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Abstract: Different types of pepper (Piper nigrum L.) and cayenne pepper (Capsicum annuum L.) are
widely used spices that exhibit therapeutic properties in addition to nutritional properties. In order
to characterize these foods in further detail, the content of macro- (Ca, K, Mg, Na) and microelements
(Ag, Al, As, Ba, Be, Bi, Cd, Co, Cr, Cu, Fe, Ga, Li, Mn, Mo, Ni, Pb, Rb, Se, S, Te, T1, V and Zn) of
four pepper types was determined via inductively coupled plasma mass spectrometry (ICP-MS) after
microwave-assisted digestion using nitric acid and hydrogen peroxide. The obtained results were
then evaluated using chemometric methods. The content of macroelements and microelements lies in
the expected ranges for such spices but differs significantly between different types. The content of
macro- and microelements is characteristic for pepper types originating from different plant species,
but also based on further processing. Whilst green and black pepper are similar to each other, clearly
diverse patterns are obtained for white pepper (different processing method) and cayenne pepper
(different plant species).

Keywords: chemometric analysis; ICP-MS; major and minor elements; pepper types; spice

characterization

1. Introduction

Pepper has high economic, commercial and medicinal values and is commonly used in
cooking and as a seasoning. Black, white, and green pepper are all derived from the same
plant, Piper nigrum, but they are processed differently and thus have different characteristics.
The distinctive pungent flavor of black pepper is mainly due to the alkaloid called piperine
and its structural analogues [1-3]. Green pepper has a milder flavor than black or white
pepper. White pepper is derived from fully ripe fruits of the Piper nigrum plant by removing
the outer pericarp before drying. Green pepper is based on unripe fruits harvested approx.
10-15 days before maturation which are processed in such a way that the green color is
maintained. Cayenne pepper, however, is made from the dried, ground fruit of several
species of chili peppers, including Capsicum annuum and Capsicum frutescens. It has a bright
red color and a very hot, spicy flavor. Plant species do contain varying amounts of metals
and metalloids, a fact that can be used to help identify different plant species. The metal
content of a plant can vary depending on factors such as soil composition, climate, and
growing conditions [4].

The production and distribution of high-quality spice is an important issue in the
food industry. The quality of pepper can be determined and checked, for example, via
physical and chemical parameters, such as foreign matter, empty grains, density, moisture,
composition of ether extract, contents of total ash, protein, crude fiber and piperine [5]. In
order to ensure a safe use, attention needs to be paid to imported spices regarding toxic
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metal contaminations [5-7]. One way that metal content can be used for identification
is through the analysis of plant tissue samples or derived products, e.g., processed food
products. Researchers can measure the contents of different metals and use this information
to help identify the species of plant. This type of analysis is often used in studies of
plant ecology, environmental pollution, bioremediation, and for food authentication [7-13].
Overall, the metal content of plants can provide important information about their identity
and ecological function and can be a useful tool in the study of plant biology, ecology
and food industry. During the past two decades, the consumption of botanical products
has increased as result of the consumers’ trend to focus on and use more natural and
high-quality botanical products [7-13].

Inductively coupled plasma mass spectroscopy (ICP-MS) is a well-established method
for simultaneous multi-elemental analysis of a wide range of (trace) elements in digested
food samples and has thus been chosen for this study [9,10,13-16].

The application of multivariate analysis for quality control and authentication of food
products including spices and herbs has increased over the last 10 to 15 years. Combin-
ing spectrometric techniques with multivariate chemometric tools offers more options to
evaluate element contents [9,10,17,18].

The present investigation aimed to, firstly, analyze different pepper samples commer-
cially available on the Croatian market since pepper is known as a spice that significantly
contributes to healthy nutrition, and, secondly, to determine whether the obtained elemen-
tal pattern can be used to discriminate different pepper species. The methodology applied
was acidic microwave-assisted digestion followed by ICP-MS analysis, with a focus on the
following elements: Ag, Al, As, Ba, Be, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, K, Li, Mg, Mn, Mo,
Na, Ni, Pb, Rb, Se, Sr, Te, T1, U, V and Zn. Comparing metal contents in different kinds of
pepper leads to useful information for scientific disciplines related to diet.

2. Materials and Methods
2.1. Samples, Chemicals and Material

The pepper samples (dried fruit) were acquired in March 2020 from markets in Zagreb,
Croatia. They were imported from India and packed in plastic bags (15 g each). Two
different batches of each sample type were bought. The certified reference material (CRM)
of strawberry leaves, from LGC Standards (United Kingdom; LGC7162), was used for
quality control/quality assurance.

Supra pure nitric acid (HNOj3), hydrogen peroxide (H,O;) of p.a. (pro analysis)
quality were acquired from Merck (Darmstadt, Germany). The stock solution used for
the preparation of the calibration standards in concentrations ranging from 0.01 ug/L to
100 pg/L, namely ICP Multielement Standard IV (1000 mg/L), was from the same company.
All glass- and plastic-ware were pre-cleaned with semi-concentrated nitric acid prior to
use. Ultrapure water (>18 M() cm) used during the entire study came from the in-house
production unit.

