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Abstract

Food safety regarding heavy metal contamination is a critical global challenge due to 
the toxic nature of these elements and their ability to bioaccumulate in the food chain. 
This pilot study investigates the spatial distribution at different depths of potato tubers 
(Solanum tuberosum L.), of toxic elements such as lead and cadmium (both highly 
toxic) as well as aluminium (far less toxic compared to the previous two) and copper 
(micronutrient) to evaluate the efficacy of culinary processing in reducing toxic metal 
exposure. Three popular cultivars in southern Poland – “Soraya”, “Vineta”, and “Jelly” 
available on the Tarnów market were analyzed. Following the wet digestion step, the 
quantitative determination of selected metals was performed using Graphite–Furnace 
Atomic Absorption Spectrometry (Agilent 240Z AA). The accuracy of the analyses was 
validated using certified reference materials. The most interesting findings indicate 
that while mechanical peeling of tubers effectively minimizes exposure to Pb, it does 
not significantly reduce Cd levels. Analysis of behavior of aluminium revealed a distri-
bution pattern similar to that observed for lead. Mechanical peeling led to a substantial 
reduction in the content of lead (69.0–82.0%) and aluminium (96.8–98.6%), as both 
elements strongly accumulated within the outermost periderm. Conversely, cadmi-
um exhibited high mobility throughout the internal tissues, resulting in a minimal 
post-peeling concentration decrease ranging from 5.6% to 36.1%. 
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Introduction 
Food quality and safety constitute fundamental pillars 
of societal well-being and the sustainable development 
of global agriculture. According to the World Health Or-
ganization (WHO), on average 1 in 10 people fall ill af-
ter consuming contaminated food, with approximately 
420,000 deaths occurring annually worldwide due to 
this cause [1]. These figures underscore large scale of 
the problem and illustrate the immense responsibility 
borne by food producents. Diseases resulting from the 
consumption of contaminated food remain one of the 
significant social challenges in both developing and 
developed countries. The presence of heavy metals in 
consumed vegetables poses a significant risk to human 
health due to their toxic effects, even at trace concen-
trations [2]. The term “heavy metal” refers to a metal 
or a metalloid with a relatively high density, typically 
ranging from 4 to 6 g cm−³ [3]. Furthermore, these met-
als possess atomic mass of no less than 63.5 u and no 
more than 200.6 u. Heavy metals can be classified into 
three group according to their toxicity: highly toxic, e.g. 
Cd, Pb, As; moderately toxic, e.g. Ni, Co, Cu; low-toxic-
ity metals, e.g. Fe, Mn, Mo [3,4]. 

Heavy metals are characterized by their capacity 
for bioaccumulation within the tissues of living organ-
isms. Unlike many toxic organic compounds, they do 
not undergo degradation. In the case of edible plants, 
bioaccumulation occurs primarily through uptake via 
the root system. Consequently, soil quality, type and 
acid-base characteristic (pH) exert a direct influence 
on the overall of contamination scale. While heavy 
metals in soil can originate from natural sources, such 
as the weathering of parent rocks or the soil’s natural 
geochemical background, anthropogenic activity is 
the primary driver of their prevalence in ecosystems. 
The range of human activities resulting in the release 
of heavy metals is very extensive, however the most 
significant contributors include industrial emissions, 
the combustion of fossil fuels, the applications of pes-
ticides and synthetic fertilizers, transportation and 
waste disposal [4–7].

Heavy metals are absorbed by plants from the soil in 
the form of ions or complex compounds, e.g. chelates. 
The transport mechanism is directly associated with 
bioavailability of a given chemical form of the metal. 
Within the plant’s root system, two primary transport 
pathways are distinguished: the passive (apoplastic) 
and the active (symplastic). The latter involves mem-
brane ion transporters responsible for the uptake of es-
sential nutrients [8–10]. The transport of heavy metals 
from the soil into plants organisms often relies on the 
same systems used for the absorption of essential min-

erals. For example, the uptake of cadmium is largely 
based on the same transmembrane carriers involved in 
the transport of magnesium, calcium or zinc [11].

Cadmium is a major public health threat, ranked 
7th on the ATSDR (Agency for Toxic Substances and 
Disease Registry) Substance Priority List [12]. Beyond its 
presence in tobacco smoke, it is widely used in battery 
production [6]. Cadmium bioaccumulates in the kid-
neys and liver, causing neurotoxicity, renal dysfunc-
tion, hypertension, diabetes, and carcinogenicity. In 
plants, it is absorbed via the apoplastic pathway, trans-
ported through the xylem [7,13,14], and induces oxida-
tive stress, organelle degradation, and photosynthetic 
disruption [15].

