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Abstract: Taxifolin is a natural polyphenol belonging to the class of flavonoids. The structure of this
compound is characterized by the presence of two chiral centers. The spheroidal form of taxifolin
(TAXs) has emerged as a promising modification due to enhanced solubility, higher safety profile,
and long-term release from solid dosage forms. The study’s objective was to assess the diastereomeric
content in TAXs and industrially produced samples of taxifolin. Considering the difference in the
physico-chemical properties of diastereomers and based on the literature data, we developed a
qualitative HPLC method. The chromatograms were recorded using a diode array detector at 290 nm
and a mass spectrometer operated in negative ionization mode. Our data suggest that a biphenyl
column and gradient elution using 0.1% formic acid in water and 0.2% formic acid in methanol,
with the organic phase gradient from 7% to 21% and a flow rate of 0.65 mL/min for 15 min at
60 °C, provides the best conditions for the separation of taxifolin diastereomers. This method was
validated for quantitative analysis. We discovered that the cis-isomer was present in all the analyzed
samples, with its quantity ranging from 0.8% to 9.5%. TAXs can be considered a sample enriched
with diastereomers.

Keywords: taxifolin; flavonoid; antioxidant; diastereomers; stereoisomers; active pharmaceutical
ingredient; polymorphism; chromatography

1. Introduction

Taxifolin, also known as dihydroquercetin, is a natural polyphenol belonging to the
class of flavonoids. It can be considered a “blockbuster” molecule due to the growing inter-
est of the scientific community in this antioxidant. This heightened attention is primarily
a result of the wide range of pharmacological activities of taxifolin [1-3]. This flavonoid
showed antidiabetic [4,5], wound-healing [6-8], antitumor [9], cardioprotective [10], ra-
dioprotective [11], and neuroprotective [12,13] activity. Taxifolin is registered as an active
pharmaceutical ingredient (API) in Russia and Kazakhstan and is also available in the
European market as a supplement material.

Another advantage of taxifolin is the sustainable supply of raw materials, which
facilitates industrial production. This flavonoid is found in various sources, including
onions, tamarind, milk thistle, grapes, and citrus fruits [14-16]. Biotechnological methods
for taxifolin production have been explored [17]. The utilization of other natural sources,
such as Korean rosebay (Rhododendron mucroulatum TURCZ.), is also described [18]. Nev-
ertheless, the primary source of taxifolin remains the wood of larch spices (Larix sibirica
LEDEB. and Larix dahurica TURCZ.). Taxifolin is the major flavonoid component of larch
wood, constituting up to 4% of its mass in different plant parts [19].
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Several patented technologies for obtaining taxifolin exist. Lashin and Ostronkov, for
instance, proposed extracting taxifolin from larch wood using a 75-85% ethanol solution in
water at 45-50 °C, with a source-to-solvent mass ratio of 1:10 [20]. Levdanskij et al. offered
another method involving boiling in a 10-25% ethanol solution in water for 1-2 h [21].
In general, aqueous ethanol solutions are the most commonly used extraction fluids for
taxifolin [22,23], although ethyl acetate, isopropyl alcohol, acetone, and their aqueous
solutions can also be employed [24-26].

One of the key factors hindering the development of drugs based on taxifolin is
its low bioavailability. Previous efforts have sought to address this issue through phase
modification [27,28]. The spheroidal form of taxifolin (TAXs) has emerged as a promising
modification in our investigations [29]. This modification is characterized by enhanced
solubility up to 2.2 times, a higher safety profile, and long-term release from solid dosage
forms [30,31].

