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Abstract: Taxifolin is known as an active pharmaceutical ingredient (API) and food supplement due
to its high antioxidant activity, multiple pharmacological effects, and good safety profile. Previously,
taxifolin spheres (TS) were obtained from industrially produced API taxifolin in Russia (RT). In
our work, we perform a pharmaceutical analysis of this new taxifolin material versus RT. TS is an
amorphous material; however, it is stable without the polymer carrier, as confirmed by Fourier
transform infrared spectroscopy. Both RT and TS demonstrate high safety profiles and are assigned
to Class 1 of the Biopharmaceutical Classification System based on the results of experiments with
MDCK cells. The water solubility of the new taxifolin form was 2.225 times higher compared with RT.
Hausner ratios for RT and TS were 1.421 and 1.219, respectively, while Carr indices were 29.63% and
19.00%, respectively. Additionally, TS demonstrated sustained release from tablets compared with
RT: the half-life values of tablets were 14.56 min and 20.63 min for RT and TS, respectively. Thus, TS
may be a promising object for developing oral antiseptics in the form of orally dispersed tablets with
sustained release patterns because of its anti-inflammatory, -protozoal, and -viral activities.

Keywords: taxifolin; spray drying; polymorphism; tablets

1. Introduction

Flavonoids are extremely widespread in the plant kingdom, especially in food, such
as citrus fruits [1-3], tea [4,5], and berries [6,7], and in medicinal plants (sea buckthorn [8,9],
St. John’s wort [10,11], persicaria [12,13], etc.). These natural compounds are secondary
plant metabolites [14], and, according to a chemical point of view, they may be defined as
derivatives of 1,3-diphenylpropane. Flavonoids are extensively used due to their bioactivity,
eco-friendliness, and cost-effectiveness [15].

Recently, more attention has been paid to taxifolin (2,3-dihydro-3,5,7-trihydroxy-2-(3,4-
dihydroxyphenyl)-4H-1-benzopyranone-4), also known as dihydroquercetin (Figure 1). This
flavanonol may be obtained from Larix spp. wood and some other natural objects [16-18].
Taxifolin is characterized by high antioxidant activity [19,20] and a considerable safety pro-
file [21]. Its multiple pharmacological effects are associated with an affinity to different biological
targets [22], such as the main protease of SARS-CoV-2 [23], Ebola virus proteins [24], epidermal
growth factor receptor, phosphatidyl inositol 3-kinase [25], etc. Taxifolin also demonstrates
wound-healing activity [26,27]. This natural flavanonol is approved as a food supplement in the
European Union. In Russia, this compound is industrially produced as an active pharmaceutical
ingredient (API). Despite its beneficial properties, taxifolin formulation development is limited
due to low bioavailability.
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Figure 1. Molecular structure of taxifolin.

Poor oral bioavailability and low water solubility at room temperature are common
problems related to flavonoid aglycons. One of the most popular solutions for flavonoids is
a preformulation by crystal engineering. Crystal engineering is an applied supramolecular
chemistry that specializes in the design and synthesis of new solid forms of compounds
with targeted properties [26,27]. It can be realized via different approaches, such as sonocrys-
tallization [28], lyophilization [29], grinding [30], and antisolvent precipitation [31]. Patil
et al. described an electrospray technique for co-crystallizing quercetin with caffeine and
nicotinamide [32]. There are reports about taxifolin chemical modifications [33] and solid dis-
persion preparation with cyclodextrins [34] and polyvinylpyrrolidone [35]. Liposomal forms
of taxifolin were also designed to modulate its bioavailability [36,37]. The new trend in phar-
maceutical solids preformulation is a synthesis of amorphous modifications of APIs [38,39].

Spray drying is the one of the most commonly used techniques for dried powder
production in the pharmaceutical industry [40,41]. This technology has been used as
a critical stage of preformulation when manufacturing granulations [42], solid disper-
sions [43], powder for inhalations [44], microcapsules [45], nanoparticles [46], etc. This
tool provides an opportunity to obtain hollow, low-density particles with controlled mor-
phologies and surface properties in particle engineering applications [47]. A considerable
number of studies have been published on spray-drying flavonoids. Studies have reported
on improvements in water solubility and dissolution rates for quercetin and rutin [48],
naringenin [49], hesperidin [50], and naringin [51].

Figure 2 shows taxifolin spheres (TS) that were synthesized without the polymer
carrier via spray drying (their morphologies were described in the literature [52]). The
results of thermal and X-ray analysis showed the amorphous nature of the new taxifolin
form. Changing the solid state may result in increasing the flavonoid’s permeability and
pharmacological activity [53]. However, the impacts of spray drying on the physicochemical
and biopharmaceutical properties of TS have not been researched yet.

Figure 2. Photomicrography of TS.
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Therefore, our study objective was to characterize TS using complex pharmaceutical
analysis methods.