2.2. Sample Preparation and Chemical Analyses

After arrival at the laboratory, the samples were homogenized in a metal-free mortar
and stored in a dry and dark room at ambient temperature prior to digestion. In triplicates,
0.2 g portions (weighed to the nearest 0.1 mg) of dry, ground and sieved pepper samples
were mixed with 6 mL nitric acid (50:50 v/v) and 6 mL hydrogen peroxide (30%) in
Teflon digestion vessels and the digestion was continued slowly at room temperature for
approximately 3 h. Afterwards, the sample underwent microwave treatment (MWS-2
Speedwave Berghof), followed by heat treatment and power, namely 30 min at 120 °C
(500 W), 30 min at 170 °C (700 W), and 30 min at 130 °C (400 W). The obtained solutions were
left to cool until they reached room temperature, and then transferred to the volumetric
flasks and to a constant volume (25 mL) with deionized water. Prior to use, the Teflon
digestion vessels, were soaked for 24 h with 2% (v/v) nitric acid and then rinsed with
deionized water to avoid unexpected contaminations during the sample preparation. The
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applied sample pretreatment procedure is characterized by its easy use in addition to its
ability to minimize contamination and experimental errors by reducing, first, the number
of different reagents and, later, interferences during the measurements. Elemental analysis
of the samples via ICP-MS (Agilent 7500cx ICP-MS, Agilent, Tokyo, Japan) was performed
after a preceding microwave-assisted digestion step. In this work, nitric acid and hydrogen
peroxide were used to decompose the pepper sample matrix.

2.3. Figures of Merit of the Analytical Method

The CRM consisted of strawberry leaves used to prove the accuracy, i.e., precision
and trueness, of the applied method. Analytical quality control was performed through
spiking experiments at two selected concentrations for the elements not certified in the
CRM. Precision as intra-day precision was expressed as relative standard deviation based
on ten replicates of one sample (CRM or spiked digest solution). Trueness was expressed as
recovery (percentage found) either referring to the CRM or to the spiking experiments. The
limits of the detection of the elements were based on three times the respective standard
deviation.

2.4. Data Treatment and Statistical Methods

The data were stored in Microsoft Office 365 Excel® (Microsoft 365, version 2305,
Microsoft Corporation, Redmond, WA, USA). To perform statistical evaluations and visual-
ization, R packages (versions 4.0.3 and 4.0.5) with R-Studio (version 2022.12.0+353, Posit
Software, PBC, Boston, MA, USA) were utilized. Multivariate methods, specifically hierar-
chical cluster analysis (HCA) and principal component analysis (PCA), were employed to
assess the similarities, differences, or correlations between datasets and meta-data, referred
to as “Type”.

Clustering was carried out using Euclidean distances and the Ward method (ward.02
in R), which creates groups with minimized variance within the clusters. This approach
grouped the data into clusters of higher similarity, forming a dendrogram as shown in the
heatmap (refer to Section 3.3). In PCA, the data were extracted and projected to display
systematic variations in a data matrix. For all quantitative assessments, concentrations
below the limit of quantification (LOQ) were considered to be zero.

To determine whether there were statistically significant differences between the
independent and dependent variables, non-parametric testing was performed using the
Kruskal-Wallis H test. Post hoc analysis was conducted using the pairwise Wilcoxon test.
Adjustment of the values was carried out using the Benjamini-Hochberg method, and the
significance level was set to p = 0.05. Additionally, the correlation between variables was
assessed using the Pearson method.

3. Results
3.1. Method Characterization

The method used was fully validated in a previous study [16], and in the present
study, the method was checked by analyzing the CRM of strawberry leaves. The obtained
validation data (trueness) justify the usage of external calibration based on non-matrix-
matched standard solution. All calibration curves have coefficients of determination
of RZ > 0.997. In this study, only the elements found, i.e., with concentrations above
their respective limits of detection (LOD), were selected as variables for the following
chemometric calculations. The LODs, recovery in % and precision are given together with
the obtained results in Tables S1 and S2. The overall uncertainty of measurement of the
applied analytical procedure was determined to be <9% for all analytes considering a
coverage factor of k = 2.

3.2. Elemental Composition of Peppers

The elemental pattern of the analyzed pepper samples is depicted in Figure 1 as the
sum of all determined elements, as well as presented as a percentage composition. Detailed
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information of all analytes including the validation parameters (LOD, precision, recovery)
is given in the supplementary information in Tables S1 and S2.
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Figure 1. Elemental pattern of four pepper types.

The results of the elemental analysis of pepper samples indicate that K, Ca, and
Mg were the most abundant macroelements, followed by Na. The highest content of
macroelements was found in cayenne pepper and the lowest in white pepper. From these
results, it is apparent that the macroelements differ with respect to the species and way
of processing. The order K, Ca, Mg, and Na was also found for black pepper samples
originating from Tunisia [19].

The content of K (mean value 13,394 mg kg 1) is in a similar range to that found in litera-
ture data (25,850 mg kg~1-26,920 mg kg1, [9] and 13,960 mg kg ! and 20,770 mg kg !, [12])
but even the lowest content found in white pepper (383 mg kg~ !) is higher than the results
obtained by Savi¢ et al. (112 mg kg ™!, [20]).

