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Abstract

Heavy metal contamination of foods remains a persistent global challenge for food safety and public
health, driven by industrialization, mining activities, intensive agriculture, and ongoing
environmental degradation. This Scopus-based descriptive review synthesizes peer-reviewed
literature on the occurrence of priority toxic metals—arsenic, cadmium, lead, mercury, and nickel —
in food matrices, with emphasis on contamination pathways, analytical detection strategies, and
documented human health effects. The reviewed studies reveal widespread accumulation of heavy
metals in staple foods, including cereals, vegetables, seafood, and processed products, with
concentrations frequently approaching or exceeding international regulatory limits, particularly in
regions exposed to strong anthropogenic pressure. Conventional laboratory-based techniques, such
as atomic absorption spectrometry and inductively coupled plasma methods, remain the reference
standards for quantitative determination and regulatory compliance; however, their application to
large-scale or continuous monitoring is often constrained by cost, infrastructure, and operational
complexity. Consequently, increasing attention has been directed toward emerging detection
approaches, including portable X-ray fluorescence, Raman/SERS spectroscopy, electrochemical
biosensors, electronic tongues, and in situ magnetic measurements, as complementary tools for rapid
screening and field-based surveillance. Among these, environmental magnetism and in situ magnetic
techniques stand out as non-destructive, low-cost proxies capable of identifying metal-associated
particulate contamination linked to food production systems. Chronic dietary exposure to heavy
metals is consistently associated with neurotoxicity, nephrotoxicity, carcinogenicity, and oxidative
stress, underscoring the need for integrated, multi-tiered monitoring frameworks to support early
detection, risk assessment, and prevention.

Keywords: heavy metals; food contamination; analytical detection techniques; emerging sensors;
human health risk; food safety
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1. Introduction

Heavy metal contamination constitutes a major global threat to environmental integrity, food
safety, and public health, as many of these elements exert toxic effects even at low concentrations.
Metals such as cadmium (Cd), lead (Pb), mercury (Hg), arsenic (As), and nickel (Ni) have been
consistently associated with adverse health outcomes, including carcinogenesis, renal dysfunction,
immune system impairment, malnutrition, and increased mortality. Once incorporated into the food
chain, these contaminants exhibit high environmental persistence and a pronounced tendency to
bioaccumulate in human tissues, thereby amplifying long-term exposure risks and chronic health
effects [1,2]. The environmental presence of heavy metals has intensified markedly in recent decades
as a consequence of urban expansion and diverse anthropogenic activities, particularly mining
operations, industrial processes, and the intensive use of chemical inputs in agriculture. These
activities promote the contamination of soils, water bodies, and atmospheric compartments,
facilitating the transfer of heavy metals into crops and food products destined for human
consumption [2,3]. Recent global assessments indicate that approximately 14-17% of agricultural
soils contain toxic metal concentrations exceeding permissible limits, with cadmium exhibiting the
highest exceedance rates, followed by nickel and chromium. Furthermore, a “metal-enriched
corridor” extending across southern Europe, the Middle East, South Asia, and China has been
identified, shaped by geological conditions, climatic and topographic factors, and long-term mining
activities, and is estimated to expose between 0.9 and 1.4 billion people to significant ecological and
health risks [4].

Within this context, contamination of soils and water resources represents a critical challenge for
food production systems, requiring effective strategies to limit heavy metal bioavailability and
reduce their transfer into edible crops. Nevertheless, in many developing regions, agricultural soils
are cultivated without prior diagnostic assessments of metal contamination, and insufficient attention
is given to interacting environmental compartments such as irrigation water and ambient air, which
may be influenced by industrial and mining emissions. This lack of integrated environmental
evaluation increases the likelihood of dietary exposure to heavy metals and hinders the timely
implementation of mitigation, monitoring, and prevention measures [5,6]. Given the complexity of
contamination pathways and the expanding range of analytical approaches, a comprehensive
synthesis of current evidence is essential to support risk assessment and decision-making in food
safety management. In this context, the present Scopus-based review critically examines the
occurrence of heavy metals in food matrices, evaluates conventional and emerging analytical
techniques for their detection, and integrates current knowledge on associated human health effects.
By consolidating methodological trends, contamination patterns, and reported health implications,
this review seeks to contribute to the development of integrated monitoring frameworks and
preventive strategies aimed at reducing heavy metal exposure through food systems.

2. Materials and Methods
2. Methodology

This study adopts a narrative, descriptive review approach aimed at synthesising current
scientific evidence on heavy metal contamination in food systems, with particular emphasis on
contamination pathways, analytical detection techniques, and reported human health effects. Given
the broad scope of the topic and the substantial heterogeneity in study designs, food matrices,
analytical methodologies, and exposure assessments, a qualitative synthesis framework was selected
to allow integrative interpretation rather than quantitative aggregation of results.

2.1. Literature Sources and Search Strategy

The literature survey was conducted using major international scientific databases, including
Scopus, Web of Science, ScienceDirect, SpringerLink, and Wiley Online Library. To ensure
comprehensive coverage of relevant studies, complementary searches were performed using Google
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Scholar, particularly to capture region-specific investigations and methodological studies not
consistently indexed across all databases. The search strategy was based on structured keyword
combinations related to heavy metal contamination in foods, analytical detection approaches, and
health-related outcomes. Core search terms included “heavy metals”, “food contamination”,
“detection techniques”, and “human health effects”, which were combined using Boolean operators
and adapted to the syntax of each database. Only articles published in English-language peer-
reviewed journals were considered.

2.2. Study Selection Criteria

Studies were considered eligible if they reported original research on the occurrence of heavy
metals in food matrices, with specific focus on cadmium (Cd), lead (Pb), mercury (Hg), arsenic (As),
and nickel (Ni). In addition, studies addressing conventional or emerging analytical techniques for
heavy metal detection, as well as investigations reporting potential human health effects associated
with dietary exposure, were included. Studies were excluded if they focused on metallic elements
outside the defined scope (e.g., chromium or tin), addressed non-food matrices, consisted of theses
or non-peer-reviewed materials, or lacked sufficient methodological or analytical detail to support
qualitative assessment.

2.3. Study Screening and Selection Process

Study selection was conducted through a two-stage screening process. Initially, titles and
abstracts were examined to identify publications potentially relevant to the scope of the review.
Subsequently, full-text articles were assessed to confirm eligibility based on the predefined inclusion
and exclusion criteria. The screening and selection procedures were conducted following predefined
criteria to ensure consistency, relevance, and methodological coherence throughout the review.

2.4. Data Extraction and Organisation

Relevant information was extracted manually from the full texts of the selected studies and
organised using predefined data extraction tables. For each study, the following information was
collected: publication year, type of food or food matrix, heavy metal(s) analysed, analytical detection
technique employed (classified as conventional or emerging), and reported human health effects
associated with exposure. No assumptions or imputations were applied to missing data; only
explicitly reported information was considered in the synthesis.

