,38 

Traditional digestion methods (e.g., wet digestion, microwave 

digestion) typically employ concentrated acids. While these 

achieve complete digestion, they suffer from drawbacks such as 

operational hazards, high reagent consumption, long processing 

times, potential loss of volatile elements, and generation of 

harmful waste.39,40 To address these challenges, green solvents, 

particularly DES and their switchable variants (SDES), have been 

developed as environmentally friendly and efficient alternative 

digestion media.41 DES are usually formed by mixing HBA (e.g., 

a quaternary ammonium salt) and HBD (e.g., a carboxylic acid, 

polyol) at a specific molar ratio. They offer advantages such as low 

toxicity, biodegradability, and ease of synthesis and modulation.42-

44 Their digestion capability stems from a strong hydrogen-bond 

network and proton-donating/accepting ability, which effectively 

disrupt plant cell walls, dissolve mineral oxides, and chelate metal 

ions. 

For instance, researchers developed a rapid, simple, and eco-

friendly DES-based digestion method for processing Gentiana 

rigescens solid samples. Under optimized conditions, the DES 

digestates were analyzed by ICP-OES, achieving LODs of 0.40–

2.50 μg g˗1 for Ni, Zn, Co, Cr, and Cu, with spiked recoveries 

ranging from 90.6% to 111.9%. The quantitative results showed 

high consistency with those from conventional microwave 

digestion-ICP-OES, validating the method’s accuracy and 

reliability (Fig. 2a).23 More innovatively, SDES has been designed 

as a dual-functional solvent capable of simultaneously achieving 

efficient extraction of target active compounds and rapid digestion 

of the sample matrix(Fig. 2b).24 Taking the analysis of Amomi 

fructus as an example, researchers synthesized an SDES (e.g., a  

 

 

 

 

 

 

Fig. 2 Schematic diagram of the DES digestion process for (a) Gentiana rigescens (adapted with permission from Ref. 22) and (b) Amomi 
fructus (adapted with permission from Ref. 23). 
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Table 1. Comparison of sample pretreatment methods, media, and efficiencies for elemental analysis of MMs 

Medicinal materials 

Sample 

pretreatment 

method 

Sample 

pretreatment media 

Analytical 

technique 
Element 

Enrichmen

t factor 

Recover

y 

R

ef 

Gentiana rigescens 
DES-based 

digestion 

DES (Choline 

chloride: oxalic acid 

= 1:2) 

ICP-OES 
Ni, Zn, Co, 

Cr, and Cu 
- 

90.6%–

111.9% 
23 

Amomi fructus 
SDES-based 

digestion 

SDES (Octanoic 

acid: 

tetrabutylammonium 

bromide = 1:3) 

ICP-OES 

P, Mg, Ca, 

Mn, Zn, 

Cu, and Ni 

- - 24 

Shirafza, Dineh, and 

Slim Quick, etc. 
LPME Toluene GFAAS 

Pb, Cr, and 

Cd 
70–500 

87%–

115% 
25 

Gastrodia elata Bl. LPME 

DES 

(Methyltrioctylammo

nium chloride: 1-

octanol =1:2) 

Micro UV-vis 

spectrophotometry 
Co 38 

92.9%–

105% 
26 

Paris polyphylla var. 

yunnanensis 
LPME 

DES (Lidocaine: 

pelargonic acid = 

1:1) 

SDIC Cu 72 
90.1%–

119.2 % 
27 

Paris polyphylla var. 

yunnanensis and Salvia 

yunnanensis C. H. 

Wright 

RS-CPE 

DES (L-menthol: 

nonanoic acid = 2:1) Micro UV-vis 

spectrophotometry 
Co 38 

92.4%–

105% 
28 

Gentiana rigescens LPME 
SHS 

(Dipropylamine) 
Micro UV-vis 

spectrophotometry 
Ni 28 

91.6%–

110% 
29 

Salvia miltiorrhiza LPME 
SHS (Nonanoic acid) 

Micro UV-vis 

spectrophotometry 
Cu 76.3 

94.7%–

103.8% 
30 

Baccharis trimera, 

Maytenus aquifolia, and 

Mikania glomerata, etc. 

LPME 

Cationic ion 

exchange resin 

AG50W 

FAAS Pb 2.85 
96%–

107% 
31 

Salvia yunnanensis and 

Amomum villosum Lour. 
LPME 

SHS (Octanoic acid) 
SDIC Ni 65.1 

93.2%–

104% 
32 

Phyllanthus emblica 

Linn. 
MDMSPE 

MCOF-DES 
ICP-OES Cu 30 

90.6%–

106% 
33 

P. polyphylla var. 

yunnanensis 
DMSPE 

GO-TiO2-DES 
ICP-OES Co and Pb 31 and 28 

93.9%–

105% 
34 

Polygonatum kingianum 

Coll. Et Hemsl 
MDMSPE 

Fe3O4@TiO2@NAD

ES 
ICP-OES Pb and Cu 24 and 32 

90.3%–

107% 
35 

Ligusticum chuanxiong 

Hort 
DMSPE 

Fe3O4@MIL-

101(Cr)@PEG 
ICP-OES 

As, Cd, and 

Pb 
- - 36 

mixture of caprylic acid and tetrabutylammonium bromide). This 

SDES can be switched to hydrophilic under alkaline conditions 

(e.g., by adding Na2CO3), thoroughly permeating and disrupting 

plant tissues. Subsequently, under acidic conditions (e.g., by 

adding HNO3), it reverts to hydrophobic, enabling efficient 

extraction of target phenolic compounds for HPLC analysis. 

Concurrently, the SDES itself serves as a digestion solvent. With 

mild oil-bath-assisted stirring, complete digestion of the Amomi 

fructus sample can be achieved in merely 5 min, and the digestate 

can be directly used for ICP-OES determination of various mineral 

elements (e.g., P, Mg, Ca, Mn, Zn, Cu, Ni). Its digestion efficiency 

is comparable to microwave digestion but significantly reduces 

processing time, avoids the use of large amounts of strong acids, 

and offers greater safety and environmental friendliness.24 

In summary, DES/SDES-based digestion technologies 

represent an important developmental direction in the 

pretreatment of MMs samples. They not only address the 

environmental pollution and operational risks associated with 

traditional methods but also through flexible coupling with 

subsequent detection techniques, enable the simultaneous, rapid, 

and accurate analysis of both active components and risk factors 

(e.g., HMs) in MMs. This provides robust technical support for 

establishing a comprehensive quality evaluation system for MMs. 

Nevertheless, several limitations must be acknowledged. The 

relatively high viscosity of many DES/SDES systems can hinder  
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Fig. 3 Schematic of (a) HDES-based effervescent tablet-assisted-LPME procedure for the determination of Co in Gastrodia elata Bl. by micro UV-vis 

spectrophotometry (adapted with permission from Ref.26), (b) effervescent tablet-assisted-TRDES-LPME-SDIC for on-site determination of Cu in Paris 

polyphylla var. yunnanensis (adapted with permission from Ref. 27), and (c) DES‑RSCPE‑micro UV-vis spectrophotometry for Co determination in Paris 

polyphylla var. yunnanensis and Salvia yunnanensis C. H. Wright (adapted with permission from Ref. 28). 

 

mass transfer and prolong digestion time, while the potential 

leaching of DES/SDES components into the sample matrix may 

introduce analytical interferences. Furthermore, the scalability of 

DES/SDES-based methods remains underexplored; most studies 

are conducted at the laboratory scale, and issues such as 

DES/SDES recyclability, cost-effectiveness, and long-term 

operational stability have yet to be systematically addressed before 

these methods can be adopted for routine or industrial applications. 

Liquid phase microextraction. To overcome the complexity of 

MMs matrices and enhance the sensitivity and selectivity of trace 

element analysis, the application of efficient extraction techniques 

for the separation and pre-concentration of target analytes 

following digestion or simple extraction is often necessary.45,46 

These methods aim to selectively isolate and concentrate target 

elements from bulk sample solutions, effectively reducing matrix 

interferences and meeting the requirements of high-sensitivity 

detection instruments. Current research trends focus on 

developing novel extraction and enrichment strategies that are 

green, efficient, automated, or capable of online coupling with 

detection instruments. 

LPME and its derived techniques, which drastically reduce the 

consumption of organic solvents to microliter levels, enable rapid 

and efficient enrichment and represent a paradigm of green 

analytical chemistry.47,48 For example, Aghamohammadi et al. 25 

proposed an ultrasound-assisted emulsification microextraction 

method. In this approach, trace HMs (e.g., Pb, Cr, Cd) are 

complexed with a chelating agent, after which a minute amount of 

extraction solvent (e.g., 45 μL toluene) is emulsified and dispersed 

into the aqueous phase via ultrasonication. Following 

centrifugation, only 20 μL of the organic phase is taken for analysis 

by GFAAS. This method achieves LOD as low as 0.002–0.03 μg 

L˗1 for the target metals and enrichment factors up to 70–500, 

ensuring high sensitivity while significantly reducing the 

generation of organic waste.25 

LPME systems based on green solvents represent another 

important direction, aiming to replace traditional toxic organic 

solvents. DES can not only be used for digestion but its 

hydrophobic variants (HDES) have also been employed as 

extractants.49,50 Notably, switchable DES with environmentally 

responsive properties (e.g., temperature-responsive TRDES, pH-

responsive SDES) further expand their application scope. They 

can undergo reversible hydrophilic–hydrophobic transitions 

through external stimuli (e.g., temperature, CO2), thereby 

simplifying the recovery of the extraction phase. For example, a 

HDES with effervescent precursors enabled CO2-assisted 

dispersion and extraction of Co from Gastrodia elata Bl. (Fig. 

