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ABSTRACT 

Herbal drug formulations are increasingly used as traditional, 

complementary and supportive healthcare products. Although 

their botanical origin is often associated with natural safety, 

medicinal plants can accumulate potentially toxic elements 

from soil, irrigation water, atmospheric deposition, agricultural 

inputs and contaminated processing environments. Lead, 

cadmium, mercury and arsenic are among the most important 

contaminants because repeated exposure can produce 

neurological, renal, cardiovascular, hematological and other 

systemic effects. Consequently, determination of elemental 

contaminants is an essential part of the quality assessment of 

herbal medicines. This review presents an integrated discussion 

of the occurrence and significance of toxic elements in herbal 

drug formulations, environmental and manufacturing sources of 

contamination, plant uptake and translocation, sampling, 

homogenization and digestion, conventional limit tests, atomic 

absorption spectrometry, inductively coupled plasma optical emission spectrometry, 

inductively coupled plasma mass spectrometry, X-ray fluorescence and electrochemical 

approaches. It further discusses method validation, quality-control samples, calibration, 

blanks, recovery, detection limits, uncertainty and regulatory interpretation. A reliable 
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analytical strategy begins with representative sampling and suitable sample preparation and 

ends with a scientifically justified interpretation of the measured concentration. Modern 

multi-element techniques provide sensitive and efficient analysis, but their performance 

depends on matrix control, contamination prevention and appropriate validation. Risk-based 

control across cultivation, procurement, processing and finished-product testing provides 

stronger consumer protection than reliance on a single end-product test. 

 

KEYWORDS: Herbal drugs; heavy metals; toxic elements; lead; cadmium; mercury; arsenic; 

AAS; ICP-OES; ICP-MS; XRF; elemental impurities; quality control; method validation; risk 

assessment. 

 

1. INTRODUCTION: Herbal Medicines and the Hidden Burden of Elemental 

Contamination 

Herbal medicines are prepared from whole plants, plant parts, extracts, essential oils and 

combinations of botanicals. They are marketed as powders, capsules, tablets, teas, decoctions, 

syrups, tinctures and concentrated extracts. Their chemical composition is naturally complex 

and may vary according to species, geographical origin, soil characteristics, climate, 

cultivation practice, harvesting season and processing. Such variability is an important 

quality-control consideration because the elemental composition of the raw material can also 

vary.
[1]

 

 

Plants require several mineral elements for normal growth, including iron, zinc, copper, 

manganese and molybdenum. However, non-essential elements such as lead and cadmium 

can also enter plant tissues. Arsenic and mercury may occur in environmental compartments 

and can become relevant contaminants depending on the source and processing history. 

Therefore, elemental analysis should distinguish essential nutritional elements from toxic 

contaminants and should be designed according to the risk profile of the product.
[2] 

 

The phrase heavy metals is widely used in quality-control literature, although the scientific 

definition is not completely uniform. In analytical practice, the more precise expression 

potentially toxic elements is often preferable because arsenic is a metalloid and because 

toxicological behavior depends on chemical species rather than density alone. Nevertheless, 

heavy-metal testing remains a familiar regulatory and pharmaceutical term.
[3] 
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Medicinal plants can act as bioaccumulators. Their roots interact directly with soil, while 

leaves and aerial parts may receive atmospheric particles. Water used for irrigation or 

washing can introduce additional contaminants. During drying, grinding and extraction, 

contamination can also arise from equipment, water, reagents and storage surfaces. A 

finished formulation may therefore contain an elemental profile that differs from that of the 

original plant material.
[4] 

 

International quality-control guidance emphasizes that medicinal plant materials must be 

evaluated for contaminants and residues as part of an overall quality system. Determination 

of heavy metals is not an isolated analytical exercise; it is one element of a broader system 

involving botanical identity, cultivation control, processing hygiene, specifications and 

documented release decisions.
[4] 

 

Analytical measurement becomes particularly important when a product is consumed 

repeatedly. Even a relatively low concentration can contribute to cumulative exposure when 

the daily dose is large or treatment continues for months. Risk assessment should therefore 

combine the measured concentration with the amount of product consumed and the duration 

of exposure rather than relying solely on concentration values.
[5] 

 