Arsenic is a toxic metalloid derived from geological 
and industrial sources. Inorganic forms such as arse-
nates (As(V)) and arsenites (As(III)) pose the greatest 
food safety risks [6,16]. Its toxicity stems from binding 
to protein thiol groups (–SH) and replacing phospho-
rus in metabolic pathways [7]. Chronic exposure to sol-
uble in water arsenic compounds causes renal, hepatic, 
and vascular damage, as well as skin, bladder, and lung 
cancers [16–18]. Elevated blood arsenic levels have also 
been linked to an increased risk of breast cancer in Pol-
ish women [19].

Lead is an environmental pollutant originating main-
ly from metallurgy, fossil fuel combustion, ammunition, 
and transport [6,20]. Absorbed via respiratory, dermal, 
and gastrointestinal routes, it accumulates in bones and 
teeth, where it poses a long-term risk during periods 
of increased bone resorption. Children are particular-
ly vulnerable due to an immature blood–brain barrier 
[7,21,22]. Lead toxicity (saturnism) causes anemia, pe-
ripheral neuropathy, cognitive impairment, and renal 
failure, which can be fatal in acute cases [7,23].

The distribution of non-essential metals for plants, 
such as aluminium, and essential ones like copper, can 
be a great comparison for uptake patterns for heavy 
metals. Copper is considered as a micronutrient. It 
plays a vital role in cell wall metabolism, oxidative 
stress protection, and the biogenesis of the molybde-
num cofactor. To manage its distribution, plants utilize 
a complex network of trafficking pathways that ensure 
copper homeostasis and appropriate delivery to target 
metalloproteins [24]. In contrast, aluminium, while 
not an essential nutrient, is a common soil component 
whose presence in different tuber layers can indicate 
the effectiveness of the periderm as a mechanical 
barrier [25]. Investigating these elements alongside 
lead, arsenic and cadmium allows for a more compre-
hensive understanding of how structural barriers and 
physiological processes influence the final mineral 
composition of the potato tuber.
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The potato (Solanum tuberosum L.) ranks as the 
third most significant food crop worldwide, sur-
passed only by wheat and rice [26]. In Poland, ac-
cording to data from the Statistics Poland (GUS), sales 
of table potatoes reached 1.6 million tonnes in the 
2024/2025 season. During this period, total domes-
tic production amounted to 6.35 million tonnes, with  
a cultivation area of 205,000 hectares [27]. The prima-
ry nutrients in potatoes are carbohydrates, which, in 
many varieties, constitute over 75% of the tuber’s dry 
matter, most commonly in the form of starch. Despite 
their low protein content, potatoes can provide certain 
essential amino acids, such as lysine. Furthermore, 
they serve as a source of B complex vitamins, including 
riboflavin, thiamine, niacin, and folic acid, as well as 
vitamin C [3,13,26]. The global scale of potato cultiva-
tion for food purposes underscores the critical impor-
tance of ensuring their safety in the context of public 
health. This vegetable is particularly susceptible to the 
uptake of heavy metals due to the direct contact be-
tween the developing tuber and the soil [28]. A signifi-
cant aspect of this issue is the variation in heavy metal 
bioaccumulation across different layers of potato tuber. 
Consequently, this pilot study aims to evaluate whether 
analyzing the distribution of metals within the tuber’s 
structure is justified from the perspective of food safety 
and consumer risk assessment, while providing novel 
data regarding the chemical safety of potatoes com-
mercially offered on the Tarnów local market

Regional data further underline the relevance of 
this issue for the Tarnów area. Elevated cadmium, 
nickel and zinc levels, as well as cadmium exceeding 
admissible limits in plants, were previously reported 
in soils and vegetation near Tarnów region, linked to 
local industrial pressure [29]. On a national scale, Less-
er Poland, the province where Tarnów is located, was 
identified among the regions with the highest non-car-
cinogenic and carcinogenic consumer risk from poten-
tially harmful elements in edible plants, including Cd, 
Cu, Pb and As [30].

Materials and methods 
The research material consisted of tubers from three 
edible potato cultivars: “Soraya”, “Vineta”, and “Jelly”. 
To reflect both certified agricultural practice and re-
alistic retail scenarios, samples were obtained from 
three distinct supply channels: “Jelly” tubers were 
sourced directly from a local agricultural produc-
er with confirmed cultivar seed provenance, while 

“Soraya” and “Vineta” were acquired from a major su-
permarket chain and a local greengrocer, respectively, 

representing produce as typically purchased by con-
sumers. Several potato tubers of each variety were pur-
chased for the study, from which one tuber of a given 
variety was randomly selected and used for the labora-
tory testing.