3a).26 More innovatively, this concept has been combined with 
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integrated detection by preparing multifunctional effervescent 

tablets that incorporate TRDES, effervescent precursors, and 

chelating agents. Upon addition to the sample solution, these 

tablets in situ generate CO2, synthesize TRDES, and form metal 

complexes. The CO2 promotes dispersion of the extractant, and 

phase separation is then achieved through temperature adjustment. 

The separated organic phase can be directly subjected to 

quantitative analysis using a modified SDIC device, thereby 

establishing a complete on-site detection system. This has been 

successfully applied to the rapid and highly sensitive detection of 

Cu in environmental water samples, soil, and Paris polyphylla var. 

yunnanensis (Fig. 3b).27 Moreover, DES can also serve as a 

synergistic agent in RS-CPE, working in synergy with the 

surfactant Triton X-114 at room temperature to rapidly complete 

the extraction and enrichment of Co from Paris polyphylla var. 

yunnanensis and Salvia yunnanensis C. H. Wright without the 

need for heating (Fig. 3c).28 

Switchable solvents, particularly SHS, have emerged as a 

cutting-edge technology in extraction due to their unique 

environmentally-responsive phase-transition capabilities.51,52 SHS 

(e.g., N,N-dimethylcyclohexylamine, dipropylamine) can 

reversibly switch between a hydrophilic (ionic) state and a 

hydrophobic (molecular) state upon triggering by CO2 or acid-

base stimuli. In the hydrophilic state, they mix homogenously with 

the sample solution; following triggered phase transition, they 

instantly form fine droplets of the hydrophobic solvent, efficiently 

capturing metal complexes. Combined with ultrasound-assisted 

LPME, this method has been successfully applied for the 

determination of trace Ni in MMs (Fig. 4a).29 Integrating SHS 

precursors into effervescent tablets with smartphone-based 

colorimetric detection further enabled on-site Cu analysis in Salvia 

miltiorrhiza (Fig. 4b).30 To achieve a higher degree of automation, 

high throughput, and on-site analysis, various integrated and 

miniaturized techniques have been developed. The combination of 

FIA with online pre-concentration technologies has created highly 

efficient analytical platforms. For instance, the Campos team 

integrated a cation-exchange resin pre-concentration column into 

an FIA-FAAS flow path, enabling online enrichment of Pb with a 

throughput of up to 55 samples per hour.31 Demonstrating 

significant potential for field applications is the integration of SHS 

effervescent tablet microextraction with SDIC. The color change 

of the extraction phase is captured by a smartphone, and a custom-

developed application establishes a quantitative relationship 

between concentration and color intensity. This enables rapid, 

semi-quantitative to quantitative on-site detection of Ni, providing 

a tool for instant screening at the source of MMs (Fig. 4c).32 

From conventional microextraction to LPME based on green 

solvents (DES/SHS), and further towards integration with flow 

injection and smartphone sensing, LPME is rapidly advancing in 

the direction of greater environmental friendliness, higher 

efficiency, enhanced intelligence, and improved portability. These 

technologies have significantly enhanced the selectivity, 

sensitivity, and operational convenience for analyzing trace 

elements in the complex matrices of MMs, providing solid and 

diverse technical support for comprehensive quality and safety 

control-from laboratory measurement to on-site rapid screening. 

 

 

 

 

 

 

 

Fig. 4 Schematic of (a) SHS-based LPME-micro UV-vis spectrophotometry for determination of Ni in Gentiana rigescens (adapted with permission from 

Ref. 29), (b) effervescence tablet-assisted-SHS-LPME-micro UV-vis spectrophotometry for determination of Co in Salvia yunnanensis (adapted with 

permission from Ref. 30), and (c) effervescent tablet-assisted-SHS-LPME-SDIC for on-site determination of Ni in Salvia yunnanensis and Amomum villosum 

Lour. (adapted with permission from Ref. 32). 
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Fig. 5 Schematic of (a) MCOF-DES-based MDMSPE-ICP-OES for determination of Cu in Phyllanthus emblica Linn. (adapted with permission from Ref. 
33), (b) GO-TiO2-DES-based DMSPE-ICP-OES for simultaneous determination of Pb and Co in herbal medicine Paris polyphylla var. yunnanensis (adapted 

with permission from Ref. 34), and (c) Fe3O4@MIL-101(Cr)@PEG for the efficient removal of As, Cd, and Pb from Ligusticum chuanxiong Hort (adapted 

with permission from Ref. 36). 

 

Dispersive micro-solid phase extraction. DMSPE and its 

magnetic variant (MDMSPE) have become research hotspots due 

to their higher mass transfer efficiency and operational 

convenience.102,53 The core of this technology lies in the design 

and synthesis of high-performance adsorbent materials. Among 

the strategies, functionalizing adsorbents using DES or NADES is 

key to enhancing their selectivity and adsorption capacity. 

DES/NADES can serve as functionalization reagents to modify 

the surface of various carrier materials, introducing abundant 

functional groups that enhance affinity toward specific ions.54,55 

Based on this strategy, various functionalized adsorbents have 

been successfully developed. A notable example is a novel 

adsorbent composed of a magnetic covalent organic framework 

modified with a new DES (MCOF-DES) was first synthesized for 

the MDMSPE selective enrichment of trace Cu. This material 

combines the large specific surface area and regular pores of 

MCOFs with the functionalization sites of DES, exhibiting high 

selectivity and adsorption capacity for Cu, with an enrichment 

factor of 30. It enabled accurate determination of Cu in medicinal 

and edible homologous MMs (Phyllanthus emblica Linn.) and 

environmental samples (soil and water) (Fig. 5a).33 Similarly, DES 

was modified onto a GO-TiO2 nanocomposite to synthesize a 

novel GO-TiO2-DES adsorbent for the DMSPE simultaneous 

enrichment of trace Co and Pb in P. polyphylla var. yunnanensis, 

achieving enrichment factors of 31 and 28 for the two elements, 

respectively (Fig. 5b).34 Furthermore, by modifying a magnetic 

Fe3O4@TiO2 composite with NADES, the prepared 

Fe3O4@TiO2@NADES adsorbent exhibited excellent adsorption 

performance for Pb and Cu in Polygonatum kingianum Coll. Et 

Hemsl, with enrichment factors of 24 and 32, respectively.35 These 

studies demonstrate the great potential of custom-designing 

adsorbents via DES/NADES to achieve efficient and selective 

enrichment of multiple target elements in complex MM matrices. 

Notably, NADES are more environmentally friendly than DES 

due to their natural composition, lower toxicity, and 

biodegradability. 

Moreover, SPME technology serves not only analytical 

detection but its principle can also be directly applied to the 

selective removal of HM contaminants from herbal decoctions to 

ensure clinical medication safety. A representative example is the 

designed and synthesized a polyethylene glycol-functionalized 

magnetic nanocomposite, Fe3O4@MIL-101(Cr)@PEG. This 

material possesses a porous structure and a large specific surface 

area, enabling efficient adsorption of As5+, Cd2+, and Pb2+ from 

Ligusticum chuanxiong Hort decoction (removal rate >81%), 

while causing minimal loss of key active constituents (e.g., 

Senkyunolide and Ferulic acid, <8%). The loss rate of total solids 

in the decoction was only 0.18%, and the fingerprint similarity 

remained above 99.9%. This provides a low-cost, simple-

operation, novel pathway for selectively removing exogenous HM 

pollutants without compromising the pharmacologically active 

substances of MMs (Fig. 5c).36 Taken together, 

DMSPE/MDMSPE based on novel functionalized adsorbent 

materials has become an indispensable, highly efficient 

enrichment tool in the analysis of trace elements in MMs. 
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Simultaneously, the technology is expanding into more 

challenging application scenarios, such as the selective removal of 

harmful HMs from complex MM systems. This reflects its dual 

application value in the field of MM quality and safety control, 

spanning from “analytical detection” to “purification treatment”. 

ELEMENTL ANALYSIS 

Based on efficient and green sample pretreatment, accurate and 

sensitive elemental analysis techniques are essential for the quality 

evaluation and safety risk monitoring of MMs. According to 

differences in detection principles and application scenarios, the 

techniques currently employed for elemental analysis of MMs can 

be broadly classified into three categories: atomic 

spectrometry/mass spectrometry (including AAS, AFS, ICP-OES, 

ICP-MS, and LIBS), nuclear analytical techniques (including 

PIXE-PIGE, XRF, and INAA), and molecular fluorescence 

sensing techniques (Table 2). Each category possesses distinct 

advantages in terms of sensitivity, multi-element simultaneous 

analysis capability, sample consumption, cost, and field 

applicability. In practice, these techniques often complement one 

another, collectively forming a multi-tiered analytical system that 

spans from precise laboratory quantification to rapid on-site 

screening. 

Atomic spectrometry. Atomic spectrometry, owing to its high 

sensitivity, good selectivity, and relatively straightforward 

operation, has become the most fundamental tool for elemental 

analysis in MMs.  