The process of drug development necessitates qualitative and quantitative control of
stereoisomers in APIs. The structure of taxifolin is characterized by the presence of two chi-
ral centers (Figure 1). Two enantiomers—2R,3R-taxifolin and 25,35-taxifolin—correspond
to the trans-configuration of substitutes at the single bound between carbon atoms in po-
sitions 2 and 3. The other two molecules are associated with the cis-configuration, and
they are enantiomers for each other. The structures in Figure 1a,b are diastereomers for
molecules in Figure 1c,d. Safety and efficacy have been confirmed for Diquertin®—a rem-
edy on the taxifolin basis [32]. According to X-ray crystallography and circular dichroism
data, the reference sample obtained from Diquertin® is a 2R,3R-configuration of taxifolin,
which corresponds to the structure of the trans-diastereomer [33]. Therefore, the study’s
objective was to assess the diastereomeric content in TAXs and commercially available
samples of taxifolin.
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Figure 1. Molecular models of taxifolin’s stereoisomers: (a) 2R,3R-configuration, (b) 25,3S-
configuration, (c) 2S,3R-configuration, (d) 2R,3S-configuration. Images were generated in Avogadro.

2. Materials and Methods
2.1. Materials

Commercially available samples of taxifolin were obtained from Ametis JSC (Lavitol,
99.1%, Blagoveshchensk, Russia), Taxifolia LLC (97%, Belgorod, Russia), and Robios LLC
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(VitaRost, >90%, Serpukhov, Russia). Additionally, a reference sample of taxifolin (99.99%;
Ametis JSC, Blagoveshchensk, Russia) was utilized.

TAXs was generated as described in the literature [29,30] from Lavitol, mentioned as
TAXr. In brief, a 40 L taxifolin water solution (T = 60 °C, C = 40 mg/mL) was subjected to
spray drying using a GLP-60 centrifugal sprat. The inlet air temperature was 180 °C, and
the outlet temperature was 80 °C. The relative centrifugal force of the disk atomizer was
22,700% g.

Methanol (HPLC grade, Chimmed Group, Moscow, Russia), ethanol (for spectroscopy,
Merck KGaA, Darmstadt, Germany), acetonitrile (HPLC grade, Fisher Scientific, Lough-
borough, UK), acetone (for analysis, Chimmed Group, Moscow, Russia), and distilled
deionized water were used as solvents. Formic acid (MS grade) and ortho-phosphoric
acid (for analysis) were obtained from Honeywell-Fluka (Steinheim, Germany) and Merck
KGaA (Darmstadt, Germany), respectively.

2.2. Moisture Content

Moisture content was measured using a moisture tester ML-50 (A&D, Tokyo, Japan).
Each taxifolin sample was dried to a constant weight at 105 °C in triplicate and presented
as the mean =+ standard deviation.

2.3. HPLC

Stock solutions were prepared by dissolving 10.0 mg of the taxifolin samples in 1 mL
of methanol, and then they were centrifuged for 10 min at 12,000 rpm using Centrifuge 5418
(Eppendorf AG, Hamburg, Germany). To obtain the working solutions, the supernatants
(10 puL) were diluted in 990 pL of water/methanol solvent (2:8, vol.).

The separation was conducted using a chromatograph LC-30AD (Shimadzu, Kyoto,
Japan) with a mass spectrometer LCMS-8040 (Shimadzu, Kyoto, Japan). The mass spec-
trometer operated in negative ionization mode. The chromatograms were recorded using
a diode array detector SPD-M20A (Shimadzu, Kyoto, Japan) at 290 nm. The following
columns were employed: Luna 5p C18(2) 100 A, 250 mm x 4.6 mm (Phenomenex, Torrance,
CA, USA), Luna 5pu CN 100 A, 250 mm x 4.6 mm (Phenomenex, Torrance, CA, USA),
Kinetex® 2.6 um Biphenyl 100 A, 100 mm x 3.0 mm (Phenomenex, Torrance, CA, USA).
Methanol, acetonitrile, and water in different ratios were used as eluents. The flow rate
ranged from 0.65 to 1.00 mL/min, and the temperature varied from 25 to 60 °C. Formic
acid and ortho-phosphoric acid served as modifiers. In the case of ortho-phosphoric acid,
the mass spectrometer was not explored.