2. Materials and Methods
2.1. Materials

The taxifolin substance, which is hereafter referred to as raw taxifolin (RT), was provided
by Ametis JSC (Blagoveshchensk, Russia). We used saccharose (Sudzucker AG, Mannheim,
Germany), mannitol (Roquette, Lestrem, France), sorbitol (Roquette, Lestrem, France), sodium
starch glycolate (JRS Pharma, Rosenberg, Germany), crospovidone (ISP Inc., Wayne, NJ,
USA), calcium stearate (LDKkim JSC, Staraya Kupavna, Russia), aspartame (Carl Roth GmbH,
Karlsruhe, Germany), and menthol (Carl Roth GmbH, Karlsruhe, Germany) for tablet forma-
tion. The solvents, including acetonitrile (Merck, Darmstadt, Germany), denaturated ethanol
(Carl Roth GmbH, Karlsruhe, Germany) and formic acid (DikmaPure, Beijing, China), were
HPLC-grade, and we obtained water from a Milli-Q water purification system (Millipore,
Burlington, MA, USA). Additionally, a standard sample of dihydroquercetin (99.99%; Ametis
JSC, Blagoveshchensk, Russia) was used in HPLC analysis.

Dulbecco’s modified Eagle’s medium (DMEM) with L-glutamine (1X, Corning, Corning,
NY, USA), supplemented with 10% fetal bovine serum (FBS; 1X, Gibco, Waltham, MA, USA)
and a solution of penicillin and streptomycin (P/S; 1X, Gibco, Waltham, MA, USA) in a ration
volume of 89:10:1 served as a medium during the ex vivo experiment. We used dimethyl
sulfoxide (DMSO; 99.5%; XiLonhScienitific, Guangzhou, China) and the Cell Counting Kit
(CCK-8; Beijing Bio Dee Biotechnologies, Beijing, China) in the modified MTT test. Hank’s
balanced salt solution (HBSS; 1X) was purchased from Gibco (Waltham, MA, USA).

2.2. Spray Drying of Taxifolin

We based TS preparation technology on the modified preparation of milk powder. RT
(1 kg) was dissolved in water (40 L) at 60 °C with constant stirring, which was possible
because of taxifolin’s high solubility in hot water. We used GLP-60 centrifugal sprat with
a high-speed blade disk at the inlet and outlet air temperatures of 180 °C and 80 °C,
respectively. We kept taxifolin in the dryer chamber for 1.5-2.0 s. The relative centrifugal
force (RCF) of the disk atomizer was 22,700 x g. This sample hereafter is referred to as TS.
The spray drying yield ranged from 95.4% to 98.8%.

2.3. Tablet Preparation

We prepared the taxifolin tablets for the dissolution test by direct compression using a lab
mechanical press. The total tablet weights ranged from 100 mg to 300 mg. Table 1 presents the
mass ratio of TS and inactive ingredients that are widely used in orally dispersed tablets [54].
The pressure was 7 atm, and we controlled it via integral dynamometer. The tablet series for
the comparative analysis of taxifolin forms were prepared with TS and RT.

2.4. Cell Culture

The Madin-Darby Canine Kidney (MDCK) cell line was obtained from the Cell Culture
Centre of Chinese Academy of Medical Sciences (Beijing, China). This cell model is accepted
by the FDA for biopharmaceutical assays as an alternative for widely used Caco-2 cells [55].
The advantage of using MDCK cells is that they quickly integrate the monolayer.

We grew cells in plastic culture flasks in cultural medium at 37 °C in a humidified
atmosphere of 5% CO,. The medium was changed every two days. The cells were routinely
maintained by regular passing. The cells used for ex vivo experiments were between
passage numbers 25 and 30.
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Table 1. Formulations of taxifolin tablets.

Mass of Component, mg

Y
2 - — g g g -
N Mot g : : oggf = £ 2 5 E
Tablet, mg S g 5 RS 2 =3 g, §
% < ) D [ ] @» c ® E
@ = ©] 3 of 2
9]
1 150.0 20.0 125.0 - 3.0 - 2.0
2 150.0 20.0 - 125.0 - - 3.0 2.0
3 150.0 20.0 125.0 - - 3.0 - 2.0
4 150.0 20.0 125.0 - - - 3.0 2.0
5 150.0 20.0 - - 125.0 3.0 - 2.0
6 150.0 20.0 - - 125.0 - 3.0 2.0
7 150.0 20.0 - 120.0 - 3.0 - 2.0
8 150.0 20.0 - 120.0 - - 3.0 2.0
9 150.0 20.0 125.0 - - 3.0 - 2.0
10 150.0 20.0 125.0 - - 3.0 2.0
11 150.0 20.0 - 120.0 3.0 - 2.0
12 150.0 20.0 - - 120.0 - 3.0 2.0 -
13 150.0 20.0 - 120.0 - - 3.0 2.0 5.0 -
14 150.0 20.0 110.0 - 8.0 2.0 5.0 5.0
15 150.0 20.0 125.0 - - - 8.0 2.0 5.0 -
16 150.0 20.0 - 120.0 - - 3.0 2.0 - 5.0
17 150.0 20.0 115.0 - - - 8.0 2.0 - 5.0
18 300.0 20.0 - 270.0 - - 3.0 2.0 - 5.0
19 300.0 20.0 265.0 - - - 8.0 2.0 - 5.0

