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Abstract

The relevance of the research lies in the need to develop methods for encapsulating fat-soluble
vitamins with natural oligosaccharides to increase their water solubility and use in the production of
functional foods. The production of nanostructured encapsulated vitamins is a new innovative direction
in the food industry. This article presents the results of theoretical and experimental studies on the
production of a clathrate complex of fat-soluble vitamin D3 (ViDs, cholecalciferol) with B-cyclodextrin
(B-CD). The interaction of fat-soluble ViDs with B-oligosaccharide was carried out by microwave
activation. Encapsulation of ViDs in the f-CD: ViDs clathrate complex led to a change in the aggregate
state of the ViDs oil solution. The resulting supramolecular water-soluble ViDs inclusion complex
was investigated in silico by molecular docking and molecular modeling methods. The synthesized
B-CD: ViDs complex belongs to host-guest inclusion compounds and has better solubility. The spectral
properties of the B-CD: ViDs inclusion complex are characterized by the data of IR Fourier spectroscopy
and the results of thermographic measurements on a differential scanning calorimeter. The activation
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energy of the reaction of the thermo-oxidative destruction of the B-CD: ViDs inclusion complexes is
calculated, the kinetic parameters of the thermal destruction of clathrates are determined. It is shown
that the decisive role in the formation of the clathrate complex belongs to non-specific (hydrophobic,
dispersion and van der Waals) interactions. The results obtained are promising for further understanding

of the mechanism of molecular encapsulation of ViDs compounds.
Key words: functional foods; cholecalciferol; oligosaccharide; B-cyclodextrin; inclusion complexes;

clathrate.

Introduction

Today, according to the latest available medical
reports, the majority of the world's population
faces ViDs deficiency. ViDs deficiency is currently
recognized as a pandemic [1,2]. ViDs is involved
in the metabolism of calcium and phosphorus in
the human body. This vitamin is necessary for
the formation and maintenance of healthy bones,
endocrine [1] and other systems of the human body.
Recent studies have clarified the role of ViDs in the
prevention of cancer [3], cardiovascular diseases,
HIV, diabetes and other diseases [4-6]. Millions of
preschool-age children are deficient in ViDs [1].
Food does not fully cover the needs of ViDs. In
these cases, additional fortification of food with
vitamin is necessary. The ViDs molecule has
many olefin bonds, so it is easily oxidized during
food processing and storage due to environmental

conditions such as temperature, oxygen and light.
In production conditions, the lipophilicity and
low solubility of the native form of ViDs in an
aqueous medium (less than 1 mkg/100 ml) also
creates certain difficulties. For this reason, there
is a need to develop technological methods for
obtaining water-soluble forms of vitamin with
improved biopharmaceutical and nutritional
properties. In this paper, we have studied and
presented the results of encapsulation of an oil (in
olive oil) solution of ViDs (cholecalciferol) with
B-cyclodextrin (B-CD).The use of an oil solution of
the ViDs molecule should promote the penetration
of vitamin into the cylindrical hydrophobic cavities
of B-CD molecules with the formation of a guest-
host complex [7] (Fig.1).

IC

j

Figure 1 — Schematic representation of the formation of the inclusion
complex of ViD with B-CD

ViD, will be better preserved in an oily shell
from the effects of oxidants and will have better
bioavailability [7,8]. Therefore, it is important to
understand the nature of the inclusion of ViD, in the
complex with B-CD. In this paper, we obtained the

Materials and methods

The following reagents were used:
B-cyclodextrin (99.5%, purchased from Fluka),
ViDs (in olive oil (here inafter vitamin ViDs, 250
mcg (10,000 IU), cholecalciferol, C27H440,
(Aldrich company). All measurements of 1H
NMR were carried out in solutions of DMSO-d6
(Aldrich), other chemicals had analytical purity
of the reagent class. Molecular docking of ViD,
with cyclodextrins was carried out using Autodesk

B-CD: ViDs inclusion complex by the microwave
method [9]. The resulting complex was studied
using methods of molecular docking and modeling,
IR-Fourier spectroscopy, thermografimetry and
differential scanning calorimetry.

4.2.6, MGLTools 1.5.7 [10] and the Lamarckian
Genetic Algorithm (LGA) [11] implemented in
AutoDock 4.2.6. A semi-flexible docking method
was used, where the receptor was considered as
a solid, and the ligand rotated and moved in a
given cubic region. As binding energy, Autodoc
uses an empirical estimation function based on
the free binding energy, including electrostatic,
hydrophobic and solvation effects, as well as
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configuration entropy. The Autodoc approach
uses a Monte Carlo annealing simulation method
with rapid energy estimation using grid-based
molecular affinity potentials. The chemical

(a) Cholecalciferol (ViDs)

structures were taken from the PubChem Substance
and Compound database (pubchem.ncbi.nlm.nih.
gov) [12]. Unique chemical structure identifiers:
444041 (B-CD), 5280795 (cholecalciferol) (Fig.2).