2.5. Evidence Synthesis

The evidence was synthesised using a narrative and descriptive approach, with studies grouped
according to thematic axes encompassing heavy metal type, analytical methodology, and health-
related outcomes. The results are presented through structured narrative descriptions, supported by
comparative tables and graphical summaries to facilitate the identification of methodological trends,
contamination patterns, and knowledge gaps. Quantitative synthesis was not pursued due to the
methodological diversity of the included studies.

2.6. Considerations on Methodological Limitations

A formal, standardised risk-of-bias assessment was not applied, as the primary objective of this
review was to provide a descriptive and integrative overview of the literature rather than to evaluate
intervention effectiveness. The diversity of study designs, analytical techniques, and exposure
contexts further limited the applicability of uniform bias assessment tools. Consequently, the findings
should be interpreted with appropriate caution, acknowledging potential methodological limitations
inherent to individual studies.
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3. Results and Discussion

A review of studies conducted across the five continents provides consistent evidence of the
widespread occurrence of heavy metal contamination in food matrices and along the food production
chain. However, despite the growing volume of published research, the existing literature reveals
several limitations that restrict a comprehensive, comparable, and integrative understanding of
contamination patterns and associated health risks. To assess the current contribution of scientific
research in this field, it is necessary to identify the main constraints reported across previous studies.
Based on the critical evaluation of the literature, four broad categories of limitations can be
distinguished: methodological limitations, arising from heterogeneity in sampling strategies, food
matrices, and analytical protocols; geographical limitations, related to the uneven global distribution
of studies and the underrepresentation of developing regions; technological limitations, associated
with differences in analytical sensitivity, accessibility to advanced instrumentation, and validation of
emerging techniques; and conceptual limitations, reflecting inconsistencies in exposure assessment,
contamination pathways, and interpretation of health risk indicators.

3.1. Heavy Metals

In the scientific literature addressing food contamination, the term heavy metals (HMs) is
commonly used to describe non-biodegradable elements characterized by a strong tendency to
bioaccumulate and exert toxic effects on living organisms [7,8]. Among these elements, lead (Pb),
cadmium (Cd), mercury (Hg), and arsenic (As) are consistently identified as the most relevant from
a toxicological and public health perspective, due to their persistence in environmental and biological
systems and their well-documented adverse health effects [9]. From a physicochemical standpoint,
several authors define heavy metals based on intrinsic properties such as high density (>4.5 g/cm?),
elevated atomic weight (>63.5), and specific gravity values close to 5.0. Under these criteria, Pb, Hg,
and Cd are repeatedly highlighted as contaminants of particular concern, given their widespread
occurrence in food systems and their capacity to induce toxicity even at relatively low exposure levels
[10][1]. Beyond purely physicochemical definitions, contemporary food safety research increasingly
emphasizes biological relevance, focusing on elements that lack essential physiological functions and
exhibit cumulative toxicity through chronic dietary intake.

Within this framework, heavy metals are frequently classified into two broad categories. The
first includes toxic heavy metals, such as Pb, Cd, As, Hg, and nickel (Ni), which have no known
beneficial role in human metabolism and are associated with multiple adverse health outcomes. The
second group comprises essential trace metals, including copper (Cu), zinc (Zn), manganese (Mn),
iron (Fe), and chromium (Cr), which are required for normal biological functions but may become
harmful when intake exceeds physiological thresholds [10]. This distinction is particularly relevant
in food-related studies, as it underscores the dual role of certain metals as both nutrients and
toxicants, depending on exposure levels, chemical form, and bioavailability.

3.1.1. Sources of Heavy Metal Contamination in Foods

Heavy metal contamination in food systems arises from a complex interplay of natural processes
and anthropogenic activities. Naturally occurring heavy metals are inherent components of the
Earth’s crust, and their background concentrations in soils and waters vary according to geological
and geochemical conditions. However, the pronounced increase in heavy metal levels observed in
food-producing environments over recent decades has been largely attributed to intensified human
activities, particularly industrial operations and mining, which are consistently identified as
dominant sources of environmental enrichment [7,11-14]. Natural release mechanisms include rock
weathering, soil erosion, surface runoff, and atmospheric deposition via precipitation. These
processes contribute to the mobilization of heavy metals and facilitate their redistribution across
environmental compartments. The dispersion of heavy metals as particulate matter or vapor is
strongly influenced by their physicochemical state, enabling their transfer from the atmosphere to
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soils and aquatic systems and, ultimately, their incorporation into agricultural environments and
food chains [12][5].

In food systems, heavy metals may enter unintentionally through environmental contamination
or, in some cases, deliberately as adulterants. Additional contamination pathways include food
processing, storage, and packaging, particularly when contact materials or hermetic containers
promote metal migration. Due to their non-biodegradable nature, several heavy metals are
inefficiently eliminated from the human body, leading to cumulative exposure and increased long-
term health risks. This persistence highlights the need for effective detection, monitoring, and control
strategies throughout the food supply chain [15,16]. Agricultural production represents a critical
interface between environmental contamination and human exposure. The primary routes through
which heavy metals reach crops include contaminated soils, irrigation water, and atmospheric
deposition. These pathways are exacerbated when agricultural areas are located near industrial or
mining activities or when waste management and effluent treatment practices are inadequate. Under
such conditions, heavy metals may be incorporated into crops during growth or through agricultural
inputs such as fertilizers, often without systematic control of contamination levels in harvested
products [2].

Elevated concentrations of As, Cd, and Pb have been reported in both groundwater and surface
waters, frequently linked to untreated or poorly treated industrial effluents. The use of contaminated
water for irrigation substantially enhances the transfer of heavy metals to crops, particularly in
contexts where water quality is not routinely assessed or where wastewater is reused for agricultural
purposes [5][17]. Plant uptake of heavy metals is governed by multiple interacting factors, including
plant species, metal availability, soil physicochemical properties, contamination intensity, and
irrigation practices [18]. According to the United States Environmental Protection Agency, heavy
metals enter food systems through a range of anthropogenic pathways, including soil erosion, natural
weathering, mining, municipal wastewater residues, pesticide application, irrigation systems,
phosphate fertilizers, and manure use. Collectively, these processes contribute to the accumulation
of heavy metals in edible crops such as vegetables, tubers, and fruits, posing a global challenge to
food safety and security [12][19].

3.1.2. Dietary Exposure to Heavy Metals Through Food Consumption

Food constitutes the primary source of nutrients for human populations; however, it also
represents a major pathway for exposure to potentially harmful substances. Among these, heavy
metals such as Cd, Pb, Hg, Ni, and As are of particular concern, as they lack known biological
functions and may induce toxic effects even at low concentrations. Owing to their toxicity and the
risks associated with chronic exposure, the presence of these metals in foods is subject to regulatory
limits, necessitating continuous surveillance of dietary intake. Nevertheless, effective monitoring is
challenged by rapidly evolving dietary patterns, consumption habits, and food market dynamics.
Foods marketed as “natural” or “healthy” may undergo fortification with bioactive compounds or
compositional modifications aimed at enhancing nutritional value, potentially altering their
elemental profiles, including heavy metal content, relative to their original state [20-25]. As a result,
dietary exposure assessments must account for both traditional food products and increasingly
complex processed and fortified foods.