The objective of this review is to provide a structured overview of the determination of toxic 

elements in herbal drug formulations, from the origin of contamination to modern 

instrumental analysis. Emphasis is placed on practical analytical considerations so that the 

laboratory result can be interpreted as reliable evidence of product quality and safety. 
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2. Why Heavy Metals Matter in Herbal Drug Formulations 

Heavy metals are important toxicological contaminants because several of them persist in the 

environment and can remain in biological systems for prolonged periods. Lead, cadmium, 

mercury and inorganic arsenic can interfere with cellular processes, enzymes, membrane 

function, oxidative balance and tissue physiology. The severity of effects depends on dose, 

chemical form, route of exposure and duration.
[6] 

 

Lead is particularly important because there is no established physiological requirement for 

human exposure to lead. Chronic exposure can affect neurodevelopment, blood formation, 

kidney function and cardiovascular health. Children are especially vulnerable to neurotoxic 

effects, while adults can also experience significant consequences from prolonged exposure.
[7] 

 

Cadmium is associated with accumulation in the kidney and with chronic renal toxicity. 

Long-term exposure can also affect bone mineralization and skeletal health. The long 

biological persistence of cadmium means that repeated low-level exposure may be more 

important than a single short exposure.
[8] 

 

Mercury toxicity is strongly influenced by chemical form. Elemental mercury, inorganic 

mercury compounds and organic mercury compounds differ in absorption, distribution and 

target-organ effects. This is why total mercury measurement and mercury speciation answer 

different analytical questions.
[9] 

 

Arsenic is similarly species-dependent. Inorganic arsenic is a major toxicological concern, 

whereas organic arsenic compounds found in some foods may have different toxicity. For 

herbal medicines, the analytical approach should therefore reflect the toxicological question 

and the form in which arsenic is expected to occur.
[10] 

 

The presence of an element does not automatically mean that a product is unsafe. Safety 

assessment requires consideration of concentration, daily dose, exposure duration and 

applicable limits. A laboratory report should therefore present the analytical result with units, 

basis of calculation, uncertainty where relevant and a clear comparison with the appropriate 

specification.
[11] 

 

Heavy-metal control is also important for public confidence in herbal medicines. Consistent 

testing, traceable raw materials and transparent quality specifications can reduce the 
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possibility that contaminated products reach consumers and can support the responsible 

integration of herbal products into modern healthcare systems. 

 

 

 

3. Major Toxic Elements: Lead, Cadmium, Mercury and Arsenic 

Lead is commonly considered one of the most important elemental contaminants in herbal 

medicines. It can enter plants from contaminated soil, irrigation water, atmospheric 

deposition, dust and industrial emissions. Post-harvest contamination may arise from 

equipment, pigments, storage materials or environmental dust. Because lead can occur at 

trace concentrations, sensitive instrumental methods are often required for reliable 

determination.
[12] 

 

Cadmium can be taken up from soil through plant transport processes associated with 

essential nutrients. Its accumulation varies among plant species and plant organs. Root 

materials may be particularly relevant because they are in direct contact with soil, although 

translocation to aerial tissues can also occur.
[12] 

 

Mercury requires special analytical attention because of its volatility and chemical diversity. 

Sample preparation conditions should minimize losses, and laboratories should select a 

technique capable of providing adequate sensitivity at the expected concentration. Cold-vapor 

atomic absorption and ICP-MS are examples of approaches used for mercury 

determination.
[12] 

 

Arsenic can occur in inorganic and organic forms. Hydride-generation methods, atomic 

fluorescence and ICP-MS can be used when low concentrations or enhanced selectivity are 



Shaik et al.                                                                          World Journal of Pharmaceutical Research 

www.wjpr.net      │     Vol 15, Issue 21, 2026.      │     ISO 9001: 2015 Certified Journal      │ 

 

 

 

 

799 

required. Total arsenic determination is adequate for many screening applications, whereas 

speciation becomes important when the toxicological significance of individual species must 

be assessed.
[12] 

 

Chromium, nickel and other elements may also be relevant depending on the raw material, 

environmental source and manufacturing equipment. Chromium illustrates the importance of 

chemical form because trivalent and hexavalent chromium have very different toxicological 

properties. A risk-based laboratory program should therefore identify the elements that are 

plausible contaminants rather than applying an identical panel to every product.
[13] 

 

Essential elements such as iron, zinc, copper and manganese may be naturally present or 

intentionally introduced. Their measurement can support nutritional characterization and help 

identify unusual batches. However, the analytical method must differentiate expected 

formulation levels from toxic contamination and must use suitable acceptance criteria.
[12] 

 

An elemental profile can therefore provide information about both safety and product 

consistency. Unexpected increases in one or more elements may trigger investigation of a 

supplier, cultivation area, processing step or packaging component. Trend monitoring can 

sometimes detect emerging problems before a formal specification is exceeded. 
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Table 1: Principal toxic elements and analytical considerations. 

