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Abstract
The evaluation of the content of zinc and copper in plant tissues of barley grass growing on enriched in zinc/copper solutions 
(sulphate, glycine complex, rutin complex) were studied by inductively coupled plasma mass spectrometry. The highest 
concentrations of Zn were found in the roots and leaves, growing on solutions enriched in the rutin-zinc(II) and sulphate 
solutions. The highest concentrations of Cu were found in the leaves, growing on solutions enriched in the glycine-copper(II) 
complex solutions. The research showed that the barley accumulates the zinc/copper from the nutrient solution, therefore, 
in the next step of the investigation the evaluation of bioaccessibility was carried out. The bioaccessibility of copper and 
zinc were evaluated from the various enriched cultivation solutions by the inductively coupled mass spectrometry coupled 
with size exclusion chromatography. Plants growing on solutions enriched in the zinc/copper complexes with amino acids 
(glycine) and flavonoids (rutin) accumulated excessive amounts of these elements in tissues. Additionally, the bioaccessibility 
is significantly higher than from the plant’s tissues growing on zinc/copper salts solutions.
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Introduction

Nowadays, more and more consumers are choosing to intro-
duce natural foods into their diets (plants, fruits, and vegeta-
bles). Because of the increase in popularity, an investigation 
is directed to determine the chemical forms of nutrients in 
it, especially metals. Additionally, due to the positive influ-
ence of metals present in food in the human body, the need 
to look for metal forms that are best bioaccessible also 
increases. Previous studies show that zinc and copper are 
better absorbed by the human body when are complexed 
with proteins, peptides or flavonoids [1–3].

One of the dietary supplements—barley grass—has 
gained significant popularity in recent years, because of the 
rich source of essential elements, including zinc, copper, 
manganese, and chromium [4]. Barley is widely consumed, 

because of its dietary and technological properties—produc-
tion of beer [5] and functional foods [6, 7]. Moreover, sev-
eral classes of compounds are present in barley which have 
a phenolic structure—responsible for antioxidant properties 
[8, 9] and are rich in micro- and macro elements, proteins 
and vitamins [4]. Barley grass has young green leaves and 
stems of vegetative growth stage from a seedling at 10 days 
after sprouting (barley sprout) to elongation stage (barley 
green) for a nutritional peak before the start of the reproduc-
tive cycle of barley [10]. Barley grass is not only consumed 
as a popular green-colored drink [11, 12], but also used in 
preventive chronic diseases, especially circulatory disorders, 
anticancer, reducing obesity, anti-diabetes, anti-arthritis, 
reducing cholesterol, antioxidant, and anti-inflammation 
[12, 13].

The determination of the content of elements in the food 
is important but not enough. However, it is necessary to 
specify the forms of elements, because this is the reason 
why some elements are better accessibility for the human 
organism than others [2, 14]. So this is the reason, why it is 
important to check the different growth media of the plant—
a solution with metal complexes and metal ions [15, 16]. 
What is also important the examination of the accumula-
tion of elements by plants and identification of the forms 
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of metal which are responsible for better bioavailability for 
human organisms.

Due to that determination of the total concentration of 
metals in food does not provide information about their 
bioavailability in the human organism [6] and knowledge 
about the content of an element in the bioaccessible frac-
tion is necessary to evaluate bioavailability [17], we need 
to find the tool which helps us to get the information on the 
bioaccessibility of important nutrients in food and food sup-
plements. For that reason, this research aimed to: (1) evalu-
ate the concentrations of copper and zinc in plant tissues of 
barley grass growing on enriched solutions and (2) evaluate 
the bioaccessibility of copper and zinc from the barley grass 
using the in vitro simulation of gastrointestinal digestion 
(two-step model with pepsin as a gastric juice and pancreatin 
as an intestinal juice). To the best of our knowledge, this is 
the first attempt to carry out bioaccessibility evaluation of 
metals in barley grass by the ICP-MS technique.