The research material was collected in Tarnów (Po-
land) during the fourth quarter of 2024. 

To remove mineral impurities in the form of soil, 
the tubers were thoroughly dry cleaned mechanically 
using clean paper towels. Subsequently, using a stain-
less steel kitchen peeler (previously rinsed with deion-
ized water and dried), the sampling areas for the peel 
and pulp were separated for further analysis. Three 
distinct zones were isolated from each potato: the peel 
and two layers of pulp. The resulting samples were 
weighed using an analytical balance (Radwag), and the 
thickness of the layers was measured with a caliper to 
an accuracy of 0.01 mm. Additionally, research materi-
al was collected from the central part of the tuber. De-
tailed samples labelling and their measured depths are 
presented in Table 1.

Table 1. Labeling of tested samples of potatoes tubers

Cultivar Sample code Depth [mm]

Soraya

P1L1 1.36

P2L2 2.48

P1L3 3.61

P1M 11.34

Vineta

P2L1 1.62

P2L2 2.80

P2L3 3.79

P2M 7.69

Jelly

P3L1 1.28

P3L2 2.60

P3L3 3.85

P3M 7.66

To ensure systematic data management, the follow-
ing coding system was used: P – denotes the potato cul-
tivar, L – represents the sampled layer, and M – refers 
to the tuber core (flesh). 

Approximately 1 g of each sample (measured to an 
accuracy of 0.0001 g) was weighed and placed in PTFE 
digestion vessels. Subsequently, 6 mL of concentrat-
ed ultra pure nitric(V) acid (Supelco, Sigma Aldrich) 
was added to each vessel. Next, a wet digestion of the 
samples was performed using a closed-vessel micro-
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wave-assisted digestion system (MAGNUM II, Ertec, 
Poland) with the temperature of up to 250°C and the 
pressure of up to 25 bar. 

In order to provide a proper quality assurance, a re-
agent blank was prepared to account for potential back-
ground contamination from the reagents used. Following 
the completion of the digestion process and the cooling 
of the samples, the resulting solutions were quantitative-
ly transferred into 50 mL volumetric flasks and diluted to 
the mark with deionized water. The final solutions were 
then stored in polypropylene vials.

Spectrometric analysis 

To determine the concentrations of selected elements 
in the digested samples, Agilent 240Z AA atomic ab-
sorption spectrometer with graphite–furnace atomizer 
and Zeeman background correction was used. Each 
sample was analyzed in four replicates.

Results and discussion

Quality control

Concentrations of selected heavy metals in procedural 
blanks were very low, except for aluminium (which is 
a common contaminant of many materials), and there-
fore considered negligible relative to concentration of 
heavy metals in tuber samples. Based on the blank re-
sults, limits of quantifications (LOQ) were calculated. In 
order to confirm the accuracy of the calibration, a cer-
tified reference material (ESH3 – contaminated water, 
prod. by SPC Science, Canada) was measured in paral-
lel to the samples. The calculated recoveries are close 
to 100% which confirms accuracy of the method cali-
bration. Each calibration curve was based on 4 points. 
Quality control results, including LOQ and certified ref-
erence material, are summarized in Table 2.

Selected metals concentrations

The concentrations of selected metals in analyzed tu-
bers together with expanded uncertainties are sum-
marized in Table 3. and their distribution and overall 
reduction are illustrated in Figure 1. The overall re-
duction is calculated as a percentage drop in concen-
tration of a given metal between the top layer and the 
core. Due to the concentrations of arsenic remaining 
consistently below or near the method’s limit of quanti-
fication (140.6 μg kg−¹), this element was excluded from 

the graphical distribution analysis. The trace levels ob-
served in all layers did not allow for a meaningful com-
parison of its spatial distribution across the tuber.

