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Metal ions can modify plant metabolism and change the level of biologically active components. In the present 
study, the impact of short-term exposure to strontium on the accumulation of the metal as well as the content 
of isoflavones in soybean sprouts was investigated.  The seeds were germinated in hydroponics with 0, 1, 1.5, 
2.5, 5.0, or 10.0 mM of Sr for 72 hours. The content of strontium was assessed using flame atomic absorption 
spectrometry and the amount of isoflavones was determined with high performance liquid chromatography. 
dose-dependent accumulation of Sr and a linear correlation between the Sr concentration in the growth medium 
and the content of the element in the plant samples were observed. The largest changes in the isoflavone content, 
compared to the control, were noted in soy sprouts germinated in the presence of 5 and 10 mM of strontium. 
daidzin, genistin, malonyldaidzin, and malonylgenistin were the dominant isoflavones and their content increased 
by approx. 28, 44, 34, and 47%, respectively, compared to the control. low amounts of aglycones were found; 
moreover, their content decreased by ca. 19–30%. Our research can be important for obtaining a natural product 
enhanced with strontium and isoflavones, which contribute to prevention of osteoporosis associated with endog-
enous oestrogen deficits. 
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INTROdUCTION

Soy (glycine max (l.) Merr.) is an annual plant 
from the legume family (Fabaceae, lindl.) (http://
www.theplantlist.org). It originates from China and 
Manchuria, but cultivation thereof gradually spread 
to other countries. Soybeans are a rich source of 
oil and protein and they are used to obtain soybean 
meal and vegetable oil. Soy products are extremely 
important for vegetarians and vegans, as they can 
be an alternative to animal-based foods, due to the 
complete composition of amino acids (wójciak-
Kosior et al., 2016a; Messina and Messina 2010).

In recent years, fresh germinated soybean 
has gained popularity. Soybean sprouts are widely 
consumed in many countries and regarded as 

a valuable component of a healthy diet due to their 
beneficial nutritional properties. 

Many scientific publications have reported the 
nutritional value of soybean sprouts. They contain 
valuable nutrients such as proteins, unsaturated 
fatty acids, amino acids, minerals, vitamins, and 
dietary fibre, as well as biologically active secondary 
metabolites such as phenolic compounds, saponins, 
and phytosterols (wójciak-Kosior et al., 2016a; 
Gu et al., 2017; Jiang et al., 2000). among them, 
isoflavones representing the so-called phytoestrogens 
have aroused scientists’ interest. They have been 
applied for prevention and treatment of hormonal 
disorders in postmenopausal women. In this 
period of life, the level of endogenous oestrogens 
declines, which increases the risk of development 
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of osteoporosis and other disorders such as 
coronary heart disease or atherosclerosis. with their 
structural similarity to B-oestradiol, isoflavones 
exhibit affinity to oestrogen receptors and can be 
applied in hormone replacement therapy to alleviate 
the symptoms of menopause and prevent diseases 
associated with a dec reased level of oestrogen 
(watanabe et al., 2000; watanabe et al., 2002; 
Kocjan et al., 2011).

It has been evidenced that the concentration 
of plant metabolites depends on a number of 
environmental factors. For instance, the addition 
of metal ions to the growth medium disrupts 
metabolic pathways, thereby affecting the 
biochemical profile of the plant. This can result in 
an increase (elicitation) or a decrease in the level 
of some plant metabolites (Murch et al., 2003; 
Michalak, 2006; Rai et al., 2005). Therefore, the 
influence of strontium ions added to the growth 
medium on the isoflavone content in soybean 
sprouts was investigated in the present study. 
Strontium was chosen because, due to its chemical 
and physical similarity to calcium, it can partially 
replace calcium, which is essential for plant 
development. Moreover, strontium formulations are 
applied to prevent postmenopausal osteoporosis, 
and enhanced production of isoflavones combined 
with accumulation of strontium in plant materials 
may increase the health potential of soybean 
sprouts. 

