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The nutrient profiling of green leafy vegetables is largely concentrated on biochemical assays and their
elemental composition is often overlooked. At the same time, the investigation of the elemental composition of
plants is essential, as they are required in several metabolic processes for the normal growth and development
of the human body and their deficiency can lead to several clinical disorders. In this paper, we consider the
potential of the synchrotron-radiation-induced energy dispersive X-ray fluorescence spectroscopy technique
as a rapid, sensitive, and simultaneous multielemental detection tool to investigate the elemental composition
of different elements present in some leafy vegetables: dill, fenugreek, mustard, and chenopodium. The X-ray
fluorescence spectra of the leaves of dill, fenugreek, mustard, and chenopodium were excited by synchrotron
X-ray radiation having an energy of 15 keV and recorded in the energy range <20 keV. The recorded spectrum
shows the presence of potassium, calcium, manganese, iron, nickel, copper, zinc, arsenic, and selenium with
varying concentrations in different leafy vegetables. PyMca software was applied to determine the concentra-
tion of the various detected elements. The relative quantitative comparison of the detected elements shows that
chenopodium leaves are a rich source of potassium among all the leafy vegetables studied. The leaves of
mustard and chenopodium are abundant in calcium, while the leaves of dill and fenugreek have a higher
content of trace elements like manganese, iron, copper, nickel, selenium and zinc. Herein, the role of the
detected elements in human and plant health is also described.
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Onpeoenenue npopuisi NUMamenbHuIX 8eUleCng 6 3eIeHbIX TUCHOBbIX 080UAX COCPEOOMOYEHO 8 OCHOG-
HOM HA OUOXUMUYECKUX AHATU3AX, d UX INEMEHMHbIU COCMAB Yacmo He paccmampusaemcs. JHepeooucnep-
CUOHHASL PEHM2EHOBCKAS (IIYOpecyenmuds CHeKmpOoCKONUsl UCNONb308AHA KAK ObICTNPULLL, YY8CMEUMeNbHbll
Memood 0OHOBPEMEHHO20 0OHAPYIICEHUS PAIUYHBIX 9TEMEHMO08, NPUCYIMCIMEYIOWUX 8 HEKOMOPBIX TUCHIOBbIX
ogowax: ykpone, najxcumuuxe, copyuye, mapu. Cnekmp penmeenoeckou ¢uyopecyenyuu 6036yx1c0aemcs cut-
XPOMPOHHBIM PEHMEEHOBCKUM U3TYYeHUeM ¢ IHepeuell 15 kaB u pecucmpupyemcs 6 ouanasomne snepeuti <20
KkaB. Cnexmp nokasvieaem npucymcmeue Kaaus, KATbyus, Mapeawya, oicenesd, Hukeis, Mmeou, YUHKA,
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V. 88, No. 3 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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MBIUBAKA U CeNeHa ¢ PA3TUYHOU KOHYeHmpayuetl 8 aucmogvlx osowax. C nomowspo npoepammuozo obecne-
yenusi PyMca onpedenenvi konyenmpayuu oOHapysceHuvlx snemenmos. CpasHerue noKkasvieaem, 4mo u3 6cex
UYUEHHDBIX TUCHOBBIX 080Ulell TUCMbsL MAPU SGTISIOMCS 002amblM UCMOYHUKOM Kaaus. Jlucmvs 2opuuysl u
Mapu boeamvl Kanvbyuem, 8 mo peMsa KaxK 8 JUCMbIX YKPONA U NAXCUMHUKA O0/lee 8bICOKOe COOepHCaHUe
MAKUX MUKDODJIEMEHMO8, KAK Mapeaney, Jicene30, Medb, HuKelb, celer u yunk. Onucana poib 0OHAPYIHCEHHBIX
NEMEHMO8 015 300P0BbSL UeN0BEKA U PACMEHU.

Knroueswle cnosa: cunxpompounoe usiyueHue, peHmeeH08cKasn (uyopecyenyus, IUcmosvle 080U, de-
MEHMHBIU AHATIUS.

