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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/em?, power of 170, 400 and 630 W and temperature within 50 °C. 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.

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 (OH") 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 H,O, and O,.

This is the paradox of aerobic live or
“the oxygen paradox”: oxygen is essential for
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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
Ne 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 Y3TA-0,63/22-0OJ1,
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/cm®, impact
power of 170, 400 and 630 W and a temperature
of no more than 50 °C. 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 °C.

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 °C using VOLNA-L ultrasound equipment
(Y3TA-0,63/22-OJ1, Biysk, Russia) at a fre-
quency of 20+£2 kHz, radiation intensity of up to
10 W/em?, 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 °C.

Volume of the sample introduced — 0.02 cm”.

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

|
I Taxifolin + Distilled water I
I (1% solution) |

Control

| S—

20-minute
blending at 50

Ultrazound treatment
IT-'E!: 340, ESE_‘.‘.":’

5,15, 2
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Fig. 1. Generalized experiment scheme
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with the microscope digital camera [IK13 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 CHUPD
Ne 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, °C 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 °C under intense light with
a spectral characteristic of daylight, then they
were exposed to 24-hour storage at a temperature
of 18... 20 °C.

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 °C. 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
Office 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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Fig. 2. Taxifolin chromatogram
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Fig. 3. SEM of the microphotography of the original 98.9% taxifolin substance:
a — 5000x magnification; b — 10000x magnification

The figure reveals that the sample studied
looks like the accumulation of sufficiently large
crystalline particles prone to agglomeration. Ta-
xifolin structure is characterized by the presence
of particles of different shapes and structures.

At the next stage we assessed the effect of
taxifolin micronization on the morphology and
physical-chemical properties of taxifolin.

The study of the disperse composition of taxi-
folin model samples in comparison with the con-
trol sample revealed that micronization together
with ultrasound exposure determine changes in
the state of the disperse system of taxifolin solu-
tions (fig. 4). The increase in the duration of ul-
trasound exposure results in the alignment of the
particle sizes. In the control sample there is a pre-
dominance of the particles of a size range of about

700 nm and there are certain particles of more
than 3000 nm. Under 15-minute ultrasound expo-
sure of 630 W the disperse composition changes:
there are particles of two fractions — 136 + 10 nm —
45,5 % and 47 £ 5 nm — 54,5 %. The increase in
the duration of ultrasound exposure does not lead
to a significant decrease in particle size.

Results of the microscopy of taxifolin water
solutions also reveal that ultrasound exposure
allows changing taxifolin morphology: particles
become smaller and transit to an amorphous state
with increasing power and duration of ultrasound
exposure (fig. 5).

For the optimization of time and energy
costs on ultrasound exposure we conducted
a 2-factor planning. The time and power of ultra-
sound exposure were used as variable factors.
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Fig. 4. Correlation of different particle fractions in taxifolin solutions
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Fig. 5. Microscopy of taxifolin solutions (hanging drop sample, 640x magnification):
a — control; b — 630 W ultrasound exposure, 5 min; ¢ — 630 W ultrasound exposure, 15 min;
d — 630 W ultrasound exposure, 25 min

The size of taxifolin particles in solutions calcu-
lated as a weighted average of the disperse ana-
lysis was regarded as a controlled parameter.

Taking into account technical capacities of
the ultrasound equipment and physical sense
of the values, we established the optimal parame-
ters of ultrasound treatment at a level of 600 W
and 12 minutes (fig. 6).

Antioxidant activity of the solutions obtained

has not significantly changed in comparison with
the control sample (fig. 7). We registered a cer-
tain tendency connected with a decrease in total
antioxidant activity under the increase of power.
The loss in antioxidant activity between the solu-
tions exposed to 15-minute ultrasound treatment
of 170, 400 and 630 W was equal 815 %. At the
same time, antioxidant activity of the model
sample exposed to 15-minute ultrasound treat-
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Fig. 7. Antioxidant activity of the solutions studied, mg ascorbic acid

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.
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Fig. 8. Assessment of the stability of taxifolin solutions in the conditions
of accelerated aging: a — just prepared solution; b — after aging

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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COHOXUMUYECKAA MUKPOHU3ALUUA OUTNWOPOKBEPLETUHA
AnA NOBbIWEHUA EFO BUOAOCTYINHOCTU B COCTABE
HAMUTKOB ANA CNOPTUBHOIO NMUTAHUA

W.10. Momopoko’, U.B. Kanununa', H.B. HaymeHko', P.1. ®amkynnur’,
A.B. Henaweea', [].I'. Yckoea', LLl. CoHaealiH?, []. Ueanoea®, M.T. Bensimoe*

'HOxHO-Ypanbckull 20cydapcmeeHHnbIll yHusepcumem, 2. Yensburck, Poccust
2HaL(UOHaJ'IbeIL7 mexHosoau4yeckuli uHcmumym, 2. Bapanean, VIHOus