Among these techniques, AAS is one of the most long-standing 

and mature analytical methods, primarily including FAAS and 

GFAAS. The former is typically used for the determination of 

essential elements at higher concentrations, while GFAAS, with 

its superior sensitivity, is specialized for detecting trace-level 

elements in MMs.81-83 Numerous studies have successfully 

employed AAS to assess the element (such as HM) contamination 

status of medicinal plants from different regions. For instance, 

analysis of medicinal plants grown across Austria via AAS 

showed generally low levels of toxic elements Pb and Cd. In most 

samples, Cd and Pb contents were below 0.20 mg kg⁻1 and 1.50 

mg kg⁻1 on a dry weight basis, respectively, although certain 

species like St. John’s wort and poppy exhibited a stronger 

tendency for Cd accumulation.56 Similarly, analysis of elements in 

different parts of rosemary from Jordan revealed distribution 

patterns: Pb, Zn, Cu, and Cd were primarily enriched in the 

flowers and leaves. By correlating soil and plant samples, the study 

also illuminated the translocation characteristics of these 

elements.57 Furthermore, AAS has been widely used to evaluate 

the significant impact of different growing environments (e.g., 

wastewater-irrigated vs. clean water-irrigated areas) on the 

element content of medicinal plants, highlighting the importance 

of environmental control.58 Although some studies indicate that 

the element content in MMs from specific regions may be below 

the limits set by organizations like the WHO, suggesting a low 

direct risk to human health, this precisely underscores the 

necessity for ongoing monitoring using reliable analytical 

methods such as AAS.59,60 In summary, as a mature and reliable 

analytical approach, AAS continues to play an indispensable role 

in the screening of element contamination in medicinal plants, 

research on their translocation patterns, and preliminary safety 

assessments. 

A high-performance detection method for elements such as As 

that can form volatile hydrides is AFS, particularly when coupled 

with HG-AFS.84,85 Its working principle is based on the reduction 

of the target element to a gaseous hydride, which is then atomized 

and excited by a specific light source to generate a fluorescence 

signal for quantitative analysis. The core advantages of HG-AFS 

lie in its extremely high sensitivity, excellent selectivity, and strong 

capability to withstand complex sample matrices.86,87 In the 

analysis of elements in medicinal plants and mineral drugs, this 

technique has proven to be a crucial tool for studying element 

bioaccessibility, in vivo metabolism, and risk assessment. A case 

in point is the study investigating the leaching characteristics of 

traditional MMs and their compound preparations containing 

cinnabar (HgS) and realgar (As2S2/As4S4), HG-AFS can 

accurately determine the trace amounts of As and Hg dissolved in 

different artificial digestive fluids (gastric, intestinal, and intestinal 

fluids containing trypsin). Its detection performance is comparable 

to that of ICP-MS, yet it offers advantages in terms of operational 

costs.61 More importantly, HG-AFS demonstrates irreplaceable 

value in vivo pharmacokinetic and risk assessment studies. A study 

on AnGongNiuHuang Pill, a preparation containing realgar and 

cinnabar, employed HG-AFS to determine the As and Hg contents 

in rat blood and urine. It revealed that this compound formulation 

could significantly reduce the absorption of As and promote its 

urinary excretion, while simultaneously increasing the absorption 

of Hg and reducing its urinary excretion. This provides critical 

pharmacokinetic data for scientifically evaluating the clinical 

safety of such mineral-containing medicines.62 Although its linear 

dynamic range is generally narrower than that of ICP-MS and it is 

primarily limited to specific elements, HG-AFS, by virtue of its 

high cost-effectiveness, low susceptibility to interference, and 

reliable stability, has become an indispensable key technology for 

the specialized analysis of As and Hg in MMs, studies on their 

speciation distribution, and health risk assessments. 

With its wide dynamic linear range, capability for simultaneous 

multi-element analysis, and relatively low operational cost, ICP-

OES serves as an ideal tool for determining major and trace 

elements.88,89 A case in point a study on five medicinal plants from 

Ethiopia utilized ICP-OES to accurately determine the contents of 

elements such as Fe, Zn, Cu, and Mn in their roots and leaves. 

Method validation showed good recovery rates, providing reliable  
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Table 2. Comparison of sample pretreatment methods and media, analytical techniques and their performance, and applicable scenarios for elemental analysis of MMs 

Medicinal materials 

Sample 

pretreatment 

method 

Sample 

pretreatment 

media 

Analytical 

technique 
Element 

Limit of 

detection 

Relative 

standard 

deviation 

Linear 

correlation 

coefficients 

Recovery Applicable scenarios Ref 

Carum carvi, 

Hypericum perforatum, 

and Mentha piperita, 

etc. 

Microwave 

digestion 
HNO3 and H2O2 AAS 

Cd, Cu, Fe, 

Mn, Pb, and Zn 
- - - - 

Routine elemental 

quantification, laboratory 

analysis 

56 

Rosmarinus officinalis 

labaiatae 
Acid digestion HNO3 and HCl AAS 

Pb, Cu, Zn, Cd, 

Ni, and Fe 
- - > 0.9998 

93.3%–

97.7% 

Routine elemental 

quantification, laboratory 

analysis 

57 

Medicago polymorpha 

L., Mentha longifolia 

L., Vicia sativa L., and 

Oxalis corniculata L. 

Acid digestion 
HNO3, H2SO4, 

and HClO4 
AAS 

Mn, K, Na, Zn, 

Co, Fe, and Cu  
- - - - 

Routine elemental 

quantification, laboratory 

analysis 

58 

Dichrostachys cinerea, 

Maerua angolensis, and 

Mimusops zeyheri, etc. 

Acid digestion HCl and HNO3 AAS 
Cr, Pb, As, and 

Ni 
- - - - 

Routine elemental 

quantification, laboratory 

analysis 

59 

Bacopa monnieri, 

Hippophae rhamnoides, 

and Dioscorea bulbifera 

Wet digestion HCl and HNO3 AAS 

Fe, Cu, Mn, 

Zn, Ni, Co, 

Mo, V, Cr, As, 

Pb, Hg, and Cd 

- - - - 

Routine elemental 

quantification, laboratory 

analysis 

60 

Realgar and cinnabar 
Microwave 

digestion 

Aqua regia and 

HNO3 

HG-AFS, 

ICP-MS 
As and Hg 

0.19 – 0.32 μg 

L˗1 
< 5.7% ≥ 0.999 

72%– 

–97% 

Ultra-trace multi-element 

analysis, laboratory 

analysis 

61 

Realgar, cinnabar, and 

AnGongNiuHuang Pill 

Modified fast 

Kjeldahl 

digestion 

HNO3 and 

HClO4 
HG-AFS As and Hg 

0.0019–0.017 

ng mL˗1 
< 10% > 0.999 

95%–

111% 

Volatile element analysis, 

laboratory analysis 
62 

Asparagus africanus, 

Ferula communis, and 

Stephania abyssinia, 

etc. 

Acid digestion 
HCl, HNO3, and 

HClO4 
ICP-OES 

Fe, Zn, Cu, and 

Mn 

0.0003 –

0.072 mg kg ˗1 
- ≥ 0.98 

92%–

114.6% 

Multi-element analysis, 

laboratory analysis 
63 

Glycyrrhiza glabra L. 

Fabaceae, Laurus 

nobilis L. Lauraceae, 

and Rhus coriaria L. 

Anacardiaceae 

Microwave 

digestion 
HNO3 ICP-OES 

Al, B, Ca, Cd, 

Cr, Cu, Fe, K, 

Mg, Mn, Na, 

Ni, Pb, and Zn 

- - - - 
Multi-element analysis, 

laboratory analysis 
64 

Arbutus unedo L. 

Ericaceae, Cercis 

siliquastrum L. 

Fabaceae, and 

Cichorium intybus L. 

Asteraceae 

Microwave 

digestion 
HNO3 ICP-OES 

Al, B, Ca, Cd, 

Cr, Cu, Fe, K, 

Mg, Mn, Na, 

Ni, Pb, and Zn 

0.010 –

0.608 mg kg ˗1  
< 2.24% > 0.999 - 

Multi-element analysis, 

laboratory analysis 
65 

Compound Niuhuang 

Xiaoyan Capsule 

Microwave 

digestion 
- ICP-MS As and Hg - < 5% > 0.998 

95%–

105% 

Ultra-trace multi-element 

analysis, laboratory 

analysis 

66 
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Carissa spinarum L., 

Myrothamus 

flabellifolia Welw., and 

Callilepis laureola DC., 

etc. 

Acid digestion 
HNO3, HClO4, 

and H2O2 
ICP-MS 

 Mn, As, Cd, 

Cu, Pb, Ni, Zn, 

Hg, and Cr 

- - - - 

Ultra-trace multi-element 

analysis, laboratory 

analysis 

67 

Mistletoe Wet digestion HNO3 and H2O2 
ICP-OES, 

ICP-MS 

Al, As, B, Ba, 

Ca, Cd, Co, Cr, 

Cu, Fe, K, Mg, 

Mn, Mo, Ni, 

Sr, Pb, Ti, and 

Zn 

- - - - 

Ultra-trace multi-element 

analysis, laboratory 

analysis 

68 

Coptidis Pressed tablet - RDP-LIBS Cu, and Pb 
1.91 – 3.03 mg 

kg ˗1 
< 7.8% > 0.9926 - 

Suitable for field 

screening and elemental 

mapping 

69 

Angelica sinensis and 

Scutellaria baicalensis 
Pressed tablet CuSO4·5H2O LIBS Cu - < 14.32% > 0.94 - 

Suitable for field 

screening and elemental 

mapping 

70 

Plantago erosa Wall, 

Emblica officinalis 

Gaertn, and Ocimum 

gratissimum, etc. 