The quality of chromatographic separation was assessed, using tailing factor (TF),
number of theoretical plates (NTP), and resolution factor (Rs), which were calculated
as follows:

_ Wops
TF = o 1)
2
NTP 554X 12<T @)
0.5
2 (RT; — RT.
Rs = - 2{RT1 — RT2) 3)

~ 2.7(Wos1 + Wost)

where Wy 5 is peak width at 5% high, W5 is peak width at 50% high, RT is a retention
time (min), and F is the leading edge of the peak.

2.4. Validation of Quantitative Analysis

Validation was performed in accordance with Russia State Pharmacopoeia 15 [34],
which is harmonized with European Pharmacopoeia 11 [35].

To generate the calibration curve, 1.0, 5.0, 10.0, 15.0, and 20.0 uL of the stock solution
of taxifolin reference sample were diluted in 999.0, 995.0, 990.0, 985.0, and 980.0 uL of
water/methanol solvent (2:8, vol.), respectively. Each point was recorded in quintuplicate
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and presented as the mean =+ standard deviation. The curve was graphed in triplicate on
different days using fresh stock solutions.

We calculated the limit of detection (LD) and the limit of quantification (LQ) from
compressibility data using Equations (4) and (5), respectively:

LD =33 x s/k 4)

LQ =10 x s/k (5)

where s is the standard deviation of the analytical signal, and k is the slope of the calibra-
tion curve.

2.5. Polarimetry

The optical rotation was determined using an automatic digital polarimeter UniPol
2020 (Schmidt + Haensch, Berlin, Germany). To prepare the working solutions, 0.5 mg of
taxifolin samples were dissolved in 50 mL of ethanol or acetone and filtered. The specific
optical rotations ([¢]p) were calculated as follows:

[a]lp =a/(C < ]) (6)

where « is the optical rotation, C is the taxifolin concentration, and [ is the path length of
the cuvette (2.004 dm). All measurements were repeated in triplicate and presented as the
mean = standard deviation.

3. Results
3.1. Analytical Method Development
To perform the qualitative analysis of taxifolin diastereomers in taxifolin samples,

a valid method was needed. The process of analytical method development based on
chromatography can be seen in Table 1.

Table 1. Characteristics of chromatographic conditions.

Conditions Characteristics
No Eluents Elution Elution Flow trans-Isomer cis-Isomer Rs
Stationary Phase B Tirf‘e' Mode (P T,°C Rate,. le", TF NTP RT, IF NTP
min eluent, %) mL/min min min
Luna 5 p C18(2) o . .
1 100 A, 0.01% H5PO, MeCN 20 isocratic 25 1.00 54 17 1668 61 21 1796 -
in water (30)
250 x 4.6 mm
gradient
2 Luna 51 CN . (10-90) 85 09 4551 92 12 17,767 17
3 100 A, 0.01% HsPO4 MeCN 30 (10-55) 25 1.00 93 18 3150 99 21 18263 12
4 250 x 4.6 mm In water (20-50) 62 08 4914 - - - -
5 15 (30-50) 49 10 4403 - - - -
6 Kinetex® dient
2.6 pm % i % ; gradien
Biphenyl 0.1% formic — 0.2% formic (15-40) 60 065 49 13 15721 56 12 18708 40
7 100 A, in water MeOH 7-21) 101 11 20531 116 10 26285 53
100 x 3.0 mm

T—temperature, RT—retention time, TF—tailing factor (10%), NTP—number of theoretical plates, Rs—resolution.

In the majority of cases, we used reversed-phase HPLC with gradient elution, where
solvent A is a water solution of acid, and B is the solution of the same acid in an organic sol-
vent. Optimization included the selection of a stationary phase, gradient program, elution
time, flow rate, and temperature. What stands out in this table is the better separation of
diastereomers in cases where the stationary phase contains a phenyl group: the number of
theoretical plates (NTP) and resolution (Rs) increased, primarily by 48.6 and 4.4 times, re-
spectively. Methanol was more effective as an organic solvent than acetonitrile. The higher
Rs was estimated when the percentage of water solvent in the eluent was not less than 75%
during the entire gradient program. All other things being equal, a decrease in elution
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time resulted in the coalescence of diastereomers’ peaks. Also, a slower flow rate provided
better separation, while temperature had little effect on the efficacy of chromatography.