Heavy metals enter the human diet through multiple environmental and anthropogenic
pathways that converge within agricultural systems. Growing concern has emerged regarding the
infiltration of these elements into food production environments, with Cd, Pb, Hg, and As
consistently identified as priority contaminants due to their persistence, bioaccumulative behavior,
and toxicological relevance. Elevated concentrations of heavy metals have been documented in
agricultural soils influenced by mining activities, raising concerns about long-term food safety and
public health implications. In addition to primary production, deficiencies in food storage conditions
and inadequate sanitary management further increase the likelihood of contamination [26]. The
accumulation of heavy metals in soils adversely affects crop productivity, food quality, and
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ecosystem health. Bioaccumulation in edible plant tissues constitutes a direct exposure pathway for
humans, primarily through ingestion and, to a lesser extent, inhalation of contaminated particulates.
The extent of dietary contamination depends largely on metal mobility and bioavailability within
soils. Uptake by plants occurs mainly through root—soil interactions or direct atmospheric deposition
onto aerial plant surfaces, potentially resulting in reduced biomass, impaired germination, and
disruption of photosynthetic processes. Indirect effects include increased production of reactive
oxygen species, DNA damage, and protein alterations, which compromise both plant health and
nutritional quality [12].

Quantitative assessments of heavy metals in food crops have been widely reported using
analytical protocols aligned with guidelines from the American Public Health Association and the
World Health Organization. For example, concentrations of heavy metals have been evaluated in raw
and cooked foods such as rice, beans, oils, poultry, fish, leafy vegetables, and tomatoes [26]. Although
many reported values fall below established FAO and WHO limits, rice has been repeatedly
identified as a crop with a high capacity to accumulate Pb and Cd. In some cases, concentrations have
exceeded regulatory thresholds by several fold, a phenomenon attributed to factors including crop
variety, irrigation practices, soil properties, pH, and fertilizer use. Furthermore, contaminated crops
are often used as animal feed, facilitating secondary bioaccumulation in livestock tissues that
subsequently enter the human food chain.Studies on widely consumed fruits and vegetables,
including spinach, lettuce, apples, bananas, grapes, and berries, have reported heavy metal
concentrations exceeding Codex Alimentarius values in certain contexts. Elevated levels of As and
Zn have been observed in leafy vegetables, Ni in fruits, and Cu in staple cereals such as rice and
maize [3]. In response to these risks, international organizations such as the World Health
Organization, the Food and Agriculture Organization, and the International Organisation of Vine
and Wine have established maximum permissible limits for heavy metals across diverse food
matrices. For arsenic, these limits range from 0.01 mg/kg in mineral water to 0.35 mg/kg in husked
rice and 0.5 mg/kg in food-grade salt [3]. Table 1 summarizes the maximum permissible limits for
heavy metals most frequently identified as toxicological priorities, namely As, Cd, Pb, and Hg.

Table 1. Maximum permissible concentrations of As, Cd, Pb, and Hg in foods and beverages based on Codex

Alimentarius, EU regulations, and OIV standards.

Metal Food or matrix Maximum Source Remarks
limit
Arsenic (As) Edible fats and oils 0.10 mg/kg Codex 193-1995 Rev. General limit for fats
2024 and oils
Salt and food-grade 0.50 mg/kg Codex 193-1995 Rev.
salt 2024
Husked rice 0.35 mg/kg EU 1881/2006
Polished rice 0.20 mg/kg EU 1881/2006
Natural mineral water ~ 0.01 mg/L Codex 193-1995 Rev. Most restrictive value
2024
Grains (wheat, maize, 0.20 mg/kg Codex / EU 2023/915
legumes)
Cadmio (Cd) Natural mineral water ~ 0.003 mg/L Codex 193-1995
Rice 0.40 mg/kg EU 1881/2006
Leafy vegetables 0.20 mg/kg EU 1881/2006 Higher
bioaccumulation
Legumes and tubers 0.10 mg/kg EU 1881/2006
Chocolate (>50% cocoa)  0.80 mg/kg EU 1881/2006
Chocolate (>70% cocoa)  0.90 mg/kg EU 1881/2006
Seafood (mollusks, 2.00 mg/kg Codex 193-1995 Rev.
bivalves, cephalopods) 2024
Food-grade salt 0.50 mg/kg Codex 193-1995 Rev.
2024
Wine 0.01 mg/L OIV 2021
Plomo (Pb) Infant foods 0.01 mg/kg Codex / EU 1881/2006 Foods intended for
infants and children up
to 36 months
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Milk and dairy 0.02 mg/kg Codex / EU 1881/2006

products

Fruits and vegetables 0.10 mg/kg Codex 193-1995 Rev.
2024

Cereals and grains 0.20 mg/kg Codex 193-1995 Rev.
2024

Meat (beef, pork, 0.10 mg/kg Codex 193-1995 Rev.

poultry) 2024

Fish 0.30 mg/kg Codex 193-1995 Rev.
2024

Wine (year > 2019) 0.10 mg/L OIV 2021 Updated limit

Wine-based spirits 0.15 mg/L OIV 2021

Food-grade salt 1.00 mg/kg Codex 193-1995 Rev.
2024

Mercurio (Hg) Natural mineral water ~ 0.001 mg/L Codex 193-1995 Rev.

2024

Food-grade salt 0.10 mg/kg Codex 193-1995 Rev.
2024

Fish (general) 0.50 mg/kg Codex 193-1995 Rev. Total Hg
2024

Methylmercury in 1.0-1.7 mg/kg Codex 193-1995 Rev.

large predatory fish 2024

(shark, marlin, tuna,

etc.)

3.2. Methods and Analytical Techniques for Quantifying Heavy Metals in Foods

Heavy metal contamination has expanded globally, disrupting environmental systems and
posing substantial risks to human health. This context has intensified the demand for robust
analytical approaches capable of identifying and quantifying metals in environmental and food
matrices, while supporting risk communication and decision-making related to prolonged dietary
exposure [27-32]. In practice, analytical strategies in food safety are typically shaped by three
competing requirements: (i) detection limits compatible with regulatory thresholds, (ii) reliable
performance in complex matrices (high fat, high salt, high organicload), and (iii) feasibility in routine
monitoring (cost, throughput, infrastructure). The following sections summarise conventional
reference techniques and emerging approaches currently used for heavy metal determination in
foods.