Materials and methods

Reagents and chemicals

Sodium chloride, ammonium acetate, rutin, glycine, nitric 
acids, hydrogen peroxide, zinc acetate, zinc sulfate, copper 
sulfate, and hydrochloric acid were purchased from Sigma 
Aldrich with analytical reagent grade. Pepsin from por-
cine gastric mucosa and pancreatin was of biological grade 
(Sigma-Aldrich, Buchs, Switzerland). Deionized water 
(18 MΩ cm) prepared with a Milli-Q system (Millipore Elix 
3, Millipore, Saint-Quentin, France) was used throughout. 
The SEC column was calibrated using the size exclusion 
standard (BIO-RAD, Warsaw, Poland).

Instrumentation

The determination of the concentration of elements in plant 
tissues (after mineralization and enzymatic extraction) was 
carried out by Agilent 7500a ICP MS as an element-spe-
cific detector. Ni-skimmer was installed in the interface, 
the position of a torch and nebulizer gas flow was adjusted 
daily with special emphasis to decrease the level of CeO/Ce 
below 0.2% to minimize the risk of polyatomic interferences 
caused by oxides. The working conditions were optimized 
daily using a 10 μg L−1 solution of 7Li+, 89Y+, and 209Bi+ in 
2% (v/v) HNO3. It was expected to obtain the highest signals 
for bismuth and yttrium and the lowest amount of oxide, 
polyatomic and doubly charged ions.

The screening for the metal complexes was carried out 
through size exclusion chromatography coupled to ICP-
MS. Prepared samples were analyzed on a Superdex200 
10/300GL (GE Healthcare Life Sciences) exclusion 

column with a bed volume of 24 mL. Before the analysis, 
the column was calibrated with a mixture of thyroglobu-
lin (670 kDa), γ-globulin (158 kDa), ovalbumin (44 kDa), 
myoglobin (17 kDa), vitamin B12 (1.35 kDa). Chromato-
graphic separations were performed using Agilent 1100 
gradient HPLC pump (Agilent Technologies, Waldbronn, 
Germany) as the sample delivery system. Agilent 7500a 
ICP MS (Tokyo, Japan) was used as an on-line HPLC 
detector. All connections were made with PEEK tubing 
(0.17 mm i.d.). Operational parameters are summarized 
in Table 1.

For the extraction procedures, Bandelin Sonorex 
Model 1210 ultrasonic bath (Bandelin, Berlin, Germany) 
and ultrafiltration were carried out using an MPW-350R 
centrifuge (MPW, Poland). Spectrophotometer UV–VIS 
(Merck, Germany).

Plant cultivation

Plant cultivation sets of 50 seeds of barley grass were ger-
minated for 7 days in distilled water and transferred to 
350 mL containers with water (control) or various zinc/
copper solutions (sulphate, glycine complex, rutin com-
plex) at a concentration of 50 μmol L−1 and 1000 μmol 
L−1. Cultivation was carried out for the next 7 days. Each 
variant of the cultivation was performed in three repli-
cates. After cultivation, the plants were harvested, the 
roots were washed with deionized water and the plants 
were divided into roots and leave and lyophilized. The 
dried roots and leaves were stored at − 24 °C until analysis.

Table 1   Operational parameters for HPLC and ICP–MS

Settings

ICP–MS Agilent 7500a
RF power 1280 W
Plasma, auxiliary and 

nebulizer gas flow
15.0, 1.0 and 1.05 L min−1

Cones Sampler—Pt, Skimmer—Pt
Monitored isotopes 63Cu, 65Cu, 66Zn, 68Zn, 55Mn, 95Mo
Dwell time 0.1 ms
HPLC separation
Pump Agilent 1100
Column Superdex 200 (10 × 300 mm × 10 µm) —

GE Healthcare Life Sciences
Mobile phase 10 mM ammonium acetate buffer (pH 7.4)
Elution program Isocratic
Flow 0.5 mL min−1

Injection volume 100 µL
Column temperature 24 °C
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Sample mineralization

After the end of cultivation, the dried plants were ground 
manually using an agate mortar and pestle, until a homo-
geneous powder was formed. For the determination of the 
total amount of elements in barley, a plant tissues (0.05 g 
dry mass) were digested by microwave-assisted mineraliza-
tion with a mixture of 5 mL of HNO3 and 3 mL of H2O2. 
After cooling down the digests were diluted with MQ water 
to the volume of 25 mL and then diluted before ICP MS 
analysis. Analyses were performed in triplicate. Samples and 
standard solutions were prepared with the addition of 89Y as 
the internal standard. The external calibration curves were 
linear in the investigated range from 2 to 150 µg L−1 with 
r2 above 0.998.