Pressed pellet Polyvinyl alcohol PIXE-PIGE 

K, Ca, Mn, Fe, 

Zn, Cu, Na, 

Mg, Al, and P 

- < 10 % - - 

Non-destructive analysis, 

suitable for precious 

samples 

71 

Croton dioicus and 

Phoradendron villosum 
Pressed pellet - XRF Cu and Ni 

1.01 – 0.62 mg 

kg ˗1 
- > 0.996 - 

Non-destructive and 

multi-element analysis, 

suitable for solid samples 

and distribution mapping 

72 

Hemerocallis minor 

Miller 
Pressed pellet - XRF 

Fe, Ti, Mn, Cr, 

Cu, Ni, Zn, Sr, 

and Ba 

- - - - 

Non-destructive and 

multi-element analysis, 

suitable for solid samples 

and distribution mapping 

73 

Acanthus ilicifolius, 

Avicennia officinalis, 

and Xylocarpus 

mekongensis 

- - 
INAA and 

AAS 

Al, As, Br, Ca, 

Cd, Ce, Co, Cr, 

Fe, K, La, Mn, 

Na, Pb, Sb, Sc, 

Sm, Th, V, and 

Zn 

- - - - 

 Non-destructive analysis, 

routine elemental 

quantification 

74 

Niuhuang Jiedu Pian 

and Liushen wan 
- - INAA 

Cr, Co, As, Sb, 

and Hg 
- - - -  Non-destructive analysis 75 

Astragalus and 

Paeonia lactiflora 

Microwave 

digestion 
HNO3 

Fluorescent 

sensing 
Cu 0.225 μM < 0.98% 0.9940 

93.85%–

106.75% 

Suitable for specific ions 

on-site analysis 
76 

Fufang-Shuanghua pill 

and Changyanning pill 
- - 

Fluorescent 

sensing 
Hg 2.2 nM < 9.5% 0.997 

99.3%–

107.5% 

Suitable for specific ions 

on-site analysis 
77 

Paris polyphylla var. 

yunnanensis 

Microwave 

digestion 
HNO3 and H2O2 

Fluorescent 

sensing 
Cu 6.78 μM < 3.65% 0.9952 

92.0%–

109% 

Suitable for specific ions 

on-site analysis 
78 

Salviae miltiorrhizae 

Radix et Rhizoma 

Microwave 

digestion 
HNO3 and H2O2 

Fluorescent 

sensing 
Co 4.51 μM < 3.51% 0.998 

97.8%–

106% 

Suitable for specific ions 

on-site analysis 
79 

Panax notoginseng - - 
Fluorescent 

sensing 
Cd 0.89 μg L˗1 - 0.992 

96.5%–

104.09% 

Suitable for specific ions 

on-site analysis 
80 
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Table 3. Effects of elements on the pharmacodynamics of MMs, together with their migration behavior and human health risk assessment. 

Medicinal materials Sample pretreatment Analytical technique Element Other Ref 

Holarrhena pubescens and Wrightia tinctoria Microwave digestion ICP-OES Cr, Cu, Fe, Mn, Ni, Pb, and Zn 
Pharmacodynamic 

evaluation 
117 

Tussilago farfara L. Acid digestion AAS Cu, Zn, Fe, Mn, Pb, and Cd 
Pharmacodynamic 

evaluation 
118 

Gentiana rigescens Microwave digestion ICP-OES Pb 
Pharmacodynamic 

evaluation 
119 

Polygonatum kingianum Microwave digestion ICP-OES 
Cu, Pb, Fe, Cr, Al, Co, Zn, Mn, Ni, 

and Cd 
Pharmacodynamic 

evaluation 
120 

Paris polyphylla var. Yunnanensis Microwave digestion ICP-OES Cu, Ni, Al, Cr, Mn, Fe, Co, and Zn 
Pharmacodynamic 

evaluation 
121 

Coriandrum sativum L. Acid digestion AAS Cd and Pb 
Pharmacodynamic 

evaluation 
122 

Lavandula dentata L. Acid digestion AAS Zn, Cu, Cd, and Pb 
Pharmacodynamic 

evaluation 
123 

Paeonia Lactiflora Pall. Acid digestion ICP-MS Al, Fe, Mn, Cu, Pb, Zn, As, and Cd 
Element migration 

behavior study 
124 

Gastrodia elata - ICP-MS, AFS Cd, Cu, As, Hg, and Pb 
Element migration 

behavior study 
125 

Epimedium Acid digestion ICP-MS Cr, Ni, Cu, As, Pb, and Zn 
Element migration 

behavior study 
126 

Houttuynia cordata Thunb. Microwave digestion ICP-OES Zn, Ni, Pb, Cu, Cr, Fe, Mn, and Co 
Element migration 

behavior study 
127 

Polygonatum cyrtonema Hua and Bletilla striata Electric hot plate digestion ICP-OES Cd 
Element migration 

behavior study 
128 

Panax notoginseng Acid digestion GFAAS Cd 
Element migration 

behavior study 
129 

Ligusticum sinense cv. Chuanxiong - - Cd 
Element migration 

behavior study 
130 

Ligusticum sinense cv. Chuanxiong - - Cd 
Element migration 

behavior study 
131 

Ginseng Microwave digestion ICP-MS Cu, Zn, Ni, Cr, Pb, As, Cd, and Hg 
Element migration 

behavior study 
132 

Bauhinia forficata, Eleusine Indica, and Orthosiphon 
stamineus 

Microwave digestion ICP-OES 
K, Mg, Na, P, Al, Fe, Zn, Mn, Cu, 

Ni, and Se 
Human health risk 

assessment 
133 

Tribulus terrestris, Allium sativum, and Aloe 
barbadensis 

Acid digestion AAS Zn, Fe, and Pb 
Human health risk 

assessment 
134 

Aster tataricus L.f., Salvia miltiorrhiza Bge, and Radix 
Aucklandiae, etc. 

Microwave digestion ICP-MS Cr, Ni, Cu, Zn, As, Cd, Hg, and Pb 
Human health risk 

assessment 
135 

Azadirachta indica, Ocimum viride, and Alchornea 
cordifolia, etc. 

Acid digestion ICP-MS Cd, Cr, Hg, Mn, Ni, and Pb 
Human health risk 

assessment 
136 

Adiantum capillus-veneris L., Alcea apterocarpa 
(Fenzl) Boiss., and Ammi visnaga (L.) Lam., etc. 

Microwave digestion ICP-OES 
Al, B, Ca, Cd, Cr, Cu, Fe, K, Mg, 

Mn, Na, Ni, Pb, and Zn 
Human health risk 

assessment 
137 

Panax notoginseng Acid digestion AFS As, Cd, Cu, Hg, Ni, Pb, and Zn 
Human health risk 

assessment 
138 

Cordyceps sinensis Microwave digestion ICP-MS Cu, Pb, As, Cd, and Hg 
Human health risk 

assessment 
139 

Pheretima aspergillum, Curcuma kwangsiensis, and 
Oldenlandia diffusa 

Microwave digestion ICP-MS Pb, Cd, and As 
Human health risk 

assessment 
140 
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data for assessing the nutritional value and potential metal 

exposure of these plants.63 Numerous investigations have also 

confirmed that ICP-OES can effectively reveal the impact of 

environmental factors on element accumulation in medicinal 

plants. For example, samples collected near industrial areas, 

mining regions, or farmlands often exhibit higher concentrations 

of HMs.64,65 In contrast, ICP-MS holds a dominant position in the 

precise determination of trace and ultra-trace levels of elements 

and in health risk assessments, due to its extremely high sensitivity, 

even wider linear range, and capabilities for isotope analysis and 

elemental speciation.90,91 This technique is particularly suitable for 

critical safety evaluation scenarios that require distinguishing 

between total element content and bioaccessible fractions. As 

demonstrated by evaluating the compound preparation Niuhuang 

Xiaoyan Capsule containing realgar and cinnabar, researchers 

employed two sample pretreatment methods-microwave digestion 

and semi-bionic extraction-to prepare samples separately. ICP-MS 

was then used to accurately determine the total As, total Hg, and 

the soluble As and Hg contents in artificial gastric fluid. The 

analysis results indicated that the contents of soluble As and Hg 

were significantly lower than the total amounts. This provides 

direct evidence for a scientifically based risk assessment of such 

mineral-containing medicines using bioaccessibility data, 

highlighting the value of ICP-MS in addressing complex safety 

issues related to MMs.66 Other applications further demonstrate its 

powerful functionality. ICP-MS analysis of medicinal plants used 

in South Africa for treating skin cancer not only accurately 

quantified the levels of As, Cd, Pb, and Cr but also enabled the 

calculation of the target THQ based on this data, facilitating a 

systematic health risk evaluation.67 ICP-OES and ICP-MS are also 

frequently used in combination to leverage their respective 

strengths. In a study on mistletoe and its host almond tree, ICP-

OES was employed to determine major elements, while ICP-MS 

was used for trace elements like As and Cd, thereby 

comprehensively evaluating the translocation and enrichment 

behaviors of elements within the parasitic system.68 In brief, ICP-

OES and ICP-MS together constitute a powerful and 

complementary technical system in the current analysis of 

elements in MMs. They provide essential technical support for 

quality control, environmental tracing, and safety assessment. 