3.2.1. Atomic Absorption Spectrometry (AAS)

Several spectrometric techniques are currently employed to identify heavy metals in
environmental and biological samples. Atomic absorption spectrometry (AAS) remains one of the
most established and widely used approaches, particularly for measuring metals in biological
materials such as blood, tissues, and urine [33]. AAS typically requires liquid samples; therefore, solid
or semi-solid matrices are digested or dissolved to obtain a clear solution, followed by dilution in an
appropriate solvent. For food, environmental, and biological matrices, acid digestion is commonly
used to release metals into solution. The resulting extract is atomised —either in a flame or in a
graphite furnace—where compounds dissociate and metals are converted into free atoms for
measurement. Two main AAS configurations are used: flame AAS (FAAS) and graphite furnace AAS
(GF-AAS), the latter offering higher sensitivity. Quantification relies on element-specific
monochromatic radiation emitted by hollow cathode lamps (HCL) or electrodeless discharge lamps
(EDL), reflecting each metal’s characteristic wavelength [34-37]. In food contamination studies, AAS
is widely adopted because it is comparatively cost-effective and capable of detecting metals at low
concentrations, making it accessible for a broad range of monitoring and research settings [38].

Applications across cereals, dairy products, and vegetables have been extensively documented,
typically involving wet digestion followed by FAAS or GF-AAS depending on the sensitivity
required for Pb, Cd, Hg, and As [39]. In work focused on emerging technologies—particularly
electrochemical sensors based on carbon nanotubes— AAS is frequently used as a benchmark method
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to validate performance, functioning as a confirmatory tool in real matrices [15]. Similarly, an
experimental study developed a doped porous material for ultrasensitive detection of heavy metals
in foods, and AAS verification in rice, bottled water, and vegetables confirmed that sensor-derived
concentrations reflected measurable values in real samples [40]. More recently, interest has expanded
to novel food categories such as edible insects, where metal content may vary with the production
substrate and processing conditions. Using FAAS, Pb, Cd, and Ni were quantified in multiple
commercial insect-based products; although consumption rates did not indicate immediate risk
under the evaluated scenarios, the findings underscored the need for supply-chain surveillance and
periodic controls given product heterogeneity [35]. Monitoring efforts have also targeted widely
consumed foods: in one study evaluating Pb in a broad range of frequently consumed items, 103
foods and beverages were analysed using GF-AAS, and 18% showed Pb concentrations between 0.021
and 1.005 mg/kg, with higher values observed in products such as infant rice cereal, whole-wheat
bread, and precooked rice [41].

Operational advantages of AAS include relatively low instrument cost, straightforward sample
preparation, modest laboratory installation requirements, good accuracy and precision, adequate
throughput, and limited interference in many routine applications. However, limitations include
single-element measurement per run, a comparatively narrow analytical range, the need for larger
sample volumes in certain configurations, and the use of flammable gases in flame-based systems
[36]. Although AAS is often described as low-cost and relatively portable, sensitivity may be
insufficient for certain analytes or regulatory thresholds unless enhanced configurations (e.g.,
graphite furnace) or complementary techniques are used to strengthen detection capability in
complex matrices [33].

3.2.2. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

Inductively coupled plasma mass spectrometry (ICP-MS) is a high-performance analytical
technique for determining trace metals and non-metals in liquid and solid materials. It relies on
inductive heating of a gas to form a plasma that generates ions, which are then separated and
quantified by mass spectrometry. While most ICP-MS workflows analyse liquid digests, solid and
gaseous samples can also be measured using appropriate introduction systems [42]. ICP-MS is
routinely used for ultra-trace detection, reaching concentrations below parts per million (ppm) and
down to parts per billion (ppb) or parts per trillion (ppt), depending on the element and instrumental
configuration. Its multi-element capability, low detection limits, high analytical resolution, and short
analysis time have supported broad adoption across clinical, biological, environmental, and food
applications [33,36,43]. In food safety contexts, ICP-MS is widely used to quantify metals such as Pb,
Cd, and As, and isotopic measurements can help infer potential contamination sources in food
products [44]. For example, studies assessing industrial-agricultural interfaces have applied ICP-MS
to soils and vegetables, identifying metals such as Cd, Pb, and Cr in leafy and root crops, thereby
supporting dietary risk evaluations for foods produced under impacted conditions [45]. In 2025, an
ICP-MS-based analytical protocol was developed for trace metals in functional foods, which are often
fortified with bioactive compounds; performance metrics (precision, accuracy, and limits of
detection/quantification) were reported as suitable for routine monitoring in real matrices [46].

Key advantages of ICP-MS include multi-element analysis, a wide dynamic range, very low
detection limits, high sample throughput, small sample volume requirements, and relatively
streamlined preparation once digestion protocols are optimised. Constraints are largely practical:
high capital and operating costs (including argon consumption), the need for high-purity gases,
management of spectral and non-spectral interferences, laboratory installation requirements, and
reliance on specialised staff [33]. Comparative assessments across analytical methods (including
AAS, ICP-AES, ICP-MS, and AFS) frequently identify ICP-MS as providing the lowest detection
limits (ng/L range), strong multi-element performance, and high reproducibility; nonetheless,
implementation can be limited in resource-constrained settings due to equipment and maintenance
costs [47].
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3.2.3. Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)

Inductively coupled plasma optical emission spectrometry (ICP-OES) has been used since the
1970s to quantify metals in diverse matrices and remains widely applied due to its broad analytical
range, high throughput, and relatively straightforward sample preparation. ICP-OES is typically
used for elements at moderate concentrations and is valued for stability and reproducibility in
routine analysis [48]. In food-related applications, ICP-OES supports simultaneous quantification of
multiple elements and has been used to assess metals in crops, supplements, beverages, and dairy
systems. Studies have reported the determination of up to eight elements (B, Co, Cr, Cu, Li, Na, Ni,
and Zn) in maca roots and maize grains, as well as metal profiling in dietary supplements. In these
evaluations, concentrations of certain metals were reported up to 5 ug/L, with recovery rates between
92.12% and 102.08%, supporting the technique’s suitability for market-product assessments across
both toxic metals and trace nutrients [39]. In a study analysing energy drinks, ICP-OES was used for
macro-minerals while ICP-MS targeted trace elements; the analysis covered a wide elemental panel
(including As, Ni, and Cr), and some metals exceeded acceptable limits in specific samples, enabling
risk-relevant interpretation [49]. Similarly, ICP-OES has been applied to quantify Al, As, Cd, Co, Cu,
Fe, Pb, Ni, and Zn in milk and associated packaging, supporting the evaluation of potential metal
transfer from contact materials into foods; relatively elevated Al and Fe and a significant association
with packaging materials highlighted the relevance of this approach for food—packaging systems [50].