MaTERIal aNd METHOdS

The isoflavone standards, solvents, and reagents 
were purchased from Sigma-aldrich (St. louis, 
MO, USa). water was deionized and purified by 
UlTRaPURE Milipore direct-Q® 3UV–R (Merck, 
darmstadt, Germany). glycine max (l.) Merr. 
soybeans were purchased in a local market (series 
Pl230/12/210/l518. 2/2016). 

The experiments were carried out in three 
variants and a control. In the first step, the 

seeds of soybeans were placed in distilled water 
(variant I) or in a water solution of strontium 
nitrate at a concentration of 1 mM, 2.5 mM, 5 mM, 
and 10 mM (variant II and III) for 24 h at 30°C. 
In the second step, the swelling seeds were moved 
to water (variant III) or to a water solution of 
strontium nitrate at an appropriate concentration 
(variant I and II). The samples were placed in 
a growth chamber at a temperature of 28°C, relative 
humidity 70%, and photosynthetic photon flux 
density of 150 μmol × m-2 × s-1 and incubated 
for 72 h. The control sample was placed and 
incubated in distilled water for 96 h in the same 
conditions as in the Sr treatments. The scheme of 
the experiments is shown in Fig. 1.

Next, the samples were washed with distilled 
water, dried, micronized, and subjected to high 
performance liquid chromatography (HPlC) and 
atomic absorption spectrometry (aaS) analysis.

dETERMINaTION OF ISOFlaVONES 

0.5 g of each sample was defatted with petroleum 
ether and extracted three times with 20 ml of 
methanol in an ultrasonic bath (3 × 15 min) 
(wójciak-Kosior et al., 2016b). The extracts were 
combined, concentrated to 10 ml, and filtered. 
The analysis of isoflavones was performed using 
HPlC equipment (VwR Hitachi Chromaster 600, 
Merck), and the data obtained were analysed using 
EZChrom Elite software (Merck). The extracts were 
separated on an RP-18e liChrospher 100 column 
(Merck) (25 cm × 4.0 mm i.d., 5 μm particle size) 
at 30°C. a mixture of acetonitrile (a) and water (B) 
with 0.025% of trifluoroacetic acid at a flow rate 
of 1.5 ml/min was used as a mobile phase. The 
following gradient program was used: a 15%, B 85% 
during 0–5 min; a 20%, B 80% during 5–15 min, and 
a 25%, B 75% during 15–40 min (wójciak-Kosior et 
al., 2016c). The chromatograms were recorded in 
the range of 200–400 nm wavelength. The identity 
of the compounds was established by comparison of 
retention times and UV-Vis spectra with standards.

Fig. 1. Scheme of the experiment and an example of a photo of soy cultivated at different strontium concentrations.
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STRONTIUM aCCUMUlaTION MEaSUREMENT

0.5 g of each sample was mineralized in a closed 
microwave-assisted high-pressure digestion system 
(TOPwave, analytik Jena, aG. Germany) with the 
use of a mixture containing 4 ml of 65% nitric acid 
and 10 ml of deionized water at 90% of the power 
generator for 40 min. The strontium contents 
were determined by flame atomic absorption 
spectrometry at λ = 460.733 nm (High-Resolution 
Continuum Source atomic absorption spectrometer 
Contraa 700, analytik Jena) (Sowa et al., 2014).

STaTISTICal aNalySIS

all data were analysed by STaTISTICa ver.10 
(StatSoft, Inc, USa). Using the analysis of variance, 
the effects of Sr and the number of variants (two-
way aNOVa) on isoflavones and Sr accumulation 
were analysed. The significance of differences 
was examined using Tukey’s HSd test (p < 0.05). 
additionally, a t-test was used to compare changes 
in the isoflavone accumulation between the control 
and the treatments at a 0.05 probability level. The 
experiments involved 12 treatments and the control 
with 3 pots and 24–26 seeds per pot. The whole 
experiment was repeated three times in the same 
conditions.