2.5. Antimicrobial Activity

The antimicrobial activity of taxifolin samples was analyzed in vitro using the agar diffu-
sion method in biphasic medium, which is generally accepted in biomedical science [56,57]. At
first, we placed 10 mL of agar medium (pH value between 6.8 and 7.0) in Petri dishes. We added
an equal amount of Hottinger’s agar after the solidification of the lower layer. We prepared
the medium in wells when the top layer was cooled; the inner diameters were 8.0 £ 0.1 mm,
and the heights were 5.0 &= 0.1 mm. We filled them with different taxifolin sample solutions in
DMSO (10%) with 0.01 mg/mL concentration. The pure DMSO was used as a negative control.

We used the following reference strains as test cultures: Staphylococcus aureus (ATCC
6538), Escherichia coli (M 17), Micrococcus luteus (ATCC 10240), and Bacillus cereus (IP 5832).
The microbial load was 107 colony-forming units per 1 mL of nutrient medium (CFU/mL).
Petri dishes were incubated for 20 h at 37 °C.

We measured microbial growth inhibition zones to assess the antimicrobial activity. Mea-
surements were accurate to 1 mm. Each sample was analyzed 3 times with every test culture.

2.6. Fourier Transform Infrared Spectroscopy (FTIR)

We prepared KBr discs containing 0.02 mg of taxifolin samples separately. FTIR spectra
were recorded from 4000 cm ™! to 350 cm ! with Fourier transform infrared spectrometer
FSM-1201 (Infraspek, Saint Petersburg, Russia). The resolution was 1 cm 1. We used blank
KBr discs as a reference sample.

2.7. Solubility

We analyzed the water solubility of the taxifolin samples according to the European
Pharmacopoeia 10.0 [57]. First, we added 1.0 g of the substance to 1.0 mL of solvent; then,
we shook the mixture continuously for 10 min at 20 °C. If the substance fully dissolved, we
determined it to be very soluble. We considered a substance to be dissolved if no particles
could be seen when examined against light. If the substance did not fully dissolve, we added
1.0 mL of solvent to 100 mg of the substance and performed the dissolution as described above.
If the substance fully dissolved, it was determined to be freely soluble. If the substance did not
fully dissolve, we added 2.0 mL of solvent and continued dissolution. If the substance fully
dissolved, it was considered soluble. If the substance did not fully dissolve, we added 7.0 mL
of solvent and continued dissolution. If the substance fully dissolved, it was considered
sparingly soluble. If the substance did not fully dissolve, we added 10.0 mL of solvent to
10.0 mg of substance and performed dissolution as described above. If the substance fully
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dissolved, it was considered slightly soluble. If the substance did not fully dissolve, we added
100 mL of solvent to 10.0 mg of substance and performed dissolution as described above. If
the substance fully dissolved, it was considered very slightly soluble, and if the substance did
not dissolve, then it was considered practically insoluble.

We also determined the exact solubility value. We added samples equivalent to
40 mg of taxifolin to 10 mL of water and shook the mixture continuously for 5 min. The
suspension was divided into 5 Eppendorf tubes (2 mL). We used one of the tubes as a
zero point. We shook another 4 samples for 1, 2, 4, and 6 h using Mixer 5432 (Eppedorf,
Hamburg, Germany) worked at 1450 rpm. All stock solutions were centrifuged for 5 min
at RCF 18,300 g by Centrifuge 5413 (Eppendorf, Hamburg, Germany). The supernatant
(50 uL) was diluted in 9.95 mL of water. We determined the taxifolin concentrations of
these solutions via UV spectrometry using a calibration curve in the range 0.5-2.5 mg/mL.
We used water as a reference sample. We performed each test in triplicate. A Cary-
100 UV /Vis spectrophotometer (Varian, Palo Alto, CA, USA) was operated at 290 nm
for maximum taxifolin absorption in ethanol. We validated this method, and it was
characterized by appropriate values of linearity (r* = 0.9960), trueness, and precision. The
standard deviations of the analytical signal lie in the range from 0.0474 to 0.0936. The free
term (0.0351) does not significantly differ from zero.