ICP-OES has also been used to quantify metals in widely consumed foods such as almonds,
peanuts, nuts, wheat, barley, maize, and rice. Some studies simulate domestic preparation (washing,
soaking, cooking) to estimate realistic concentrations of metals such as As, Cd, Pb, and Cr and to
interpret exposure under habitual consumption. Although reported concentrations were below
European regulatory limits, the findings suggest that preparation practices can influence metal
content while reinforcing the need for continued surveillance [51,52]. Additionally, vegetables
irrigated with river water have been analysed for multiple metals (Al, As, Pb, Cd, Cu, Fe, Mn, Zn, Cr,
Ni), mostly using ICP-OES with As quantified by ICP-MS; concentrations varied by irrigation zone,
yet most metals fell below levels considered high risk for chronic intake. Such studies are often
constrained by geographic specificity, limited sample sizes, and incomplete consideration of
elemental speciation (notably for As and Cr), which can be critical for toxicity interpretation [9].
Strengths of ICP-OES include robust multi-element capability, analytical stability, and applicability
to a broad range of food matrices. However, detection limits are typically higher than ICP-MS, and
implementation may be restricted by equipment cost, infrastructure requirements, personnel
training, and laboratory installation expenses—constraints that can be particularly relevant in
settings where food contamination remains a major public health concern [53,54].

3.2.4. Liquid Chromatography-ICP-MS (LC-ICP-MS)

Liquid chromatography coupled to ICP-MS (LC-ICP-MS) has become a pivotal methodology
for elemental analysis in complex biological and environmental samples, particularly where
conventional approaches are insufficient to resolve chemically distinct forms of an element. By
combining chromatographic separation with sensitive elemental detection, LC-ICP-MS enables the
characterisation of trace elements bound to biomolecules (e.g., selenium-, sulfur-, or phosphorus-
containing compounds) and supports quantitative workflows in contexts where molecular form
determines biological behaviour. In food safety, the relevance of LC-ICP-MS lies in elemental
speciation, recognising that total elemental concentration alone may be insufficient to infer toxicity
or risk. Metals and metalloids can occur in multiple oxidation states, associate with diverse ligands,
and present as complex chemical species with markedly different bioavailability and toxicity. This
has driven the need to determine whether a specific chemical species is present—a process frequently
requiring LC-ICP-MS. The combination is increasingly regarded as one of the preferred approaches
for elemental speciation research, owing to adaptability, robustness, high sensitivity, and multi-
element capability, with broad applications across environmental, biological, and clinical analyses
[55-60].
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3.3. Emerging Techniques for Measuring Heavy Metals in Foods

As regulatory limits tighten and monitoring expands beyond laboratory-centred workflows,
emerging approaches have gained relevance as rapid, portable, or screening-oriented alternatives.
These technologies can strengthen surveillance by enabling higher sampling density and faster
decision pathways; however, in most food safety applications they remain complementary to
conventional confirmatory methods, particularly when traceability, very low detection limits, and
robust validation in complex matrices are required.

3.3.1. X-Ray Fluorescence Spectrometry (XRF)

X-ray fluorescence (XRF) is widely used for identifying and quantifying heavy metals in the
context of food safety. This non-destructive technique excites a sample with X-rays and measures the
characteristic secondary (fluorescent) X-ray emissions, allowing qualitative and quantitative
determination of elemental composition [44]. XRF has been used in forensic contexts for analysing
biological tissues, bones, and blood; because bone can accumulate metals over long periods, XRF can
support the assessment of chronic intoxication or prolonged environmental exposure to metals such
as Cd, Pb, Hg, and As [61]. Practical limitations include instrument cost, accessibility, and detection
limits that are generally higher than those of plasma-based methods. Nonetheless, XRF offers rapid
analysis with minimal sample preparation—often enabling direct measurement of solids—which is
advantageous for field deployment and real-time screening when sample preservation is important.
Advances in portable instrumentation have further expanded its applications, including
environmental evaluations and food safety inspections outside specialised laboratories [44].

3.3.2. Raman Spectroscopy and SERS

Raman spectroscopy identifies analytes through the inelastic scattering of light, providing a
spectral fingerprint based on molecular bond vibrations. When a sample is irradiated with laser light,
most photons undergo elastic (Rayleigh) scattering and retain the same frequency as the incident
light. A much smaller fraction undergoes inelastic (Raman) scattering, producing frequency shifts
(Raman shifts) that reflect molecular vibrational modes. These shifts yield spectra in which peaks
correspond to specific molecular vibrations, enabling analyte identification.

Modalities such as micro-Raman, Raman imaging, and surface-enhanced Raman spectroscopy
(SERS) are frequently used in food safety contexts. SERS amplifies Raman signals by promoting
interactions between target molecules and roughened or nanostructured metallic surfaces
(commonly silver, gold, or copper), improving detectability for certain contaminants. SERS is often
highlighted as non-invasive, relatively simple, sensitive, and rapid, with growing potential for food
contamination screening. More broadly, Raman-based methods offer speed, specificity, non-
destructive analysis, and competitive operating costs, and can be combined with microscopy to
obtain spatially resolved chemical information. However, the intrinsically low intensity of Raman
scattering can constrain sensitivity and limit quantitative reliability in complex matrices, motivating
instrument optimisation and SERS-based strategies for enhanced performance [55].

3.3.3. Electronic Tongues

Electronic tongues are multisensor arrays that combine electroanalytical procedures with
multivariate statistical approaches to interpret complex signal patterns, supporting both qualitative
discrimination and quantitative estimation. Conceptually, an electronic tongue comprises a set of
sensors operating under “global selectivity,” where variations in electrical responses across materials
generate a pattern—or “fingerprint” —capable of distinguishing analytes or mixtures. Applications
are common in beverages such as wine, juice, coffee, and milk to detect quality alterations and
potential contaminants. In environmental and food monitoring, electronic tongues are attractive for
priority contaminants, including heavy metals, because of relatively simple operation, rapid
response, potentially low cost, and integration potential with other measurement systems. Notably,
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sensor arrays using electrodes with low or non-specific selectivity can outperform systems relying
only on highly selective electrodes by capturing broader response patterns, enabling multi-
component analysis without complex laboratory infrastructure.

Some platforms report detection at nmol/L levels, including approximately 0.2 nmol/L for
copper, 0.4 nmol/L for lead, 0.6 nmol/L for cadmium, and 30 nmol/L for zinc, with simultaneous
detection in sodium chloride solutions under seawater-analogous conditions and short response
times on the order of one minute. Chip-based electronic tongues can measure both organic and
inorganic compounds. In sensor development, ternary nanocomposites—including electrospun
nylon nanofibres, cellulose nanowhiskers, and silver nanoparticles —have been explored as detection
layers, and synergistic behaviour has supported separation and discrimination of heavy metals in
mixed solutions containing Fe¥, Cr®, Mn*, and As*. More recent investigations report lead and
copper detection down to ppt levels, suggesting meaningful potential for food safety and
environmental monitoring applications [55-57].

