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Introduction 
Huge training loads are usually accompanied 

by the disbalance of reactive oxygen species 
(ROS) production and adequate antioxidant pro-
tection. This unfavorable state can result in cell 
and tissue damage and is the reason for many 
physiopathological conditions.  

Oxidative stress is the result of the effect of 
excessive ROS on the body: superoxide, hydro-
gen peroxide, hydroxy group (ОН–) and hydrope-
roxide (ROOH). Presence of ROS in cells is in-
evitable due to the functioning of respiratory 

chain enzymes and is the result of the activity  
of oxidants and factors, initiating ROS for-
mation.  

During aerobic breathing at least 98 % of the 
oxygen consumed by cells is subjected to four-
electron reduction by enzymes of the respiratory 
chain with the formation of a neutral water mole-
cule. At the same time, respiration is accompa-
nied by one-, two- or three-electron reduction 
with the formation of Н2О2 and O2. 

This is the paradox of aerobic live or  
“the oxygen paradox”: oxygen is essential for 
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Aim. The aim of this study is to overcome the problem of nutrient bioavailability in drinks
for athletes, which is the result of their low permeability in metabolic processes of the body.
For this purpose, we used sonochemical micronization of taxifolin – the most effective antioxi-
dant. Materials and methods. To improve taxifolin solubility and bioavailability we used ultra-
sound treatment, which allowed us to provide taxifolin micronization on the following condi-
tions: 5-, 15- and 25-minute treatment of 20 ± 2 kHz with radiation intensity of at least
10 W/cm2, power of 170, 400 and 630 W and temperature within 50 °С. The study was con-
ducted using the following methods: microstructural analysis of native taxifolin and its solutions,
including those obtained with sonochemical micronization; analysis of the disperse composition
of taxifolin solutions; assessment of the total antioxidant activity of these solutions; assessment
of taxifolin solubility and colloidal stability of its solutions. Results. We established that sono-
chemical micronization allows us to obtain solutions with the predominance of particles of no
more than 100 nm. The morphological structure of taxifolin particles has significantly changed,
particles are characterized by more homogenous and amorphous structure. We noticed some de-
crease in antioxidant activity under increased ultrasound exposure. Optimization of ultrasound
exposure with the controlling parameter “average particle size” allowed us to establish the most
effective mode (600 W, 18 minutes), which helped us to improve the colloidal stability of taxi-
folin solution and taxifolin solubility 6 times in comparison with the control sample. Conclusion.
Sonochemical micronization should be regarded as convenient for the development of a new
form of taxifolin with increased solubility and bioavailability, which can be used for the produc-
tion of drinks for athletes.  

Keywords: taxifolin, sonochemical micronization, solubility, drinks for athletes.  
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the majority of organisms, but, at the same time, 
is dangerous for their existence.  

Support of the endogenous antioxidant pro-
tection of the body is provided by the introduc-
tion of exogenous antioxidant additives into the 
athlete’s diet. As a rule, introduction of high an-
tioxidant products is an effective non-invasive 
tool for preventing or reducing the consequences 
of oxidative stress during the training.  

Antioxidants block oxidation due to the neu-
tralization of free radicals, however, antioxidants 
themselves are subjected to oxidation processes, 
which means that there is a necessity to restore 
the oxidative resources of the body.  

Antioxidants play an important role prevent-
ing oxidation processes and diseases connected 
with oxidative stress. These compounds manifest 
their activity using several mechanisms: (i) eli-
mination of free radicals, (ii) oxygen absorption 
or (iii) chelation of metal ions, catalyzing oxida-
tive reactions.  

Products of plant origin are the main sources 
of biologically active substances and antioxi-
dants. They synthesize various polyphenols and, 
in particular, flavonoids.  

Taxifolin is a flavanol, the antioxidant ac-
tivity of which considerably exceeds many fla-
vonoids and has attracted increasing attention of 
many researchers.  

The problem of taxifolin application, espe-
cially as a drink component, is connected with 
its low bioavailability and water solubility. This 
means that biological effects of taxifolin obtained 
in vitro cannot be reproduced in vivo [3, 14, 21]. 
Low solubility (approximately 20 mg/l in water 
at environmental temperature) leads to a limited 
and slow taxifolin absorption restricting its bio-
availability [8, 13, 17, 19, 22]. Moreover, as the 
majority of flavonoids, taxifolin is chemically 
and thermolabile and degradates rapidly under 
alkaline conditions or high temperatures [1, 6, 
9,16, 18]. 