The data presented in the table above suggest that the optimization of a biphenyl
column and gradient elution using 0.1% formic acid in water and 0.2% formic acid in
methanol, with the organic phase gradient from 7% to 21% and a flow rate of 0.65 mL/min
for 15 min at 60 °C, provides the best conditions for the separation of taxifolin diastere-
omers. This method was validated for quantitative analysis. The relationship between the
maximum peak area and concentration is linear (R? = 0.9999) within the range of 0.01 to
0.20 mg/mL and can be described by the following formula:

F(x) =2.54573 x 107x + 12,419.5 7)

The limits of detection and quantitation were calculated as 0.0016 and 0.0049 mg/mL,
respectively. The relevant standard deviation (RSD) was 0.18%, while the intra-day and
inter-day variations of this parameter were 0.24% and 0.93%, respectively.

3.2. Analysis of TAXs and TAXr

The developed analytical method based on HPLC was employed for the comparative
analysis of the amount of taxifolin diastereomers in TAXs and TAXr.

Figure 2 presents the chromatograms of taxifolin samples recorded using a UV detector
at a wavelength of 290 nm. They are characterized by the presence of three peaks with the
following RTs: 10.1 min, 11.6 min, and 15.1 min. Notably, the second peak shows a 5.7-fold
increase during the generation of TAXs.

To identify the components of the separated samples, UV spectroscopic data (Figure 3)
and mass spectrometric data (Figure 4) were analyzed. All three peaks have a similar
UV spectrum pattern with a Amax at 289 nm. However, the mass spectrum of the third
peak contains a molecular ion peak with m/z 317, which is 14 higher than the other two

components.
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Figure 2. Chromatograms of taxifolin samples: (a) TAXs; (b) TAXr. For chromatographic conditions,
see Table 1, row 7.
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Figure 3. UV spectra of peak with RT: (a) 10.1 min; (b) 11.6 min; (c) 15.1 min.
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Figure 4. Mass spectra of peak with RT: (a) 10.1 min; (b) 11.6 min; (c) 15.1 min.
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The results indicate that the peaks with RT 10.1 and 11.6 are formed by two diastere-
omers of taxifolin. Trans-taxifolin was identified by comparison with the chromatographic

and spectral characteristics of the reference sample. It is the major component of TAXs
and TAXr.

3.3. Analysis of Commercially Available Samples of Taxifolin

In the final part of the research, the stereoisomer composition of commercially available
samples of taxifolin was explored and compared with TAXs (Table 2), which has the biggest
amount of the cis-diastereomer. It is observed that the content of the cis-isomer is not
consistent in the taxifolin samples and ranges between 0.8% and 9.5%. Additionally, among
industrially produced samples, the initial TAXr shows the highest concentration of the cis-
isomer and the highest purity, while the sample provided by Robios LLC demonstrates the
smallest amount of total taxifolin, but its diastereomeric composition is more homogenous
than others.

Table 2. Contents of taxifolin diastereomers in taxifolin samples.