Introduction. Green leafy vegetables are widely present in Indian cuisine, as they are readily available,
affordable, and provide a range of dietary benefits. Therefore, they are consumed by the inhabitants of the low
and middle income group of countries because at the consumer level these are a source of low caloric food,
fibers, antioxidants, phytochemicals, vitamins, minerals, and trace metals that provide immense health benefits
beyond basic nutrition and are also a cheap source of energy [1]. Being rich in health protecting compounds
and elements, they have garnered immense attention for its consumption in daily diets in order to alleviate the
problem of malnutrition [2]. The phytochemicals present in the leaves of green vegetables are reported to be
effective in the treatment of cancer, diabetes, cardiovascular diseases, and hypertension [3]. The antioxidant
compounds present in the green leaves have the capability to prevent oxidative degradation [4, 5]. Green leafy
vegetables such as dill (soya), fenugreek (methi), mustard (sarson), and chenopodium (bathua) are available
seasonally and often incorporated in the diet as they are a rich source of several nutrients, vitamins, -carotene,
ascorbic acid, riboflavin, folic acid, and minerals [6]. The dill plant is a glabrous aromatic plant rich in nutritive
mineral components. It has different applications in biological and pharmacological studies because of its
antimicrobial, antioxidative, and anti-spasmodic activities [7]. The mustard leaf is one of the most nutritious
green leafy vegetables and an excellent source of dietary fiber and vitamins A, B, C, E, and K [8, 9]. Further,
fenugreek leaves exhibit hypoglycemic, hypercholesterolemic, antioxidative, laxative, and fungicide effects [10].
Similarly, chenopodium is a fast-growing plant with numerous health benefits such as diuretic, laxative, sed-
ative, anthelmintic, hepatoprotective, and antiparasitic properties [9, 11, 12].

Minerals and phytonutrients, like calcium, potassium, magnesium, sodium, iron, copper, cobalt, zinc,
manganese, chromium, and selenium, are required for the growth and maintenance of the human body. These
minerals are part of the enzymatic reaction and hormones. The insufficient intake of these minerals might be
responsible for their nutritional deficiency.

Several factors directly or indirectly influence the levels of mineral intake from place to place. [13]. Due
to changing environmental conditions and anthropogenic activities over the years, the agricultural soil faces
the risk of heavy metal, organic, and inorganic contamination. The contaminants can change the composition
of elements and compounds in the plant as well as lead to the accumulation of heavy metals in them [14].
These issues raise serious concerns regarding the quality control of food products [15]. Therefore, it becomes
a prime necessity to identify the possible sources of these phytonutrients and minerals and screen their mineral
and nutrient content using appropriate techniques and experimental protocols.

The biological samples have high moisture content and spatially heterogeneous composition. So, a num-
ber of experimental problems exist during the elemental investigation of biological materials [16]. It is difficult
to analyze trace elements in a matrix that has major concentration of hydrogen, carbon, and oxygen. Also,
biological systems are not readily compatible with the vacuum system and require plenty of sample preparation
during the metal and trace element analysis [17]. The established methods of the elemental analysis of biolog-
ical samples like atomic absorption spectroscopy (AAS), inductively coupled plasma spectroscopy (ICPS),
and graphite furnace atomic absorption spectroscopy have several drawbacks. AAS and ICPS require a rela-
tively large amount of samples in solid form, which have to be brought in liquid form by complex and expen-
sive techniques. Also, sample digestion procedures dilute the elements of interest below the detection limits
of instruments [17—-19]. Thus, there is a need to analyze the potential of non-destructive techniques for the
investigation of the elemental composition of biological samples. The developments in the field of X-ray flu-
orescence (XRF) spectroscopy can be utilized for overcoming these limitations, as it offers nondestructive,
simultaneous multi-elemental detection without the need to digest the sample and change its physical state [16].
X-ray fluorescence uses a high energy X-ray that is irradiated onto the sample to create vacancies in the inner
shells of atoms of the sample. The filling of these vacancies by the jump of electrons from the outer shells
leads to the emission of characteristic X-rays that can be detected and analyzed to get the qualitative and
quantitative analysis of the elemental concentration of the sample with high sensitivity [20]. Despite being
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a versatile technique for elemental detection, XRF using conventional sources has some limitations such as
poor elemental sensitivity. These limitations can be largely resolved by replacing the conventional X-ray
sources by a synchrotron radiation source [16]. Synchrotron radiation is highly polarized, collimated, bright,
and intense. These properties of synchrotron radiation have revolutionized the quality of XRF to detect very
small numbers of atoms with great sensitivity [21]. Synchrotron-radiation-induced XRF allows rapid analysis
of the plant material with adequate sensitivity (its limit lies in the femtogram range), requiring only minimal
sample preparation and a relatively short analysis time [16, 21, 22].