The study of different sources regarding the 
improvement of bioavailability allowed us to es-
tablish the best protective approaches to elimina-
tion of the restrictions connected with extremely 
low absorption and bioavailability of biologically 
active substances.  

Obtaining of biologically active substances 
of micron or submicron sizes is one of the direc-
tions for creating highly effective forms in terms 
of bioavailability. Micronization allows to im-
prove significantly the absorption, bioavailability 

and solubility of hydrophobic substances in water 
environment. The development of new microni-
zation technologies for biologically active sub-
stances is of interest for the creation of special 
bioavailable forms acting as effective agents.  

Overcoming the problem connected with low 
solubility, stability and permeability of taxifolin 
determines the aim of our study. For this purpose, 
we used ultrasound impact based on sonochemical 
transformations of substances.  

Materials and methods  
We studied micronization processes of the 

biologically active substance of antioxidant ac-
tivity (taxifolin) with the help of ultrasound im-
pact. Taxifolin effectiveness mostly depends on 
its bioavailability determined by the speed of its 
dissolution in water environment and by the sta-
bility of the system. We studied various parame-
ters for obtaining stable nanosuspension of taxi-
folin, including taxifolin concentration, solvent 
type, power and continuity of ultrasound impact.  

As a starting substance we used the ext- 
ract of the Dahurian larch (Larixgmelinii) in 
a form of cream-white microcrystalline powder 
with a mass fraction of taxifolin of no less  
than 97.0 % (State registration certificate 
№ RU 77.99.11.003.E.018404.05.11 dd. 
06.05.2011).  

Ultrasound or sonochemical micronization 
was performed using “VOLNA-L” ultrasound 
device (certificate number УЗТА-0,63/22-ОЛ, 
Biysk) with a working tool of a mushroom type.  

Micronization was performed during 5, 15 
and 25 minutes at a mode of 20 ± 2 kHz with 
a radiation intensity of up to 10 W/cm2, impact 
power of 170, 400 and 630 W and a temperature 
of no more than 50 °С. Liquid volume was equal 
200 ml.  

Taxifolin sample solutions were obtained  
using the following technology: 

Control sample – taxifolin weighed amount 
of 2 ± 0.001 g is dissolved in 200 ml of distilled 
water and blended in a magnetic stirrer during  
30 minutes at a temperature of no more than  
50 °С. 

Model samples – taxifolin weighed amount 
of 2 ± 0.001 g is dissolved in 200 ml of distilled 
water and exposed to 5-, 15- and 25-minute ultra-
sound treatment at a temperature of no more than 
50 °С using VOLNA-L ultrasound equipment 
(УЗТА-0,63/22-ОЛ, Biysk, Russia) at a fre-
quency of 20±2 kHz, radiation intensity of up to 
10 W/cm2, impact power of 170, 400, 630 W.  
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The research methodology is presented in 
figure 1 in the form of a generalized scheme.  

Methods of analysis 
Taxifolin mass fraction in dry extracts was 

established using HPLC method according to 
a state standard (GOST 33504-2015). 

Conditions of analysis: 
HPLC analysis mode – isocratic. 
Mobile phase: acetonitrile – trifluoroacetic 

acid 0.03 % (30:70) Speed of mobile phase 
stream – 1 cm/min. 

Wave length – 290 nm. 
Temperature of the column – 20 °С. 
Volume of the sample introduced – 0.02 cm3. 
Analysis duration – 20 min. 
To establish the size of taxifolin particles we 

used Nanotrac Ultra (Microtrac Inc., the USA) 
analyzer. The measurements performed with Na-
notrac comply with ISO 13321 standard. Nano-

trac operation is based on the dynamic light scat-
tering principle when light hits small particles, 
scatters in all directions and reaches the camera. 
The particle size is calculated depending on the 
spectrum widening of the reflected ray. The par-
ticle size distribution is based on the spectral 
analysis of Doppler shifts. The sample in the cell 
is exposed to laser radiation, while scattered light 
provoked by Brownian motion is registered at  
an angle of 180°. The minimum size of registered 
particles is 0.8 nm, measurement results are pre-
cise and reproducible.  

The study of the morphological characteris-
tics of taxifolin was conducted using a micro-
scopic method. We prepared uncolored samples 
of a hanging drop type. The study was conducted 
with 600X magnification using ALTAMI 136T 
biological microscope according to the bright 
field method. The microscope field was fixed 

 
Fig. 1. Generalized experiment scheme 
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with the microscope digital camera ЦК13 with 
USB 2.0 interface.  