RESUlTS 

In the present study, the effect of cultivation 
of soybean sprouts at different concentrations 
of strontium ions on the isoflavone content 
and accumulation of the element in plants was 
investigated. Furthermore, the impact of strontium 
on soybean germination was assessed.

Our investigation has revealed that strontium 
exerts a negative effect on germination. In all 
samples treated with strontium ions, a statistically 
significant decrease in the number of germinated 
seeds was observed, compared to the control. 
The percentage of seed germination in water 

was 77.7 ± 11.5%, whereas the mean values for  
samples incubated in the strontium solution 
were 56.8 ± 7.1, 58.8 ± 5.3, 60.8 ± 5.8, and 
35.8 ± 10.1% for the concentration of 1, 2.5, 5, 
and 10 mM, respectively. as can be seen, there 
were slight differences in the concentration range 
of 1–5 mM; however, at 10 mM of Sr, the decrease 
in the germinating power was significant.

Next, the methanolic extracts from soybean 
sprouts were analysed for the isoflavone content 
using HPlC. Six compounds were identified (Fig. 2) 
and the phytochemical profile was in agreement 
with literature data (Quinhone and Ida, 2015).

daidzin (daidzein 7-O-glucoside), malony-
ldaidzin, genistin (genistein 7-O-glucoside), and 
malonylgenistin were the dominant isoflavones in 
all extracts. Their amounts in the studied sprouts 
were 75.49–125.13, 255.86–406.65, 169.65–277.23,  
and 57.79–103.76 μg/g, respectively. low contents 
of aglycone forms, i.e., in the range of 25.20–48.69 
for daidzein and 23.60–72.28 μg/g for genistein, 
were also found. The amounts of the investigated 
compounds obtained in the particular variants of the 
experiments are shown in Figure 3. 

as can be noted, the level of isoflavones 
fluctuated depending on the strontium concen-
tration and the experimental variant. Compared to 
the control, the largest changes were observed in 
soy sprouts exposed to strontium (variant II and 
III) at the concentration of 5 and 10 mM. Generally, 
the amount of glycoside and malonylglycoside 
forms increased; in turn, the content of aglycone 
forms, especially genistein, decreased. This 
suggests that stress conditions promote bonding of 
aglycones into derivatives. The percentage changes 
in the isoflavone content, relative to the control 
taken as 100%, are summarized in Table 1. The 
greatest differences were obtained in the pre-
treated soybean sprouts cultivated in the strontium 
solution (variant II) at the concentration of 5 and 
10 mM. an increase in the bonded forms up to 
28.4, 43.9, 33.9, and 47.3% was noted for daidzin, 
genistin, malonyldaidzin, and malonylgenistin, 

Fig. 2. Example of a chromatogram of the extract obtained from soybean sprouts: 1 – daidzin, 2 – genistin, 3 – malonyl-
daidzin, 4 – malonylgenistin, 5 – daidzein, 6 – genistein.
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respectively; however, the amount of aglycones 
decreased by ca. 19–30%. 

In the next step of our investigation, aaS 
analyses of the strontium content were carried 
out to assess the ability of four-day soy sprouts 
to accumulate Sr from the medium. The results 
are presented in Table 2. as expected, the 

highest concentration of Sr was found in the pre-
treated samples incubated with the strontium 
solution (variant II). Moreover, we observed dose-
dependent accumulation of Sr in all variants of 
the experiments and a linear correlation between 
the concentration of Sr in the growth medium 
and its content in the plant samples. The higher 

Fig. 3. Comparison of the isoflavone content in soybean sprouts obtained in the different variants of the experiment:  
(a) daidzin, (b) genistin, (c) malonyldaidzin, (d) malonylgenistin, (e) daidzein, (f) genistein.

a

d

e f

b

c

TaBlE 1. The percentage changes in isoflavones during cultivation at various strontium concentrations (the mean 
content of isoflavones in the control sample was taken as 100%). Variant I: 24h pre-incubation in water and cultivation in 
strontium, variant II: pre-incubation and cultivation in strontium, variant III: pre-incubation in strontium and cultivation 
in water.