Based on the ablation of a sample by high-energy laser pulses 

to generate plasma, followed by analysis of its emission spectrum 

for the qualitative and quantitative determination of elements, 

LIBS is an atomic spectrometry technique. 92-94 In the field of 

elemental analysis, LIBS has gained prominence due to its 

capabilities for rapid, in-situ, minimally destructive or nearly non-

destructive analysis, the elimination of complex sample 

preparation, and simultaneous multi-element detection.95,96 The 

analytical performance can be effectively enhanced by optimizing 

laser parameters (e.g., energy, pulse interval, detection delay). For 

instance, the application of RDP-LIBS for detecting Cu and Pb in 

Coptidis significantly increased spectral line intensities compared 

to single-pulse LIBS, achieving lower detection limits of 1.91 mg 

kg˗1 and 3.03 mg kg˗1, respectively, thereby meeting the detection 

requirements of relevant industry standards.69 However, LIBS 

spectra are susceptible to matrix effects and self-absorption effects, 

posing challenges to quantitative accuracy. Unlike the gold-

standard ICP-MS (ultra-high sensitivity, but laboratory-bound and 

requiring digestion), LIBS prioritizes speed and on-site 

applicability over ultra-trace precision. Consequently, employing 

chemometric methods (such as partial least squares regression, 

artificial neural networks) to establish multivariate calibration 

models has become a key strategy for improving the reliability of 

LIBS quantitative analysis. Research has demonstrated that LIBS 

combined with back-propagation artificial neural networks yields 

predicted values for Cu in Angelica sinensis and Scutellaria 

baicalensis that are closer to the true values, significantly 

outperforming traditional univariate calibration curve methods.70 

Therefore, as an emerging “chemical fingerprinting” technique for 

rapid screening, LIBS demonstrates considerable potential in the 

geographical differentiation of medicinal plants, rapid on-site early 

warning of element contamination, and online monitoring. A 

practical strategy is to use LIBS for field triage followed by 

laboratory-based ICP-MS for targeted confirmation, balancing 

speed with accuracy. 

Non‑destructive analytical techniques. Particle accelerator-

based nuclear analysis techniques, particularly PIXE and PIGE, 

provide a unique non-destructive analytical approach for multi-

element analysis of MMs. PIXE, by detecting characteristic X-

rays emitted from a sample upon proton excitation, is primarily 

used for analyzing elements with higher atomic numbers (e.g., 

transition metals).97,98 In contrast, PIGE measures characteristic γ-

rays produced from proton-induced nuclear reactions, making it 

especially sensitive to light elements.99,100 These two techniques 

offer complementary advantages, and their combined use enables 

coverage of a broader elemental range.71,101 Their most significant 

advantage lies in the extremely simple sample preparation 

(typically requiring only drying, grinding, and pelletizing), 

completely avoiding issues associated with conventional wet 

digestion such as potential contamination, loss, and inaccurate 

determination of volatile elements. This ensures the authenticity 

and reliability of the analytical results. For example, PIXE-PIGE 

analysis of seven medicinal plants from northeastern India 

successfully determined the contents of various major and trace 

elements, including K, Ca, Mn, Fe, Zn, Cu, Na, Mg, Al, and P, 

providing crucial data for assessing their nutritional value and 

potential pharmacological roles (e.g., iron supplementation, 

gastric acid neutralization).71 However, the widespread application 

of this technology is constrained by its reliance on large-scale 

accelerator facilities, high equipment and maintenance costs, and 

relatively low analysis throughput. Therefore, while PIXE-PIGE 

is not the primary choice for routine testing, it holds irreplaceable 
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value as a high-precision, non-destructive reference method in 

fundamental elemental composition surveys of MMs, analysis of 

precious samples, and methodological comparison studies. 

Based on the emission of characteristic X-rays from a material 

excited by high-energy X-rays, XRF is an analytical method for 

the qualitative and quantitative determination of elements.102-104 In 

elemental analysis, particularly energy dispersive XRF, it has 

attracted significant attention due to its notable characteristics of 

being non-destructive, rapid, capable of simultaneous multi-

element determination, and requiring no complex sample 

digestion105 This technique allows for the direct, in-situ, and non-

destructive analysis of solid powder pellets or intact plant tissues. 

It can not only determine the total content of various elements but 

is also effectively used to study the spatial distribution of elements 

within different organs of medicinal plants (e.g., root, stem, leaf, 

flower).72,73 A case in point is the application of XRF to analyze 

the Mexican medicinal plants Croton dioicus and Phoradendron 

villosum, enabling a rapid assessment of their Cu, Ni, and other 

element levels.72 Another study utilized XRF to reveal differences 

in the distribution of various elements like Fe, Mn, Cr, and Cu 

across different parts of Hemerocallis minor Miller, as well as their 

dynamic changes over sampling time.73 However, the sensitivity 

of XRF is generally lower than that of atomic spectrometric and 

mass spectrometric techniques (e.g., ICP-MS), limiting its 

detection capability for trace elements (especially Cd, Hg, etc.). 

Furthermore, it is significantly affected by matrix effects, often 

requiring calibration with certified reference materials for 

quantitative analysis. Therefore, the advantages of XRF in the 

element analysis of MMs primarily lie in rapid screening, in situ 

distribution mapping, non-destructive analysis of precious or 

minute samples, and preliminary environmental risk assessment. 

It serves as a valuable complement to existing high-sensitivity, 

destructive analytical techniques. 

Occupying a unique position in elemental analysis, NAA, 

particularly INAA, is a non-destructive analytical technique based 

on nuclear reactions.106-108 Its principle involves irradiating a 

sample with thermal neutrons and subsequently measuring the 

characteristic gamma rays emitted by the induced radionuclides to 

achieve qualitative and quantitative determination of elements. 

The outstanding advantages of NAA include the elimination of 

complex chemical digestion, simple sample preparation (typically 

requiring only drying, grinding, and weighing), effective 

avoidance of reagent contamination and volatilization losses, as 

well as exceptionally high sensitivity, accuracy, and excellent 

multi-element simultaneous analysis capabilities.109 These 

characteristics make it particularly suitable for the concurrent 

determination of a wide range of elements, from major to trace 

levels (including essential elements and heavy metals), in plant 

matrices. 

For example, INAA and AAS were employed to determine the 

contents of essential and toxic elements (including 20 elements 

such as Al, As, Cr, Fe, Zn) in three medicinal plants (Acanthus 

ilicifolius, Avicennia officinalis, and Xylocarpus mekongensis). 

Based on these data, the THQ was calculated to systematically 

assess the associated health risks.74 Another study involving INAA 

screening of various MMs accurately revealed the abnormal 

enrichment of key toxic elements such as As and Hg; specifically, 

the As content in Niuhuang Jiedu Pian was found to be as high as 

approximately 8.3%.75 However, the widespread application of 

INAA is constrained by inherent limitations: a heavy reliance on 

nuclear reactor facilities, high equipment and maintenance costs, 

long analysis turnaround times (depending on nuclide half-lives), 

and difficulty in analyzing certain specific elements. Consequently, 

INAA is not the primary choice for routine testing but serves as an 

authoritative reference method for the certification of reference 

material values and for validation through data comparison across 

different analytical techniques (e.g., ICP-MS and AAS). It also 

plays a critical role in multi-element survey studies and in the 

arbitration analysis of samples with contentious results. With its 

characteristics of being virtually free from matrix interference and 

offering high accuracy, INAA provides a benchmark for 

establishing a reliable quality control system for the elemental 

analysis of medicinal plants. 

Fluorescence sensing techniques. Fluorescence sensing 

technologies based on specific optical responses have 

demonstrated significant advantages in the rapid screening and 

selective detection of target analytes, owing to their high selectivity, 

sensitivity, and operational simplicity.110,111 Compared with 

conventional atomic spectrometric methods, such techniques 

primarily rely on the rational design of molecular or nanoprobes. 

These probes selectively interact with target elements (e.g., 

coordination, electrostatic adsorption, or specific recognition), 

leading to pronounced changes in optical signals (such as 

fluorescence quenching, enhancement, or wavelength shifts), 

thereby enabling highly sensitive detection of analytes.112 

In recent years, a variety of high-performance fluorescent 

probes have been developed. For example, an organic small-

molecule near-infrared probe, NRh6G-FA, constructed by 

introducing a hemicyanine dye into the rhodamine 6G framework, 

exhibits rapid response, visible color change, and high sensitivity 

toward Cu2+, and has been successfully applied in MMs and live-

cell imaging (Fig. 6a).76 This probe demonstrated excellent 

selectivity against common interfering ions, with recoveries of 93–

107% in MMs matrices (Astragalus and Paeonia lactiflora), 

indicating good anti‑interference ability and accuracy. Meanwhile, 

fluorescent nanomaterials have become a key foundation for 

constructing sensing platforms due to their excellent optical 

properties and ease of functionalization.113,114 A notable example 

is carbon dots, which achieve fluorescence quenching through 

specific interactions (e.g., coordination with surface functional 

groups such as carboxyl groups) with Hg2+, enabling highly  
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Fig. 6 Schematic of (a) NRh6G-FA applied to the detection of Cu2+ in Astragalus and Paeonia lactiflora, “naked eye” identification and bioimaging of Cu2+ 

in living MCF-7 cells (adapted with permission from Ref. 76), (b) the one-step hydrothermal synthetic route of carbon dots and electron transfer from carbon 

dots to Hg2+ (adapted with permission from Ref. 77), (c) turn-off fluorescent probe of sulfur quantum dots based on inner filter effect for detection of Cu2+ 

residues among Paris polyphylla var. yunnanensis (adapted with permission from Ref. 78), and (d) sulfur quantum dots as fluorescent nanoprobes for Co2+ 

detection in Salviae miltiorrhizae Radix et Rhizoma (adapted with permission from Ref. 79). 

