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Вивчено механізм утворення комплексу флаваноїдів 
з іонами алюмінію. На основі від’ємних низьких зна-
чень енергії Гіббса встановлено, що комплексоутворен-
ня є природним явищем. Вперше визначено термоди-
намічні властивості флаваноїдів листків стевії (Stevіa 
rebaudіana Bertonі) сушеної та розроблено номограму 
залежності вмісту флаваноїдів від ймовірності сту-
пеня комплексоутворення. У результаті проведених 
досліджень визначено антиоксиданту здатність фла-
ваноїдів, що містяться в листках стевії

Ключові слова: листки стевії, флаваноїди, ступінь 
комплексоутворення, енергія Гіббса, константа стій-
кості

Изучен механизм образования комплекса флава-
ноидов с ионами алюминия. На основе отрицатель-
ных низких значений энергии Гиббса установлено,что 
комплексообразование является природным явлени-
ем. Впервые определены термодинамические свой-
ства флаваноидов листьев стевии (Stevіa rebaudіana 
Bertonі) сушенных и разработана номограмма зависи-
мости содержания флаваноидов от возможности ком-
плексообразования. В результате проведённых исле-
дований определена антиоксидантная способность 
флаваноидов, которые содержатся в листьях стевии

Ключевые слова: листья стевии, флаваноиды, сте-
пень комплексообразования, энергия Гиббса, констан-
та стойкости

1. Introduction

Flavonoids are natural herbal compounds, which show 
biological, antioxidant, protective, antiradical, antibacteri-
al, antiviral, antiinflammatory and vasodilating abilities. 
A separate group is represented by flavolignans, which 

are the condensed products of dihydroquercetin with 
lignin, show biological activity, the basic of which is 
hepatoprotective. One of such abilities is forming com-
plexes with metals (e. g. iron and copper) that reduces 
the content of metals in a human body and reduces the 
generation rate of reactive oxygen species, thus protecting 
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biologically active molecules of the body from an oxidizing  
process [1, 2]. 

The current ecological situation requires eliminating 
metal ions, which have a toxic effect from the organism of 
man and others. In particular, such metal as aluminium, 
contained in drinking water in excessive amounts as a result 
of «acid rains» or using the aluminium-based flocculant 
for water treatment. Aluminium has a toxic effect, de-
pending on the form, in which it is contained in water - in-
organic monomeric aluminium, which includes hydrated 
ions or aquacomplexes [Al(H2O)6]3+ and hydrocomplexes 
Al(OH)2+ and Al(OH)2. In addition, aluminium sulfate 
Al2(SO4)3 is used mainly during drinking water treatment 
to remove jellies and organic matters that leads to an 
increase in the inorganic monomeric aluminium content. 
Toxicity of aluminium appears in the human body mostly 
in the form disturbance in metabolism, especially mineral, 
nervous system in the cell reproduction and growth part 
[3]. Taking into account the toxic effect of aluminium on 
the human body, the European Union and the World Health 
Organization have set the limiting content of aluminium 
in drinking water at the level of 200 mcg/l, and the 
recommended concentration is 50 mcg/l [4].

Ions of harmful metals can be removed from the human 
body by natural compounds, such as flavonoids. Based on 
previous studies, it was found that dried stevia (Stevіa 
rebaudіana Bertonі) leaves is a rich source of flavonoids 
[5] and can be used for removing aluminium ions from the 
human body.

2. Analysis of literary data and problem statement

The basis of chemical structure of flavonoids is a flavo-
noid kernel, which consists of 15 carbon atoms, which form 
three rings (С6-С3-С6): A, B and С (Fig. 1). The classes 
of flavonoids are divided according to the C ring oxidation 
level. In these classes, separate flavonoids differ by the 
presence of hydroxy- or oxysubstitutes in the A and B rings, 
which determine the antioxidant property [6]. The B ring 
hydroxy groups, the amount of which affect the complex 
formation degree and antioxidant effect, are involved in the 
formation of the complex [7].