Synthesis of zinc/copper complexes with rutin 
and glycine

Two different metal salts ((CH3COO)2Zn and CuSO4) 
were dissolved with methanol. The salt concentration was 
10 mg mL−1. Standard rutin was also dissolved in methanol 
with a final concentration of 15 mg mL−1. Methanol solution 
of rutin was mixed with a methanol solution of copper and 
zinc salts. All mixed solutions were incubated at 40 °C for 
24 h. To confirm that the compounds formed were certainly 
complexed the analysis was performed on a UV–VIS spec-
trophotometer. For example, the obtained spectrum of rutin-
zinc(II) complex solution was compared to the spectrum of 
rutin. In comparison to the spectrum of the rutin itself, the 
spectrum of rutin-zinc(II) shows the shift of absorption 
bands towards longer wavelengths, i.e. the bathochromic 
shift, which indicates that the relationship was made and 
is permanent.

Two different metal salts (ZnSO4 and CuSO4) were dis-
solved with water. Standard glycine was also dissolved in 
water. The water solution of glycine was mixed with the 
water solution of copper and zinc salts, respectively, accord-
ing to the 2:1 mole ratio. To confirm that the compounds 
formed were certainly complexed the analysis was per-
formed on a UV–VIS spectrophotometer.

In vitro simulation of gastrointestinal digestion

The in vitro digestion method was based on Luten et al. 
modified to the studied barley grass [18]. 2.5 mL of gastric 
juice (6% w/v pepsin in 0.15 M NaCl, acidified to pH 1.8 
through HCl) was added to 0.07 g of plant tissues and then 
shaken and sonicated for 10 min in an ultrasonic bath. In 
the next step, the mixture was incubated in the thermostatic 
water bath for 3.5 h at 37 °C. After incubation, the mix-
ture was centrifuged at 4 °C for 20 min at 15,000 rpm. The 
supernatants were filtered through 0.45 µm syringe filters 

(Sigma-Aldrich, Bellefonte, PA, USA) and analyzed. For 
intestinal digestion, the NaHCO3 solution was added to 
the remaining part of the sample to obtain a neutral pH. 
After that 2.5 mL of intestinal juice (1.5% w/v pancreatin 
in 0.15 M NaCl) was added and the mixture was incubated 
for 2 h at 37 °C. Following centrifugation and filtration of 
supernatant, the gastrointestinal extract was analyzed by 
SEC–ICP–MS.

To collect the information about the bioaccessibility of 
important nutrients from plant tissues by the human organ-
ism, the efficiency of enzymatic extraction was estimated by 
establishing the amounts of elements in digestion extracts 
against the total content of elements in mineralized samples.

Results and discussion

Evaluation of total content of zinc and copper 
in plant tissues from enriched growing solutions

The total concentration of selected elements was determined 
after microwave-assisted digestion of barley grass through 
ICP-MS. The results were obtained from three independent 
experiments. As the interest of this study, the following total 
amounts of zinc were identified and presented in Table 2.

The concentrations of the elements in the tissues of plants 
collected from the enriched growing solutions were high. 
The concentrations of the elements in plant tissues were 
significantly affected by the plant organ (leaves vs roots) 
and the growing solutions. The elements accumulated pre-
dominantly in roots.

It can be concluded that the content of zinc in roots grow-
ing on enriched in zinc solutions compared to the control 
increased. In the case of solutions with a concentration 
of 50 μmol L−1, this increase is most noticeable when the 
medium contained glycine-zinc(II). However, for solutions 
with a concentration of 1000 μmol L−1, the increase is vis-
ible for all three solutions. For other elements, there was no 
relationship between their concentration and zinc concen-
tration, but their concentration values varied for different 
seedlings.