Elements 
Major toxicological 

concern 
Likely sources Common methods 

Lead [pb] 
Neurological and 

hematological effects 

Soil, dust, water, 

processing 

AAS,ICP-OES, ICP-

MS XRF 

Cadmium [cd] 
Renal and skeletal 

effects 

Soil, fertilizers, 

irrigation 

AAS, ICP-OES, 

ICP-MS 

Mercury [Hg] 
Neurological / 

systemic effects 

Environmental and 

process sources 

CV-AAS, AAS, 

ICP-MS 

Arsenic [As] 
Systemic toxicity, 

inorganic species 

Soil, water, 

environmental 

sources 

Hydride methods, 

AAS, ICP-MS 

Chromium [cr] 
Form-dependent 

toxicity 

Soil, equipment, 

environment 

AAS, ICP-OES, 

ICP-MS 

Nickel [Ni] 
Sensitization and 

systemic effects 

Soil , equipment, 

environment 

AAS,ICP-OES, ICP-

MS 

 

4. Natural and Anthropogenic Sources of Metal Contamination 

Environmental contamination is one of the earliest possible sources of toxic elements in 

medicinal plants. Geological parent material can naturally contain arsenic, lead, cadmium or 

other elements. In addition, mining, smelting, industrial emissions, traffic, waste disposal and 

contaminated agricultural land can increase environmental concentrations.
[14] 

 

Soil chemistry controls the availability of elements to plants. Factors such as pH, organic 

matter, redox potential, clay content and cation-exchange capacity influence whether an 

element remains strongly bound to soil or becomes available for root uptake. Thus, total soil 

concentration does not always predict the concentration that will occur in plant tissue.
[14] 

 

Irrigation water can act as an important pathway. Contaminated surface water, groundwater 

or wastewater used for cultivation can deposit elements in soil and directly expose plant 

tissues. Water used during washing and extraction can also introduce contaminants into the 

manufacturing process if its quality is not controlled.
[14] 

 

Agricultural inputs may contribute to elemental contamination. Certain fertilizers, soil 

amendments and pesticides can contain trace metals as impurities. Repeated application can 

gradually increase soil burdens. Good agricultural and collection practices therefore need to 

include appropriate site selection, water quality assessment and control of agricultural 

inputs.
[14] 
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Airborne particles provide another pathway. Leaves and other aerial organs can collect dust 

containing metals, especially in areas affected by traffic or industrial activity. Washing may 

remove some surface particles, but it cannot reliably remove elements that have been 

absorbed into internal tissues.
[14] 

 

Manufacturing equipment can also be a source. Grinding surfaces, metallic vessels, pipes and 

extraction equipment may release trace elements if they are corroded or unsuitable. Contact 

materials should therefore be selected according to the formulation and analytical risk 

profile.
[14] 

 

Packaging and storage conditions deserve attention when contamination is unexplained by 

the raw material. Containers, closures, pigments, printing materials and environmental dust 

can contribute contaminants. A complete investigation should therefore examine the whole 

product pathway rather than assuming that every metal originates in the plant. 

 

 

 

5. Plant Uptake, Accumulation and Translocation of Toxic Elements 

Plant uptake begins at the interface between roots and the surrounding soil solution. 