Compoment
variant I variant II variant III

1 mM  2.5 mM 5 mM 10 mM 1 mM  2.5 mM 5 mM 10 mM 1 mM 2.5 mM 5 mM 10 mM 

daidzin -8,1 -6,0 7,8 28.2* -0,7 12,9 28.4* 26.5* -14,7 -8,7 -15,5 -3,9

genistin -1,9 -0,6 9,0 27,4* 32,1* 38,1* 39,7* 43,9* -10,2 1,1 -11,9 15,5

malonyldaidzin -12,0 -13,8 1,4 -0,2 -4,5 19,9 33,9* 23,4* 12,3 25,6* 22,7* 36,9*

malonylgenistin -11,1 -9,5 15,1 26,1* -1,3 3,9 47,3* 36,8* 19,2 21,2 20,5 36,1*

daidzein -18,1 -21,7 -19,2 -28,4* -1,73 -10,3 -28,1* -19,3 -11,7 -0,7 -13,5 -18,4

genistein -34,5* -27,5* -48,9* -63,3* -4,43 -2,37 -29,8* -22,7* -28,6* -28,8* -41,1* -29,2*

* – the value was statistically different comparing to the control (p < 0.05)
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concentration of Sr obtained in variant III (pre-
incubation in strontium and cultivation in water) 
compared to variant I (pre-incubation in water 
and cultivation in strontium) indicated that Sr was 
more effectively absorbed during seed swelling. 
The bioconcentration factor (BCF) (the ratio of 
the ion content in the material to its content in 
the environment), which indicates the ability to 
accumulate metals, decreased at the higher Sr 
concentration in the medium.

To sum up, the best results in terms of the 
seed germinating power, isoflavone content, and 
strontium concentration in the plant material 
were obtained when the soybean seeds were pre-
incubated and cultivated at the 5 mM strontium 
solution. The higher Sr concentrations turned out 
to be toxic and the amount of germinated seeds was 
significantly lower than in the control.

dISCUSSION

Sprouts are a very attractive component of diet, 
as the intense biochemical processes occurring 
during sprouting increase the nutritional value of 
plants, e.g., they have an effect on the content of 
proteins, free amino acids, sugars, and vitamins, 
especially vitamin C (Quinhone and Ida, 2015; 
Sun et al., 2018). The enrichment of soybean 
sprouts with micro and macro elements during 
cultivation to obtain a health-enhancing product 
has recently received more researchers’ attention 
(diowksz et al., 2014; wang et al., 2016; lazo- 
-Vélez et al., 2018; Zielińska-dawidziak et 
al., 2018). However, the influence of additives on 
the level of plant secondary metabolites should 
also be taken into consideration, because they 
can disturb the metabolic pathways and thus alter 
the phytochemical profile. For instance, wang et 

al. (2016) proved that supplementation with Ca 
improved the morphological parameters of soy 
sprouts and total isoflavone content. However, the 
impact of Ca on the particular forms of isoflavones 
differed significantly and, a decrease in the amount 
of aglycones was observed, as in our results. 
Similarly, lazo-Vélez et al. (2018) noticed dose-
dependent changes in the isoflavone level during 
fertilization of soy sprouts with selenium salt. On 
the other hand, iron ions did not have a statistically 
significant effect on the total flavonoid and total 
phenolic content up to day 4 of germination; 
however, a considerable increase was observed over 
a longer time of cultivation (Zielińska-dawidziak et 
al., 2018).