Fig. 1. General structure of the formed complex of flavonoid 
with metal ions 

There are two basic mechanisms of antioxidant action 
of flavonoids: acceptance of free radicals and chelation of 
metal ions with the formation of complexes [8]. Flavonoids 
are able to react with organic and аlkoxyl radicals of 
different compounds, radicals of aromatic aminoacids, anion 
аscorbates, etc. Most flavonoids can form complexes with 

metal ions. Thus, the properties of flavonoids in the formed 
complex change, showing high reactivity with respect to 
the anion radical [9]. The mechanisms of forming such 
complexes between flavonoids (quercetin, morin, taxifolin,  
silybin А) and ions of iron and copper [1] were studied. Today, 
much emphasis is placed on studying the molecular formation 
of complexes of vegetable triterpene glycosides with different 
bioactive compounds, which promote reducing therapeutic 
doses, improving solubility, expanding biological activity of 
medicinal substances [7, 10]. In particular, it is acknowledged 
that stevia is a plant, rich in bioactive compounds and shows 
functional ability due to flavonoids [11, 12].

The purpose of the work is to study the mechanism of 
forming the complex between flavonoids of stevia leaves and 
aluminium ions and the stability level of the formed complex.

However, today the antioxidant action of flavonoids 
of stevia leaves is not studied and description of 
thermodynamics, namely in relation to the possibility of the 
natural flow of the complex formation process is not given. 
In addition, much attention in world studies is paid to the 
interaction of flavonoids with the ions of iron and copper. 
However, taking into account imperfection of drinking 
water treatment, which causes the greater aluminium con-
tent, it is important to study the problem of removing alu-
minium ions from the human body.

3. Methods and techniques of research

Stevia, grown in the «Аgro-company «Veselinovka» 
(Kyiv region), which, after reaching the buddling phase, 
was cut and dried at a temperature 60 °С by the convection 
method was used in researches. The obtained dry leaves were 
analyzed for the degree of antioxidant action. 

For the analysis, aqueous extract from the dried stevia 
(Stevіa rebaudіana Bertonі) leaves was obtained and, 
using the spectrophotometric method [13], the content of 
flavonoids, which was 561 mg/l, was determined. A solution 
of 5 % aluminium chloride in ethanol was added in different 
ratios (1:0, 3.1:15) to 1 ml of the extract and the volume 
was increased up to 10 ml by ethyl alcohol (60 %). The 
solution was left in a dark place for 30 min, then filtered 
and the optical density was determined on the SP-46 at the 
wavelength of 410 nm. 

4. Presentation of basic research results 

Dried stevia (Stevіa rebaudіana Bertonі) leaves is the 
multicomponent biosystem, containing compounds, which 
in total determine their biological value. 

According to the law of mass action, the biosystem, which 
contains flavonoids (mM) forms the complex (MmRn) with 
aluminium ions (Rn), which are in excessive amount (1):

m nmM nR M R+  .				    (1)

Determining stoichiometric ratios of ligands was 
carried out by the Ostromyslenskiy-Job method (continuous 
measurement method) [14] based on determining the ratio of 
isomolar concentrations of reactants, corresponding to the 
maximum output of the formed complex.

The catechol part of the В-ring of flavonoids, 3-hy-
droxy- and 4-oxy groups of heterocyclic С-ring, 4-oxy- and 
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5-hydroxy groups of heterocyclic С- and A-rings enter into 
the complex formation reaction with metals. The B-ring 
groups are the most involved in the formation of complexes. 
Flavonoids absorb UV light in the visible spectral regions: 
band І – 320-420 nm, band ІІ – 280-285 nm. The band I 
is peculiar to the В-ring and the band ІІ – to the A-ring. 
Absorption of light in these ranges takes place due to π-π* 
by transitions of electrons [1]. 

The obtained curve (Fig. 2) of dependence of the complex 
output on the amount of flavonoids of the extract from stevia 
leaves is characterized by an extreme point (0,65) and 
indicates the maximum possible concentration of the ligand 
complex with the aluminium ion. The position of extremum 
is connected with stoichiometric coefficients [15].

Fig. 2. Dependence of optical density on the ratio of compo-
nents of іzоmolar series

Taking into account that the extract, obtained from the 
dried stevia (Stevіa rebaudіana Вertonі) leaves contains 
561 mg/l of flavonoids, 364,7 mg/l of flavonoids is spent on 
forming the complex with aluminium ions. Increasing the 
amount of extracted aluminium ions is possible at increasing 
the introduced amount of flavonoids. 

Reducing the content of aluminium ions due to forming 
complexes with flavonoids of stevia leaves decreases the 
generation rate of reactive oxygen species, and, as a result, 
increases protection of biologically active molecules of the 
body against the oxidizing process [12].

According to the experimental data on the content 
of flavonoids in dried leaves of stevia (Stevіa rebaudіana 
Вertonі), grown in different agrotechnic conditions of 
Ukraine (Table 1), using the Klotz method [14], the complex 
formation degree and the stability constant of flavonoids in 
solution (Table 2) were calculated. The Klotz method is used 
in calculations for moderately strong solutions, which also 
include the extract, obtained from the dried stevia (Stevіa 
rebaudіana Вertonі) leaves.