2.8. Cell Viability Test

We determined the cytotoxicity of the taxifolin samples using the CCK-8 method.
MDCK cells in complete medium were seeded on 96-well plates at a final density of
4 x 10* cells/well. We removed the medium after 36 h and incubated the cells for 2 h
with taxifolin samples of different concentrations (0.01, 0.03, 0.06, 0.12, 0.25, 0.50, 1.00,
and 2.00 mg/mL). DMSO and pure DMEM were used as a positive and negative control,
respectively. Then, we removed the surfactants and added CCK-8 for 2 h incubation. The
absorbances were measured 6 times at 450 nm using SPARK (Tecan Group Ltd., Ziirich,
Switzerland) for the concentration of each sample. We calculated the viability (V) as (1):

A}"l*AU

v=_nh
A1p0 — 0Ag

x 100%, 1)

where A, is a mean absorbance of CCK-8 solutions after incubation with MDCK cells
contacted with taxifolin samples, Ag is a mean absorbance of CCK-8 solutions at the
negative control, and Ajgp is a mean absorbance of CCK-8 solutions at the positive control.

2.9. Permeability Assay

MDCK cells were seeded into a 12-well plate at a final density of 2 x 10° cells/well. We used
the transepithelial electrical resistance (TEER) value to monitor the integrity of the monolayer. We
employed a monolayer with a TEER value higher than 300 QYecm? in the experiment.

The solutions of taxifolin in DMEM (0.5 mL) with a concentration of 1 mg/mL were
added to an apical side. We placed the warmed HBSS (1.5 mL) into a basolateral side. We
took aliquots of 0.5 mL from the receiver chamber at different time intervals (15, 30, 60, 90,
and 120 min) after 4 periods of incubation for each time point. After each sampling, an equal
volume of blank HBSS was added in the receiver chamber to maintain a constant volume.

We determined the concentrations of taxifolin in aliquots via HPLC-UV using a stan-
dard curve in the range of 0.01-100.00 pug/mL. All samples were twice diluted by acetoni-
trile and centrifugated for 5 min at RCF 27,950 x g. We injected the supernatant (20 pL) into
the HPLC system for the assay. Each test was performed in triplicate. A Waters 600 HPLC
pump with a Waters 2489 UV /Visible detector was employed to separate the compounds
through a reversed-phase column (Phenomenex Luna, C-18, 2.1 mm x 250 mm, 5 um)
at a flow rate of 1 mL/min. The mobile phase consisted of acetonitrile (30%) and 0.1%
acetic acid in water (70%). The wavelength for UV detection was 290 nm, and the column
temperature was set at 25 °C. We identified taxifolin by comparing the retention time of a
standard sample and quantified it through calculating the area under the curve with the
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external standard. So, this method may be considered specific. It also demonstrates suitable
validation parameter values. The linearity was quite high (2 = 0.9999). The standard
deviations of the analytical signal vary in the range from 27,254.8 to 265,827.9. The free
term (5296.4) does not statistically significantly differ from zero.

We calculated the apparent permeability coefficient (P,pp) using Equation (2):

dcC
Py = Y @)
Ak

where dC/dT is the change in taxifolin concentration in the receiver chamber over time, V is
the volume of the solution in receiver chamber, A is the membrane surface area of the MDCK
cell monolayer (4.7 cm?), and C is the loaded taxifolin concentration in the donor chamber.

2.10. Flowability

We measured the angle of repose and compressibility to characterize the taxifolin
powder’s flowability.

We determined the repose angle using a flow tester GTL (Erweka GmbH, Langen,
Germany) with a 10 cm-diameter base plate. Samples of both taxifolin forms (100 g) were
discharged from a hole with an inner diameter of 25 mm while maintaining free fall. The
test was performed in triplicate for each sample. We analyzed the results according to
European Pharmacopoeia 10.0 [58].

We determined compressibility using a tap density tester SVM 121 (Erweka GmbH,
Langen, Germany). We gently filled a 150 mL graduated cylinder with 100 mL of sample
and weighed it to calculate the bulk density (BD). Then, the cylinder containing the sample
was tapped until the volume stopped changing (1250 times), allowing us to measure the
tapped density (TD). The test was performed in triplicate for each sample.

We calculated the Hausner ratio (HR) and Carr index (CI) from compressibility data
using Equations (3) and (4), respectively:

HR =TD/BD, 3)
CI = ((1 — BD)/TD) x 100%. (4)

2.11. Disintegration of Tablets

We determined the disintegration time using a ZT 121 light tester (Erweka GmbH,
Langen, Germany). The analysis was performed in distilled water (1.0 L) at 37 £ 2 °C. A
sample set consisted of 6 tablets for each sample.

2.12. Tablet Hardness

We determined tablets” hardness with the TBH 100 tester (Erweka GmbH, Langen,
Germany) using a set of 10 tablets for each sample.