The aim of the present study is to demonstrate the potential of synchrotron-radiation-induced X-ray fluo-
rescence for the elemental investigation of the commonly used leafy vegetables: dill, fenugreek, mustard, and
chenopodium. For this, synchrotron-radiation-induced energy dispersive XRF spectra (SR-EDXRF) of the
pellets of the powder of dill, fenugreek, mustard, and chenopodium leaves were recorded using a micro XRF
BL-16 beamline at Indus-2, RRCAT, Indore with an incident beam energy of 15 keV. The findings about leafy
vegetables are reported in the present account by acquiring XRF spectra in the energy region <20 keV.

Experimental detail. The leaves of dill, fenugreek, mustard, and chenopodium were collected from a
local farm at Allahabad, India. The leaf samples were washed thoroughly with double distilled water to remove
surface impurities and then dried at room temperature. In order to remove water and other volatile materials
having low temperature thresholds, the leaves were heated at 80°C in a hot air oven and ground to a fine
powder. The oven drying of biosamples results in the oxidation of the organic material present in them. During
this process, the carbon, hydrogen, nitrogen, and sulfur present in the leaves are converted into CO,, H,O,
NHs;, and SO, respectively, and liberated. Further, 250 mg of the sample fine powder was pressed in a 2 ton
semi-automatic hydraulic pellet press to obtain thick pellets having 1.5 cm diameter. The pellet samples were
placed on the sample stage for the SR-XRF analysis. The XRF measurements were made on a synchrotron
radiation microfocus XRF facility at the beam line 16 (BL-16), Indus-2, RRCAT, Indore. The geometry of the
experimental setup used for the XRF measurements is shown in Fig. 1.
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Fig. 1. Schematic experimental setup used for the synchrotron induced X-ray fluorescence measurement.

A combination of water cooled (S1) and uncooled (S2) four blade slits was used to reduce the scattering
of the X-ray background. The double crystal monochromator (DCM) and a pair of symmetric and asymmetric
Si (111) crystals (mounted side by side) were used for the monochromatization of the incident beam, while
the beam spot was micro-focused on the sample by employing a pair of Kirkpatrick—Baez focusing optics
consisting of Pt coated bendable mirrors. The sample was mounted on a sample holder and placed on the
sample stage at an angle of 45° with respect to the incident X-ray beam direction, while the detector was placed
at 90° angle with respect to the incident beam in the perpendicular horizontal plane. The detector was placed
at a distance of 31 cm from the sample. An incident X-ray energy of 15 keV having incident photon flux (/,)
~107 photon s™! mm™ was allowed to fall on the sample and used for exciting the XRF. The emitted XRF was
collected by a Vortex (SII, Nano, USA) energy dispersive spectroscopy detector at an energy resolution of
~138 eV at 5.898 keV (Mn-K,, X-ray) energy and a 550 s acquisition live time. The energy of the X-ray lines
of elements and their concentration were obtained by analyzing the XRF spectra by PyMca 5.1.2 open source
software program. The background of the spectra was corrected, and the peaks were fitted in the Gaussian
mode by the least square fitting algorithm. The primary beam parameters were used for the normalization of
the area of the X-ray lines. The information about the geometry of the setup, detector parameters, acquisition
live time, active detector area, sample to detector distance, and absorbers between the sample and the detector
(air and beryllium window, etc.) were used for calculating the concentration of the detected elements. “Short
tail,” “Stripping,” “Escape peaks,” “Sum peaks,” and “Scattering peaks” were also included in the analysis of
the concentration [23]. The concentration of elements was estimated by including the intensities of both K
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and Kg lines. The results of this study are expressed in the form of the mean value + and standard deviation of
the 27 samples.
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Fig. 2. Recorded synchrotron radiation induced X-ray fluorescence spectra
of the different leafy vegetables.
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Fig. 3. Variation of the concentration of elements in the leafy vegetables.