Quantity of Taxifolin Diastereomers

Sample Moist, % trans-Isomer cis-Isomer ¢ Sum transicis-
of Isomers Isomers
Name mg/mL o mg/mL % mg/mL % Ration
M +£SD M +SD M £SD M +SD M £SD M +SD M £SD
TAXs 5.0 0.2 0.072 0.001 758 1.1 0.009 n/a 95 n/a 0.081 0.001 853 1.3 8:1
TAXr 7.3 0.1 0.091 0.001 982 1.5 0.003 n/a 37 n/a 009 0.001 1019 1.5 27:1
Taxifolia 5.2 0.5 0.089 0.001 939 14 0.001 n/a 1.5 n/a 009 0.001 951 14 63:1
Robios 8.5 0.3 0.082 0.001 896 1.3 0.001 n/a 08 ~n/a 0.083 0.001 904 1.3 112:1

To gather the stereochemical information about commercially available taxifolin sam-
ples, polarimetric measurements were performed (Table 3). The specific optical rotation of
taxifolin solutions varies from 18.8 to 22.1 in ethanol and from 20.5 to 32.0 in acetone. In all
cases, the solutions of TAXs are characterized by the highest value of this parameter. Nev-
ertheless, the correlation between diastereomer content and optical rotation was moderate
(r? is 0.7743 and 0.5276 for ethanol and acetone solutions, respectively).

Table 3. Optical rotation of different commercially available taxifolin samples.

[«]p, °
Sample Name In Ethanol In Acetone
M +SD M +SD
TAXs 22.1 0.5 32.0 1.7
TAXr 21.9 0.5 30.4 1.6
Taxifolia 18.8 0.7 20.5 1.2
Robios 18.9 0.6 244 1.5

These results in this section indicate that TAXs contains a far greater amount of cis-
taxifolin than commercially available samples of this flavonoid. The next section, therefore,
moves on to discuss the scientific implications of this discovery.

4. Discussion

As mentioned in the literature review, the structure of taxifolin is characterized by two
asymmetric carbon atoms. Despite the importance of diastereomeric composition for the
safety profile, there is a limited amount of information available in the current literature on
this subject. The majority of studies in this field have primarily focused on glycosides of
taxifolin stereoisomers [36-39].

This study aimed to assess the diastereomer containment in TAXs. The initial objective
was the design of a qualitative analytical method for the identification of cis-taxifolin.
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Traditionally, differential spectrophotometry is used for flavonoid analysis in pharma-
cognosy [40-43]. However, this method can detect the presence of any flavonoid and is
not applicable for identification. Because of this limitation, HPLC is increasingly being
used for the analysis of flavonoids. To achieve the goals of qualitative and quantitative
control, the reversed phase is employed, utilizing aqueous solutions of acetonitrile and
alcohols as mobile phases [44—47]. The identification of flavonoids can be performed using
reference samples or diode-array detectors and mass spectrometry [48-50]. Considering the
difference in the physico-chemical properties of diastereomers and based on the literature
data, we developed a qualitative HPLC method for taxifolin diastereomers. During the
design process, it was observed that better separation of diastereomers was achieved when
the stationary phase contained a phenyl group, and the water-methanol mixture was more
effective than the water-acetonitrile solution. In the case of the best chromatography system,
the NTP for peaks of trans- and cis-taxifolin was 20,531 and 26,285, respectively, and the Rs
was 5.3. This method was validated and is suitable for pharmaceutical analysis [34,35].

The diastereomers of taxifolin in TAXs were identified through HPLC and spectro-
scopic parameters. It was known, that the reference sample of taxifolin consists of trans-
diastereomers [33]. The chromatogram of the reference sample is characterized by only
one peak with RT of 10.1 min, which was attributed to trans-taxifolin. All other analyzed
samples demonstrate two peaks at RT 10.1 and 11.6 min. They are characterized by similar
spectral parameters. The UV-spectra profiles of both compounds are characterized by a
maximum at 289 nm, which correlates with previously published spectral data of taxi-
folin [51,52]. The mass spectra of the diastereomers obtained during electrospray ionization
show the molecular ion peak at m/z 304 and an intense quasi-molecular ion peak at m/z 303.
This is a common picture in soft ionization for the mass spectroscopy of taxifolin [53,54].
The minor peak at m/z 249 can be attributed to the loss of three water molecules from quasi-
molecular ions. Simultaneously, the peak at m/z 371 can be explained by the formation
of an association between quasi-molecular ions and sodium formate [M-H+HCOONa] ™.
Additionally, a peak at m/z 417 may be associated with the formation of a cluster with
formic acid and its sodium salt [M-H+HCOOH+HCOONa] ~. The suggestion about the
cluster formation with the components of the mobile phase during LC-MS/MS analysis of
taxifolin stays in line with the data published previously by Abad-Garcia et al. [55]. Taking
into account the achiral conditions of chromatographic separation, two compounds with
RT 10.1 and 11.6 min were considered as diastereomers. As the first one was identified as
trans-taxifolin, the second component was cis-taxifolin, apparently.