After K, the highest content is detected for calcium. Ca was found in a range from
1075 mg kg~ ! to 4614 mg kg ~!. Savi¢ et al. found a higher value of Ca in black pepper
(3968.79 mg kg !, [20]) compared to results from the present study (3017 mg kg~!). Ad-
ditionally, Abukawsar et al. found a higher value of Ca in two cultivars of black pepper,
6280 mg kg~ ! and 9230 mg kg~!, [12]. For cayenne pepper, Hwang et al. determined a
lower value of Ca in a range from 701 mg kg*1 to 1372 mg kg’1 [21], and Zhang et al.
determined a value ranging from 963 mg kg~ to 1480 mg kg~! [9], compared with the
obtained result of 2290 mg kg~!. Ethiopian red pepper showed a completely different
pattern for macro- and microelements, with all data being lower than those determined in
the present study except for Fe and Zn [22], which are common contaminants in inorganic
trace laboratories. This fact might be due to the different growing areas and/or different
mixture of chili pepper species.

The Na content in white, green and black pepper was also considerable (10.8 mg kg~
73.7 mg kg 1), presenting a similar value to that of Savi¢ and coworkers (67.39 mg kg, [20]) and
a lower value compared with results of Abukawsar et al. (155 mg kg’l and 162 mg kg’l, [12]).
In the present study, cayenne pepper was found to have a higher content of Na (385 mg kg 1)
compared to the results of Savi¢ et al. (57.7 mg kg1, [20]) but significantly lower than
those obtained by Hwang et al. (1100 mg kg~ '-3812 mg kg, [21]).

Magnesium was found in a range from 750 mg kg~! to 2382 mg kg~!, similar to
Abukawsar et al.’s results (2330 mg kg~! and 2340 mg kg, [12]), but lower than the
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results of Savié et al. (4.08 mg kg~ !-34.12 mg/kg !, [20]) and Hwang et al. (1554 mg kg~ !~
1919 mg kg1, [21]).

The contents of microelements, on the other hand, varied more noticeably in the
pepper samples as a function of the species. There was a high content of Cr, Ga, Ni and
Ag, with the highest for Ag in green (3.99 mg kg ') and white pepper (2.98 mg kg~ !), and
lowest for black pepper (0.133 mg kg~ !). Abukawsar et al. measured a lower amount of
Ag in two black pepper cultivars, namely 0.00654 mg kg~! and 0.018 mg kg~ !, [12].

The presence of Cr was detected in black, white and green pepper 1.587 mg kg’l,
2.001 mg kg~ ! and 1.822 mg kg !, respectively, though it was lower than that published
by Abukawsar et al. for black pepper 0.266 mg kg~! and 0.401 mg kg~!, [12]. In cayenne
pepper, the content of Cr is 2.693 mg kg ! is similar to the maximum value presented by
Zhang et al. (0.338 mg kg~ !'-2.21 mg kg~!, [9]) and lower than that reported by Hwang
et al. (0.856 mg kg~ 1-0.993 mg kg, [21]).

The content of Ga found in this study was between 0.30 mg kg~! and 2.22 mg kg !,
which was more than that reported by Abukawsar et al. for black pepper (0.021 mg kg~!
and 0.046 mg kg~!, [12]). In cayenne pepper, Hwang et al. found smaller amounts of Ga
(0.030 mg kg~1-0.060 mg kg~!, [21]) compared to the obtained results of 0.30 mg kg~ !.

The presence of Ni in pepper samples was found to range from 0.320 mg kg~! to
1.699 mg kg~ !. In cayenne pepper, the content of Ni is 0.720 mg kg !, which is similar to
the values reported by Hwang et al. (0.637 mg kg~ !'-1.03 mg kg, [21]) and Zhang et al.
(0.729 mg kg~ 1-2.73 mg kg1, [9]). Increased Ni supply, e.g., from soil or irrigation water,
was found to cause elevated Ni contents in the leaves and fruits of Capsicum annuum, but to
reduce the contents of the essential elements N, P, and K [23].

In all pepper samples, the mean content of Mo is 0.218 mg kg~!, and in cayenne
pepper, it is 0.485 mg kg~!, which is equal to the mean value obtained by Zhang et al.
(0.130 mg kg~ '-1.33 mg kg~ 1).

The presence of Li was found only in cayenne pepper (1.356 mg kg~ !) and is higher
compared to the results of Savi¢ et al. (0.26 mg kg1, [20]) and Hwang et al. (0.072 mg kg~ !~
0.629 mg kg1, [21]). For other pepper samples, the values for Li were below the LOD
(0.016 mg kg 1), or at least lower than the results reported by Savi¢ et al. for black pepper
(0.13 mg kg1, [20]) and Abukawsar et al. (0.179 mg kg~! and 0.221 mg kg~ !, [12]).

Results for the Co content in black pepper (0.027 mg kg~!) are similar to those re-
ported in literature data, including those reported by Abukawsar et al. (0.043 mg kg~!
and 0.052 mg kg~!, [12]). The result for Co content in this study in cayenne pepper
(0.244 mg kg~') is similar to the data reported by of Zhang et al. (0.137 mg kg~ !~
0.346 mg kg~ !, [9]) and Hwang et al. (0.126 mg kg~ !-0.175 mg kg~ !, [21]).