A similar relationship was observed in leaves between 
the concentration of zinc in the control and barley grass 
cultured on the enriched media. The highest concentration 
of zinc was observed in the case of plant tissues cultured 
on a solution enriched in 1000 μmol L−1 glycine-zinc(II) 
resented investigations shows that the content of zinc in the 
roots is much higher than in the leaves. Because the roots are 
responsible for collecting nutrients and transferring them to 
the leaves, we could found about 92% of zinc in the roots. It 
is important to mention that the presence of a higher amount 
of zinc in the growth solutions does not influence the con-
centration of copper in the plant (Fig. 1).
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The content of copper in the roots growing on enriched 
in copper solutions compared to the control it contains 
only copper ions (not glycine-copper(II), applies to 
roots). In the case of solutions with a concentration of 
50 μmol L−1, this increase is most noticeable when the 
medium contained glycine-copper(II) and the copper ions. 

Similarly, for solutions with a concentration of 1000 μmol 
L−1, the increase is also observable for glycine-copper(II) 
and their salt. For other elements, there was no relation-
ship between their concentration and copper concentra-
tion, but their concentration values also varied for different 
seedlings.

Presented investigations show that the content of copper 
in the roots is much higher than in the leaves. The highest 
concentration of copper was observed in the case of leaves 
cultured on a solution enriched in 1000 μmol L−1 copper 
glycine and copper-sulphate solutions (Fig. 2).

Evaluation of bioaccessibility of zinc and copper 
from the barley grass by the human organism

The efficiency of extraction of copper and zinc after enzy-
matic extraction is presented in Table 3. The % of bioacces-
sibility of the copper/zinc in plant tissues was calculated 
based on copper or zinc concentration in gastric and gastro-
intestinal extracts, through the following formula:

Table 2   Total concentrations of manganese, copper, zinc and molybdenum in plant tissues growing on solutions enriched in various zinc/copper 
solutions

Conc., µmol 
L−1

RSD, % 50 RSD, % 1000 RSD, % 50 RSD, % 1000 RSD, % 50 RSD, % 1000 RSD, %

Control Zn(II)-Gly Zn(II)-Rut ZnSO4

Leaves
 Zn 55.060 2.60 89.490 2.09 158.600 1.95 61.280 1.72 104.600 2.47 60.250 0.08 131.94 0.12
 Cu 7.962 0.26 9.730 0.53 9.350 0.15 7.620 0.25 7.140 0.44 6.720 0.58 9.510 0.21
 Mn 21.212 0.04 28.530 0.78 23.340 1.10 18.560 1.53 20.840 0.98 19.820 0.35 25.380 0.22
 Mo 0.850 0.01 0.900 0.01 0.650 0.02 0.770 0.04 0.710 0.03 0.670 0.04 0.740 0.01

Roots
 Zn 605.330 2.13 791.040 2.95 2024.50 2.21 635.750 1.85 1646.91 2.63 660.320 3.23 1749.99 2.37
 Cu 16.900 1.25 7.260 0.58 3.820 2.97 10.470 0.67 7.720 0.86 6.980 0.12 8.740 0.08
 Mn 8.180 0.43 5.170 1.55 2.670 1.89 6.500 1.02 6.170 1.01 5.970 0.98 2.090 0.35
 Mo 0.850 0.06 1.240 0.12 3.820 1.11 1.130 0.05 1.430 0.13 1.050 0.03 2.100 0.15

Conc., µmol 
L−1

RSD, % 50 RSD, % 1000 RSD, % 50 RSD, % 1000 RSD, % 50 RSD, % 1000 RSD, %

Control Cu(II)-Gly Cu(II)-Rut CuSO4

Leaves
 Cu 10.782 0.57 15.956 0.74 19.709 0.71 11.789 0.37 13.525 0.73 14.732 0.79 20.437 0.77
 Zn 86.900 3.31 99.842 2.79 91.079 2.14 99.920 5.66 101.415 3.31 86.725 1.90 80.231 4.87
 Mn 24.431 0.67 25.807 0.33 22.103 0.33 25.715 0.71 23.942 1.32 27.139 0.43 25.220 0.84
 Mo 0.943 0.03 0.897 0.04 0.652 0.03 0.994 0.00 0.898 0.06 0.748 0.02 0.609 0.02

