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Abstract

Purpose Fractal geometry is a relatively young mathematical concept, which has been gradually“implemented in various fields of
human activity. The focus of this article lies on using this powerful tool for monitoringiand forecasting,the water solubility of
dihydroquercetin (DHQ) and its new forms, which were obtained by lyophilizationwithydifferent coformers. DHQ, also known
as taxifolin, is the major flavonoid of larch wood. This compound prevents the aceumulation of fre¢' radicals and is characterized
by a wide range of pharmacological effects. DHQ is produced industrially and istegistered in Russiaas an active pharmaceutical
ingredient (API).

Methods DHQ co-crystals with different coformers were generated by lyephilization. The fractal dimensions of the lyophilizates
were measured by photomicrography processing with special software;, The water solubility"was determined according to the
European Pharmacopoeia 8.0.

Results It was established that the solid phases of the DHQ¥ophilizates generaté specific structures that agglomerate in different
fractals. A correlation was shown between the DHQ fractal dimension and.its,water solubility. The correlation coefficient was
0.94. The relative standard deviation was no more than 1.17%.

Conclusions This study demonstrated the ability*to predict the water solubility of DHQ forms by measurement of the fractal
dimensions. The fractal model can find wide@pplication in the pharmageutical industry as a tool for automating quality assays
without substance loss.

Keywords Dihydroquercetin (taxifolin) - Fractals - Pharmaceutical analysis - Lyophilizates - Water solubility

Introduction

Most processes in the univeérse are determined by chaotic be-
havior, and the @eneration of fractal structures is a frequent
result of suchiproeesses [3]. The dévelopment of fractal theory
has cleared'the\way to a better understanding of the behavior
of comiplex systems in various processes. Fractality is a pow-
erful*teol that can be ugedito explain a vast number of phe-
nomena, such as thegeneration of a Langmuir monolayer [1]
and the evolution of'proteins [13]. There are some applications
of fractal ggeoimetries’in the food and drug industry, for
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example, monitoring the coffee bean roasting process [5],
assaying the pH time series of continuous anaerobic bioreac-
tors for vinasses treatment [6], controlling powder flow prop-
erties [7], and investigating the microstructures of dental
nano-filled composite materials [12]. Despite its prevalence,
the use of fractal analysis is in the initial stage in pharmaceu-
tical analysis.

Currently, researchers are paying increasing attention to
dihydroquercetin—2,3-dihydro-3,5,7-trihydroxy-2-(3,4-dihy-
droxy-phenyl)-4H-1-benzopyranone-4 (DHQ), also known as
taxifolin (Fig. 1). DHQ is the major flavonoid of Larix sibirica
Ledeb. and Larix daurica Turcz. Due to its high antioxidant
capacity, DHQ suggests a wide range of pharmacological ac-
tivities, combined with the absence of embryotoxicity, terato-
genicity, and mutability [19, 20]. The presence of two chiral
centers enables the selective interaction of DHQ and its me-
tabolites with biological targets [24]. Some drugs (diquertin
and ascovertin) were designed based on DHQ [15, 16]. DHQ
is widely applied in the production of food additives.
However, industrially isolated DHQ is slightly soluble in
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Fig. 1 Chemical structure of DHQ

water and therefore has limited bioavailability [26], which
restricts the clinical use of DHQ.

There are many ways to process biologically active com-
pounds to increase their bioavailability, such as crystal engi-
neering [22], micronization [27], chemical modification [9],
nanodispersion [21], and clathrate generation [25]. Most are
based on improving the water solubility and increasing the
dissolution rate. In this study, lyophilization was used to im-
prove the water solubility of DHQ. Lyophilization, also
known as freeze drying, is a process to separate an active
pharmaceutical ingredient (API) from a solvent to lincrease
its stability over time [4, 18]. No previous studies haye exam-
ined lyophilizate formation by fractal geometry. Additionally,
such approach would enable the use of this powerful mathe-
matical tool for pharmaceutical needs.

The study objective was to investigate’the'potential use of
fractal geometry as a rapid method.for'monitoring and forc-
casting the water solubility of DHQ.forms.