Lower values were found for Se in cayenne pepper (0.006 mg kg~!) compared
to those reported by Hwang et al. (0.054 mg kg~!-0.134 mg kg~!, [21]) and in black
pepper, 0.034 mg kg~!, compared to Abukawsar et al.’s results (0.684 mg kg~! and
1.175 mg kg1, [12]).

Savié et al. [20] found a slightly higher amount of Bi in black pepper 0.59 mg kg~! com-
pared to the obtained value of 0.22 mg kg~ ! and to Abukawsar et al.’s values (0.00748 mg kg !
and 0.0101 mg kg !, [12]). In cayenne pepper, Bi was found in a smaller amount (0.04 mg kg 1)
compared to Savic et al.’s results (2.19 mg kg’l, [20]).

In the current study, the content of Be was found to be below the LOD (0.00094 mg kg 1).
Abukawsar et al. [12] found Be (0.0063 mg kg~ !) in black pepper, green pepper (0.003 mg kg ')
and cayenne pepper (0.006 mg kg~1).

The content of V in black pepper (0.024 mg kg 1) is lower compared to Abukawsar et al.’s
results (0.078 mg kg~! and 0.299 mg kg~!, [12]), but higher in cayenne pepper
(0.361 mg kg~ '), [12] compared to Hwang et al.’s results (0.012 mg kg ~1-0.094 mg kg~ 1).

Except the results for Tl of Zhang et al. in cayenne pepper (0.032 mg kg !-
0.044 mg kg1, [9]), all other results for Tl were below LOD. For Te content in black
pepper, no literature data are available for comparison with the data obtained in the present
investigation (0.0024 mg kg~1-0.361 mg kg~ 1).
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The content of Pb in black pepper (0.071 mg kg~!) was similar to Zheng et al.’s
findings (0.056 mg kg ~1-0.210 mg kg~ *, [9]) but lower compared to the results of Savi¢ et al.
(0.13 mg kg1, [20]) and Abukawsar et al. (0.159 mg kg !, [12]). Hwang et al. found Pb in
cayenne pepper in a smaller range, 0.031 mg kg ~'-0.087 mg kg !, [21], compared to the
obtained value (0.134 mg kg ™1).

In black pepper, As was below LOD (0.00061 mg kg ') but Abukawsar et al. found As
ranging from 0.001328 mg kg ! to 0.004854 mg kg1, [12]. In cayenne pepper, As was found
in a higher amount (0.145 mg kg~ !) compared to values of Hwang et al. (0.034 mg kg~ !~
0.076 mg kg~ !, [21]) and Zhang et al. (0.039 mg kg~'-0.085 mg kg1, [9]).

For black pepper, the content of Cd (0.009 mg kg 1) is similar to the values obtained
by Abukawsar et al. for two different samples (0.011 mg kg~ ! and 0.00477 mg kg 1) [12]. A
higher amount of Cd was found in cayenne pepper (0.069 mg kg~!), which is similar to the
values reported by Hwang et al. (0.072 mg kg~ 1-0.093 mg kg~ !, [21]) but lower compared
to Zhang et al.’s results (0.175 mg kg ~1-0.382 mg kg1, [9]).

In black pepper, Cu was found to a higher extent, namely 10.7 mg kg !, compared
to the values measured by Savi¢ et al. (2.58 mg kg1, [20]). Compared to the obtained
result for Cu (7.252 mg kg~ ') in cayenne pepper, Hwang et al. found less (5.692 mg kg~ !~
6.983 mg kg’l, [21]) and Zhang et al. more (9.93 mg kg’1—15.0 mg kg’l, [9]) Cu.

In the studied pepper samples, Zn was present in a higher amount for black pepper
(15.0 mg kg ') compared to the results of Savi¢ et al. (3.26 mg kg~!, [20]. In cayenne
pepper (17.45 mg kg~ 1), the amount of Zn is similar to Hwang et al.’s results (16.4 mg kg~
19.8 mg kg1, [21]) but smaller than the values reported by Zhang et al. (17.9 mg kg~ !~
37.9 mg kg, [9]).

In cayenne pepper, a similar content of Rb (15.86 mg kg~!) was found compared
to those reported by Zhang et al. (17.3 mg kg~ !-22.3 mg kg~ !, [9]) and Hwang et al.
(6.61 mg kg~ 1-17.5 mg kg1, [21]).

A lower amount of Se in black pepper (0.61 mg kg~ !, [20]) was found by Savi¢
et al. compared to 18.3 mg kg~!. In cayenne pepper, the results for Se (0.034 mg kg~!-
0.124 mg kg ') were lower compared to the values obtained by Hwang et al. (1.30 mg kg~ !~
4.26 mg kg1, [21]) and Zhang et al. (3.11 mg kg~'-11.4 mg kg~*, [9]).

In black pepper, compared to the result for Ba (30.2 mg kg 1), all literature data are
lower than those reported Savi¢ et al. (1.12 mg kg !, [20]) and Hwang et al. (0.613 mg kg~ !~
2.02mg kg1, [21]).