Dissolved ions can enter root tissues through transport pathways that normally handle 

essential nutrients. Because toxic elements can resemble or compete with essential ions, 

changes in nutrient status and soil chemistry can alter uptake.
[12] 
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Cadmium provides a clear example of non-essential element uptake through nutrient-related 

transport systems. Once inside the plant, it can bind to peptides and proteins or be transported 

to aerial tissues. Plants differ considerably in their capacity to retain or translocate 

cadmium.
[12] 

 

Lead often shows strong retention in roots, although some translocation can occur. Surface 

deposition may also contribute to the measured concentration of leaves. Distinguishing 

absorbed from surface-associated material is difficult in routine analysis, which is why 

standardized sample preparation and washing procedures are important.
[15] 

 

Arsenic interacts with phosphate-related pathways and may therefore show uptake patterns 

influenced by phosphate availability. The chemical species of arsenic strongly influences 

transport and metabolism. These mechanisms illustrate why total environmental 

concentration alone cannot explain the final concentration in a medicinal plant.
[12] 

 

Mercury can bind strongly to sulfur-containing biomolecules and may be retained in roots or 

translocated depending on the chemical environment. Volatile species can behave differently 

from inorganic forms. These characteristics should be considered when designing analytical 

procedures and interpreting unusual results.
[12] 

 

Plant organ selection is also important. Root, rhizome, bark, leaf, flower, fruit and seed 

materials may have different elemental profiles. A specification developed for a leaf 

preparation should not automatically be applied to a root preparation without considering the 

different exposure and accumulation patterns.
[12] 

 

Preventive strategies include selecting uncontaminated cultivation sites, testing soil and water, 

controlling agricultural inputs and monitoring harvested material. These measures reduce 

reliance on end-product testing and help establish a traceable chain of control from 

cultivation to finished formulation.
[12] 
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6. From Raw Botanical Material to Finished Formulation: Critical Contamination 

Points 

Quality control should begin with identification and qualification of the botanical raw 

material. Correct species identification, plant part specification and supplier traceability are 

essential because elemental profiles can vary among species, locations and plant organs. A 

chemically or botanically misidentified material can invalidate later analytical conclusions.
[1] 

 

Sampling at the raw-material stage should be representative of the batch. Heterogeneous 

botanical materials may contain localized mineral particles or dust, so a single small grab 

sample may not represent the entire lot. Sampling plans should define locations, quantities, 

pooling strategy and storage conditions.
[16] 

 

Drying can alter elemental concentrations on a wet-weight basis because removal of water 

increases the concentration per unit mass. Therefore, moisture content and reporting basis 

must be recorded. A laboratory should state whether results are expressed on an as-received, 

dry-weight or another validated basis.
[4] 

 

Grinding and sieving improve homogeneity but can introduce contamination. Equipment 

should be cleaned between samples, and materials of construction should be compatible with 

the target analytes. Where trace concentrations are measured, laboratory contamination can 

become comparable with the amount present in the sample.
[3]
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Extraction and concentration steps may change the apparent elemental concentration. 

Elements associated with insoluble particles may be incompletely transferred into an extract, 

while concentration processes can enrich soluble elements. A method intended for total 

elemental content should therefore use a digestion procedure capable of releasing the analytes 

quantitatively.
[17] 

 

Excipients add another matrix component to finished formulations. Diluents, binders, colors 

and mineral ingredients can affect digestion and instrumental response. Validation must 

therefore be performed in representative product matrices rather than only in simple aqueous 

standards.
[18] 

 

An effective manufacturing control system combines supplier qualification, incoming raw-

material testing, in-process controls, water quality, equipment monitoring and finished-

product testing. Analytical results are most useful when linked to documented corrective 

actions and trend analysis. 

 

 

 

7. Sampling, Digestion and Sample Preparation for Elemental Analysis 

Representative sampling is the foundation of reliable elemental analysis. The analytical 

portion should reflect the batch rather than a convenient portion of the container. Sampling 

tools should be clean and chemically compatible with the analytes. Documentation should 

preserve traceability from the batch to the final analytical result.
[4] 

 

Homogenization reduces variability by distributing particles throughout the test material. 

Drying conditions should be controlled because overheating may alter some volatile 

constituents and because moisture affects the reported concentration. For mercury in 

particular, sample handling should minimize potential losses.
[4]

 



Shaik et al.                                                                          World Journal of Pharmaceutical Research 

www.wjpr.net      │     Vol 15, Issue 21, 2026.      │     ISO 9001: 2015 Certified Journal      │ 

 

 

 

 

805 

Open-vessel acid digestion is a traditional approach in which the organic matrix is 

decomposed using concentrated mineral acids under controlled heating. It can be effective 

but may require longer processing and can introduce contamination or analyte loss if not 

carefully controlled.
[4] 

 

Microwave-assisted closed-vessel digestion provides controlled temperature and pressure and 

can improve decomposition of complex plant matrices. Nitric acid is commonly used, with 

hydrogen peroxide or other reagents included when validated. The digestion program should 

be optimized for the actual matrix and target elements.
[19] 

 

After digestion, the solution may be diluted to bring concentrations into the calibration range. 