Materials and Methods
Materials

Solid phatmaceutical-grade DHQ (Ametis JSC, Russia) was
used as.the API, and denatured ethanol (99.8%, Carl Roth
GmbH, Germany) was\usedas the solvent in this study. The
lyophilizates were,generated with the following coformers:
nicotinic acid «99.5%, Fluka, Germany), vanillin (99%,
Sigma-Aldrich Chemie GmbH, Germany), cinnamaldehyde
(99%, Aecros'Organics, Belgium), benzaldehyde (98 + %,
Acros Organics, Belgium), and urea (99.6%, Carl Roth
GmbH, Germany).

Preparation of the DHQ Stock Solution
The stock solution for the generation of each lyophilizate was

prepared by the dissolution of 100 mg of DHQ in 5 mL of
denatured ethanol.

@ Springer

Preparation of the Lyophilizates

All coformers were added to the stock solution in a 1:1
molecular ratio, and the solutions were diluted with
distillated water to 5% API. Before lyophilization, the
liquid samples were kept at — 78 °C for 24 h immediately
after dilution to minimize ethanol loss. After this step, the
flasks were connected to the laboratory freeze dryet
(Alpha 1-2 LD, Martin Christ Gefriertrocknungsanlagen
GmbH, Osterode am Harz, Germany), which operated.-un-
der a pressure of 0.35 atmeand ‘temperature —55 °Cufor
36 h. Each lyophilizate”was ‘tesynthesizedy three/times
(first—third series).

Analysis of the Lyophilizates
Mass Spectrometry

Electrospray ionizationsmass spectrometry (ESI-MS) was
applicd”to determiine, the chemical profile of the
lyophilizates compared with API and coformers by using
mass-spectrometer ‘expression. CMS (Advion, Ithaca,
USA). Each"sample was dissolved in a solution of meth-
anol and water*(in a volume ratio of 80:20) with 0.1%
formi€ acid..The samples were injected by a microsyringe
at @ sample flow rate of 0.2 mL/min. The system was
operated in both positive and negative ion mode with a
tesolving power with polarity switching of 50 ms and a
mass range of m/z 10-1000.

Microscopy

An inverted microscope, Axiovert S 100 with a
AxioCamMRc camera (Zeiss AG, Oberkochen,
Germany), was used for imaging the lyophilizates under
x 400 magnification. For each sample, two photomicro-
graphs of the DHQ lyophilizates were obtained. The size
of the images was 1380 x 1040 pixels. All pictures were
transformed into grayscale.

Fractal Analysis

The photomicrography fragments for fractal analysis
were determined manually by visual selection according
to the following parameters: optimal tone and clear view
of the co-crystals.

The fractal dimensions were measured by the FDim
software (Laboratory for Computational Longitudinal
Neuroimaging, Harvard Medical School, USA) [17].
This computer program is based on the box-counting prin-
ciple, which determines the number of boxes within the
fractal structure. An arbitrary grid is placed over the struc-
ture to be measured, and the number of boxes in the grid
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Table 1 Water solubility of

different DHQ forms Sample Solubility according to Range of solubility
the European Pharmacopoeia 8.0 (g/ml)
DHQ (API) Very slightly soluble 0.0001-0.001
Lyophilizates DHQ with benzaldehyde Sparingly soluble 0.01-0.03
DHQ with nicotinic acid Sparingly soluble 0.01-0.03
DHQ with cinnamaldehyde Soluble 0.03-0.1
DHQ without coformers Soluble 0.03-0.1
DHQ with vanillin Freely soluble 0.1-1.0
DHQ with urea Very soluble >1.0

that are filled by the fractal structure is counted. This
method is based on the formula:

—logN (X)

Dc = li
¢ o log A

A—0

where Dc is the fractal dimension, N is the number of
fractal elements (the number of boxes), and A is the scal-
ing factor, i.e., the ratio of the parameters of one box
(square, information, etc.) to the parameters of the whole
structure. Using the software containing this formula for
photomicrography analysis, a linear relationship.was, ob-
tained between log N and log \. Dc is the tarigent of the
angle between the axis and this line.