2.13. Friability Test

We determined the friability of tablets based on different taxifolin samples using a
TAR 220 friabilator (Erweka GmbH, Langen, Germany). We individually weighed a set of
10 tablets with 1.0 mg accuracy for each sample before loading them into the friabilator for
100 drops (25 rpm over a period of 4 min). The percentage weight loss was calculated for
individual tablets (% friability) based on the weight measurements after the friability test.
We carefully removed particles on the tablet surface with a soft brush before weighing.

2.14. Dissolution Test

We performed the paddle method using a DT-600 dissolution tester (Erweka, Germany)
at the HBSS with 6 tablets in different taxifolin forms, which were placed in individual
receiver cambers. The volume of solvent was 500 mL, the temperature was 37 £ 0.5 °C,
and the speed of rotation was 50 rpm. Aliquots of 5.0 mL were taken from the receiver
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chamber at different time intervals (5, 10, 20, 30, and 45 min) after loading 5 times for each
time point. We added an equal volume of blank HBSS in the receiver chamber after each
sampling to maintain a constant volume.

We determined the concentrations of taxifolin in aliquots via UV spectrometry using a
calibration curve in the range 5.0-25.0 pg/mL. Each test was performed in triplicate. Cary-
100 (Varian, Palo Alto, CA, USA) was operated at 324 nm in consideration of maximum
taxifolin absorption in the phosphate buffer. We tested this method using several valida-
tion parameters. We considered the appropriate linearity according to r* = 0.9994. The
trueness was evaluated by comparing the free term of the calibration curve equation and
the confidence interval in three concentrations. The standard deviations of the analytical
signal were between 0.0637 and 0.1035. The free term (0.0533) did not differ significantly
compared with zero.

We calculated the release constant (K) and half-life values (T509,) as (5) and (6), respec-
tively, to characterize the dissolution profiles of taxifolin samples:

C— ln<c(zc_"ct),

®)

2
Ts00, = In —
50% = M 7 (6)

where Cj is the initial taxifolin concentration in a tablet and C; is a taxifolin concentration
in a solution at the moment ¢.

We calculated the difference (f1) and similarity factors (f5) as (7) and (8), respectively, to
perform a quantitative analysis of dissolution profiles of tablets of different taxifolin samples:

"Ry — T
f = TR =T g0, @)
=1 Rt
" (R —Tp)?
f» = 50-log \/1 + M.loo , (8)

where 1 is the number of dissolution intervals, R; is the release results (%) of the tablets on
RT basis at time point ¢, and T is the release results (%) of the tablets on a TS basis at time .

2.15. Statistical Analysis

All data were analyzed using Microsoft Excel (version 16.0; Microsoft, Albuquerque,
NM, USA). We present the results as means £ SEM for solubility, permeability assay,
disintegration time, tablet hardness, and dissolution test. Each viability value represents
the mean of six independent, parallel wells.

The statistical significance of the antimicrobial activity assessment was determined
using the Mann—-Whitney U test [59,60]. We calculated the U value using Equation (9):

1
U= niny + 771;5(7’1,;4‘ )

— Ty, )
where 77 is the size of the RT group, n; is the size of the TS sample, 1y is the size of the
largest sample, and Ty is the sum of the largest sample ranks. We assessed the results
according to the appropriate table.

3. Results
3.1. FTIR Spectroscopy

We investigated the possibility of a chemical reaction during spray drying using FTIR
analysis (Figure 3). The taxifolin samples” FTIR spectra showed a broad absorption band of
the ~OH stretching vibration with a maximum at ~3400 cm !, an intensive band of >C=0
at ~1600 cm~1, a band of bending -OH at ~1350 ecm~! and a band of -C-O-C- stretching
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vibration at ~1250 cm 1. Based on these data, we assume that there was no chemical
structure transformation during the TS formation.

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 3. FTIR spectra of RT (black) and TS (red).

However, a more careful analysis of IR data shows that there are some differences
for different taxifolin samples. TS spectra were characterized by strong absorption bands.
The RT IR spectrum in the same region exhibited a smooth broad band at 3550-3200 cm™!,
indicative of intermolecular H-bonds involving hydroxyls. Furthermore, the carbonyl
functional group’s absorption band in the IR spectrum moved from 1623.88 cm™! to
1643.18 cm™ L. Additionally, there were slight differences in the fingerprint area, which
is apparently a result of the phase transition. The RT IR spectrum contained two thin
absorption bands at ~1000 cm~! and two absorption bands at ~750 cm ™! in the fingerprint
area. At the same time, the TS spectrum demonstrated more wide bands at ~1000 cm ™!
and only one band at 750 cm~!. The intensity of the RT absorption bands decreased at
700-600 cm ™!, while the intensity in the TS spectrum increased.