Filtration can remove remaining particles, but filtration materials should be checked for 

elemental contamination or adsorption. Internal standards and matrix matching can help 

compensate for instrumental variation.
[17] 

 

Blanks are essential. A reagent blank measures contamination introduced by acids, water and 

vessels, while a preparation blank can reveal contamination from the entire digestion 

procedure. Duplicate samples, spiked samples and certified reference materials provide 

additional evidence of method performance.
[18] 

 

A practical workflow is representative sampling → homogenization → moisture 

determination → digestion → dilution → blank correction → calibration → measurement → 

QC verification → calculation → comparison with specification. Every step should be 

described in a standard operating procedure and controlled under the laboratory quality 

system. 

 

8. Classical Approaches: Limit Tests and Colorimetric Procedures 

Classical limit tests were developed when instrumental spectrometry was not widely 

available. Their objective is generally to establish whether the amount of a contaminant is 

below a specified limit rather than to produce a detailed multi-element profile. They remain 

historically important and may still be useful in laboratories with limited instrumentation.
[4] 

 

Colorimetric methods depend on chemical reactions that produce a measurable or visually 

comparable color. Their simplicity and low equipment requirement are advantages. However, 

color intensity can be affected by matrix components, reagent quality, reaction time and 

analyst interpretation.
[3]
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Classical tests for arsenic and heavy metals have been incorporated into pharmacopoeial and 

WHO procedures. These methods demonstrate the principle of comparing a sample response 

with a reference under controlled conditions. For trace-level release testing, however, modern 

instrumental methods usually provide greater sensitivity and specificity.
[4] 

 

The major limitation of a visual limit test is that it may not provide an accurate concentration. 

It also provides limited information about which individual elements are responsible for the 

response when a combined heavy-metal test is used. This can complicate risk assessment and 

troubleshooting.
[3] 

 

Classical procedures may still be appropriate as preliminary screening tools, educational 

procedures or contingency methods. Their suitability should be demonstrated against the 

intended specification. If the required limit is close to the method detection capability, a more 

sensitive instrumental method should be selected.
[18] 

 

Whatever method is chosen, contamination control remains critical. Clean glassware, high-

purity reagents, suitable water and appropriate blanks are needed. A simple method 

performed under poor contamination control can produce less reliable results than a 

sophisticated method operated within a rigorous quality system. 

 

The transition from classical tests to instrumental analysis reflects the broader development 

of pharmaceutical quality control. Modern methods do not eliminate the need for sound 

sampling and preparation; rather, they make the consequences of poor preparation more 

visible because their sensitivity is much higher. 

 

9. Atomic Absorption Spectrometry: A Practical Quantitative Workhorse 

Atomic absorption spectrometry measures the absorption of element-specific radiation by 

free atoms. Because each element has characteristic absorption lines, AAS can provide 

selective quantitative determination. Flame AAS is generally appropriate for higher 

concentrations, whereas graphite furnace AAS offers improved ssensitivity for many 

elements.
[20] 

 

AAS is widely used because the instrumentation is established, methods are available for 

common contaminants and the technique can provide reliable quantitative results. It is 

particularly practical when a laboratory routinely analyzes a limited group of elements such 

as lead, cadmium or copper.
[20]
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Graphite furnace AAS can measure very low concentrations using a small sample volume. 