3.3.4. Electrochemical Nanomaterial-Based Biosensors

Electrochemical biosensors incorporating nanomaterials and enzyme-based detection strategies
are increasingly positioned as promising tools for portable, real-time monitoring of heavy metal
contamination in water and foods. These technologies can enhance analytical performance and
broaden monitoring coverage by enabling more frequent measurements and potentially
decentralised testing [57,58]. Electrochemical sensors based on nanomaterials with high electrical
conductivity —particularly carbon nanotubes (CNTs)—have been widely described, with detection
relying on electrochemical responses generated by metal ions at modified electrode surfaces, often
improving sensitivity and selectivity [15]. Among metallic nanomaterials used to modify electrodes,
gold (Au), silver (Ag), bismuth (Bi), and platinum (Pt) are frequently reported, with gold
nanoparticles (AuNPs) standing out due to strong biocompatibility and compatibility with organic
and biological carriers such as graphene, polymers, DNA, and enzymes. These combinations enable
platforms for detecting ions including Cd?, Pb?, Hg?", Cu?, Zn?, As*, Ag*, and Cr(VI), among others
[39]. In parallel, the integration of nucleic-acid aptamers with nanomaterials has accelerated the
development of rapid, highly sensitive sensors, where nanomaterials contribute to recognition and
transduction. Some prototypes also exhibit catalytic activity that strengthens electrochemical
responses and improves performance across ions with differing affinities and physicochemical
characteristics [35].

Collectively, the emerging techniques outlined in this section (XRF, Raman/SERS, electronic
tongues, and nanomaterial-based electrochemical biosensors) offer operational advantages for food
surveillance, particularly portability, rapid response, reduced sample preparation, and potential for
in situ or real-time analysis [16,59,60]. However, in most practical food safety workflows, they serve
a complementary role to conventional confirmatory methods (e.g., ICP-MS, ICP-OES, or AAS),
especially when metrological traceability, ultra-low detection limits, and robust confirmation in
complex matrices are required. A pragmatic monitoring architecture therefore combines approaches:
emerging methods can support screening and continuous surveillance, followed by confirmatory
spectrometric analysis when signals indicate potential risk or concentrations near regulatory limits.

3.3.5. In Situ Magnetism

In situ magnetism has emerged in recent years as a complementary, non-destructive approach
for environmental assessment, with potential applications in the indirect detection of heavy metal
contamination in soils, sediments, and environmental matrices linked to food systems. The approach
relies on measuring magnetic properties directly at the sampling site, reducing the need for extensive
sample preparation and laboratory transport [61-67]. Magnetic susceptibility, defined as a material’s
ability to become magnetised in an external magnetic field, has shown correlations with total heavy
metal concentrations in soils, enabling identification of areas where contamination exceeds
geochemical background levels [58]. Environmental studies have reported that elevated magnetic
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susceptibility can coincide with increased presence of metals such as Pb, Cd, Zn, Ni, and Cu, often
associated with anthropogenic activity.

Operational advantages include rapid results, reduced chemical preparation, and lower costs
compared with conventional metal analysis. However, the relationship is not universal across metals
and depends on geochemical affinity with magnetic phases. For example, direct susceptibility
measurements in urban soils have been used for preliminary contamination mapping to prioritise
areas requiring detailed chemical analysis [66]. Applied case studies have also demonstrated value
in monitoring contamination and soil restoration processes near metallurgical activity, where
magnetic parameters differentiated affected and unaffected soils adjacent to copper-processing
facilities [67-77]. Additional work has documented positive correlations between magnetic
susceptibility and heavy metal concentrations in river sediments and agricultural soils, supporting
its role as a complementary monitoring tool; nevertheless, methodological limitations require
integration with chemical techniques for reliable interpretation [78,79]. Despite these advantages, in
situ magnetism cannot directly identify specific metals, and natural geological factors can influence
magnetic signals, complicating attribution. Consequently, it should be treated as part of a
complementary methodological framework, integrated with chemical and toxicological analyses for
comprehensive risk assessment related to heavy metal contamination [80-82]. Overall, in situ
magnetic approaches remain promising for rapid screening, preliminary assessments, and
continuous surveillance programmes when deployed alongside confirmatory analytical methods.

Consistent with this integrated perspective, emerging techniques (including portable XREF,
Raman/SERS, electronic tongues, and nanomaterial-based electrochemical biosensors) provide
operational benefits for monitoring heavy metals in foods, primarily through portability, rapid
measurements, reduced sample preparation, and in situ potential [58]. However, they are commonly
used alongside confirmatory methods (ICP-MS, ICP-OES, or AAS), particularly when robust
confirmation is required in complex matrices (Table 2) [83]. Despite their promise, widespread
adoption faces shared challenges: matrix effects can distort analytical responses and increase
interference and variability. For SERS specifically, signal reproducibility and quantitative validation
remain major concerns, and strategies to reduce variability and validate performance against
established methods are frequently recommended [84,85]. For portable XRF, calibration, detection
limits, and benchmarking against reference methods are central considerations for strengthening
confidence in food applications [86]. In electrochemical sensors applied to foods, performance may
be constrained by ionic interferents, electrode fouling, and the need for rigorous calibration and
validation protocols in real matrices [87].

Table 2. Analytical techniques for heavy metal determination in foods.

Technique Principle Metals LOD Strengths Limitations
AAS (FAAS / Atomic absorption Pb, Cd, pg/L-ng/L Low cost; Single-element
GF-AAS) by free atoms Hg, As, good analysis;  acid
Ni precision; digestion
reference required
method
ICP-MS Plasma ionization Pb, Cd, ng/L-pg/L Ultra-high High capital and
with mass As, Hg, sensitivity; operating costs;
spectrometric Ni multi-element  skilled
detection capability personnel
ICP-OES Optical emission Pb, Cd, ug/L Robust; multi- Lower
of excited atomsin Ni, Cu, element; high sensitivity than
plasma Zn throughput ICP-MS
LC-ICP-MS Chromatographic As ng/L Elemental High analytical
separation species, speciation; complexity and
coupled to ICP- Hg, Se high cost
MS selectivity
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XRF X-ray-induced Pb, Cd, mg/kg Non- Higher
fluorescence Hg, As destructive; detection limits;
emission rapid; limited trace

portable sensitivity

Raman / SERS Inelastic light Pb, Cd, ng/L (SERS) Rapid; non- Limited
scattering As destructive; quantitative
(surface-enhanced  (indirect) high chemical reproducibility
for SERS) specificity

Electronic Multisensor Pb?, Cd?*, nmol/L Low cost; Limited

tongues electrochemical Cu® simultaneous  standardisation
pattern multi-ion and regulatory
recognition detection validation

Electrochemical Nanomaterial- Pb?, Cd*, pg/L-ng/L Portable; real- Matrix effects;

biosensors enhanced Hg?, As® time; high limited
electrochemical sensitivity regulatory
detection acceptance