Results and discussion. Figure 2 presents the recorded energy dispersive XRF spectrum of the pellets of
the leaves of dill, fenugreek, mustard, and chenopodium covering the energy range <20 keV. It contains vari-
ous strong and weak characteristic X-ray lines of the elements present in the leafy vegetables. The strong
emission lines belong to the major constituents, whereas the weak lines come from the trace species. The
detected elements along with the observed energy of the X-ray lines are marked in Fig. 2. The spectrum shows
the K, lines of potassium, calcium, manganese, iron, nickel, copper, zinc, and arsenic, which confirms the
presence of these elements in the leaf of dill, fenugreek, mustard, and chenopodium. In addition to these lines,
the spectra also display the presence of the X-ray line of bromine. The appearance of the X-ray line of bromine
in the spectra of leafy vegetables might be due to the interference caused by the atmosphere and has no rela-
tionship with the elemental composition of the sample. The XRF measurements in this study are limited by
the excitation energy. The fluorescence of the leafy vegetable samples was excited by the incident X-ray beam
having an energy of 15 keV, and the samples excited by this energy do not contain the X-ray lines of elements
having atomic number <13. Elements with low atomic number have low fluorescence yield as X-rays from
these elements are absorbed strongly on the surface of the sample due to the high attenuation coefficient,
making the analysis of low atomic number elements virtually impossible [16].

The determined concentration of the elements present in the dill, fenugreek, mustard, and chenopodium
leaves is listed in the Table 1, and the variation of concentration of elements in these leafy vegetables is shown
in Fig. 3. The data depict the variation in the concentration of the detected elements in different leafy vegeta-
bles. The SR-EDXREF spectrum of the leaves of fenugreek, dill, chenopodium, and mustard shows the presence
of the K¢ line of calcium at 3691 eV with its intensity varying in each sample. A comparison of the concen-
tration of calcium in all the investigated pellets reveals that calcium is found in maximum quantity in the
mustard and chenopodium leaves (6.53 and 6.33 mg/g, respectively), while it is observed to be in a smaller
quantity in the fenugreek and dill leaves (4.49 and 2.09 mg/g). Calcium is an important structural component
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of the cell wall and cell membrane in plants. It is essential for the maintenance of the integrity of the cell wall,
as it is required for the formation of calcium pectate. It acts as a counter cation for organic and inorganic anions
in the vacuole. It is required for the development of meristematic regions of roots and shoots. It also acts as an
intracellular messenger in the cytosol and promotes pollen tube growth and plant elongation. Calcium is also
involved in the enzymatic activities of a-amylase, ATPase, phospholipase, esterase, pyruvate kinase, glucose-
6-phosphate, and arginine kinase. Moreover, it is also involved in maintaining the structure of chromosomes
as well as for the regulation of the anaphasic movement of chromosomes [24-28]. Calcium is a key component
in the bones, teeth, and extracellular serum. There are reports that describe the involvement of calcium in
vascular contraction, muscle functions, conduction of nerve impulses, vasodilation, intracellular signalling,
and hormonal secretion. It also plays an important role in the cation-anion balance in the osmoregulation of
cells and acts as an activator of several enzyme systems in protein synthesis and carbohydrate transfer [29].
Calcium also aids in regulating heartbeat and triggers the formation of blood clots.

TABLE 1. Observed X-ray K, Lines, Detected Elements, and their Concentration

in the Leafy Vegetables
Observed X-ray | Detected Concentration, pg/g
K, line, eV element Dill leaf Fenugreek leaf | Mustard leaf | Chenopodium leaf

3313 K 4.74+£0.51%* 2.94+0.44* 6.72+1.22%* 17.33+2.75*
3691 Ca 4.49+0.71% 2.09+0.24* 6.53+0.65%* 6.33+0.74*
5898 Mn 7.27+1.12 3.2+0.78 3.99+0.70 7.17+0.82
6403 Fe 80.58+6.73 94.5+7.69 60.0324.45 31.64+5.16
7478 Ni 0.24+0.04 0.26+0.03 0.13+0.03 0.11+0.06
8047 Cu 2.25+0.73 1.47+0.27 0.14+0.06 0.72+0.29
8638 Zn 28.93+4.34 18+2.54 15.234£2.26 7.55+1.15
10543 As 0.24:+0.05 0.17+0.05 0.16+0.02 0.18+0.04
11222 Se 0.44+0.02 0.13+0.06 0.57+0.05 -

*Concentration in milligrams.