The furnace program controls drying, ashing and atomization. Matrix modifiers may be used 

to stabilize analytes and reduce interference. Background correction is essential when the 

sample matrix absorbs or scatters radiation at the analytical wavelength.
[20] 

 

Specialized AAS configurations can improve the analysis of mercury and arsenic. Cold-vapor 

techniques are widely used for mercury because the element can be converted to a volatile 

atomic form. Hydride-generation approaches can improve sensitivity for hydride-forming 

elements such as arsenic.
[21] 

 

Calibration standards should be prepared from traceable stock solutions and should cover the 

intended concentration range. A reagent blank and independent calibration verification 

should be included. When matrix effects are substantial, standard addition or mvatrix 

matching may be necessary.
[18] 

 

 

 

Validation should demonstrate specificity, linearity, range, accuracy, precision, detection 

limit, quantification limit and robustness. Recovery experiments in representative herbal 

matrices are particularly useful because digestion and matrix components can influence the 

measured response.
[22] 

 

AAS remains a strong choice for targeted routine testing. Its main limitation is that sequential 

measurement of many elements can be slower than simultaneous multi-element techniques. 

The decision should therefore depend on the laboratory's testing volume, required element 

panel, sensitivity and available resources. 
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10. ICP-OES and ICP-MS: Multi-Element Analysis at Modern Sensitivity 

ICP-OES uses a high-temperature argon plasma to excite atoms and ions. The emitted 

radiation is measured at characteristic wavelengths, allowing multiple elements to be 

determined from one sample. This makes ICP-OES efficient for laboratories that need broad 

elemental coverage.
[23] 

 

ICP-MS introduces ions from the plasma into a mass spectrometer and separates them 

according to mass-to-charge ratio. It provides very low detection limits and can measure 

many elements simultaneously. This is particularly useful when herbal formulations contain 

toxic elements at trace or ultra-trace concentrations.
[24] 

 

ICP-OES is generally robust over a broad concentration range and can tolerate many complex 

matrices after suitable dilution. Spectral overlaps are managed through wavelength selection, 

background correction and appropriate instrument software. Internal standards can 

compensate for signal drift and some matrix effects.
[23] 

 

ICP-MS offers exceptional sensitivity but requires more careful interference control. 

Polyatomic ions can overlap with analyte masses. Collision or reaction cell technologies, 

isotope selection, mathematical correction and appropriate sample dilution can reduce these 

effects.
[24] 

 

Sample digestion remains central to both techniques. Incomplete digestion can produce low 

results, while contaminated reagents can produce high results. Microwave digestion using 

high-purity acids is widely used for complex botanical samples. The method should be 

verified using spikes or certified reference materials.
[19] 

 

ICP-based methods are particularly useful for elemental fingerprinting. A single analysis can 

provide toxic elements together with essential and trace elements. Multivariate analysis of 

these profiles can support supplier comparison, geographical discrimination and investigation 

of unusual batches, although such applications should not replace formal quantitative 

specifications.
[25] 

 

The principal disadvantages are capital cost, maintenance requirements, argon consumption 

and the need for trained analysts. Nevertheless, for laboratories with high sample throughput 

or broad elemental testing requirements, ICP-OES and ICP-MS can substantially improve 

analytical efficiency. 
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Table 2: Comparison of principal analytical techniques. 

Technique Strength Limitation Typical use 

AAS 
Established and 

reliable 

Usually 

targeted/sequential 

Routine targeted 

metals 

ICP-OES 
Broad multi-

elements range 

Spectral/matrix 

effects 

Routine multi-

elements QC 

ICP-MS Very high sensitivity 
Cost and interference 

control 

Trace/ultra-trace 

analysis 

XRF 
Rapid ,little 

preparation 

Matrix detection 

limitations 
Screening of solids 

Electrochemical Potentially portable Selectivity/fouling 
Selected – metal 

screening 

 

11. XRF, Electrochemical and Emerging Analytical Technologies 

X-ray fluorescence is a non-destructive or minimally destructive approach that can analyze 

many solid samples with little preparation. It measures characteristic fluorescent X-rays 

emitted after excitation. Benchtop and portable instruments can be useful for rapid screening 

of botanical powders and raw materials.
 [26] 

 

The major attraction of XRF is speed. Because complete acid digestion may not be necessary, 

many samples can be screened quickly. However, performance depends on element, matrix, 

sample homogeneity and instrument configuration. Detection limits may be higher than those 

of ICP-MS for certain elements.
[26] 

 

Electrochemical techniques such as anodic stripping voltammetry can provide sensitive 

determination of selected metals. The analyte is accumulated at an electrode and 
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subsequently stripped while the resulting current is measured. These methods can be 

relatively inexpensive and potentially portable.
[27] 