(b) B-CD

Figure 2 — Structural formulas of research objects

ViDs inclusion complexes with B-CD (1:1; 1:2;
1:3) obtained in an aqueous-alcoholic medium.
A mixture of ViD3 and p-CD (mmol) it reacted
for 600 seconds in the Anton Paar Monowave
300 microwave oven at an irradiation power of
200W in 2-minute increments at 70°C. After the
procedure, the solvents were removed, and the
products were washed with acetone and dried in a
CaCl2 desiccator to a constant mass. The yields of
B-CD: ViDs clathrate complexes were 52,2 (1:1),
64.3 (1:2), 63,1 (1:3) %. The resulting complexes
were white crystalline substances soluble in water
with the formation of a colloidal solution of milky
white color (m.p. 310-3200C). The solubility of the
B-CD: ViDs complex (2:1) in distilled water was
0.20mg + 0.05/100 ml. The surface morphology

Results

Recent advances in molecular docking
methods make it possible to reasonably predict the
preferred configuration of one molecule relative
to another in the formation of a stable complex.
The binding energy between the receptor molecule
and the ligand is used as a quantitative estimate.
Initially, we performed molecular docking of
B-CD with a cholecalciferol molecule to determine

of B-CD: ViDs clathrate samples was studied
using a scanning electron microscope (SEM)
from TesconMira3 LMN (Czech Republic).
IR spectra were taken on a Cary600 series IR-
Fourier spectrometer manufactured by Agilent
Technologies (USA) in the range of 4000-400
cm!. Thermal properties of clathrate complexes
B-CD:ViDs were studied on a Labsys Evolution
DTA/DTS differential scanning calorimeter in
a dynamic mode in the temperature range of 30-
5000C when heated at a rate of 10 degrees/min
in a nitrogen atmosphere in an Al203 crucible,
temperature range 30-800 °C, sample heating rate
from 5 to 20 k/min, sample weight 12-16 mg. All
calculations were carried out using the Mathcad
program [13].

the binding energy of their inclusion complexes in
a ratio of 1:1 (Fig. 3).

Based on the docking, 10 conformations of the
cholecalciferol ligand with B-CD were obtained
and their binding energy was estimated. At the
same time, the best binding was demonstrated by
conformation number 4, its binding energy was
-2.7 kcal/mol.

Conformation Binding
number energy,
kcal/mol
4 -2.70
7 -0.17
10 +1.70
6 +4.22
3 +7.45
8 +17.43
1 +17.68
5 +27.93
9 +8.98
2 +23.00

(a) 10 possible conformations of the ViD3 molecule inside the B-CD cavity;
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Top view

Side view

(b) conformation with the best binding (binding energy = -2.7 kcal/mol)
Figure 3 — Results of ViD, docking with B-cyclodextrin

The negative value of the binding energy
indicates the successful complexation between
the molecules of cholecalciferol with B-CD, at the
same time, a sufficiently low value suggests the
need for special conditions for the complexation
reaction. A small amount of binding energy
between cholecalciferol and B-CD is noteworthy,
so it seemed interesting to find out the presence
of hydrogen bonds between receptor and ligand
molecules using AutoDock tools (Figure 4). As
can be seen from the data presented in Figure 4,
a system of 14 intramolecular hydrogen bonds

between OH groups is formed in the B-CD
molecule. At the same time, hydrogen bonds
between the receptor and ligand molecules are not
observed. The absence of intermolecular hydrogen
bonds between the receptor and the ligand may be
the reason for the low binding energy between
them.

The next step was the modeling of ViD3
and B-CD complexes in a molar ratio of 1:2.
For convenience, the wider side of B-CD was
designated as "Head", and the opposite edge —
"Tail" (Figure 5a).

Figure 4 — A system of 14 hydrogen bonds in complexes of cholecalciferol with B-CD

In this case, three types of mutual orientation between two B-CD molecules are possible: «head to
head» (HH), «head to tail» (HT) and "tail to tail" (TT) (Figure 5b-d).

«Head»

-

«Tail»
(a) the head and tail of the B-cyclodextrin
molecule

g

(b) type of head-to-head complex (HH)
(binding energy = -4.71 kcal/mol)
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(c) type of head-to-tail complex (HT),
(binding energy = -7.32 kcal/mol)

(binding energy = +3.85 kcal/mol)

Figure 5 — The B-CD (a) molecule and three types of its complexes with ViDs (2:1)

As can be seen from Figure 5, two types of
the «head-to-head» (HH) and «head-to-tail» (HT)
complexes demonstrate more effective binding
(-4.71 and -7.32 kcal/mol, respectively) compared
to the 1:1 complex (-2.7 kcal/mol).