Roots
 Cu 7.592 0.35 7.924 0.21 73.431 2.94 14.032 0.58 13.383 3.63 59.128 2.38 69.458 4.99
 Zn 607.837 4.05 480.369 5.02 616.310 4.27 605.349 3.06 612.330 2.94 510.497 4.92 466.813 1.46
 Mn 10.320 0.43 7.026 0.18 5.583 0.18 7.764 0.48 4.751 0.19 6.873 0.33 5.831 0.16
 Mo 0.294 0.02 0.328 0.00 0.290 0.01 0.278 0.01 0.313 0.01 0.275 0.01 0.322 0.03

Fig. 1   The content of zinc and copper in leaves of barley grass
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where [GC] = content of copper or zinc in the gastric digest, 
[GIC] = content of copper or zinc in gastrointestinal digest 

% Bio accessibility =
[GC]or[GIC]

[TC]
× 100%,

and [TC] = total concentration of copper or zinc in barley 
grass sample.

Zinc: The presented results show that after the simu-
lation of gastric digestion, the bioaccessibility of zinc in 
leaves growing on enriched solutions in glycine-zinc(II) 
and zinc-sulphate is higher than 60% of total zinc content. 
The obtained results could indicate that high molecular 
compounds (HMW) are the main ligands binding zinc in 
plant tissues. When the concentration of metal in the grow-
ing solution was higher (enriched in 1000 μmol L−1 of Zn), 
the lower content of zinc was extracted from plant tissues. 
However, after the end of digestion simulation, the bioacces-
sibility of zinc was about 50% from plant tissues growing on 
solutions enriched in rutin-zinc(II) what leads to the conclu-
sion that zinc complexed by rutin it is the form which is the 
most bioaccessible for the human body.

Copper: The presented results show that after the simula-
tion of gastric digestion, the bioaccessibility of copper from 
leaves is 50% of total copper content. However, when the 

Fig. 2   The content of copper in barley grass leaves (black) and roots 
(grey)

Table 3   Bioaccessibility of copper and zinc in plant tissues growing on solutions enriched in various zinc/copper solutions

The extraction efficiency is presented as a bioaccessibility
*The concentration of selected metals [µmol L−1] in extracts after the enzymatic digestion

Conc. µmol L−1 50 1000 50 1000 50 1000
Zn Control Zn(II)-Gly Zn(II)-Rut ZnSO4

Leaves
55.060 89.490 158.600 61.280 104.600 60.250 131.94

 Pepsin* 28.09 77.08 26.45 24.85 30.38 37.96 61.06
 Bioaccessibility, % 51.01 86.13 16.68 40.47 29.04 63.00 46.28
 Pancreatin* 25.89 33.95 38.98 25.52 59.28 28.87 38.91
 Bioaccessibility, % 47.02 37.94 24.58 41.64 56.67 47.91 29.49

Roots
605.330 791.040 2024.50 635.750 1646.91 660.320 1749.99

 Pepsin* 121.38 62.54 618.19 122.75 1035.14 194.76 459.96
 Bioaccessibility, % 20.05 7.91 30.54 19.31 62.58 29.49 26.28
 Pancreatin* 228.14 111.51 427.73 228.97 135.48 177.94 79.77
 Bioaccessibility, % 37.69 14.10 21.13 36.02 8.23 26.95 4.56

Cu Control Cu(II)-Gly Cu(II)-Rut CuSO4

Leaves
10.782 15.956 19.709 11.789 13.525 14.732 20.437

 Pepsin* 8.03 7.95 3.44 7.55 0.51 9.23 5.79
 Bioaccessibility, % 74.49 49.81 17.46 64.04 3.77 62.65 28.33
 Pancreatin* 4.38 6.28 8.52 5.15 6.30 7.08 9.02
 Bioaccessibility, % 40.63 39.34 43.25 43.68 46.60 48.06 44.13