 

Electrode fouling, matrix effects and selectivity are important limitations. Herbal extracts 

contain many organic compounds that can influence electrode surfaces. Pretreatment, 

masking agents and optimized electrode materials may be required.
[27] 

 

Laser-ablation ICP-MS can provide spatial information by analyzing material directly from a 

solid surface. It can help investigate whether an element is localized in particular tissues or 

particles. Such information may be useful in research on plant uptake and contamination 

mechanisms.
[24] 

 

Hyphenated techniques such as chromatography coupled to ICP-MS can separate elemental 

species before detection. This is valuable when total concentration alone is insufficient, 

particularly for arsenic and mercury where chemical species can have very different 

toxicological properties.
[9] 

 

A practical future strategy may use rapid XRF or electrochemical screening for large 

numbers of samples followed by confirmatory ICP-OES, ICP-MS or AAS analysis. Such 

tiered testing can improve efficiency while retaining high-quality quantitative confirmation. 

 

12. Method Validation and Laboratory Quality Assurance 

Method validation demonstrates that an analytical procedure is fit for its intended purpose. 

For elemental analysis, the validation design should reflect the concentration range around 

the specification and the complexity of the herbal matrix. The main characteristics include 

specificity, accuracy, precision, linearity, range, detection limit, quantification limit and 

robustness.
[22] 

 

Accuracy can be assessed using certified reference materials, reference methods or recovery 

studies. Certified materials are especially valuable because the assigned concentration is 

independently characterized. Where appropriate reference materials are unavailable, spiking a 

representative sample can provide useful evidence of recovery.
[18] 

 

Precision includes repeatability under the same conditions and intermediate precision across 

days, analysts or equipment where relevant. Results should be reported with appropriate 

significant figures and should not imply greater precision than the method supports.
[22]
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Detection and quantification limits are particularly important when specifications are low. A 

method may be technically capable of detecting an element but not of quantifying it with 

acceptable accuracy at the regulatory limit. The reporting approach should therefore 

distinguish detected, quantified and below-quantification-limit results.
[22] 

 

Linearity should be demonstrated across the working range. Calibration should be verified 

with independent standards, and continuing calibration checks should be used during long 

analytical sequences. Drift can otherwise cause systematic errors across a batch of samples.
[18] 

 

Robustness assesses the effect of small deliberate changes in conditions. For digestion, this 

may include acid concentration, digestion time or temperature. For instrumental methods, 

relevant factors may include plasma conditions, wavelength or gas flow. Robust methods 

reduce dependence on exact operating conditions.
[22] 

 

Quality assurance also includes instrument maintenance, reagent qualification, reference-

standard traceability, environmental monitoring, analyst training and controlled 

documentation. A valid method used in an uncontrolled laboratory can still produce 

unreliable results.
[18] 

 

13. Regulatory Standards, Risk Assessment and Consumer Safety 

Regulatory control of elemental contaminants aims to ensure that exposure from medicinal 

products remains within scientifically acceptable limits. WHO guidance on medicinal plant 

materials includes quality-control procedures for heavy metals and arsenic, while broader 

herbal-medicine guidance emphasizes control of contaminants and residues.
[4] 

 

Elemental limits should be selected according to the applicable regulatory framework and the 

nature of the product. Dose, route, duration and intended population can influence the 

relevance of a concentration limit. Therefore, a limit developed for one product category 

should not automatically be transferred to another without justification.
[5] 

 

ICH Q3D provides a risk-based framework for elemental impurities in pharmaceutical 

products and establishes permitted daily exposures for specified elements. However, its 

formal scope does not cover herbal products. Herbal-medicine manufacturers should 

therefore follow the applicable national or regional requirements while using scientifically 

sound risk-management principles.
[28] 
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Exposure can be estimated from the concentration measured and the daily amount consumed. 