Figure 6 shows scanned electron micrographs
of the B-CD: ViDs inclusion complex (2:1) (m.p.
310-320°C). The magnification on panels Figure

6a-iis from 931 to 7560x.The photos of the samples
show the layered crystal structure of -CD (Figure
6a-1), a physical mixture and B-CD:ViDs clathrate
(Figure 6e,f). Photos of clathrate show a sharp
change in the morphology of the crystals of the
initial and final substances. The crystalline forms
of'the clathrate inclusion complex are covered with
a film. Similar results were described in [13,14].

Figure 6 — Electron micrographs of B-CD (a, b), a physical mixture of B-CD with ViDs (c, d) and
clathrate B-CD:ViD3 (2:1) (e, f) at various magnifications

In the IR spectra (Figure 7), and valence oscillations of the O-H bond are detected as a wide band
with a maximum at 3398 (B-CD (a), 3564 (ViDs (b) and 3368 cm-1 (B-CD: ViDs (c). There is also an
absorption band at 2924 cm-1, characteristic of valence vibrations of CH bonds in the CH and CH2
groups [14,15].The absorption bands C=C, OH and other groups of ViDs do not appear in the IR spectra
of the B-CD:ViDs complex. This may mean that these groups are masked by very wide and intense
B-CD bands in the same wavelength range. In the area of 1643 cm-1 there is an intense band C=0 group
belonging to the complex of the B-CD: ViDs complex.
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Figure 7 — IR spectra of B-CD (a), ViDs (b) and B-CD: ViDs (2:1)

The thermal properties of B-CD: ViD3 clathrates were analyzed by thermogravimetric analysis [17].
Figure 8a, b shows thermograms of TG and DTG B-CD and its clathrate f-CD: ViD3 (2:1) (heating rate
10 deg/min). The thermoanalytical parameters of the decomposition of f-CD and its clathrate 3-CD:
ViD3 (2:1) are represented by the TG/DTG curves (Figure 8a, b). To compare the thermal stability

of B-CD and clathrate -CD: ViD3 (2:1), the activation energies of the decomposition reaction were
determined (Table).
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Figure 8 — TG/DTG curves for p-CD: ViDs with a constant heating rate of 10 deg/min
in a nitrogen medium: a) -CD; b) B-CD: ViD3 (2:1)

Table. Activation energy values of B-CD and clathrate B-CD: ViD3 (2:1) in nitrogen atmosphere

Sample E., kJ/mol A, ¢!
B-CD 164.58 1.10-10"
B-CD:ViDs (2:1) 103.50 8.96-10'°
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Discussion

The results of molecular modeling of the
mechanism of formation of the encapsulation
process showed that the «tail-to-tail» complex
demonstrates positive binding energy, which
indicates the absence of complex formation of this
type. At the same time, the head-to-tail complex
(c) in the B-CD: ViDs complex demonstrates the
maximum binding energy, which indicates greater
stability of such a complex [11,12].

Morphology of the surface of B-CD crystals
and binary systems B-CD: ViDs was analyzed using
SEM. SEM is an important tool for visualizing the
surface texture of clathrate complexes. This is a
qualitative method used to study the structural
aspects of the studied objects and helps to assess
the presence of another component in the obtained
preparations. Changes in the morphology of the
crystal surface indicate the formation of the B-CD:
ViDs clathrate complex.

One of the informative methods for confirming
the formation of inclusion complexes is the IR
spectroscopy method. The B-CD molecule has the
shape of a truncated cone [7,8]. When the guest
molecule is placed in the hydrophobic cavity
of the CD, a pronounced chemical shift should
occur in the vibrational absorption spectra of the
ViD3 molecules. In the IR spectra (Figure 7), the
valence vibrations of the O-H bond are recorded
as a wide band with a maximum at 3398 (3-CD
(a), 3564 (ViDs (b) and 3368 (B-CD: ViDs (¢) cm-
1. There is also an absorption band at 2924 cm-1,

Conclusion

The interaction of fat-soluble vitamin
ViD3 with B-oligosaccharide under microwave
activation in an aqueous alcohol medium leads to
the formation of a water-soluble supramolecular
inclusion complex. Encapsulation of ViD3 in a
clathrate complex B-CD: ViD3 led to a change in
the aggregate state of the oil solution ViD3. The
synthesized complex B-CD: ViD3 (2:1) belongs

Information about financing

characteristic of valence vibrations of CH bonds
in the CH and CH= groups [15-17]. However, the
absorption bands of C=C, OH and other ViD3
groups in the complex do not appear in the IR
spectra of the B-CD: D, complex.