Figure 1. (A) Lead and (B) cadmium concentration profiles 
in the analyzed tubers; (C) Overall reduction in metal 

concentrations between the skin and the tuber core; and for 
Al between the skin and the LOQ

Lead displayed a pronounced decline in concentra-
tion with increasing depth in all three tubers. The ob-
served changes correspond to the reductions of 82.0%, 
69.0% and 81.9%, respectively, between the outermost 
layer (skin) and the flesh. The strongest decrease in 
lead concentration was observed within the 2–3 mm 
layer below the skin, after which the lead profile be-
came noticeably flatter. Considering the 100 µg kg−¹ 
threshold established by The European Commission 
as the maximum level of lead in peeled potatoes [31], 
Pb reached this level at 3 mm in tuber 1 and 2 mm in 
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Table 2. Calibration details, certified reference material recoveries, blank results and LOQ for lead, cadmium, copper, 
aluminium and arsenic

Sample Parameter Pb Cd Cu Al As

Calibration

calibration range  
[µg kg−¹] 0–20 0–1,2 0–50 0–30 0–100

calibration curve 
r-value 0.9989 0.9983 0.9986 0.9998 0.9966

ESH3 (CRM)

Certified value [mg kg−¹] 5.6 11.2 42.2 11.65 21.9

Tolerance interval  
[mg kg−¹] 5.05–6.15 10.15–12.20 37.85–46.55 9.95–13.4 19.5–24.3

Determined value  
[mg kg−¹] 5.9 ± 0.3  11.5 ± 1.2 44.1 ± 0.9 12.99 ± 0.9 24.1 ± 0.16

Recovery [%] 105.9 102.6 104.5 111.5 110.0

Blank

Experimental value  
[µg kg−¹]  0.26  0.06  0.83  31  2.6

RSD [%] 13 23 9 1,7 0,8

— Limit of quantification 
[µg kg−¹]* 29.4 13 79.7 1795 140.6

*LOQ = blank + 10 SD, where ‘blank’ is an average blank result for a given element; the result is further multiplied by the mean 
dilution factor (approx. 50 times) in order to represent the dry samples rather than their digested solutions.

Table 3. The results for all potato tuber samples. Concentrations are mean values (n = 4); expanded uncertainties are given with 
the coverage factor of k = 2

Sample 
code

Pb  
[µg 

kg−¹]
SD Uexp

Cd  
[µg 

kg−¹]
SD Uexp

Cu 
[µg 

kg−¹]
SD Uexp

Al  
[µg 

kg−¹]
SD Uexp

P1L1 266 21.5 97 99.5 1.9 6.3 1077 8 25 128.4 3.1 5.10

P1L2 140 3.8 13 87.5 0.4 1.5 776 6 21 4.44 0.10 0.16

P1L3 54 3.6 12 74.4 0.2 0.7 606 4 14 <1.8

P1M 48 1.6 7 93.9 0.8 2.5 749 3 10 <1.8

P2L1 134 3.1 10 154 3.4 11 871 3 9 55.7 1.6 2.7

P2L2 58 1.3 6 100.4 0.5 1.7 586 8 25 <1.8

P2L3 53 2.1 10 101.0 1.3 4.3 519 5 15 <1.8

P2M 42 1.5 5 98.2 0.8 2.6 545 10 32 <1.8

P3L1 177 1.4 5 85.5 0.8 2.6 1110 4 15 93.4 0.4 0.6

P3L2 44 2.0 9 80.1 0.7 2.4 690 3 9 4.26 0.2 0.37

P3L3 49 2.5 8 74.5 0.7 2.5 1063 4 14 <1.8

P3M 32 2.5 8 70.7 0.4 1.4 454 6 20 <1.8
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tubers 2 and  3  [31]. The differences in lead concentra-
tions between the skin and flesh are consistent with past 
studies on determining Pb levels in produces grown in 
the UK. As reported previously, lead concentrations in 
potato tubers were high in the first 1 mm layer of the 
tuber and significantly reduced in the deeper layers [32]. 
The results also indicate, that the transport of lead in the 
tuber is limited due to its immobility in the phloem. Fur-
thermore, it was demonstrated that the areas of potato 
tubers enriched with the highest dry matter content are 
located in the periphery, and the most mobile elements 
in potatoes included magnesium, sulphur, phosphorus, 
chlorine and potassium [33]. Additionally, lead in plants 
is accumulated in their cell wall after exposure to this 
element, since plant cell wall is rich in lead–binding 
compounds. When plants are exposed to stress induced 
by the presence of Pb, the cell wall thickens and acts as 
a physical barrier against lead ions, demonstrating their 
defensive mechanism [34].