3MeduyuHckuli yHusepcumem 2. BapHa, bonzapus

*Kasaxckull Hay4Ho-uccnedosamernbcKull UHCmumym nepepabambigatowiedl U nuuesod
npombiwrneHHocmu, 2. Anmamel, Pecriybnuka KaszaxcmaH

Ieabi0o qaHHOTO MCCIENOBAaHKE SIBISIIOCH IPEOAOJICHHE NMPOOJIEMBl OMOJIOCTYITHOCTH HYyT-
PHEHTOB B COCTaBe HAMMTKOB AJISI CIIOPTCMEHOB, CBS3aHHON C MX HU3KOW IPOHMIIAEMOCTHIO B
METabOJIMYECKHE MTPOIIECCH OPraHu3Ma 4enoBeka. [lisi JOCTIKEHHS 3TOH eI HaMH MCIONb30-
BaJICSI ITOJIXO COHOXUMHUYECKOW MUKpoHm3anuu auruapoksepueruda ([AI'K), Hanbonee rdpdex-
TUBHOTO MUIIEBOTO aHTHOKCHIaHTa. MaTepuaabl M MeTOAbI HCCIeA0BAHUS. JIJIs1 MOBBILICHUS
pactBopumoct U 6moxoctynHocTr JI'K mcnonp3oBanocs yneTpa3sBykoBoe Bo3neiicteue (Y3B),
no3Bouisitoniee obecrednTs ycnous Mukponuzauuu 'K B pexnme 20 + 2 k'l ¢ HHTEHCUBHO-
CTBIO M3TyueHus He MeHee 10 Br/cm®, mommocTsio BosaeiicTeus 170, 400 u 630 BT npu KOHT-
pouie Temmeparypsl B npeaenax 50 °C, B Teuenue 5, 15 u 25 mun. HccienoBanue BBHIOJIHEHO 1O
KOMIUIEKCY ITOKa3aTeliel, BKIIOYAIOINX: MHUKPOCTPYKTYpHBIH aHanmu3, HatuBHoro JII'K um ero
pacTBOPOB, B TOM YHCJIE, TIOJIyYEHHBIX METOJIOM COHOXUMHYECKOH MUKPOHHU3ALNH; OIIpe/Ie/ICHNE
JctiepcHoro coctasa pactBopoB JAI'K; mx oOmiell aHTHOKCHIAaHTHOM aKTHBHOCTH; YCTaHOBIICHNE
crenienn pactBopuMoctd 'K u kommonmHO# cTabminbHOCTH ero pacTBOpoB. PesysbTaThl. Y-
TAHOBJICHO, YTO COHOXMMHUUecKass MuKpoHun3anus 'K 1o3BossieT moxyduTh pacTBOPHI C Peood-
JalaHueM YacTHIl pa3MepHoro psaa MeHee 100 HM. Mopdororndeckas CTpyKTypa 9acTHII pac-
tBopa JII'K, 3HAaYMTENbHO MEHSJIACh, YACTHIBI XapaKTEPHU30BAIUChL 0Ooyiee OTHOPOMHON H
aMop¢HOH cTpyKTypoi. brito oTmeueHo HekoTopoe cHinkeHne AOA mpu yBeTHYEHHH MOITHO-
ctu Y3B, B npeaenax 8—15 %. IIpouenypa ontumu3zaruu Y3B npu KOHTPOIUPYIOLIEM MapaMeT-
pe «CcpemHHMH pa3Mep YacTHID» MO3BOJIMIA YCTAaHOBHTH HambOoisiee 3(GeKTHBHBIN pexum Y3B
(600 BT, 18 MuH), npUMEHEHHE KOTOPOTO TO3BOJIMIO YBEIMYUTh KOJUIOHIHYIO CTAOMIBHOCTH
pactBopa JAI'K u yBenuuuts pactBopumocts JI'K B 6 pa3 no cpaBHEHHUIO ¢ KOHTPOIEM. 3aKJII0-
yeHne. Merox conoxumudeckoir Mukponnsanuu JI'K ciemyer paccmaTpuBarh Kak 1enecoo0-
pasHblii moaxoa B pa3paborke HOBoH (Gopmbl JII'K ¢ MoBBIIEHHON pacTBOPUMOCTBIO U OHOI0C-
TYITHOCTBIO, KOTOPBIH MOXKET NCII0JIb30BATHCS P CO3/IaHUHU HAIIUTKOB JJIsI CHOPTCMEHOB.

Knrouegvie cnosa: oucuopoxeepyemun, COHOXUMULECKAS MUKPOHUZAYUS, DACNBOPUMOCTND,
6U000CYNHOCIb, HANUMKU OJisL CHOPIMCMEHOB.
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raamenne Ne 02.A03.21.0011 u npu ¢uHaHCOBOI moaIep:kKe rocynapersennoro 3aganusi Ne 40.8095.2017/B4
(2017123-I'3).
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