The SREDXREF spectra of leafy vegetables depict another strong peak at 3313 eV, which is a characteristic
K. line of potassium. Its intensity also varies in the spectrum of different leaves. A quantitative comparison
shows that the mustard and chenopodium leaves contain 6.72 and 17.33 mg/g of potassium while the fenugreek
and dill leaves contain 4.74 and 2.94 mg/g of potassium. Potassium is an indispensable macronutrient of the
plant that plays important regulatory roles in the physiological processes like assisting in the germination of
seeds and seedling emergence by initiating the rapid imbibition of water, cation-anion balance, synthesis of
proteins, carbohydrate translocation and metabolism, phloem transport, and osmoregulation. In addition, po-
tassium also helps in the transport of water and minerals through the xylem. It plays an important role in
activating the ATP synthase enzyme during the process of photosynthesis. It helps in the regulation of the
stomatal activity and balances the CO; entry and the removal of water vapor from the intercellular spaces of
plants. It also helps in balancing the nutrients in plants as it helps in activating nitrate reductase and starch
synthase enzymes. Potassium plays a key role in mitigating various stresses like metal toxicity, chilling,
drought, and salinity [30—34]. Potassium is one of the most important and abundant macronutrients in the
human body after calcium and phosphorus. It assists in a range of important body functions such as maintain-
ing blood pressure, body fluid, and electrolyte balance. It is also essential for normal nerve impulse conduction
and muscle contraction. Electrolytes like potassium are very important for the normal functioning of the car-
diac muscle fiber, and any imbalance in the electrolyte concentration in the human body can increase the
chances of a heart attack. The intestinal muscles rely on potassium along with other minerals like sodium,
calcium, and magnesium for normal gastrointestinal motility.

Trace metals have garnered attention during the recent years as they play an important role in chemical,
biological, biochemical, metabolic, catabolic, and enzymatic reactions in the living cells of plants, animals,
and human beings. The trace elements such as Mg, Zn, Fe, Cu, Ni, and Se were detected in the leafy vegetables
under consideration. The concentration of manganese is observed to be 7.27, 3.2, 3.99, and 7.17 pg/g in the
dill, fenugreek, mustard, and chenopodium leaves, respectively. Manganese is an important micronutrient in
both plants and animals. Manganese plays an important role in respiration, photosynthesis, pathogen defense,
scavenging reactive oxygen species, and hormone signalling. It also plays important roles in histidine
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synthesis, DNA repair, chloroplast development, phospholipid synthesis, Ca>" signalling purine, and urea ca-
tabolism. It is an important element of the metalloenzyme cluster of the oxygen-evolving complex (OEC) in
photosystem II (PSII) and is involved in the water-splitting reaction in PSII. Manganese is also required for
protein glycosylation and pectin and hemicellulose biosynthesis. It plays an active role in activating NAD
malic decarboxylases, phosphoenolpyruvate carboxylase, PP2C phosphatases, and IAA-amino acid conjugate
hydrolases. Manganese is also a cofactor of phenylalanine ammonia-lyase (PAL), which is involved in the
synthesis of lignin. It also helps in the detoxification of reactive oxygen species as a cofactor of manganese
superoxide dismutase [35-39]. In human beings, manganese is an essential component of enzymes and anti-
oxidants that help in controlling the nervous system functions, blood sugar, and the cholesterol level [40]. It
has been established that the permissible limit of the manganese daily intake should be 0.2 pg/g. In order to
fulfill these requirements, green leafy vegetables can serve as a good source in comparison with other vegeta-
bles [41].