Unlike lead, cadmium did not show a uniform de-
crease in concentration relative to the depth. In tuber 1 
the concentration through studied layers ranged from 
99.51, to 93.91 µg kg-1, reporting an overall reduction 
of 5.6%. In tuber 2, the reduction in Cd concentration 
was 36.1%, fluctuating from 98.21 to 153.67 µg kg−¹ 
from the outermost layer to the core. Tuber 3 (“Jelly”  
variety) also exhibited a low reduction in cadmium 
concentration of 17.2%, with concentrations changing 
from 70.74 to 85.48 µg kg−¹. The lowest cadmium reduc-
tion values indicate high mobility of the element with-
in the potato tuber. It was reported that  Cd in potatoes 
is transported in both xylem and phloem throughout 
the tuber [35]. Therefore, due to its high mobility, cad-
mium may be less concentrated in the skin but evenly 
distributed across all layers of the tuber.

Similarly to lead, copper tended to accumulate in the 
outer layers of the tubers, but it did not display a uni-
form decrease across all potato tubers as lead did. Tuber 
1 (“Soraya”)  exhibited an overall reduction of copper 
of 30.4% and its concentrations ranged from 1076.55to 
749.09 µg kg−¹ from the outermost layer to the core. Con-
centration changes in tuber 2 (“Vineta”) ranged from 
870.71to 545.35 µg kg-1 with a Cu reduction of 37.4%. 
The greatest reduction of copper at 59.1% was observed 
in tuber 3 (“Jelly”), where concentrations ranged from 
1109.58to 454.27 µg kg−¹. In addition, tuber 3 exhibited 
the most non-monotonic profile of all samples in which 
copper was determined. The Cu concentration results 
indicate a similar pattern to that of lead, namely a high-
er concentration of the heavy metal is found in the out-
ermost layer than in the flesh, especially the tuber core. 
Previous research demonstrated in their research that 
the distribution of copper is similar to that of phospho-

rus and calcium, indicating that despite its moderate 
mobility in phloem, it can move and accumulate in tis-
sues similarly to one of these two elements [33].

Distribution of aluminium in all analyzed tubers 
exhibited the most pronounced gradient among all 
investigated elements. The highest accumulation of Al 
was consistently recorded in the periderm, with con-
centration levels reaching their peak in all three ana-
lyzed samples. In tuber 1 (“Soraya”), Al concentrations 
decreased gradually from 128,430 µg kg−¹ in the outer-
most layer to 428.99 µg kg−¹ in the core. The last  result 
lie already below method’s LOQ but based on this lim-
it (1795 µg kg−¹), the resulting reduction of Al content 
reaches 98.6%. In tuber 2, aluminium concentrations 
decreased gradually from 55,705 µg kg−¹ in the peel, 
through 1782.66 ( just below the LOQ) and 1028.29 µg kg-
1, to 623.60 µg kg−¹ in the core. Based on the LOQ, cor-
responding overall reduction reaches 96.8%. For tuber 
3, the recorded aluminium concentrations were 93,374, 
4258.39, 995.40 and 476.79 µg kg−¹ from the outermost 
layer to the core, which similarly, represented a total 
reduction of 98.1%. This distribution pattern indicates 
that Al is primarily adsorbed or sequestered in the out-
er protective layers, with minimal translocation into 
the internal storage tissues. A similar pattern was pre-
viously reported showing, that the distribution of Al in 
potato tuber is not uniform [25]. Their study reported 
that while some elements are distributed more evenly, 
others, such as iron, aluminium, silicon, and sodium 
exhibited an opposite distribution pattern, with higher 
concentrations in the peripheral regions of the tuber 
and a lower concentration near its core. Our results for 
Al strongly correlate with this model. 

Conclusions
The distribution pattern of lead was consistent across 
all tested varieties. The pronounced accumulation of 
lead in the periderm indicates that this tissue acts as an 
effective barrier, making mechanical peeling an effec-
tive food safety measure. In contrast to lead, cadmium 
exhibited greater variability and a more uniform distri-
bution within the tuber. Its high mobility suggests that 
cadmium levels are less affected by culinary processing 
(peeling), indicating that food safety regarding cadmi-
um should be managed at the soil-cultivation stage rath-
er than during food preparation. Furthermore, arsenic 
levels in all analyzed tuber layers remained consistently 
very low, which is positive from a consumer health per-
spective, as it minimizes the risk associated with chron-
ic exposure to this toxic metalloid. It is crucial to empha-
size that the EU limit for lead and cadmium (100 µg kg−¹) 
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applies specifically to the product after peeling.. Our 
study demonstrates that peeling effectively removes 
the majority of heavy metal contaminants localized in 
the outer periderm, thereby significantly decreasing 
human health risk to negligible levels under standard 
consumption practices. Due to the observed variability 
in cadmium and copper levels, further studies involving 
a larger sample size and soil parameters are necessary 
to establish a more robust statistical model of heavy 
metal partitioning in Solanum tuberosum L.
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