3.2. Solubility

RT is considered a very slightly soluble substance according to the European Phar-
macopoeia 10.0, which means its solubility is between 0.1 mg/mL and 1.0 mg/mL. TS’s
solubility increased, and we found this form to be slightly soluble according to the European
Pharmacopoeia 10.0 (between 1.0 mg/mL and 10.0 mg/mL) [58].

We also identified the exact solubility of taxifolin samples. The concentration curve
forms a plateau for both samples after 6 h (Table 2). The solubility of RT and TS was
0.9557 £ 0.0230 mg/mL and 2.1265 £ 0.2289 mg/mL, respectively.

Table 2. Correlation between concentration of taxifolin and duration of its dissolution.

Taxifolin Concentration, mg/mL

Sample 0h 1h 2h 4h 6h
RT 0.700 + 0.016  0.764 +0.017  0.7854 0.018 0.884 +0.020  0.956 + 0.023
TS 1642+ 0177 1764+ 0.180 1.822+0.196 2.099 + 0226 2.127 & 0.229

We observed precipitation after 24 h of storing the spray-dried taxifolin solution.

3.3. Antimicrobial Activity

We measured the cultures” growth test inhibition zones in comparison with the nega-
tive control to assess the taxifolin samples’ antimicrobial activity (Table 3). The U values
in growth inhibition zones for S. aureus, E. coli, M. Luteus, and B. cereus were 1.5, 3.0, 3.0,
and 1.5, respectively. The U value must be less than 0 (p = 0.05) for the significance to be
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estimated. So, we did not observe significant differences in the antimicrobial activity of the
taxifolin samples, and both may be characterized as moderate.

Table 3. Antimicrobial activity of taxifolin samples.

Growth Inhibition Zone, mm
Sample Staphylococcus Escherichia

. Micrococcus Bacillus
aureus coli
luteus cereus
RT 13.67 + 0.58 14.00 + 1.00 14.00 + 0.00 14.33 £ 0.58
TS 13.00 £ 0.00 13.33 £ 1.15 13.67 = 0.58 14.00 £ 0.00

3.4. Cell Viability Test

It was necessary to determine the toxicity of the taxifolin samples for the MDCK cell
model before performing the permeability assay.

Figure 4a shows the dose-dependent toxicity of the taxifolin samples. High cell
viabilities were confirmed in both RT and TS at high concentrations. We did not observe
significant differences in cell viability between the taxifolin samples. However, the cell
viability for both samples was limited to about 75%.

100

95

-+ raw taxifolin
-+~ spray dried taxifolin

(%)Anqeip

-a- raw taxifolin
e spray dried taxifolin 70

-4 -3 -2 -1 0

C (mg/mL)

(a) (b)

Figure 4. Effect of concentrations on cytotoxicity of RT (black) and TS (red): (a) at natural scale of
concentration; (b) at logarithmic scale.

Figure 4b shows the logarithmic correlations between the concentrations of the taxi-
folin samples and cytotoxicity. The correlation coefficients for crystal taxifolin and spray-
dried taxifolin were 0.9544 and 0.9710, respectively. The nonlinear dose dependence may
be explained by taxifolin’s low water solubility. We obtained the suspension at higher
concentrations; therefore, the decrease in viability was caused not only by the dissolved
molecules but also by the physical impacts of solid taxifolin particles.

Figure 4 shows the viability of MDCK cells was acceptable for both samples, which
meant we could use this cell model for the permeability assay.

3.5. Permeability Assay

The next stage of our research was the infinity permeability assay (Figure 5). After
the first 90 min, there was no significant difference in flavonoid concentration in the
receiver solution. Surprisingly, the concentration of taxifolin in the RT receiver solution
was higher compared with TS after 2 h. In general, the apparent permeability coefficients
were 14.8 x107° 4- 0.349 cm/s and 10.7 x 10~ 4 0.253 cm/s for RT and TS, respectively.



Sci. Pharm. 2022, 90, 67

10 of 17

0.40

0.35

0.25

C (mg/ml)
o
S

o
3

0.10

0.05

0 20 40 60 80 100 120
Time (min)

Figure 5. Dynamic of taxifolin concentration in receiver solution during permeability assay for RT

(black) and TS (red).

We also measured the TEER values of the MDCK monolayers in both samples to
confirm the high viability of the cell models. The viability values were 70.75 £ 9.86% and
86.82 £ 5.53% for RT and TS, respectively. Therefore, there was a significant difference
between taxifolin samples, and TS demonstrated a slightly higher safety profile.

3.6. Flowability

We performed a flowability analysis of taxifolin samples via two independent methods
using repose angles and compressibility.

The repose angles” mean values were 46.8° £ 4.7° and 29.6° &+ 7.9° for RT and TS,
respectively. Based on these results, the RT flowability may be considered poor according
to the European Pharmacopoeia 10.0; however, TS demonstrates a fair flowability [58].