In this study, the obtained value for Mn (46.8 mg kg~ !) in pepper was much higher
compared to the value reported by Savi¢ et al. (1.12 mg kg~!, [20]). Similar values
for Mn (16.6 mg kg~!) in cayenne pepper were found by Hwang et al. (10.7 mg kg~ !-
14.7 mg kg~ !, [21]) and Zhang et al. (14.9 mg kg~ !-21.8 mg kg, [9]).

In black pepper, as well as in white and green, similar values were found for Fe
(23.0 mg kg~ 1-26.4 mg kg !), though these were higher than the values for Fe in black
pepper measured by Savié et al. (2.69 mg kg, [20]) and smaller compared to Abukawsar
et al.’s results (138 mg kg~ ! and 344 mg kg1, [12]). In cayenne pepper, a lower amount of
Fe was found (230 mg kg ~!) compared to Hwang et al.’s (1.16 mg kg~ '-1.21 mg kg~ !, [21])
and Zhang et al.’s results (57.4 mg kg~1-166 mg kg~ !, [9]).

Regarding the toxicological assessment of plant-derived foods, only the mass fractions
of As, Cd and Pb in raw (medical) plant material is limited by the World Health Organi-
zation (WHO), with the maximum permissible values being 1.0 mg/kg, 0.3 mg/kg and
10 mg/kg, respectively [24]. Based on these prescribed contents, it can be seen that the
analyzed pepper samples are not supposed to be for use and consumption.

For the present study, commercially available pepper samples where used, which
lacked the information on specific cultivars as well as exact growing area, as only the
country India was given. Whilst the secondary metabolic profile was found to be cultivar-
dependent [25], the differences for metals based on only two cultivars were not signifi-
cant [12]. An investigation of hot chili originating from Thailand revealed lower contents
for the major elements (esp. K) [26] than those obtained for the cayenne pepper samples
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analyzed in the present study.A group of Italian researchers analyzed unprocessed chili
pepper samples from different regions and found that when it comes to samples from India,
the elemental composition is widespread and not as unique as for smaller areas such as
Calabria [27].

3.3. Chemometric Analysis

Since commercially available products were used, which lacked information regarding
the growing area, soil composition, climatic conditions and a detailed description of their
processing, these influencing parameters have not been included in the statistical evaluation
in this study.

The dataset consisting of 8 samples and 29 elements (variables) underwent a PCA and
an HCA. The PCA of the first two dimensions in Figure 2 explains 68% of the variation. The
biplot shows that the variables, as the drivers to the location of the samples, are located in all
four quartiles, with the majority of them in the first and second quartiles. The contributions
of the elements to PC1 (Na, Mo, Fe, Li, V, Mn, Mo, Cr, As, Ba, Ga, K) and PC2 (Ca, Ni, Cu,
T1, Sr. Te, Cd, Se, Be, K, Ga, Ba, Pb), as well as their combined contribution, are presented
in Figure S1 in the supplementary information. Figure S2 shows the location of the eight
samples (individuals) in the PCA. The samples were well-distinguished, with the two
cayenne peppers located in the first quartile, and green and black peppers in the second
quartile. The two white pepper samples were located in the third and fourth quartiles, very
close to the origin of PC1.

PCA - Biplot

IE' Cayenne

o —
o"'_."'_'-

25 : 25 50
Dim1 (45.8%)

Figure 2. PCA biplot.
The HCA is depicted as a dendrogram in Figure 3. Two distinct clusters were formed,

whereby the first cluster consisted of the two cayenne pepper samples and the second
contained pairwise subclusters of black peppers, green peppers, and white peppers.
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Figure 3. Dendrogram of hierarchical cluster analysis.

Despite the very distinct biplots and clusters, the statistical analysis did not identify
significant differences between the samples or the sample types. The Kruskal-Wallis
p-value was 0.71 and the Benjamini-Hochberg was p = 0.80 between all types.

The Pearson correlation between elements using Euclidean distances and the Ward.D2
method (Figure 4) shows negative (red color) and positive (blue color) correlations. Ele-
ments from Zn to Te on the y-axis are negatively correlated with elements from As to Te on
the x-axis. Within both clusters, some pairs are highly correlated with r > 0.75. Additionally,
the elements Ga, Ba, Ni, Cu and Zn are highly correlated among each other. A high correla-
tion between Al and Fe in spices has been reported in the literature [28,29]. Correlations for
selected pairs of analytes are plotted in the supplementary information (Figure S3) to show
the significance of the correlations found.

In order to evaluate and find correlations between elements in the given context,
they need to be classified for biological significance. In a technical report by IUPAC,
Duffus [30,31] has categorized the elements of the periodic table according to the last
electron shell into s-, p-, d-, f-block elements (later referred to as “Block”), based on Lewis
acid behavior into A (hard), B (soft), and borderline (BL) (later referred to as “Class”), and
in geochemical classification as lithophile or chalcophile (later referred to as Geochem). It
should be mentioned that not all the elements analyzed have been categorized by Duffus
or later by Appenroth [32] as regards their importance in plant sciences. In plant science,
metals or metalloids do not matter in their elemental form; however, their ionic forms are
relevant, which is related to the position of the elements in the periodic system and their
chemical physical properties.
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Figure 4. Correlation between the elements.