The result also shows that dill leaves are rich in zinc as compared to fenugreek, mustard, and chenopodium
leaves. The concentrations of zinc in the leaf of dill, fenugreek, mustard, and chenopodium are 28.93, 18,
15.23, and 7.55 pg/g, respectively. Zinc is one of the essential micronutrients required by both plants and
humans. Zinc is an important component of carbonic anhydrase (CA) and is involved in carbohydrate metab-
olism. It is also involved in protein metabolism, which is related to the stability and function of genetic mate-
rials. It is essential for chromatin proteins like TFIIIA protein and g32p protein, which are linked to transcrip-
tion and replication. It also acts as an activator of Zn-activated kinase, capable of chemically modifying histone
and nonhistone proteins. Zinc is required for maintaining auxin in an active state and is also involved in main-
taining the integrity and stabilization of cellular membranes by interaction with phospholipids and the sulthy-
dryl groups of the membrane protein. In addition, it also exerts an inhibitory action on the membrane damage
catalyzed by O, -generating NADPH oxidase [42—44]. In humans, zinc is involved in various enzymatic ac-
tivities and the synthesis and degradation of carbohydrates, lipids, proteins, and nucleic acids [45]. It also plays
an important role in polynucleotide transcription, translation, and genetic expression. The literature shows that
the daily intake of zinc for humans should not be less than nor more than 2.5 pg/g. In fact, zinc is absorbed
more readily from animal sources than plant sources due to the phytic acid content [46]. Despite this, green
leafy vegetables can also be a modest source of zinc.

Dill leaves also show the rich presence of copper, as the copper content in the dill leaves is found be
2.25 pg/g. The copper content of the other leafy vegetables is relatively low in comparison to dill leaves. For
instance, fenugreek, mustard, and chenopodium leaves contain 1.47, 0.14, and 0.72 ug/g copper, respectively.
Copper is crucial for both plants and animals. It is an important structural element in regulatory proteins.
Copper also participates in mitochondrial respiration, cell wall metabolism, photosynthetic electron transport,
oxidative stress responses, and hormone signaling. It is a cofactor of enzymes like amino oxidase, Cu/Zn
superoxide dismutase (SOD), cytochrome c oxidase, laccase, plastocyanin, and polyphenol oxidase. It is also
a redox-active transition metal and plays an important role in iron mobilization, oxidative phosphorylation,
signaling of transcription, and protein trafficking [47—50]. In humans, copper is important for the functioning
of many copper-containing metalloenzymes such as cytochrome oxidase, lysyl oxidase, ceruloplasmin, super-
oxide dismutase, and dopamine. The daily intake of copper by humans should not be less than 2.8 pg/g. Copper
is also involved in protein metabolism, hemopoiesis, erythropoiesis, connective tissue metabolism, nerve con-
duction, immune functions, and hormone synthesis [51].

Further spectral observations show that iron is observed to be in a higher concentration in the leaves of
fenugreek (94.5 pg/g) than in the leaves of dill (80.56 pg/g), mustard (60.03 pg/g), and chenopodium (31.64
pg/g). Iron is an essential micronutrient of plants, required during chlorophyll synthesis, maintenance of the
chloroplast structure and function, nitrogen fixation, DNA synthesis, respiration, and photosynthesis. It is a
prosthetic group constituent of many enzymes like cytochromes, catalases, and peroxidases and is required for
the activation of the metabolic pathways of plants. Due to its physicochemical properties, it has high affinity
to active metalloprotein sites and acts as a cofactor in redox reactions, required for oxygen production and use.
It is a cofactor of many enzymes, required during plant hormone synthesis like lipoxygenase, 1-aminocyclo-
propane acid-1-carboxylic oxidase, abscisic acid, and ethylene [52-55]. It also participates in a number of
metabolic processes including oxygen transport, DNA synthesis, and electron transport. It has been recom-
mended that the daily intake of iron should be up to 5 pg/g [56, 57]. Iron is an indispensable part of hemato-
poiesis. It is also bound in hemoglobin and other proteins such as transferrin and ferritin. The enzymes partic-
ipating in the production of new cells, amino acids, hormones, and neurotransmitters are also dependent upon
the availability of iron. Green vegetables are a good source of iron and is available at a low cost, and cooking
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in an iron utensil would be an effective strategy to increase the iron intake as recommended for anemia con-
valescence [58].