We used the compressibility data to calculate the HR and CI (Table 4). Our results
confirm that TS is characterized by better flowability and, while primary, may be considered
more preferable for the pharmaceutical formulation.

Table 4. Flowability characteristics of taxifolin samples.

Sample HR CI, % Flow Description
RT 1.421 + 0.149 29.63 £+ 3.11 poor
TS 1.219 £ 0.113 19.00 £ 1.77 fair

3.7. Design of Orally Dispersed Tablets with TS

Our taxifolin tablet design was based on previous clinical and preclinical research of
this bioflavonoid. Shkarenkov et al. showed the safety of a 20 mg taxifolin dose in rats
during preclinical studies [61]; furthermore, Kolkhir et al. confirmed its effectiveness [62].
Later, this dose showed clinical significance in a treatment of acute pneumonia [63]. Ac-
cording to the data, a single dose of taxifolin is 20 mg per tablet, and it was noted that the
amount of antifriction material should be no more than 1% [58]. We required taste-making
agents, such as aspartame and menthol, because of taxifolin’s bitter taste.

We assessed the tablet samples and performed the selection of the optimal formulation
on the basis of the following tablets characteristics: disintegration time, hardness, and taste
(Table 5). We did not perform the hardness analysis if the disintegration time was not
appropriate, and we assessed the formulation’s taste with suitable technological parameters.
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Sample 19 demonstrates the best set of characteristics; therefore, we selected it for a future
comparative study of RT and ST.

Table 5. Selection parameters of TS-based tablet formulation.

Disintegration Time, min Hardness, N Taste
No. Measurement Reg}llatory Measurement Reg.ulatory
Requirements Requirements

1 93 +£0.6 - -
2 13.8 £09 - -
3 44403 - -
4 47+£03 - -
5 73+0.5 - -
6 49403 - -
7 1.3£0.1 - -
8 73+0.5 - -
9 9.8 £0.6 - -
10 181 + 11 [15.0-45.0] 71.9 + 20.8 >40.0 bitter‘sweet,
astringent
11 38+04 - -
12 62+23 — -
13 399425 222+ 6.4 -
14 170 £ 1.1 251473 -
15 231£15 260+£75 -
16 10.1 £ 0.6 - -
17 402+23 34.5 4+ 10.0 B
18 8.0+ 05 - -
19 36.4 £2.3 81.0 =234 cooling, spicy

3.8. Characteristics of Tablets

Considerable differences in hardness and friability between tablets obtained with differ-
ent taxifolin samples were observed (Table 6). Both tablet series manufactured with RT and
TS demonstrated acceptable results according to the European Pharmacopoeia 10.0 [58].

Table 6. Strength characteristics of taxifolin tablets.

S Hardness, N Friability, %
ample Regulato Regulato
Measurement R 8! ry Measurement 8! Y
equirements Requirements
RT 749 + 33.6 0.3
TS 81.0 £ 234 >400 13 <30

However, we observed a significant difference in disintegration time for different
tablet samples. Tablets based on RT disintegrated for 7.1 &= 1.8 min, while for samples with
TS, this characteristic was five times higher at 36.4 £ 2.3 min.

3.9. Dissolution Test

Figure 6 shows taxifolin’s in vitro dissolution profiles. After 45 min, 88.3% of RT was
released, and the release ratio for TS was 77.9%. We noticed that at 5 min, TS demonstrated
a three-times-higher release ratio than RT.
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Figure 6. Dissolution profiles of RT (black) and TS (red).

We calculated the parameters of taxifolin release based on the tablets’ dissolution
profiles (Table 7). All calculated characteristics demonstrate significant differences between
the two groups of tablets.

Table 7. Release parameters of taxifolin tablets.

Parameters of Release Kinetic

Sample f1 f2
K, min—1 T509,, min
RT 0.034 £ 0.002 20.63 £1.13
TS 0.048 £ 0.002 14.56 + 0.48 230+17 428+60

Therefore, the spray-dried processing of taxifolin results in a sustained release of this
flavonoid. We noticed that the dissolution test data correlated with the permeability assay
results.

4. Discussion

We designed our project to research the pharmaceutical characteristics of TS and to
determine the effects of spray drying on taxifolin.

Based on IR spectroscopy patterns, we determined that there was no change in the
chemical structure of taxifolin during spray drying. Our results correlate with previous
data obtained using UV spectroscopy, NMR 'H, and mass spectrometry [52]. However,
we observed some differences in IR spectra that may be explained by phase transition,
especially in the fingerprint area, which apparently correlates with the out-of-plane vibra-
tions of -CH. Therefore, the changing physical-chemical and pharmaceutical properties
are associated with crystal-to-amorphous phase transitions. We also discovered that TS is
stable at the standard conditions without the polymer carrier according to IR spectroscopy,
which is a key difference when compared with the earlier obtained solid dispersions [34,35].