The profile of the mass spectrum for the compound with RT 15.1 min differs signif-
icantly from the taxifolin one. The concentration of this component is smaller than that
of taxifolin, so this mass spectrum is characterized by multiple peaks. Nevertheless, this
compound can be identified as dihydroisorahmnetin—3,5,7-trihydroxy-2-(4-hydroxy-3-
methoxyphenyl)-2,3-dihydro-4H-1-benzopyran-4-one. This suggestion is confirmed by the
presence of peaks with m/z 335, 318, 317, 291, and 249 that can be attributed to [M-H+H,0]~,
[M]~, [M-H] ", [M-H-C,H;] ™, and [M-CH3-CO-CyH;] ™, respectively.

When the appropriate method of diastereomeric analysis for taxifolin was designed,
the scope of our interest was focused on the containment of the cis-isomer in commercially
available samples. Despite having the smallest amount of taxifolin, the sample obtained
from Robios LLC was diastereomerically homogenous. In contrast, the TAXr exhibited
the highest purity of taxifolin but had the largest amount of cis-isomers. This may be
associated with the use of high temperatures during the concentration of extracts [56].
Nevertheless, the percentage of cis-diastereomers in TAXs was 2.6 times higher compared
with the initial sample, accounting for 9.5% of the mass. Therefore, TAXs can be considered
a cis-isomer-enriched sample compared with the other ones.

The importance of stereoisomer control in APIs is evident, as stereochemistry signifi-
cantly affects both the efficacy [57] and safety [58,59] of the remedy. Polarimetry may be the
ideal method for routine quantitative analysis of taxifolin diastereomers. Unfortunately, the
correlation between their contents and optical rotation was not suitable for pharmaceutical
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analysis. The optical rotation values of TAXr and TAXs solutions differed insignificantly,
which was an unexpected outcome. This discrepancy could be attributed to the presence
of optically active impurities of its related flavonoids. Taking into account the achiral
stationary phase in the developed HPLC method, another possible explanation is that each
diastereomer may contain two enantiomers with different optical rotation values. These
findings may help explain the inconsistencies in the literature data. Gaggeri et al. [60]
reported about [«]p2Y +12.68° in methanol for trans-taxifolin, while in the work authored
by Towatari et al. [61], this parameter was +6.3°. For cis-isomers, the optical rotation of the
methanol solution varies from +30.5° [36] to +58.8° [62].

The impact of the cis-isomer on the biological activity of the taxifolin sample remains
unclear. Considering the data of our research, we recommend conducting future studies on
this topic.

5. Conclusions

The objective of this research was to assess the diastereomeric content of TAXs and
commercially available samples of taxifolin. The HPLC methods we developed for this
purpose can be applied to monitor the diastereomeric purity in taxifolin samples. We
discovered that the cis-isomer was present in all the analyzed samples, with its quantity
ranging from 0.8% to 9.5%. TAXs can be considered a sample enriched with cis-isomers
compared with the other ones. To the best of our knowledge, it is the first research that
is focused on the diastereomeric content of taxifolin substances, produced by different
manufacturers. This study has raised important questions regarding the nature of taxifolin:
Is this compound solely an antioxidant, or does it possess stereospecific properties? Further
research on obtaining cis-taxifolin and investigation into its biological activity will provide
answers to this question.
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