The following figures (Figures 5-7) show certain discriminations of the elements in
the analyzed six pepper samples using the IUPAC approach. It can be seen that the s-block
elements dominate in all pepper samples. These results coincide well with the Lewis
acid properties of hard acids (class A). With respect to the geochemical classification, a
differentiation was observed, and it was found that the white pepper samples had higher
percentages of chalcophile elements than the other three types of peppers, especially for Cd
Pb, Te, and TI. The lithophile elements showed a greater abundance in the cayenne pepper,
especially for Al, Be, K, Li, Na, and V.
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Figure 5. Abundance of analytes grouped according to Block, Class or Geochem (box whisker); y-axis
in all cases mass of fraction in mg kg~!, where grey color in the boxes indicates that the element
was not assigned to any of the “Class” or “Geochem”; see also “NA” in Figure 6. The whiskers
represent the minimum and maximum concentrations without the outliers. The lower border of the
box represents the first quartile (25%), the line inside the box the median and the upper border is
the third quartile (75%). The mean is represented as (X). The dots outside the whiskers are outliers,
which were defined as all concentrations greater or smaller the interquartile range multiplied by 1.5.
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not assigned to any of the “Class” or “Geochem”; see also “grey color” in Figure 5.
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4. Conclusions

The results obtained in the present investigation enhance the data on the element
composition of different pepper types originating from India and commercially available in
Croatia, especially in relation to the number of elements analyzed, as there is a scarcity of
papers on this topic. The information regarding macro-, micro-, and trace elements attained
proved their beneficial contribution to human diet, and revealed the values associated with
a safe use concerning the content of harmful elements.

The significantly different pattern found for macro- as well as microelements can be a
promising tool to distinguish different types of pepper from one region (i.e., India in the
present study), which can help to prove fraud and authentication. Apart from the species-
specific uptake and accumulation behavior, the further processing of the pepper fruits
strongly influences the final elemental composition of the respective spice. The detailed
statistical evaluation showed that not all analyzed elements contribute to the classification
of pepper types or are highly correlated, which allows for a reduction in analytes and data
volume in following investigations.

To further improve the presented method, more influencing parameters, such as
growing area, soil composition, climatic conditions and a detailed description of the pepper
fruits” processing, will be considered in the study design of future experiments.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/foods12163132/s1, Tables S1 and S2: Mean mass fraction of
macro- and microelements (n = 6) and LOD in mg/kg, alongside precision and recovery in %.
Figure S1: Contributions of variables (elements) to the PCA (above). Dim1 (middle). and Dim2
(below) The red dotted line indicates the average contribution. Figure S2: Location of the samples
and contribution to the individuals. Figure S3: Correlation for selected pairs of analytes.

Author Contributions: Conceptualization, LN., L].C. and M.Z.; methodology, LN., D.T., L.].C. and
M.Z.; data curation, H.E, L.].C. and M.Z.; investigation, LN., LH., L.].C. and M.Z; resources, L.N. and
1].C.; writing—original draft preparation, M.Z.; writing—review and editing, H.F, I.J.C. and M.Z.;
visualization, H.F. and M.Z.; project administration, 1.].C. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article or Supplementary Material.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Hammouti, B.; Dahmani, M.; Yahyi, A.; Ettouhami, A.; Messali, M.; Asehraou, A.; Bouyanzer, A.; Warad, I.; Touzani, R. Black
Pepper, the “King of Spices”: Chemical composition to applications. Arab. ]. Chem. Environ. Res. 2019, 6, 12-56.

2. Berke, T.G,; Shien, S.C. Woodhead Publishing Series in Food Science, Technology and Nutrition. In Handbook of Herbs and Spices,
2nd ed.; Peter, K.V.,, Ed.; Woodhead Publishing-Elsevier: Sawston, UK, 2012; Volume 1.

3.  Gorgani, L.; Mohammadi, M.; Najafpour, G.D.; Nikzad, M. Piperine—The bioactive compound of black pepper: From isolation to
medicinal formulations. Compr. Rev. Food Sci. Food Saf. 2017, 16, 124-140. [CrossRef]

4. Aziz, N.S,; Sofian-Seng, N.S.; Mohd Razali, N.S.; Lim, S.J.; Mustapha, W.A.A. A review on conventional and biotechnological
approaches in white pepper production. J. Sci. Food Agric. 2019, 99, 2665-2676. [CrossRef]

5. Nunes Pinto Paracampo, N.P.; Abreu, L.E; Lemos, O.F; Both, ].P.C.L. Quality of black pepper produced in northeastern Para. Rev.
Agric. Neotrop. 2022, 9, 7020-7027. [CrossRef]

6. Ishida, M.L.; Greene, V.; King, T.; Greenberg, J.; Luker, J.; Oglesby, D.; Sheridan, R.; Trodden, J. Regulatory policies for heavy
metals in spices—A New York approach. J. Regul. Sci. 2022, 10, 1-12. [CrossRef]