Table 1

Content of flavonoids in dried leaves of stevia  
(Stevіa rebaudіana Вertonі) 

Growing stevia Content of flavonoids, mg/l

Kyiv region 657±0,1

Vinnytsya region 643±0,1

Zhytomyr region 638±0,1

AR Crimea 620±0,1

Determining the complex formation degree and the 
stability constant includes the component system of the 
extract and probable efficiency of cleaning. The complex 
formation degree (χ) determines the complex-stability 
constant (β):

m nM R
mM nR

β =
+

.					    (2)

The concentration stability constant (β) changes 
at changing the activity coefficients of acting particles 
that, respectively, affects the complex formation degree 
and changes at changing the total ionic strength of the 
solution. In addition, the complex formation degree will 
depend on the equilibrium concentrations of flavonoids and  
aluminium ions.

Using the value of the instability constant (C), the 
stability constant of complexes and Gibbs free energy (at 
Т=293 К) was calculated. The obtained thermodynamic 
feature of flavonoids of stevia, grown in different climatic 
conditions (Table 2) shows that forming the complex with 
aluminium ions is a natural phenomenon, which occurs 
without applying any efforts (heating, etc.) that is confirmed 
by the low negative value of the Gibbs energy.

Table 2

Thermodynamic parameters of forming the complex of 
flavonoids with aluminium ions in aqueous solutions at a 

temperature 20 °С

Region
Stability 
constant 

(β), l/mol

Instability 
constant 

(К), mol/l

Complex 
formation 
degree (χ)

lgβ ΔG293,  
kJ/mol

Kyiv 200 5×10-3 0,6 2,3 -12,89

Vinnytsya 262,5 3,8×10-3 0,15 2,42 -13,55

Zhytomyr 250 4×10-3 0,41 2,4 -13,45

AR Crimea 290 3,5×10-3 0,41 2,46 -13,78

Total 250,63 4,08×10-3 0,4 2,4 -13,42

One of flavonoids - quercetin forms complexes in acidic 
medium with 1:1 stoichiometry, in which 3-hydroxy- and 
4-oxy groups of the С-ring are involved, in alkaline me-
dium – due to the participation of the catechol group of 
complex with high stoichiometry – Ме:Ligand [13]. The 
change in the structure of flavonoids affects the complex 
formation degree. Analysis of the stability of the formed 
complex shows that maximum stability is provided by 
the presence of double bonds in the С-ring. Thus, the 
strength of the formed complexes with the participation 
of stevia leaves flavonoids is achieved due to rutin and 
quercetin.

According to the values of the complex formation degree 
of flavonoid complex, graphic dependence of flavonoids 
(ROS) of the leaves of stevia, grown in different agroclimatic 
zones of Ukraine on the complex formation (Fig. 3)  
was built. 

The obtained dependence can be used when determining 
the content of flavonoids in stevia leaves for calculating their 
complex formation degree. Using the obtained nomogram, 
by the value of the content of flavonoids in the extract from 
stevia leaves, the degree of forming the complexes with al-
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uminium ions was determined that simplifies calculations 
and allows to define the aluminium ions removal degree in 
a short period.

Fig. 3. Change of the complex formation degree depending 
on the content of flavonoids in dried leaves of stevia, grown 

in different agroclimatic zones of Ukraine

5. Conclusions

It is found that stevia leaves is the rich source of 
flavonoids (620–650 mg/l), which take active part in 
the comlex-formation and have a high antioxidant effect. 
Thermodynamic parameters of flavonoids of dried leaves 
of stevia (Stevіa rebaudіana Bertonі) with aluminium 
ions were first calculated. The mechanism of forming the 
complex of flavonoids with aluminium ions: the influence 
of the content of flavonoids on the aluminium ions removal 
degree is studied. It was determined that 65 % of flavonoids 
of stevia leaves enter into the complex formation reaction. 
The Gibbs energy of stevia flavonoids is 12,8–13,8 that 
indicates the natural flow of the complex formation 
process. Based on the data on the content of flavonoids 
in stevia leaves, the nomogram of the degree of forming 
the complex of flavonoids of stevia leaves with aluminium 
ions depending on the agroclimatic zone of its growing was 
developed. Using the nomogram will simplify the complex 
formation calculation.
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