 

selective detection of trace Hg2+ in MMs. This probe exhibited 

strong selectivity against common interfering ions and achieved 

90%–110% recoveries in samples matrix, indicating good 

accuracy and reliable anti‑interference performance in complex 

MMs. In addition, visual semi-quantitative screening can be 

realized with the aid of test strips (Fig. 6b).77 Sulfur quantum dots, 

as an emerging class of fluorescent nanoprobes, can be 

synthesized via “assembly-disassembly” strategies or one-pot 

methods, and exhibit ultrasmall size, good water solubility, and 

excellent optical stability. Based on the inner filter effect between 

sulfur quantum dots and Cu2+ or Co2+, rapid and selective 

fluorescence detection of Cu2+ in Paris polyphylla var. 

yunnanensis and Co2+ in Salviae miltiorrhizae Radix et Rhizoma 

can be achieved, respectively. With LODs at the micromolar level, 

these systems demonstrate significant potential for direct 

application in complex MMs matrices (Figs 6c and 6d).78,79 To 

further enhance recognition specificity, fluorescent aptasensors 

constructed by integrating biological recognition elements (e.g., 

aptamers) with nanomaterials (such as nitrogen-doped carbon 

quantum dots) have been developed, enabling detection of Cd2+ in 

Panax notoginseng. The designed fluorescent aptamer sensor 

exhibited strong anti-interference capability and stable 

performance in complex Panax notoginseng samples. Compared 

with ICP-MS, which can be affected by matrix components such 

as saponins, the proposed method showed higher stability, 

detection efficiency, and accuracy.80 

Although the aforementioned molecular and nanomaterial-

based sensing methods exhibit outstanding performance in terms 

of selectivity, sensitivity, and on-site applicability, their 

applications are still largely limited to the detection of single or a 

few target elements, and their quantitative accuracy in complex 

real samples is often susceptible to matrix interference. To address 

this issue, recent studies have adopted effective strategies to 

circumvent or minimize matrix interference. One common 

approach is volatile species generation coupled with headspace 

sampling, which physically separates the target analyte from the 

interfering liquid matrix. For instance, an arsenic field test kit 

based on arsine-induced formation of silver nanoparticles on solid-

phase fluorescence papers achieves a detection limit of 0.36 μg L˗1 

with good selectivity against coexisting ions.115 Similarly, a dairy 

iodine detection device integrates headspace single‑drop 

microextraction with a ratiometric fluorescence filter effect, 

achieving 107‑fold enrichment and high tolerance to common 

interferents22 Another point‑of‑care platform for urinary iodine 

uses a solid‑phase fluorescence filter effect and headspace 

introduction, effectively eliminating urine matrix interference with 

a detection limit of 10 nM.116 

These examples demonstrate that combining volatile species 

generation, headspace separation, and solid‑phase or ratiometric 

detection can dramatically reduce matrix interference. However, 

for routine quality control of MMs, reproducibility and matrix 

interference (e.g., from coexisting polyphenols, ions, 

polysaccharides, or proteins) still require systematic evaluation. 

Therefore, current research efforts are focused on developing  
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Fig. 7 Schematic diagram of the study on the effects of elements on the pharmacodynamics of (a) Gentiana rigescens (adapted with permission from Ref. 119), 

(b) Polygonatum kingianum (adapted with permission from Ref. 120), (c) Paris polyphylla var. Yunnanensis (adapted with permission from Ref. 121), and (d) 

Coriandrum sativum L. (adapted with permission from Ref. 122). 

 

novel multifunctional probes, optimizing recognition interfaces, 

introducing signal amplification strategies, and promoting 

integration with portable devices to enhance methodological 

robustness and real-time on-site detection capabilities. In a 

nutshell, molecular spectroscopy and nanosensing technologies 

based on functionalized probes are becoming indispensable tools 

for the rapid screening, field monitoring, and precise risk 

assessment of elements in MMs. 

APPLICATIONS 

Implications of elements on the pharmacodynamics of MMs. 

Toxic elements (especially HMs) stress on medicinal plants is not 

merely an environmental pollution issue, but also a critical factor 

directly affecting their core medicinal value (pharmacological 

efficacy). Recent studies (Table 3) have provided in-depth insights 

into the mechanisms by which HMs interfere with secondary 

metabolism in medicinal plants and weaken their pharmacological 

activities. 

HM accumulation can significantly alter the biochemical status 

and active constituents of medicinal plants. Studies have shown 

that in medicinal plants such as Holarrhena pubescens and 

Wrightia tinctoria growing in industrial areas, HM enrichment 

induces oxidative stress (elevated H2O2 and malondialdehyde), 

accompanied by significant decreases in primary metabolites 

(soluble carbohydrates and total proteins) and key secondary 

metabolites (total phenolics and flavonoids), as well as reduced 

free radical scavenging activity, directly indicating a decline in 

their medicinal potential.117 Similarly, Tussilago farfara L. 

growing in urban polluted environments exhibits a substantial 

reduction in phenolic and flavonoid contents in its leaves, thereby 

limiting its medicinal applicability.118 These findings confirm that 

HM contamination can fundamentally impair the quality of 

medicinal plants by disrupting antioxidant systems and secondary 

metabolic pathways. 

More targeted studies have directly validated the adverse effects 

of HMs on specific pharmacological activities through “pollution-

efficacy” correlation models. This is evidenced by the finding that 

Pb exposure dose-dependently attenuates the hepatoprotective 

effects of Gentiana rigescens and its active component 

gentiopicroside in an immunological liver injury mouse model. At 

higher Pb levels, hepatocyte necrosis and inflammatory infiltration 

are even exacerbated (Fig. 7a).119 At the cellular level, crude 

extracts of Gentiana rigescens protect H2O2-injured LO2 

hepatocytes by regulating the antioxidant enzyme system. 

However, the presence of moderate levels of mixed metal ions in 

the decoction attenuates this protective effect.23 Similarly, 

Polygonatum kingianum crude polysaccharide can activate 

macrophages and promote the secretion of NO and cytokines at 

specific concentrations, but their immunomodulatory activity is 

inhibited when metal element levels exceed the plant’s natural 
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background values (Fig. 7b). 122 Furthermore, studies on Paris 

polyphylla var. Yunnanensis provide additional evidence 

supporting this pattern. It was found that the concentrations of 

various elements (e.g., Cu, Ni, Mn, and Zn) in Paris polyphylla 

var. Yunnanensis are significantly higher than those in its crude 

extracts. When a mixture of elements at levels comparable to those 

in Paris polyphylla var. Yunnanensis was co-administered with the 

crude extract in mice, the original hemostatic effect was markedly 

inhibited (Fig. 7c).121 These experiments unequivocally 

demonstrate that even when elements concentrations do not reach 

levels associated with acute toxicity, they are still sufficient to 

antagonize or weaken the core therapeutic functions of medicinal 

plants. 

Moreover, the effects of HM stress on pharmacologically active 

components exhibit a complex “dual nature”. On the one hand, in 

Coriandrum sativum L., exposure to Cd and Pb stress can lead to 

increases in total phenolic and flavonoid contents, as well as 

essential oil yield (Fig. 7d).122 Coriandrum sativum L. exposed to 

Zn and Cu stress exhibits enhanced antioxidant or antimicrobial 

activity in its extracts. This suggests that, under certain conditions, 

HMs may act as elicitors, inducing plants to produce defensive 

secondary metabolites. However, such changes in constituent 

levels do not necessarily translate into desirable or safe 

pharmacological effects. For instance, Lavandula dentata L. 

grown under Cd and Pb stress exhibits enhanced cytotoxicity in its 

leaf extracts, potentially indicating a fundamental alteration in its 

medicinal properties.123 This diversity in “stress-response” 

relationships suggests that the impact of HMs on pharmacological 

efficacy is the result of a complex interplay among dosage, metal 

species, plant type, and target pharmacological activity, and 

therefore cannot be simply generalized as either “promotion” or 

“inhibition”. 

Currently, direct human studies linking elemental composition 

to patient-relevant outcomes–such as symptom relief, recovery 

time, or adverse event rates–are still lacking. Future research 

should integrate elemental analysis with clinical 

pharmacovigilance data and conduct dose‑response trials to 

establish evidence‑based safety and efficacy thresholds for 

essential and toxic elements in MMs, thereby bridging the gap 

between analytical chemistry and clinical practice. 

Element migration behavior in the “soil-medicinal plant” 

system. In the “soil-medicinal plant” system, the concentration of 

toxic elements (especially HMs) serves as a key indicator for 

assessing soil contamination levels, while their transfer and 

accumulation from soil to plants are of great significance for 

evaluating the quality and safety of medicinal plants and 

mitigating associated health risks. Table 3 summarizes the applied 

research on elemental migration behavior in the “soil-medicinal 

plant” system. By employing the bioconcentration factor and 

translocation factor, researchers have evaluated the migration 

capacity of multiple elements, including Al, Fe, Mn, Cu, Pb, Zn, 

Cr, As, and Cd, in the soil-Paeonia Lactiflora Pall. system in 

Bozhou, Anhui Province, China, as well as the transfer behavior 

of Hg, Cd, As, Pb, and Cu in the “soil-Gastrodia elata” system in 

its main production areas in Yunnan. Additionally, indices such as 

the geoaccumulation index, pollution load index, and potential 

ecological risk index have been applied to assess soil HM 

contamination. The results indicate that Fe, Mn, Cr, and As are the 

priority pollutants in the habitat soil of the Paeonia Lactiflora Pall. 