7. Manousi, N.; Isaakidou, E.; Zachariadis, G.A. An Inductively Coupled Plasma Optical Emission Spectrometric Method for the
Determination of Toxic and Nutrient Metals in Spices after Pressure-Assisted Digestion. Appl. Sci. 2022, 12, 534. [CrossRef]

8. Krause, M.; Vieira, L.V.; Cunha, T.P.; Brandao, G.P; Filgueirasa, P.R.; Carneiro, W.D. Multi-Element Evaluation in Black Pepper

(Piper nigrum L.) According to the Processing. |. Braz. Chem. Soc. 2020, 31, 135-142. [CrossRef]


https://www.mdpi.com/article/10.3390/foods12163132/s1
https://www.mdpi.com/article/10.3390/foods12163132/s1
https://doi.org/10.1111/1541-4337.12246
https://doi.org/10.1002/jsfa.9481
https://doi.org/10.32404/rean.v9i3.7020
https://doi.org/10.21423/JRS-V10I1ISHIDA
https://doi.org/10.3390/app12020534
https://doi.org/10.21577/0103-5053.20190141

Foods 2023, 12, 3132 14 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

Zhang, ].; Yang, R.; Chen, R;; Li, Y.C.; Peng, Y.; Wen, X. Geographical origin discrimination of pepper (Capsicum annuum L.) based
on multi-elemental concentrations combined with chemometrics. Food Sci. Biotechnol. 2019, 28, 1627-1635. [CrossRef]
Mazarakioti, E.C.; Zotos, A.; Thomatou, A.-A.; Kontogeorgos, A.; Patakas, A.; Ladavos, A. Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS), A Useful Tool in Authenticity of Agricultural Products” and Foods’ Origin. Foods 2022, 11, 3705. [CrossRef]
Gaya, U.L; Ikechukwu, S.A. Heavy metal contamination of selected spices obtained from Nigeria. J. Appl. Sci. Environ. Manag.
2016, 20, 681-688. [CrossRef]

Abukawsar, M.; Moshfekus, S.-E.-I.; Ahsan, A.; Rahim, M.; Bhuiyan, N.H.; Roy, S.K.; Ghosh, A.; Naher, S. Chemical, pharmacolog-
ical and nutritional quality assessment of black pepper (Piper nigrum L.) seed cultivars. ]. Food Biochem. 2018, 42, €12590-e12611.
[CrossRef]

Soylak, M.; Cihan, Z.; Yilmaz, E. Evaluation of trace element contents of some herbal plants and spices retailed in Kayseri, Turkey.
Environ. Monit. Assess. 2012, 184, 3455-3461. [CrossRef] [PubMed]

Ozcan, M.M.; Akbulut, M. Estimation of minerals, nitrate and nitrite contents of medicinal and aromatic plants used as spices,
condiments and herbal tea. Food Chem. 2008, 106, 852-858. [CrossRef]

Murugesan, M.; Surekar, B.; Mandal, S.; Pandey, B.; Oulkar, D. Determination of Trace Heavy Metals in Spices Using Single
Quadrupole ICP-MS. Thermo Scientific-Application Note, 44476-44484. Available online: https:/ /assets.thermofisher.com/TFS-
Assets/CMD/ Application-Notes /an-44476-icp-ms-trace-heavy-metals-spices-an44476-en.pdf (accessed on 15 June 2023).
Zeiner, M.; Solti¢, M.; Nemet, L; Juranovi¢ Cindri¢, I. Multielement Determination in Turmeric (Curcuma longa L.) Using Different
Digestion Methods. Molecules 2022, 27, 8392. [CrossRef] [PubMed]

Pavlovi¢, A.N.; MrmoS$anin, ].M.; Jovanovi¢, S.C.; Miti¢, S.S.; Tosi¢, S.B.; Krsti¢, J.N.; Stojanovi¢, G.S. Elemental analysis of culinary
herbs and spices by ICP OES: Classification by chemometrics. Stud. UBB Chem. 2020, 2, 69-83. [CrossRef]

Voica, C.; Nechita, C.; Iordache, A.M.; Roba, C.; Zgavarogea, R.; Ionete, R.E. ICP-MS Assessment of Essential and Toxic Trace
Elements in Foodstuffs with Different Geographic Origins Available in Romanian Supermarkets. Molecules 2021, 26, 7081.
[CrossRef]

Potorti, A.G.; Bua, G.D.; Lo Turco, V.; Ben Tekaya, A.; Beltifa, A.; Ben Mansour, H.; Dugo, G.; Di Bella, G. Major, minor and trace
element concentrations in spices and aromatic herbs from Sicily (Italy) and Mahdia (Tunisia) by ICP-MS and multivariate analysis.
Food Chem. 2020, 313, 126094. [CrossRef]

Savi¢, S.; Petrovig, S.; Petronijevi¢, M.; Cvetanovi¢, A.; Petronijevic, 7. Determination of the mineral content of spices by ICP-AES.
Adv. Tehnol. 2019, 8, 27-32.