A simplified relationship is: estimated daily exposure = elemental concentration × daily 

product intake. More detailed assessments may include absorption, bioaccessibility, 

frequency of use and exposure from other sources.
[5] 

 

Risk assessment should also consider vulnerable groups, including children, pregnant 

individuals and people with kidney or other susceptibility factors. The purpose is not to 

assume that every detected element causes harm, but to determine whether realistic exposure 

could approach a level of toxicological concern.
[6] 

 

Supplier qualification is an important preventive measure. Contracts and specifications can 

require information on cultivation site, water source, agricultural practices and contamination 

controls. Periodic testing can verify supplier performance and detect changes in elemental 

profiles over time.
[14] 

 

Trend analysis strengthens the quality system. A result can be below the specification yet still 

represent a meaningful increase compared with previous batches. Alert levels, investigation 

triggers and corrective-action procedures can help identify contamination before it becomes a 

major quality failure. 

 

14. Future Perspectives: Toward Rapid, Green and Data-Driven Metal Analysis 

Future elemental analysis will increasingly combine high sensitivity with rapid sample 

throughput. ICP-MS and ICP-OES will remain important laboratory platforms, while portable 

XRF and electrochemical systems may support field screening and raw-material triage. The 

optimal strategy is likely to be a combination of complementary technologies rather than 

dependence on one instrument.
[24] 

 

Green analytical chemistry provides another direction. Traditional digestion can require 

concentrated acids and generate chemical waste. Closed-vessel microwave digestion, 

miniaturized procedures, reduced sample masses and optimized reagent volumes can lower 

environmental burden while maintaining analytical performance.
[29] 

 

Automation can reduce manual errors in weighing, digestion, dilution and data transfer. 

Automated sample introduction and laboratory information-management systems can 

improve traceability. However, automation should be validated and controlled just like any 

other analytical process. 
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Data analytics can provide additional value from elemental measurements. Multivariate 

statistical approaches can identify patterns associated with suppliers, geographical origins, 

processing steps or unusual batches. These tools can support investigation and surveillance, 

but final release decisions should remain based on validated quantitative methods and 

approved specifications.
[25] 

 

Speciation is likely to become more important when toxicological interpretation depends on 

chemical form. Total arsenic or mercury may be sufficient for screening, whereas 

chromatography coupled with elemental detection can provide species-specific information 

when needed.
[9] 

 

Future research should also examine bioaccessibility rather than concentration alone. An 

element present in a plant matrix may not be completely released during human digestion. 

Simulated gastrointestinal extraction and other Bioaccessibility approaches can therefore 

complement total elemental analysis in research-oriented risk assessment. 

 

The central future objective is preventive quality assurance: selecting safe cultivation sites, 

controlling agricultural inputs, monitoring raw materials, validating processing, testing 

finished products and using trend data to detect emerging risks. Such a system transforms 

heavy-metal analysis from a final inspection step into an integrated safety. 
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CONCLUSION 

The determination of heavy metals in herbal drug formulations is an essential component of 

pharmaceutical quality control and consumer safety. Herbal medicines may become 

contaminated with toxic elements such as lead, cadmium, mercury and arsenic through soil, 

irrigation water, atmospheric deposition, agricultural inputs, processing equipment, 

packaging and storage conditions. Therefore, the safety of herbal formulations cannot be 

assured only by their natural or botanical origin. Reliable determination depends on every 

stage of the analytical process, beginning with representative sampling, proper 

homogenization and suitable digestion, followed by accurate instrumental analysis. Classical 

limit tests may provide preliminary screening, whereas modern techniques such as AAS, ICP-

OES and ICP-MS offer sensitive and quantitative determination of toxic elements. XRF and 

electrochemical techniques can also support rapid or selected-metal screening. However, the 

reliability of any analytical technique depends on proper contamination control, calibration, 

method validation, quality-control samples and appropriate interpretation of results. A risk-

based quality-control system should extend from cultivation and selection of botanical raw 

materials to processing and finished-product testing. Supplier qualification, monitoring of soil 

and water, control of agricultural inputs, hygienic processing, suitable equipment, validated 

analytical procedures and trend analysis can reduce the possibility of contaminated products 

reaching consumers. Future developments in rapid screening, green analytical chemistry, 

automation, elemental speciation and data-driven analysis may further improve the efficiency 

and reliability of heavy-metal determination. Overall, heavy-metal analysis should not be 

considered merely as a final testing step but as an integrated part of herbal-drug quality 

assurance. Combining preventive measures with validated analytical methods and 

scientifically justified risk assessment can help ensure the quality, consistency and safety of 

herbal drug formulations and strengthen consumer confidence in their use. 
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