Roots
8.182 7.269 73.431 10.472 13.383 59.128 69.458

 Pepsin* 3.50 13.19 10.00 5.46 2.88 26.08 9.73
 Bioaccessibility, % 42.79 18.17 13.61 52.15 21.52 44.11 14.01
 Pancreatin* 5.25 1.97 12.11 7.46 2.26 23.72 8.75
 Bioaccessibility, % 64.18 27.15 16.49 71.25 16.88 40.12 12.60
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concentration of metal in a growing solution is enriched in 
a much higher concentration of eluent (1000 μmol L−1 of 
Cu), only 15–30% of copper was extracted. The results were 
similar to those obtained for the zinc solution. It follows, 
that the presence of higher concentrations of elements in 
the plant tissues may affect their lower bioavailability for 
humans organisms.

After the end of the simulation of digestion, bioaccessi-
bility of copper was about 40% which leads to the conclusion 
that copper compounds present in leaves are bioaccessible 
for the human body.

SEC–ICP–MS profiling of gastric and gastrointestinal 
extracts

Coupling the size exclusion chromatography with induc-
tively coupled plasma mass spectrometry (SEC–ICP–MS) 
allows the element-specific detection of eluted com-
pounds. The eluate from the column was fed directly 
into the ICP-MS. The extracts of plant tissues after the 
simulation of gastric and gastrointestinal digestion were 
examined.

The chromatograms obtained for leaves gastric and 
gastrointestinal extracts growing on control solutions con-
sisted of four peaks at a similar time of retentions (Fig. 3). 
We could observe additional peaks at tr = 27  min and 
tr = 30 min for plant tissues gastric extracts growing on solu-
tions enriched in zinc, which cannot be observed in control 
extracts. Both signals (at tr = 27 min and tr = 30 min) proba-
bly correspond to digestion products of zinc compounds that 
are created in plant tissues due to cultivation. Furthermore, 

we could observe one additional peak at tr = 28 min, after 
the gastrointestinal digestion.

In a case of copper, the chromatograms obtained for 
leaves gastric and gastrointestinal extracts, growing on solu-
tions enriched in copper, consisted of five peaks (Fig. 3). 
Furthermore, we could observe an additional peak only 
after the gastrointestinal digestion, at tr = 22 min for plant 
tissues growing on solutions enriched in copper sulphate 
and glycine-copper(II). The signal corresponds probably to 
digestion products of copper which are created in plant tis-
sues due to cultivation.

The presented results indicate the ability of ligands inter-
action with copper and zinc in plant tissues and improving 
the bioaccessibility of copper by the human organism.

Conclusions

In the present study, ICP–MS and SEC–ICP–MS techniques 
were used for the determination of zinc and copper content 
in plant tissues growing on solutions enriched in various 
zinc/copper forms (sulphate, glycine complex, rutin com-
plex). This study proved that barley grass overgrowing on 
enriched solutions accumulate much higher amounts of Cu 
and Zn than the plants from control sites. The highest con-
tents of metals were found in the roots, but their levels in 
the leaves were elevated as well, implying a possibility of 
transport of zinc/copper species along the food chain. The 
highest accumulation of zinc and copper we can observe in 
plant tissues cultivated on solutions enriched in the glycine-
zinc(II), glycine-copper(II) and sulphate-copper(II).

Fig. 3   SEC–ICP–MS chromatograms for copper and zinc obtained for leaves extracts after the in vitro simulation of a gastric digestion and b 
gastrointestinal digestion (line: black—control; red—glycine; green—sulphate, yellow—rutin growing solution)
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After the end of digestion simulation, zinc bioaccessibil-
ity was about 50% from plant tissues growing on solutions 
enriched in the rutin-zinc(II) and zinc sulphate. Likewise, 
the higher bioaccessibility of copper (40%) from plant tis-
sues growing on solutions enriched in rutin-copper(II), 
glycine-copper(II) and copper sulphate. The SEC–ICP–MS 
result indicates the ability of ligands interaction with copper 
and zinc in barley grass tissues and improving the bioacces-
sibility of copper by the human organism.
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