In situ magnetic Magnetic Fe-linked  Qualitative- Rapid; non- Indirect signal;

methods susceptibility ~as metals; semiquantitative  destructive; requires
indirect proxy Pb, Cd low cost chemical

(indirect) correlation

3.4. Heavy Metals and Human Health Impacts

Heavy metals represent a major class of environmental contaminants, and their toxicity has
become an increasingly relevant concern from ecological, nutritional, and public health perspectives.
Among the heavy metals most frequently detected in contaminated water sources and wastewater
systems are arsenic, cadmium, chromium, copper, lead, nickel, and zinc, all of which have been
consistently associated with adverse effects on both human health and environmental integrity
[87,88]. Their persistence, non-biodegradable nature, and capacity to bioaccumulate in biological
systems underpin their relevance as long-term health stressors. Dietary exposure constitutes one of
the primary routes through which heavy metals enter the human body. The presence of these
contaminants has been widely documented in commonly consumed foods, including fruits,
vegetables, rice, fish, and other staple crops. Such contamination reflects the cumulative transfer of
metals across environmental compartments—soil, water, air, and biota—ultimately converging
within the food chain. In this context, the World Health Organization has emphasized that trace metal
content in drinking water has been detected across multiple industrialized regions, thereby
increasing the risk of chronic exposure at the population level, particularly when combined with
dietary intake [2].

From a toxicological standpoint, heavy metals exert their deleterious effects through multiple,
often overlapping, mechanisms. These include the generation of oxidative stress, disruption of
enzymatic activity, interference with essential metal homeostasis, and binding to sulthydryl groups
in proteins, which alters their structure and function. At the cellular level, prolonged exposure has
been associated with mitochondrial dysfunction, induction of inflammatory pathways, and genomic
instability, while at the organ level, metals preferentially accumulate in specific target tissues
depending on their chemical properties and routes of exposure. Chronic ingestion, even at low
concentrations, may therefore result in cumulative damage affecting the nervous system, kidneys,
liver, cardiovascular system, and endocrine regulation. The health implications of heavy metal
exposure are further modulated by factors such as age, nutritional status, co-exposure to multiple
contaminants, and the chemical speciation of the metals involved. Vulnerable populations, including
children and pregnant individuals, are particularly susceptible due to higher absorption rates and
the potential for developmental toxicity. Importantly, the combined exposure to metals from food
and drinking water represents a realistic and often underestimated scenario, reinforcing the need for
integrated assessments that consider multiple exposure pathways rather than isolated sources.

The Table 3 provides a structured synthesis of the most relevant heavy metals detected in foods,
their predominant sources, primary target organs, and associated mechanisms of toxicity. Together,
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these elements underscore the complexity of heavy metal exposure and the importance of addressing
food contamination within a broader environmental and public health framework. Within this group,
the most toxic elements include nickel, cadmium, arsenic, mercury, and lead [89]. Heavy metals
become particularly harmful when they are inefficiently metabolized and accumulate in soft tissues,
causing adverse effects when exposure or intake exceeds recommended daily limits. Although each
metal exhibits specific clinical manifestations, general symptoms associated with intoxication by
cadmium, lead, arsenic, mercury, zinc, copper, and aluminum include gastrointestinal disturbances,
diarrhea, stomatitis, tremors, hemoglobinuria, ataxia, paralysis, vomiting, and seizures. Inhalation of
metal vapors and fumes may additionally induce respiratory depression and pneumonia [90]. While
these effects are well documented, most available studies focus on acute or high-dose exposures,
whereas chronic low-dose exposure scenarios—more representative of dietary intake—remain
insufficiently investigated.

Lead is primarily released into the environment through mining and industrial activities and is
subsequently deposited into soils and surface waters via atmospheric precipitation [91-93]. From
these reservoirs, lead enters fruit and vegetable crops through contaminated soil, water, and air,
increasing the risk of bioaccumulation in exposed ecosystems. Dietary intake of lead-contaminated
foods induces cellular toxicity mainly through ionic interference and oxidative stress mechanisms.
This oxidative stress arises from an imbalance between reactive oxygen species generation and the
antioxidant capacity required to detoxify reactive intermediates or repair cellular damage. Lead is
rapidly absorbed in humans due to its ability to mimic calcium, with children being considerably
more susceptible than adults [94,95]. A study analyzing 103 food and beverage samples reported the
highest lead concentrations in baby rice cereals (1.005 mg/kg), whole wheat bread (0.447 mg/kg),
precooked rice (0.276 mg/kg), black pepper (0.239 mg/kg), and turmeric (0.176 mg/kg) [96]. In Nigeria,
estimated daily lead intake through soft drink consumption ranges from 0.48-0.88 mg/dL in adults
and 0.06-2.98 mg/dL in children. The World Health Organization recommends a blood lead
concentration of 5 ug/dL as a threshold for comprehensive exposure assessment. Chronic lead
bioaccumulation is associated with headache, irritability, abdominal pain, impaired hemoglobin
synthesis, encephalopathy, and neurological dysfunctions, including behavioral disorders and
reduced attention in children [97,98]. Despite extensive documentation of lead toxicity, limited
integration exists between environmental monitoring, food contamination data, and human
biomonitoring, restricting accurate source-pathway-receptor assessments.

Mercury is another heavy metal with a high bioaccumulation potential in the human body.
Although its toxic effects are not always immediate, mercury exposure leads to progressive health
deterioration over time. Major sources of mercury in the food chain are associated with urban
industrialization and mining activities in rural areas. Mercury exists in elemental, organic, and
inorganic forms, each with distinct toxicological properties. Despite generally low environmental
concentrations, mercury is highly toxic, persistent, and bioaccumulative [99]. While mercury present
in food is poorly absorbed via the gastrointestinal tract, it can be transformed into highly toxic ionic
forms. Once absorbed, mercury accumulates primarily in the cerebrospinal fluid, kidneys, and central
nervous system, causing irreversible damage such as tremors, deafness, sensory impairment,
coordination loss, and memory deficits. Mercury exposure also enhances reactive oxygen species
production, increasing carcinogenic risk through inhibition of antioxidant defense systems and
disruption of redox homeostasis [99,100]. The World Health Organization establishes a maximum
mercury concentration of 1 pug/L in drinking water; however, studies conducted between 1971 and
2021 reported concentrations of up to 25 pg/L, with approximately 25% of measurements exceeding
permissible limits. Furthermore, mercury-contaminated agricultural soils pose a direct threat to food
security [101,102]. Nevertheless, most studies emphasize drinking water exposure, whereas dietary
exposure from composite diets and processed foods remains poorly characterized.