Our previous experiments with longer (25 days) 
hydroponic cultivation of soy at a strontium 
concentration of 0.5–3 mM showed high 
accumulation of Sr in shoots (up to 1246 mg/kg  
of dried material) and no negative effect on soy 
growth parameters up to 2.0 mM Sr (Sowa et 
al., 2014). There was also an increase in the 
isoflavone content (wójciak-Kosior et al., 2016b). 
Based on these findings, it can be claimed that the 
longer cultivation of soy at a lower Sr concentration 
was more beneficial.

CONClUSION

Our investigations have indicated that strontium 
can be successfully used to functionalize soybean 
sprouts. However, the way of acquisition of 
plant material and the dose of strontium used 
in the cultivation experiments were extremely 
important. The most valuable plant material in 
terms of strontium and isoflavones was obtained 
when the pre-incubation and germination were 
conducted at a Sr concentration of 5 and 10 mM. 

TaBlE 2. The content of strontium (mg/kg of dried plant material ±Sd) and the bioconcentration factor in soybean 
sprouts cultivated at various strontium concentrations (n = 3). Variant I: pre-incubation in water and cultivation in 
strontium, variant II: pre-incubation and cultivation in strontium, variant III: pre-incubation in strontium and cultivation 
in water. Values followed by the same letters are not significantly different (p < 0.05, Tukey’s test).

Sr in medium Variant I Variant II Variant III

mg/kg ± SD BCF mg/kg ± SD BCF mg/kg ± SD BCF

0 (control) 0.57 ± 0.16a 0.64 ±0.16a 0.61 ±0.17a

1.0 mM 30.06 ± 11.04b 0.34 61.28 ±14.22c 0.70 46.55 ±16.27b 0.53

2.5 mM 71.17 ± 17.86c 0.32 139.74 ±16.75d 0.64 103.50 ±18.68e 0.47

5.0 mM 155.33 ± 20.08d 0.35 259.56 ±23.10f 0.59 194.12 ±26.10g 0.44

10.0 mM 278.34 ± 21.31f 0.32 429.29 ±27.69h 0.49 320.77 ±24.68i 0.37
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The content of daidzin, genistin, malonyldaidzin, 
and malonylgenistin were by approx. 28–47 % 
higher than in the control; in turn, the amount of 
aglycones decreased by ca. 19–30%.

aUTHORS’ CONTRIBUTIONS

Study conception and design – Mw, Sd, IS, Ml; 
performing experiments – SD, KŁ, MS, KZ; analysis 
of data – Mw, Sd, IS; drafting of manuscript – Mw, 
Sd, IS; reading and final approval of the version 
submitted to be published – all authors.

aCKNOwlEdGEMENTS

This study was supported by the department of 
analytical Chemistry, Medical University of lublin 
and department of Plant Physiology, Maria Curie-
Skłodowska University, Poland.

REFERENCES

DIOwKSZ A, KORDIALIK-BOGACKA E, and AMBROZIAK w. 2014. 
Se-enriched sprouted seeds as functional additives in 
sourdough fermentation. lWT – Food science Technology 
56: 524–528. 

GU E, KIM Dw, jANG G, SONG hS, LEE j, LEE SB, KIM BM, ChO y, 
LEE HJ, and KIM HJ. 2017. Mass-based metabolomics 
analysis of soybean sprouts during germination. Food 
chemistry 217: 311–319. 

jIANG hy, LV FJ, and TAI JQ. 2000. Bioactive components 
of soybean and their function. soybean science 19:  
160–164.

KOCjAN R, STRZEMSKI M, SOwA I, POLSKI A, SZwERC w, śwIEBODA R, 
and BLIChARSKI T. 2011. Phytoestrogens – classification, 
occurrence and significance in the prevention and 
treatment of osteoporosis. Annales UMcs section DDD: 
195–203.