Taxifolin demonstrates a high safety profile [21,64]. Moreover, our experiment did not
detect any increase in cytotoxicity after spray drying. Furthermore, the viability of MDCK
cells was about 75% for both taxifolin samples and, based on the TEER value measurement
data, we suggest that TS is characterized by a higher safety profile.

We performed the MTT test to analyze the accessibility of MDCK cells for a permeabil-
ity analysis of taxifolin samples. Permeability and solubility are key characteristics in the
API classification according to the Biopharmaceutical Classification System (BCS). The BCS
defines “high solubility” as the dissolution of a maximal single dose (MSD) in 250 mL of
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water. Diquertin® is the only remedy regarding taxifolin (characterized by MSD 60 mg) [63].
Therefore, both RT and TS taxifolin samples are characterized by high solubility according
to the BCS. Permeability is considered high if the apparent permeability coefficients are
higher than for the compound with known high permeability, such as metoprolol. Accord-
ing to the data found in the literature, the apparent permeability of metoprolol in a weak
acid medium is 7.8 x 10~° cm/s [65,66]. Therefore, both taxifolin samples demonstrated
high permeability and may belong to Class 1 of the BCS.

Different researchers reported on taxifolin’s poor water solubility. According to the
literature, this parameter ranges from 0.87 mg/mL to 0.96 mg/mL [34,67]. Our results are
supported by these data (we found the solubility of RT was 0.9557 mg/mL). Furthermore,
Zu et al. and Potoroko et al. reported a 0.004 mg/mL and 0.002 mg/mL taxifolin solubility,
respectively [68,69]. The main purpose of taxifolin phase modification via spray drying is
to improve its water solubility at room temperature. We observed a significant 2.225-times
increase in TS water solubility compared with RT. The differences in the physical-chemical
properties of the taxifolin samples may be associated with the “spring and parachute”
effect, which is common in crystal engineering [26,70]. However, during the TS dissolution
process, metastable supramolecular complexes of taxifolin with solvent molecules form,
resulting in an increase in water solubility (spring effect). However, these complexes are
not stable, and taxifolin precipitation will occur. The stability of supramolecular complexes
(parachute effect) should be taken into account during pharmaceutical formation.

We observed an extensive increase in taxifolin concentration in TS after the first few
minutes of the permeability assay and dissolution test, which may be associated with the
spring effect. However, the intensity of the concentration increases later decreased in both
analyses, possibly because of the destruction of metastable supramolecular complexes of
taxifolin with solvent molecules. Our results contribute to drug development in at least
two major respects. First, they prove the therapeutic dose of taxifolin can be reached in a
short amount of time, which is vital for topical action remedies because this results in faster
estimations of pharmacological effects. Second, the following slow release may maintain
taxifolin concentrations, and the half-life value of amorphous taxifolin was 29.4% higher.
The advantages of such a dissolution profile have already observed for the cocrystals of
other flavonoids [71-73].

Prior studies have noted the moderate antimicrobial activity of taxifolin [74-76];
however, it is not high enough to consider this compound as an antibiotic. Despite this,
taxifolin can find applications in antiseptic remedies. Its observed antimicrobial effects
may be explained by the inhibition of essential bacterial proteins, such as enoyl-acyl carrier
protein reductase [77]; however, we detected no polymorphism impacts on the bactericidal
and bacteriostatic properties of taxifolin. We did not observe any differences between RT
and TS in this parameter. The reason for this might be explained by our study design: the
incubation time was much higher than the lifetime of the supramolecular complexes after
TS dissolution; therefore, the effect of increased solubility was minimized.

The results of our study show that TS may be a promising object for the development
of an oral antiseptic in the form of orally dispersed tablets with sustained release patterns
because of its anti-inflammatory [78], -protozoal [79], and -viral [23,24] activities. Abdul-
razzak et al. previously developed oral taxifolin tablets [80]; however, they are based on RT.
Fair flowability, acceptable hardness and friability, and long disintegration times are the
advantages of TS compared with RT.

Optimizing the phase state for APIs is a new stage of drug development. Researchers
are paying increasing amounts of attention to amorphous solids because they demonstrate
numerous advantages compared with initial crystal forms [81,82]. Our results concur with
those of previous studies. To further explore the possibility of using spray drying on
taxifolin, additional studies will be needed to determine the influence of the phase state of
this bioflavonoid on its therapeutic efficacy.
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5. Conclusions

TS is a new taxifolin modification obtained via spray drying. It is stable without the
polymer carrier, so TS may be beneficial from a drug loading perspective. This substance
demonstrates higher water solubility, a high safety profile, fair flowability, and a sustained
dissolution profile. Thus, spray drying can be used for preformulation of taxifolin to obtain
an API for manufacturing an oral antiseptic in the form of orally dispersed tablets with a
sustained release pattern.
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