The results also show the presence of selenium in the leaves under investigation. The quantitative com-
parison reveals that selenium is seen to be in a higher concentration in the leaves of dill and mustard (0.44 and
0.57 ug/g, respectively) and in a lower concentration in the fenugreek leaf (0.13 pg/g). However, its presence
is not detected in chenopodium leaves. Selenium is a biologically active trace metal that exerts a positive effect
on the plant growth and stress tolerance at a low concentration [59]. It has been reported that selenium should
not be less than 0.14 pg/g in the human daily diet. The dietary intake of a low level of selenium induces
oxidative stress-related conditions. Selenium is necessary for the maintenance of the normal growth and de-
velopment of human. It is a major structural component of enzymes like glutathione peroxidase, thioredoxin
reductase, and deiodinases that play an important role in cellular function, signal transduction, reproduction,
tumor prevention, and muscle and brain function [60]. The results of this study show that dill and mustard
leaves are a significant means for selenium supplementation in the human body [61].

The spectral analysis also shows the presence of nickel in the leaves. The amount of nickel is observed to
be higher in the fenugreek leaf (0.26 pg/g) than in the dill leaf (0.24 pg/g). The leaves of fenugreek and cheno-
podium have a very low concentration of nickel. The concentration of nickel in the fenugreek leafis 0.13 pg/g,
while that in the chenopodium leafis 0.11 pg/g. Nickel is regarded as an essential plant micro-nutrient. It is an
activator of urease enzyme and plays an important role in hormonal activities and lipid metabolism. It is also
reported that nickel also activates an isoform of glyoxalase I enzyme that helps in the degradation of the cyto-
toxic compound methylglyoxal (MG). In addition, it also plays an important role in phytoalexin synthesis and
plant disease resistance [62, 63]. Despite its utility as a micronutrient, nickel has been identified as a pollutant
and toxicant beyond the threshold level. Excessive doses of nickel have been reported to cause hypersentivity,
genotoxicity, teratogenicity, immunotoxicity, and hematotoxicity [62, 63]. Therefore, it is recommended that
the concentration of nickel in the human diet should not exceed 0.02 pg/g. At elevated concentrations, nickel
exposure may induce free radical generation in the human body, which leads to oxidative damage and affects
kidney and liver functions. The accumulation of this heavy metal in the human body also induces the risk of
lung cancer, cardiovascular diseases, neurological disorder, and high blood pressure [64, 51].

The result of this study also shows that the leaves of dill, fenugreek, mustard and chenopodium accumulate
arsenic at a low concentration. The leaves of dill display the maximum concentration of arsenic (0.24 pg/g),
while those of dill, fenugreek, and mustard have a relatively smaller concentration of it (0.17, 0.16, and
0.18 nug/g, respectively). Arsenic is an extremely toxic metalloid that causes nausea, vomiting, diarrhea, weak-
ness, loss of appetite, cough, and headache when inhaled for a relatively short period of time, while the long-
term intake is responsible for cardiovascular diseases and diabetes. Arsenic poisoning affects the bone marrow
and the cellular elements of blood [64]. The recommended permissible limit for it is below 3 pg/g in the human
diet [65]. One of the possible sources of arsenic in the human diet is plants and their derived products. Arsenic
is absorbed by the plant tissues, and its uptake upsets the plant metabolism and interferes with the normal growth
of the plant [66]. It is released in the environment by the smelting of arsenic containing ores, coal burning, and
various applications such as fungicides, insecticides, herbicides, pesticide, and preservative [7, 9, 10, 67]. The
results of the present study show that the synchrotron-radiation-induced X-ray fluorescence technique proves
to be a promising probe for simultaneous multielemental analysis in different species of leafy vegetables, and
this technique can be a better alternative to other destructive analytical techniques.

Conclusions. The results of the present study demonstrate the applicability of synchrotron-radiation-in-
duced X-ray fluorescence as a rapid data generation, sensitive, and multiclement detection technique for the
analysis of biological samples. This technique provides information about the mineral, trace metal, and heavy
metal compositions of the plant sample in any physical state. The results also give important insights into the
elemental profile of dill, fenugreek, mustard, and chenompodium leaves. The data show that the leaves of che-
nopodium are abundant sources of macronutrients like potassium, while the leaves of mustard and chenopodium
are a good source of calcium in the human diet. In contrast, the leaves of dill and fenugreek are rich in trace
elements like manganese, iron, copper, zinc, nickel, and selenium. The detected elemental profile of leafy vege-
tables using an experimental approach involving SRXRF can add to the existing knowledge on nutrients.
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