Another software, Gwyddions/(Czech,Metrology
Institute, Czech Republic) [11], which is*based on the
same algorithim,\was used for fractalyphotomicrography
analysis te,confirm the results.

The statistical significanceyof ‘equal fractal dimen-
sions, which were measured, by FDim and Gwyddion,
is determined by the' Mann-Whitney U test [10, 14].
The U test is a.monparametric test based on the sum
of the ranks of the values in each of the two groups.
The U value is calculated by the formula:

Fig. 2 Representative photomicrography of the lyophilizates: a DHQ without coformers, b DHQ with vanillin, ¢ DHQ with nicotinic acid, d DHQ with
benzaldehyde, e DHQ with cinnamaldehyde, and f DHQ with urea (area for fractal analysis is marked)
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where n; is the sample size of the first sample, n, is the
sample size of the second sample, n, is the sample size
of the largest sample, and 7y is the sum of the largest
sample ranks. The result is then checked against the
appropriate table.

The predictive ability of fractal analysis was estimated by
leave-one-out cross-validation [14]. This method is based on
the removal of each individual sample from the dataset and
testing the predictive ability on the remaining samples and can
be to calculate the training equation.

Solubility

The solubility of the lyophilizates was analyzed according to
the European Pharmacopoeia 8.0 [2]. First, 1.0 g of substance
was added to 1.0 mL of solvent, and the mixture was shaken
continuously for 10 min at a temperature of 20 °C. If the
substance fully dissolved than it is very soluble. A substance

0.5

0 T oW B L \ JV 4B ..

22 2.23 9 235 24

Log'solubility

RN

-2.5

245

is considered dissolved if no particles can be seen when ex-
amined against light. If the substance did not fully dissolve,
1.0 mL of solvent was added to 100 mg of the substance and
performed dissolution as described above. If the substance
fully dissolved than it is freely soluble. If the substance did
not fully dissolve, 2.0 mL of solvent was added and dissolu-
tion was continued. If the substance has fully dissolved than it
is soluble. If the substance did not fully dissolve, 7.0 mL of
solvent was added and dissolution was continued. If the sub-
stance fully dissolved than it is_sparingly soluble. If the sub-
stance did not fully dissolve, 10.0 mL of solvent was'added‘'to
10.0 mg of substance and perform dissolutionyas described
above. If the substance ‘fully dissolved than it'is slightly
soluble. If the substance did not fully dissolve; 100 mL of
solvent was added to 10.0 mg of substance and performed
dissolution as deseribed above. If the substance fully dis-
solved thaniit s, very slightly.soluble. And if the substance
did not.disselve, then it is practically insoluble.

Log(S) = 7.8996 Dc - 20.185

2.6 2.65 2.7

Fractal dimension

Samples:

O DHQ with urea

O DHQ with vanillin

< DHQ with cinnamaldehyde
20 DHQ without coformers

/\ DHQ with nicotinic acid
/\ DHQ with benzaldehyde

Fig. 3 Logarithmic relationship between the solubility of DHQ lyophilizates and the fractal dimension of their specific elements
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Results

The strategy of coformer selection was based on the comple-
mentarity rules for functional groups in the formation of non-
covalent bounds in supramolecular synthons. DHQ is a
heterofunctional compound with five phenol hydroxyl groups
with acidic properties and one carbonyl group with weak basic
properties. These functional groups can participate in intermo-

Mean relative standard deviation (%)