Cadmium is classified among the four most hazardous heavy metals due to its toxicological
profile, high solubility, and environmental persistence. It readily enters the food chain and is
therefore considered a potentially toxic element. The International Agency for Research on Cancer
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classifies cadmium as a human carcinogen [103]. Although environmental concentrations often
remain below regulatory thresholds, cadmium exhibits an extended biological half-life ranging from
5 to 30 years. In 2012, the European Food Safety Authority established a tolerable weekly intake of
2.5 pg/kg body weight [104,105]. Cadmium absorption depends on physiological factors such as age,
sex, nutritional status, and iron levels, with women of reproductive age showing increased
susceptibility due to enhanced intestinal uptake under iron-deficient conditions. Approximately 10—
50% of inhaled cadmium is absorbed depending on particle size, whereas oral absorption averages
~6% and dermal uptake remains below 1%. Cadmium is only partially excreted via urine due to its
high biological persistence. Metallothionein synthesis provides partial protection by regulating
essential metal homeostasis and mitigating oxidative stress through reactive oxygen species
scavenging. Cadmium-metallothionein complexes initially accumulate in the liver and subsequently
redistribute to the kidneys, which represent the primary target organ of cadmium toxicity.
Experimental evidence indicates that cadmium exposure disrupts redox-regulating enzymes,
enhances lipid peroxidation, damages cerebral microvasculature, induces DNA mutations, alters
gene expression, and activates apoptotic and carcinogenic pathways [90,106]. However, mechanistic
studies under environmentally relevant chronic exposure levels remain limited.

Heavy metals dissolved in aqueous environments represent a major environmental concern due
to their increased bioavailability and toxicity compared with elemental forms. Arsenic belongs to this
group and is widely used in glass, textile, paper, and wood industries, as well as in alloy production
and pigments. Although commonly referred to as a heavy metal, arsenic is a metalloid with both
metallic and non-metallic properties and exists in a (yellow), 8 (black), and vy (gray) allotropes, as
well as in organic and inorganic forms. In the atmosphere, arsenic is predominantly present as
inorganic arsenic trioxide (As20s), whereas soils and water mainly contain arsenates (AsV) and
arsenites (AslIl). Foods with elevated organic arsenic levels include seafood, mushrooms, rice, and
poultry (Pinedo-Torres et al., 2023). The primary route of human exposure is the consumption of
drinking water contaminated by industrial effluents or agrochemicals; however, atmospheric
deposition and dietary intake also contribute significantly. Arsenic exposure may further occur via
inhalation, dermal contact, contaminated foods, adulterated milk, and the use of raw acids and
metals. Inorganic arsenic exhibits both acute and chronic toxicity, and it is estimated that over 140
million people worldwide consume drinking water exceeding the World Health Organization
guideline of 10 ppb, constituting a major global public health concern [107].

Overall, although substantial evidence exists regarding the sources, toxicokinetics, and health
effects of heavy metals, significant gaps persist. Current research remains largely fragmented,
focusing on individual metals rather than realistic multi-metal exposure scenarios, with limited
consideration of chronic low-dose exposure, vulnerable populations, and combined dietary
pathways. Future studies should prioritize integrated approaches that combine environmental
monitoring, food safety assessment, mechanistic toxicology, and human biomonitoring to improve
risk characterization and support evidence-based regulatory policies.

Table 3. Heavy metals in foods and associated health impacts.

Metal Main food sources  Target organs Health effects Toxic mechanism

Pb Rice, cereals, spices,  Nervous system, Neurotoxicity, anemia, Oxidative stress, Ca2*
vegetables blood, kidney cognitive deficits interference

Cd Rice, legumes, Kidney, liver, bone = Nephrotoxicity, bone Bioaccumulation,
vegetables, seafood loss, cancer mitochondrial

damage
Hg Fish, seafood, rice CNS, kidney Tremors, memory ROS generation,
impairment antioxidant inhibition

As Rice, drinking Skin, lung, liver Cancer, skin lesions, DNA damage,
water, seafood systemic toxicity oxidative stress

Ni Vegetables, cereals,  Lung, skin Allergy, carcinogenic Protein binding,
water potential inflammation

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.0542.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 February 2026 d0i:10.20944/preprints202602.0542.v1

17 of 23

4. Conclusions

Extensive scientific literature demonstrates that heavy metal contamination in foods and in
environmental matrices connected to the food chain remains a persistent and globally relevant public
health concern, particularly in regions affected by industrial, mining, and intensive agricultural
activities. The recurrent detection of priority toxic elements such as lead, cadmium, arsenic, and
mercury in widely consumed foods reflects the strong coupling between environmental
contamination and food systems, emphasizing the need for surveillance strategies capable of
capturing spatial variability and early-stage contamination processes beyond isolated, laboratory-
based assessments. Conventional analytical techniques, notably atomic absorption spectrometry and
inductively coupled plasma-based methods, continue to constitute the analytical backbone for
regulatory compliance, quantitative determination, and toxicological evaluation of heavy metals in
foods. Their robustness, accuracy, and regulatory acceptance make them indispensable for
confirmatory analysis. However, exclusive reliance on these approaches is constrained by high
operational costs, infrastructure demands, and limited suitability for large-scale, spatially resolved,
or continuous monitoring, particularly in resource-limited settings.

In this context, emerging detection approaches play an increasingly relevant role, especially
those enabling rapid, low-cost, and in situ measurements. Among these, environmental magnetism
and in situ magnetic measurements offer a distinctive advantage by providing indirect, non-
destructive proxies for metal-associated particulate contamination in soils, sediments, and dusts that
directly influence agricultural systems. Magnetic susceptibility and related parameters allow efficient
screening of large areas, identification of contamination hotspots, and prioritization of sites requiring
detailed chemical analysis, thereby enhancing the efficiency of monitoring programs. The
applicability of in situ magnetic techniques is inherently context-dependent and governed by the
geochemical affinity between heavy metals and magnetic carrier phases. While these methods do not
provide element-specific concentrations, their strength lies in their capacity to capture spatial
patterns, temporal trends, and anthropogenic influences that are often missed by point-based
chemical analyses alone. Consequently, their greatest value emerges when magnetic proxies are
integrated with targeted chemical and toxicological measurements within combined methodological
frameworks.

Despite notable advances, critical gaps remain. These include limited integration of in situ
magnetic screening into food safety and agricultural monitoring schemes, insufficient harmonization
between proxy-based indicators and regulatory thresholds, uneven geographic coverage of
monitoring efforts, and a lack of comprehensive exposure assessments that jointly consider
environmental reservoirs and dietary pathways. Addressing these gaps requires coordinated
strategies that explicitly incorporate environmental magnetism as a first-tier screening tool, followed
by confirmatory laboratory-based techniques, supported by standardized protocols and risk-oriented
monitoring designs. Overall, the findings of this review support a transition toward integrated, multi-
tiered monitoring strategies in which in situ magnetic methods complement conventional analytical
techniques. Such approaches balance analytical rigor with operational feasibility, improve early
detection of contamination sources affecting the food chain, and strengthen public health protection
against chronic dietary exposure to heavy metals.
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