LAZO-VÉLEZ MA, GUARDADO-FÉLIx D, AVILÉS-GONZáLEZ j, 
ROMO-LóPEZ I, and SERNA-SALDíVAR SO. 2018. Effect of 
germination with sodium selenite on the isoflavones and 
cellular antioxidant activity of soybean (glycine max). 
lWT – Food science Technology 93: 64–70. 

MESSINA M, and MESSINA V. 2010. The role of soy in vegetarian 
diets. Nutrients 2: 855–874. 

MIChALAK a. 2006. Phenolic compounds and their antioxidant 
activity in plants growing under heavy metal stress. 
Polish Journal of Environmental study 15: 523–530.

MURCh Sj, hAq K, RUPASINGhE HPV, and SaXENa PK. 2003. 
Nickel contamination affects growth and secondary 
metabolite composition of St. John’s wort (Hypericum 
perforatum l.). Environmental and Experimental 
Botany 49: 251–257. 

qUINhONE aJR, and IDA E. 2015. Profile of the contents of 
different forms of soybean isoflavones and the effect of 
germination time on these compounds and the physical 
parameters in soybean sprouts. Food chemistry 166: 
173–178. 

RAI V, KhATOON S, BIShT SS, and MEhROTRA S. 2005. Effect 
of cadmium on growth, ultramorphology of leaf and 
secondary metabolites of Phyllanthus amarus Schum 
and Thonn. chemosphere 61: 1644–1650. 

SOwA I, wójCIAK-KOSIOR M, STRZEMSKI M, DRESLER S, 
SZwERC w, BLIChARSKI T, SZyMCZAK G, and KOCjAN R. 
2014. Biofortification of soy (glycine max (l.) Merr.) 
with strontium ions. Journal of Agricultural and Food 
chemistry 62: 5248–5252. 

SUN wx, ZhANG Rj, FAN j, hE y, and MAO XH. 2018. 
Comprehensive transformative profiling of nutritional and 
functional constituents during germination of soybean 
sprouts. Journal Food Measurement. characterization 
12: 1295–1302. 

wANG x, yANG R, jIN x, ShEN C, ZhOU y, ChEN Z, et al. 2016.  
Effect of supplemental Ca2+ on yield and quality charac-
teristics of soybean sprouts. scientia Horticulturale 198: 
352–362. 

wATANABE S, TERAShIMA K, SATO y, ARAI S, and EBOShIDA a. 
2000. Effects of isoflavone supplement on healthy 
women. Biofactors 12: 233–241.

wATANABE S, UESUGI S, and KIKUChI y. 2002. Isoflavones 
for prevention of cancer, cardiovascular diseases 
gynaecological problems and possible immune 
potentiation. Biomedicine and Pharmacotherapy 56: 
302–312.

wójCIAK-KOSIOR M, SOwA I, and STRZEMSKI M. 2016a. Soy 
as a rich source of nutrient and bioactive components 
in: Pathak M, Govil JN, editors. recent progress in 
medicinal plants. Nutraceuticals and functional foods, 
83-100. Houston: Studium Press llC. 

wójCIAK-KOSIOR M, SOwA I, BLIChARSKI T, STRZEMSKI M, 
DRESLER S, SZyMCZAK G, wNOROwSKI A, KOCjAN R, and 
śwIEBODA R. 2016b. The stimulatory effect of strontium 
ions on phytoestrogens content in glycine max (l.) Merr. 
Molecules 21: 1–9. 

WójciaK-Kosior M, soWa i, szyMczaK g, zapała K, Kocjan R, 
and BLIChARSKI T. 2016c. Effect of sample pre-treatment 
on isoflavones quantification in soybean. chemical 
Papers 70: 1087–1093. 

ZIELIńSKA-DAwIDZIAK M, DwIECKI K, and LEwKO K. 2018. 
Modification of soybean and lupine sprouting conditions: 
influence on yield, ROS generation, and antioxidative 
systems. European Food research and Technology 244: 
1945–1952. 