lecular hydrogen bond formation. According to this, there is =~
an opportunity for heterosynthon generation between DHQ =
molecules and carbonyl-containing compounds (benzalde-
hyde, vanillin, and cinnamaldehyde) or nitrogen-containing S
compounds (nicotinic acid and urea). z
The co-crystal nature of DHQ lyophilizates was discussed B
previously [23]. Mass spectrometry did not identify any prod- -“;’
uct arising from chemical interactions between lyophilizate _g
components. Ei
During the solubility analysis, it was shown that all the §
lyophilizates are more soluble than the starting API batch, E e dats v o
but the increases in sample solubility were different (Table 1). A SR S
During the microscopic analysis of the lyophilizates,
it is easy to notice the absence of lyophilizates with_a A
completely homogeneous crystal structure—the majority ]
are in the hopper form. This can be explained<by the ;;; o o o e
rapid crystal growth at low lyophilization tefnperatufe. 5 §§§§§§
In such conditions, the solid phase cannot,possibly fill
the gaps. At the same time, the microscopi¢ amalysis of
the representative sampling frame showed that a disor; é
dered lyophilizate geometry frequently“demonstrates the g
generation of a specific structural elément, ansisosceles ;8
triangle with angles at the “base _between 66.18°(and E 22EE2¥
76.03°, which have statistical)self-similarityy, Despite Eldxaaag
the superficial visual resemblance these_structures, the % é é t% é ['5, é
software can distinguish them by patterns in the fractal | T2 g8z2
geometry (Fig. 2a-1). g § 5 § E § g
The fractal dimensions were calculated for each specific éb %\ % 6”:\ % 6”)\ %
structural element by the box-counting,method, which is inte- g \%3 ‘%’D Eﬂ é’o E‘J ‘%“D
grated in EDim, The final values ofthe fractal dimensions for B e
all co-crystals were obtained by mathematical analysis
(Table'2), The relative,standard deviation of all the measure- %)
ments is less than'§ %=—anyacceptable error for pharmaceutical %
analysis. - 8
The stafistical significance of equal fractal dimensions was % % o < <
determified by the"Mann-Whitney U test, because the fractal =l gl 8c5582
dimensions are not binary or discrete and the number of sam- ;
ples cannotrgive a clear view if the dataset shows a normal 5 .
distribution. 3 8= By
Insthe process of data analysis, a logarithmic dependence g £82 2 =
was found between the water solubility of the lyophilizate and % % :§ g “g é . %
the fractal dimension of its specific elements (Fig. 3). The 3 PEE: E § 2 0
correlation coefficient is 0.94. Such correlation can be ex- o] o 'F; g g é g E '—§
plained by the physical meaning of the fractal dimensions. < g- 29999y g
Dissolution depends on the surface of the API particles. An cflalBaaaaan ®
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increase in fractal dimension is associated with an increase in
the square of the interaction with water molecules—the sur-
face of the substance takes an intermediate value between
those of 2D and 3D objects. In this case, the fractal dimension
is the primary parameter used in the method for the rapid
quality control of pharmaceutical substances.

We used leave-one-out cross-validation to examine the pre-
dictive ability of our fractal analysis. This statistical method is
not very sensitive to different data, but it gives meaningful
results if the validation set and training set are drawn from
the same population. Our dataset reflects these requirements,
so leave-one-out cross-validation is acceptable for prognostic
score development (Table 3).

The calculated Dc, obtained by training a linear equation
(without sample, which was used as the control), did not differ
with statistical significance from the Dc generated by FDim.
So our predictions were confirmed by experimental data.
Thus, it was shown that there is a correlation between the
water solubility of the lyophilizates and the fractal dimension
of their specific elements.

Conclusions

According to the principles of Good Manufacturing Practice, a
pharmaceutical process must be designed and carried out in
such a way that the product quality is analyzedwat the end of
the process and suitable systems are usedsfor designing, mon-
itoring, and controlling a process(with the goal of ensuring
final product quality. The fractal,model can find wide appli-
cation in the pharmaceutical industry as a tool for automating
quality assays without substance loss.

New DHQ forms Wwith different coformers and modified
water solubility weréwebtained by lyophilization. The correla-
tion between the solubility of DHQ forms and the fractal di-
mension of theirspecific elements makes it possible to use this
parametet.forrapid quality control.

This study has some limitations: Further research is needed
to detemmine if it is possible,to use fractal analysis for other
substances, though itywas, shown previously that the fractal
dimension has a.significant influence on the solubility of a
substance [8]. However, this study showed the general ability
to predict thewwatet solubility of DHQ forms by measurement
of the fractal,dimension.
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