And it exhibits a high potential to transfer Zn, Cu, and Fe from soil 

to roots. Except for Cd, other HMs show strong translocation 

capability from roots to stems and leaves.124 In the habitat soil of 

Gastrodia elata, the pollution levels of five HMs follow the order 

Hg>Cd>Cu>As>Pb, with Hg, Cd, and Cu reaching severe 

contamination levels. The accumulation capacity of Gastrodia 

elata for soil HMs is ranked as Hg>Cd>As>Pb>Cu.125 

The migration behavior of HMs is jointly influenced by their 

chemical speciation, soil properties, and plant species in the “soil-

medicinal plant” system. Studies on Epimedium and Houttuynia 

cordata Thunb. have shown that HMs predominantly exist in the 

residual state in soils, while the more bioavailable forms, such as 

water-soluble and ion-exchangeable states, are present at lower 

levels, though their contribution to plant uptake remains non-

negligible. Epimedium leaves exhibit strong accumulation 

capacities for Cr, Ni, Cu, As, and Pb, whereas roots preferentially 

accumulate Zn, indicating organ-specific distribution patterns of 

HMs within plants. At the mechanistic level, the root system acts 

as a selective barrier: toxic elements like As and Pb are largely 

rejected by Epimedium roots, with only a small fraction entering 

the plant. This protective mechanism involves multiple factors: (1) 

root secretions form complex colloids that reduce trace element 

bioavailability in the soil; (2) root/mycorrhizal structures restrict 

the entry of elements into the xylem; (3) heavy metals that enter 

root cells are predominantly in the reduced state (e.g., Cu), 

whereas the bioeffective fraction in soil exists mainly in the 

oxidized state (e.g., Cu2+); and (4) cell walls, particularly suberin 

proteins in the endodermal and exodermal cell walls, act as 

barriers controlling water and ion uptake, thereby limiting the 

accumulation and transport of excess heavy metals such as Cr, Ni, 

Pb, and Cd from soil to roots. Furthermore, the organic bound state, 

ion exchange state, and active state of HMs in soil significantly 

influence their concentrations in different parts of Epimedium, 

indicating that, in addition to labile forms, other fractions also 

participate in the migration process.126 In the Houttuynia cordata 

Thunb. system, soil HMs such as Zn, Cu, Mn, and Co can affect 

the availability of nutrients, including available phosphorus, 

available potassium, and organic matter, thereby indirectly 

regulating the quality of MMs. The migration capacity of HMs 

varies among elements; Cr exhibits strong translocation to stems 

and leaves, while Fe also shows a tendency for upward transport. 

Notably, Cr, Pb, and Cu exhibit relatively high contamination 

levels in Houttuynia cordata Thunb. Although Pb and Cu remain  
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Fig. 8 Schematic of the study on the comparative migration behavior of elements in the (a) “soil-Houttuynia cordata Thunb.” (adapted with permission from 

Ref. 127), (b) “soil-Polygonatum cyrtonema Hua” (adapted with permission from Ref. 128), (c) “soil-Ligusticum sinense cv. Chuanxiong” (adapted with 

permission from Ref. 131), and (d) “soil-Panax ginseng” systems (adapted with permission from Ref. 132). 

 

within acceptable limits, they still pose potential carcinogenic risks, 

highlighting the necessity of considering synergistic HM 

migration and health risk assessment when cultivating medicinal 

plants in regions with high background levels (Fig. 8a).127 

In the context of the safe utilization of Cd-contaminated soils, 

studies on two rhizomatous medicinal plants, Polygonatum 

cyrtonema Hua and Bletilla striata, have revealed distinct Cd 

migration and detoxification mechanisms. Under Cd stress at 0.91 

mg kg˗1, the Cd content in Polygonatum cyrtonema Hua remained 

below the limit specified in the Chinese Pharmacopoeia (1 mg 

kg˗1), whereas Bletilla striata was only considered safe in control 

soil with 0.25 mg kg˗1 Cd, indicating that the former exhibits 

superior Cd tolerance. The underlying mechanism lies in the fact 

that the former can immobilize most Cd in the roots and efficiently 

translocate it to non-medicinal parts (aboveground tissues). 

Additionally, more than 80% of Cd is compartmentalized within 

the cell wall and vacuoles, significantly reducing its toxicity to 

organelles. In contrast, Cd in the latter tends to accumulate in 

organelles, with a higher proportion of bioavailable water-soluble 

Cd, resulting in inhibited growth. Notably, low concentrations of 

Cd (0.91 mg kg˗1) exhibit a hormetic effect on both medicinal 

plants, promoting biomass accumulation while enhancing the 

contents of pharmacologically active constituents such as ethanol-

soluble extractives, phenolics, flavonoids, and saponins. 

Furthermore, the former exhibits synergistic uptake of Cd and 

mineral elements (Zn, Mn, and Mg), which contributes to 

maintaining photosynthetic capacity and stress resistance. A 

comprehensive evaluation model based on the analytic hierarchy 

process further confirms that Polygonatum cyrtonema Hua poses 

a relatively low cultivation risk in soils with Cd concentrations ≤ 

0.91 mg kg˗1, whereas Bletilla striata requires soils with lower Cd 

levels (Fig. 8b).128 

Similar findings in Panax notoginseng also support the 

hormetic effect of Cd. When the soil Cd concentration reaches 1 

mg kg˗1, Panax notoginseng exhibits peak Cd accumulation, 

accompanied by increased biomass and elevated saponin content; 

however, higher Cd levels inhibit plant growth and metabolism. In 

addition, the effects of Cd on the rhizosphere microenvironment 

are dose-dependent: under low Cd stress, the abundance of 

specific rhizosphere microbial populations increases, whereas 

under high Cd stress, microbial diversity declines and Cd-tolerant 

species become dominant.129 At the molecular level, low Cd 

concentrations induce oxidative stress in plants, increase signaling 

molecules, upregulate the expression of antioxidant enzyme genes, 

and enhance the production of secondary metabolites such as 

saponins. Metals entering plant tissues may regulate secondary 

metabolite expression through two mechanisms: (1) binding to 

specific proteins involved in electron transfer (e.g., chlorophyll-

binding proteins, carbonic anhydrase, Rubisco) to enhance 

photosynthesis, thereby increasing sugar and energy availability 

for secondary metabolite synthesis; and (2) interfering with the 

cellular antioxidant system, triggering reactive oxygen species as 

direct signaling molecules or activating other signaling pathways, 

which enhances enzyme gene expression and ultimately elevates 

secondary metabolite content. Furthermore, the hormetic effect in 

Panax notoginseng is mediated by plant-microbe interactions: low 
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Cd concentrations activate the plant’s tolerance system, altering 

the soil environment via root exudates and recruiting beneficial 

microorganisms (e.g., Rhizobiaceae, Streptomycetaceae, 

Mesorhizobium) that enhance nutrient cycling, release plant 

hormones, and boost defense enzyme activity. The cell wall acts 

as an initial barrier, and root/mycorrhizal structures restrict Cd 

entry into the xylem, with suberin proteins in endodermal cell 

walls controlling ion uptake. These molecular and transport 

protein-level mechanisms collectively underlie the dose-

dependent hormetic response observed in Panax notoginseng. 

At the subcellular and molecular levels, studies on Ligusticum 

sinense cv. Chuanxiong have elucidated the mechanisms of Cd 

accumulation and detoxification. Cd is predominantly 

accumulated in root cell walls and is closely associated with cell 

wall thickening, increased cellulose content, and glutathione-

mediated chelation. Transcriptomic analysis further indicates that 

Cd stress significantly upregulates the expression of Cd transport-

related genes (e.g., NRAMP5, CAX3, YSL7) as well as key 

transcription factors (e.g., BHLH162, ERF109). The roots of 

Ligusticum sinense cv. Chuanxiong achieve a balance between 

growth and stress resistance through multiple pathways, including 

carbon metabolism, sulfur metabolism (a core detoxification 

pathway), and phenylpropanoid biosynthesis (Fig. 8c).130,131 As 

one of the most valuable herbal medicines and functional foods 

worldwide, Panax ginseng has attracted considerable attention 

regarding the relationship between HM translocation and the 

accumulation of bioactive constituents across its different tissues. 

Studies on 3−6-year-old Panax ginseng indicate that the 

accumulation of ginsenosides (nine types, including Re, Rb1, Rc, 

and Rg1) increases with cultivation age, with the highest levels 

found in fibrous roots, followed by lateral roots and main roots. 

Meanwhile, the average residual concentrations of eight HMs (Cu, 

Zn, Ni, Cr, Pb, As, Cd, and Hg) also show an increasing trend over 

time, with Zn exhibiting the highest levels (14.61−53.75 mg kg˗1), 

followed by Cu (8.50−12.49 mg kg˗1). Correlation analysis reveals 

that Zn plays a key role in ginsenoside biosynthesis, showing 

significant positive correlations with multiple ginsenosides, 

whereas Cu, Cd, and Hg exhibit weaker or negative effects. 

Notably, the accumulation of Ni, Cr, Pb, and As may lead to a 

reduction in ginsenoside Rg1 content. At the molecular level, Zn 

and Cu act as cofactors for farnesyl‑pyrophosphate synthase, a key 

enzyme in the isoprenoid pathway that produces ginsenoside 

precursors. Cd2+ shares similar chemical properties with Zn2+ and 

Ca2+, leading to its accidental uptake by root transport proteins. Cr 

easily penetrates cell membranes via the sulfate pathway, causing 

DNA damage. These transport protein‑mediated mechanisms 

underlie the observed correlations between specific heavy metals 

and ginsenoside accumulation. Dietary risk assessment indicates 

that the health risk index associated with ginseng consumption is 

generally higher in children than in adults, highlighting the need 

for particular attention to potential exposure risks in pediatric 

populations (Fig. 8d).132 

In a nutshell, the migration behavior of heavy metals in the 

“soil-medicinal plant” system is synergistically regulated by metal 

speciation, soil physicochemical properties, and plant species, 

exhibiting significant organ-specific distribution patterns and 

interspecific differences. Under low-concentration heavy metal 

stress, some plants can achieve detoxification through 

mechanisms such as cell wall compartmentalization and chelation, 

even displaying a hormetic effect (low-dose stimulation, high-

dose inhibition), whereas high-concentration stress suppresses 

growth and affects the accumulation of bioactive constituents. 