Hwang, I.M.; Moon, EW.; Lee, HW.,; Jamila, N.; Kim, K.S.; Ha, J.H.; Kim, S.H. Discrimination of Chili Powder Origin Using
Inductively Coupled Plasma—-Mass Spectrometry (ICP-MS), Inductively Coupled Plasma—Optical Emission Spectroscopy (ICP-
OES), and Near Infrared (NIR) Spectroscopy. Anal. Lett. 2019, 52, 932-947. [CrossRef]

Tefera, M.; Chandravanshi, B.S. Assessment of metal contents in commercially available Ethiopian red pepper. Int. Food Res. ].
2018, 25, 989-1000.

Altaf, M.A.; Hao, Y.; He, C.; Mumtaz, M.A_; Shu, H.; Fu, H.; Wang, Z. Physiological and Biochemical Responses of Pepper
(Capsicum annuum L.) Seedlings to Nickel Toxicity. Front. Plant Sci. 2022, 13, 950392-950408. [CrossRef] [PubMed]

World Health Organization. Quality Control Methods for Medicinal Plant Materials; World Health Organization: Geneva, Switzerland,
1998. Available online: https://apps.who.int/iris/handle/10665/41986 (accessed on 24 July 2023).

Barata, L.M.; Andrade, E.H.; Ramos, A.R.; Lemos, O.F; Setzer, W.N.; Byler, K.G.; Maia, ].G.; Silva, ].K. Secondary Metabolic Profile
as a Tool for Distinction and Characterization of Cultivars of Black Pepper (Piper nigrum L.) Cultivated in Para State, Brazil. Int. |.
Mol. Sci. 2021, 22, 890. [CrossRef] [PubMed]

Taharn, N.; Techawongstein, S.; Chanthai, S. Determination of major-to-trace elements in hot chilli and tomato varieties
economically grown in the Northeast of Thailand by ICP-OES following microwave assisted digestion. Int. Food Res. ]. 2014, 21,
517-522.

Naccarato, A.; Furia, E.; Sindona, G.; Tagarelli, A. Multivariate class modeling techniques applied to multielement analysis for the
verification of the geographical origin of chili pepper. Food Chem. 2016, 206, 217-222. [CrossRef]

Gupta, K.K.; Bhattacharjee, S.; Kar, S.; Chakrabarty, S.; Thakur, P.; Bhattacharyya, G.; Srivastava, S.C. Mineral compositions of
eight common spices. Commun. Soil Sci. Plant Anal. 2003, 34, 681-693. [CrossRef]

Tokalioglu, S.; Dokan, FX.; Kopri, S. ICP-MS multi-element analysis for determining the origin by multivariate analysis of red
pepper flakes from three different regions of Turkey. LWT 2019, 103, 301-307. [CrossRef]

Duffus, ].H. “Heavy metals”—A meaningless term? (IUPAC Technical Report). Pure Appl. Chem. 2002, 74, 793-807. [CrossRef]
Duffus, ].H. Errata “Heavy metals”—A meaningless term? (IUPAC Technical Report). Pure Appl. Chem. 2003, 75, 1357. [CrossRef]
Appenroth, K.-J. What are “heavy metals” in Plant Sciences? Acta Physiol. Plant. 2010, 32, 615-619. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s10068-019-00619-3
https://doi.org/10.3390/foods11223705
https://doi.org/10.4314/jasem.v20i3.23
https://doi.org/10.1111/jfbc.12590
https://doi.org/10.1007/s10661-011-2199-z
https://www.ncbi.nlm.nih.gov/pubmed/21713464
https://doi.org/10.1016/j.foodchem.2007.06.045
https://assets.thermofisher.com/TFS-Assets/CMD/Application-Notes/an-44476-icp-ms-trace-heavy-metals-spices-an44476-en.pdf
https://assets.thermofisher.com/TFS-Assets/CMD/Application-Notes/an-44476-icp-ms-trace-heavy-metals-spices-an44476-en.pdf
https://doi.org/10.3390/molecules27238392
https://www.ncbi.nlm.nih.gov/pubmed/36500487
https://doi.org/10.24193/subbchem.2020.2.06
https://doi.org/10.3390/molecules26237081
https://doi.org/10.1016/j.foodchem.2019.126094
https://doi.org/10.1080/00032719.2018.1508293
https://doi.org/10.3389/fpls.2022.950392
https://www.ncbi.nlm.nih.gov/pubmed/35923881
https://apps.who.int/iris/handle/10665/41986
https://doi.org/10.3390/ijms22020890
https://www.ncbi.nlm.nih.gov/pubmed/33477389
https://doi.org/10.1016/j.foodchem.2016.03.072
https://doi.org/10.1081/CSS-120018968
https://doi.org/10.1016/j.lwt.2019.01.015
https://doi.org/10.1351/pac200274050793
https://doi.org/10.1351/pac200375091357
https://doi.org/10.1007/s11738-009-0455-4

	Introduction 
	Materials and Methods 
	Samples, Chemicals and Material 
	Sample Preparation and Chemical Analyses 
	Figures of Merit of the Analytical Method 
	Data Treatment and Statistical Methods 

	Results 
	Method Characterization 
	Elemental Composition of Peppers 
	Chemometric Analysis 

	Conclusions 
	References