The morphology of original taxifolin powder 
was studied using the method of electron scan-
ning microscopy. A small amount of powder was 
applied to a carbon adhesive tape, which was then 
covered with a thin gold film using the method of 
plasma spraying providing required conductivity.  

To establish antioxidant activity, we used 
Expert-006-antioxidants coulometer (registered 
in a state register under the number СИРФ 
№ 23192), which calculates antioxidant activity 
in terms of ascorbic acid using the method of 
coulometric titration.  

The titrant is introduced out of the titrating 
solution and does not react directly with the sub-
stance studied. We calculate not the amount of 
the standard solution (in this case the solution  
of sulfuric acid with the addition of potassium 
bromide followed by subsequent dissolution in 
distilled water) but the current force and time 
required for contactless titration.  

The experiment should be conducted ac-
cording to the conditions stated in table.  

 
Conditions of the experiment performed  

with EXPERT – 6011 coulometer 

Parameter Value 
Air temperature, °С 15…25 
Relative humidity, % < 90 % 
Atmospheric pressure, kPa 84.0…106.7 
Alternating current frequency, Hz 50 ± 1 

 
To study the kinetics of physical-chemical 

processes accompanying nano-cocktails during 
storage we used the procedures of accelerated 
aging due to the changes in temperature and light 
exposure.  

The main accent was made on the establish-
ment of the colloidal stability. We worked with 
the following conditions of accelerated aging: 
samples were exposed to 48-hour storage at 
a temperature of 57 °С under intense light with 
a spectral characteristic of daylight, then they 
were exposed to 24-hour storage at a temperature 
of 18… 20 °С. 

The colloidal stability was assessed visually. 
The study was conducted right after the aging 
procedure.  

Taxifolin solubility was assessed by pre-
paring its saturated solution [2, 5, 12, 19, 20, 23, 
24]. The excess amount of taxifolin was placed in  
2 ml of water (about 5 g) and then exposed to  
1-hour blending in a magnetic stirrer at a tempe-

rature of no more than 50 °С. After filtration of 
insoluble substance, the filtrate was evaporated to 
dryness. We calculated weight of the dry residue 
with the help of weighing.  

Calculations and graphical interpretation of 
the results were performed using MICROSOFT 
Offiсе Word XP and Excel XP for Windows XP. 
The optimal mode of ultrasound exposure was 
determined with the help of 2 factor regression 
analysis performed in MatCad 2000 program 
with adequacy checking according to a Fisher’s 
criterion.  

Statistical processing of the results was per-
formed by means of Student’s t-test. Significance 
level of the data obtained was assessed using the 
methods of mathematical statistics and modern 
software such as MICROSOFT Office and Mat-
Cad. Experiments were carried out 3–5 times for 
each variant of the experiment and control with 
a confidence level of 0.95.  

Results and discussion 
Ultrasound micronization is associated with 

a change in the specific surface area of the ma-
terial, the necessity to reduce the particle size and 
increase the effective area contacting with a sol-
vent [4, 7, 10, 13–15]. To improve taxifolin solu-
bility and bioavailability it is necessary to obtain 
small and homogenous amorphous nanoparticles. 
Sonochemical approaches for dispersing homo- 
and heterogenous systems allow us to perform 
required alignment of the particles of a defined 
micro- and nanolevel.  

At the first stage of the study we established 
the content of taxifolin in dry extract. What sol-
vent was used for taxifolin extraction and what 
its residual content in a finished product are the 
questions of great importance for the experiment. 
Unfortunately, the taxifolin manufacturer does 
not indicate these data, which can affect nega-
tively micronization and taxifolin bioavailability.  

Highly-performance liquid chromatography 
(HPLC) (fig. 2) revealed one intensive taxifolin 
peak and several peaks of process impurities, 
which were characterized by both smaller and 
longer retention time. However, the total concen-
tration of substances determining chromatogram 
peaks did not exceed 1 %, which generally indi-
cates a high level of purification of taxifolin ex-
tract.  

The morphological analysis of taxifolin 
powder with electron scanning microscopy re-
vealed that the original substance is quite hetero-
geneous in terms of the size and structural cha-
racteristics of particles (fig. 3).  
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ment of 170 W was higher than the antioxidant 
activity of the control sample. The results ob-
tained require further research on the effect of 
ultrasound on antioxidant activity of taxifolin 
solutions.  