Therefore, an in-depth understanding of the migration patterns and 

detoxification mechanisms is of great value for scientifically 

guiding the selection of cultivation areas for medicinal plants, 

ensuring the quality and safety of MMs, and refining risk 

assessment systems based on migration behavior. 

Human health risk assessment from MMs consumption. In the 

safety evaluation system of medicinal plants, human health risk 

assessment based on HM detection data has become an 

indispensable core component (Table 3). At present, 

internationally accepted assessment models are mainly based on 

methods recommended by the USEPA. Non-carcinogenic risk is 

evaluated by calculating the EDI, THQ, and HI, while CR is used 

to quantify the lifetime probability of cancer. Global assessment 

studies indicate that although the concentrations of certain HMs in 

medicinal plants from many regions may exceed the limits 

recommended by the WHO, the THQ and HI values calculated 

based on conventional exposure models are generally below the 

safety thresholds, suggesting that the non-carcinogenic health risks 

associated with long-term consumption are overall controllable.133 

For example, analyses of commercially available solid and 

liquid herbal preparations have shown that both the total non-

carcinogenic risk and total carcinogenic risk are well below the 

recommended limits set by the USEPA;134 comprehensive 

assessments of various medicinal plants have likewise indicated 

that the chronic non-carcinogenic health risks posed by HMs are 

acceptable.135 However, the risks under specific contaminated 

environments should not be overlooked. In mining areas of Ghana, 

the concentrations of Cr, Cd, and Pb in medicinal plants generally 

exceed permissible limits.136 Specifically, one study reported that 

Paullinia pinnata recorded the highest Cd concentration, which 

was about 447% above the WHO maximum permissible limit of 

0.30 mg kg˗1; Newbouldia laevis yielded the highest Cr 

concentration, about 507% above the WHO maximum 

permissible limit; and for Pb, Alchornea cordifolia recorded the 

highest mean concentration, 264.1% greater than the WHO 

maximum permissible limit. Smilarly, in industrial and mining 

regions of Turkey, HM levels in medicinal plants are slightly 

higher than the WHO limits. 137 Of particular concern, a systematic 

assessment of Panax notoginseng revealed that analysis of 69 

topsoil and 10 Panax notoginseng samples from Yunnan showed 

slight soil pollution (Nemerow index 1.8), with an average HI of 
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1.29 and As CR exceeding the threshold, posing health risks to 

growers. The Panax notoginseng was polluted by Cd, As, and Pb. 

Moreover, 39.1% of estimated daily intakes of As for consumers 

through leaf consumption exceeded the permitted daily exposure, 

suggesting a potential health risk. 138 The accuracy of risk 

assessment is highly dependent on understanding the 

bioaccessibility and chemical speciation of HMs. A case in point 

is Cordyceps sinensis: although its total As content is relatively 

high, its bioaccessibility under simulated gastrointestinal 

conditions is approximately 64.5%. Speciation analysis based on 

HPLC-ICP-MS further indicates that the highly toxic inorganic As 

accounts for only 8.69% of the total As, resulting in a significantly 

reduced health risk after correction.139 This highlights the 

importance of incorporating bioaccessibility correction for the 

objective evaluation of the safety of medicinal plants, particularly 

mineral medicines and those with high background levels. 

Current research frontiers are moving toward more precise risk 

assessment. On the one hand, in vitro simulated digestion models 

are being integrated with cellular uptake models to determine the 

bioaccessibility and bioavailability of HMs, and to refine intake 

data accordingly, thereby enabling assessments that more closely 

reflect real exposure scenarios.140 On the other hand, considering 

the multi-component co-exposure characteristics of MM, 

cumulative risk assessment models based on target organ toxicity 

have been developed. This is illustrated by the application of the 

HI method to evaluate the cumulative risk of several MMs by 

accounting for the combined exposure to Pb, Cd, and As, as well 

as the effects of the decoction process. The results indicate that, 

after incorporating bioavailability and preparation methods, the 

health risks remain within acceptable levels.140 These advances 

indicate that future health risk assessments will become 

increasingly refined and dynamic. They will evolve from simple 

total concentration comparisons to integrated evaluation 

frameworks. Such frameworks incorporate advanced analytical 

techniques (e.g., speciation analysis), toxicological data, and 

realistic human exposure patterns. As a result, they will provide a 

more robust scientific basis for the safe use and regulation of 

medicinal plants. 

CONCLUSION 

Elemental analysis of MMs is a multidisciplinary and rapidly 

evolving field. This review systematically summarizes recent 

advances spanning green sample pretreatment, advanced 

analytical detection, and final health risk assessment. In terms of 

methodology, green solvents represented by DES and their 

switchable variants are revolutionizing conventional digestion and 

extraction processes, enabling efficient matrix disruption and 

selective analyte enrichment under mild conditions while 

significantly reducing the use of hazardous chemicals and waste 

generation. The development of solid-phase microextraction 

techniques, particularly novel adsorbents based on functionalized 

magnetic materials, has not only enhanced the sensitivity and 

selectivity of trace elemental analysis but also expanded their 

application to the selective removal of toxic HMs from MMs 

decoctions, reflecting a functional extension from “analytical 

detection” to “decontamination treatment”. Analytical techniques 

exhibit a diversified and complementary landscape: highly 

sensitive ICP-MS coupled with speciation analysis serves as the 

“gold standard” for precise laboratory quantification; simple, cost-

effective AAS, AFS, and ICP-OES remain indispensable for 

routine monitoring; LIBS, XRF, and portable fluorescence 

sensing technologies offer unique advantages for on-site rapid 

screening and spatial distribution analysis; while non-destructive 

or minimally destructive nuclear analytical techniques play a 

critical role as authoritative reference methods in certified 

reference material value assignment and method validation. 

Concurrently, research understanding has deepened from 

simplistic “total content control” toward an integrated 

understanding of how elements influence the pharmacodynamics 

of MMs, as well as their migration and transformation within the 

“soil-medicinal plant” system. The chemical speciation of 

elements, soil physicochemical properties, and plant uptake and 

transport characteristics collectively determine their accumulation 

levels in MMs. Further studies have revealed that HM stress can 

interfere with secondary metabolic pathways through oxidative 

stress, directly diminishing or altering the intrinsic 

pharmacological activity of medicinal plants, while under certain 

conditions it may also induce defense responses and modify the 

profile of bioactive constituents. This dualistic and complex 

“stress-response” relationship indicates that assessing the impact 

of HMs on the quality of MMs must transcend simple 

determinations of content exceedances, instead integrating 

speciation analysis, migration patterns, and pharmacodynamic 

evaluations. In health risk assessment, traditional models are based 

on total content. However, these models are now being 

supplemented and refined by more precise approaches. These 

approaches include: (1) elemental chemical speciation analysis, (2) 

in vitro bioaccessibility and bioavailability assays, and (3) target 

organ toxicity-based cumulative risk assessment models. By 

integrating these methods, we can more realistically reflect the 

actual health risks posed by heavy metal intake from medicinal 

plants. This integration also provides a basis for establishing more 

scientifically sound regulatory limits and risk management 

strategies. 

CHALLENGES AND FUTURE 

PERSPECTIVES 

Nevertheless, several limitations persist in current research. At the 
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methodological level, the universal digestion mechanisms of 

green solvents for complex MM matrices-especially animal-

derived and mineral drugs-remain unclear, and their online 

coupling with high-throughput detection platforms still requires 

advancement. Regarding mechanistic understanding, the specific 

molecular interactions between elements and bioactive 

constituents, synergistic or antagonistic effects under combined 

contamination, and the dynamic transformation patterns of 

elemental speciation during processing and preparation remain to 

be systematically elucidated. In risk assessment, bioaccessibility 

data remain scarce, existing studies predominantly focus on single 

elements, and systematic evaluation of multi-element co-exposure 

is lacking, while the correlation between in vitro models and actual 

human absorption requires further validation. 

Looking ahead, future research in this field is expected to 

advance in the following directions: firstly, the intelligentization 

and standardization of methodologies, developing universal green 

pretreatment platforms suitable for diverse MM categories, 

promoting artificial intelligence-assisted optimization of analytical 

conditions, and establishing standardized operating procedures 

and inter-laboratory comparison systems for various analytical 

techniques. Secondly, the deep integration of source 

apportionment (i.e., the quantitative identification and allocation 

of elemental sources) with migration and transformation studies, 

utilizing multi-isotope tracer techniques to quantitatively elucidate 

the contributions of element sources and their migration pathways. 

Thirdly, the mechanistic elucidation of combined contamination, 

constructing pharmacodynamic-toxicity evaluation models for 

multi-element co-exposure and systematically investigating the 

interactions between HMs and bioactive constituents in MMs. 

Fourthly, precision risk assessment, establishing a full-cycle risk 

monitoring network covering “production environment-

cultivation/processing-clinical application”, integrating high-

throughput speciation analysis, bioaccessibility databases, and 

artificial intelligence-based early warning models to construct a 

dynamic, intelligent risk assessment system that provides 

comprehensive technical support for the green production and safe 

application of MMs. 
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