One of the main characteristics of taxifolin so-
lutions to be used in drinks for athletes is taxifolin 
solubility and stability of the solutions obtained.  

Results of the assessment of taxifolin solu-
bility in water determining its bioactivity and 
bioavailability revealed that the process of mi-
cronization based on the sonochemical approach 
allows to improve significantly the solubilizing 
properties of nanodisperse solutions.  

Taxifolin solubility in the sample exposed to 

18-minute ultrasound treatment of 600 W was 
approximately 6 times higher than those of the 
control sample and equaled 12.8 mg/l against 
2.0 mg/l in terms of taxifolin.  

The assessment of the stability of taxifolin 
nanodisperse solution in comparison with the 
control sample also demonstrated good results 
(fig. 8). In the control sample we registered ac-
tive behavior of negative colloidal processes with 
the formation of insoluble taxifolin crystals and 
turbidity.  

The solution of micronized taxifolin almost 
preserved its colloidal stability after accelerated 
aging. We registered insignificant loss in solution 
transparency.  

 
Fig. 6.Modelling of the effect of ultrasound exposure on the formation  

of taxifolinnanodisperse solution 
 
 

 
Fig. 7. Antioxidant activity of the solutions studied, mg ascorbic acid 



Потороко И.Ю., Калинина И.В.,     Сонохимическая микронизация дигидрокверцетина 
Науменко Н.В. и др.           для повышения его биодоступности… 

Человек. Спорт. Медицина  
2018. Т. 18, № 3. С. 90–100  97

In general, results of the assessment of taxi-
folin solutions stability prove its practicability for 
the application as a part of cloudy drinks for ath-
letes.  

Conclusion 
The studies demonstrated that stable taxifo-

lin solutions with increased solubility and poten-
tial bioavailability can be successfully obtained 
with sonochemical micronization. Ultrasound 
treatment allows to improve significantly the so-
lubility and colloidal stability of taxifolin in  
water without significant loss in its antioxidant  
activity. 

Therefore, sonochemical micronization 
should be regarded as an important step in the 
development of a new taxifolin structure with 
increased solubility and bioavailability, which 
can be used in drinks for athletes both within the 
scope of biomedicine and food industry. 
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Целью данного исследование являлось преодоление проблемы биодоступности нут-
риентов в составе напитков для спортсменов, связанной с их низкой проницаемостью в
метаболические процессы организма человека. Для достижения этой цели нами использо-
вался подход сонохимической микронизации дигидрокверцетина (ДГК), наиболее эффек-
тивного пищевого антиоксиданта. Материалы и методы исследования. Для повышения
растворимости и биодоступности ДГК использовалось ультразвуковое воздействие (УЗВ),
позволяющее обеспечить условия микронизации ДГК в режиме 20 ± 2 кГц с интенсивно-
стью излучения не менее 10 Вт/см2, мощностью воздействия 170, 400 и 630 Вт при конт-
роле температуры в пределах 50 °С, в течение 5, 15 и 25 мин. Исследование выполнено по
комплексу показателей, включающих: микроструктурный анализ, нативного ДГК и его
растворов, в том числе, полученных методом сонохимической микронизации; определение
дисперсного состава растворов ДГК; их общей антиоксидантной активности; установление
степени растворимости ДГК и коллоидной стабильности его растворов. Результаты. Ус-
тановлено, что сонохимическая микронизация ДГК позволяет получить растворы с преоб-
ладанием частиц размерного ряда менее 100 нм. Морфологическая структура частиц рас-
твора ДГК, значительно менялась, частицы характеризовались более однородной и
аморфной структурой. Было отмечено некоторое снижение АОА при увеличении мощно-
сти УЗВ, в пределах 8–15 %. Процедура оптимизации УЗВ при контролирующем парамет-
ре «средний размер частиц» позволила установить наиболее эффективный режим УЗВ
(600 Вт, 18 мин), применение которого позволило увеличить коллоидную стабильность
раствора ДГК и увеличить растворимость ДГК в 6 раз по сравнению с контролем. Заклю-
чение. Метод сонохимической микронизации ДГК следует рассматривать как целесооб-
разный подход в разработке новой формы ДГК с повышенной растворимостью и биодос-
тупностью, который может использоваться при создании напитков для спортсменов.  

Ключевые слова: дигидрокверцетин, сонохимическая микронизация, растворимость,
биодоступность, напитки для спортсменов. 
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