Comparing the thermogravimetric curves
of B-CD and clathrate B-CD: ViDs (Figure 8a,
b), we conclude that for B-CD: ViDs clathrate
in the temperature range ~124° ..~235°C,
there is an intense decrease in the mass of the
sample (~77.27%). This section of the TG curve
corresponds to the maximum change in the rate
of mass loss on the DTG curve at a temperature
of ~ 235°C (Figure 8b). Mass loss at low
temperatures (~1240C) in clathrates B-CD: ViD3
1s associated with the removal of moisture, which
is also confirmed by the data of DTG (Figure 8b).
The resulting clathrates B-CD: ViDs contained
bound water, as did the original B-CD. Based
on the data obtained, the kinetic parameters of
the thermal decomposition of clathrate B-CD:
ViD3 were calculated (2:1) (Table) [14,17]. To
compare the thermal stability of -CD and B-CD:
ViDs (2:1) clathrate the activation energies of
the decomposition reaction were determined.
Comparing the calculations of the thermal
destruction of B-CD and clathrate B-CD: ViD,
(2:1), it can be argued that the activation energies
of B-CD and clathrate B-CD: ViDs (2:1) are
different at the same degrees of transformation (o).

to «host-guesty» inclusion compounds and has a
better solubility. The decisive role in the formation
of the clathrate complex belongs to non-specific
(hydrophobic, dispersion and van der Waals)
interactions. The results obtained are promising
for further understanding of the molecular
encapsulation of vitamin D3 compounds.

Scientific research on the development of methods for encapsulating bioactive substances was
supported by the Science Committee of the Ministry of Education and Science of the Republic of

Kazakhstan (PTF Ne br10965230, 2021-2023).
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Tyiiin

TaOuru ONMUTOKAHTTaH alibiHFaH P-rukioaexcTpuamed (B-LIJ1) maiina eputin [13 mopymenin (xo-
nexanpuudepor) Kamnray 3epTTeyJIepiHiH HOTHIKENepi YChIHbUIFaH. Makina eputin JI3 mopymeHiHiH
[-0MMroKaHTIEH ©3apa OPEeKETTECYl CYJbI-CIMPTTI OpTala MUKPOTOJIKBIHIBI OeJICCHIIpY Ke3iHae cyaa
eputiH cynpamosnekyiansik B-11J1:/ls Kocy kenieHiHiH naina 6omybsiHa oKemnli. X0oiIeKalbuhepo bl
KJIATpaT KelIeHIHe KanTay OChl IOPYMEHHIH Mail epiTiHIICIHIH arperaTThlK KYWiHiH e3repyiHe oKemIi.
Cunresnenren B-LI/1: /15 kemeHi «kokaiiH-KOHAKY KOCBUIBICTAPbIHA )KaTa Ikl )KOHE OJ1 Cy/1a XKaKChI €PHI.
B-LI1: s xocy kemeHiniH ciekTpitik Kacuerrepi UK-Dypbe cCrieKTpoCKONMUSCHIHBIH AEPEKTEPiMEH CUTIAT-
tanmel. JluddepeHnumanipl ckaHepiey KaTOpUMETPIHACTI TepMOTpa(HsUIBIK OJIIISyIep IiH HOTHKENepi
kentipinmi. B-1IJ1:[I3 kmaTtparTel KOCcy KeUIeHIEPiHIH TEPMOTOTHIFY IECTPYKIMSICH PEaKIUSICHIHBIH
OeJICeHy HEPrHsACHIH €CeNTey >KYPri3iial, KiaTpaTTapAblH TEPMUSUIBIK bIABIPAYBIHBIH KUHETHKAIIBIK
KOPCEeTKIIUTepl aHbIKTaAAbl. AJBIHFaH HOTWXKenep /I3 mopyMeHi KOCBUIBICTApBIHBIH MOJIEKYJIAIbBIK
Kanrajay MEeXaHW3MiH OJ[aH opi TYCiHyre MyMKiHJiK Oepexmi. KnarpaTr kemieHiHIH Ty3lLly MexaHH3Mi
cneunukanslk emec (ruapodoOTsl, JUCIEPCUSUIBIK XoHE BaH-Aep-Baanbc) e3apa opekerrecynepre
KaTaibl.

Kist ce3nep: hyHKuMOHANIBI TaFaM; X0NEKaIbUU(EPOIT; OTUTOKAHT; B-LIUKIOACKCTPUH; KOCBUIFaH
KELICH; KIaTpar.
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C.CEMOYAAVH ATBIHAAFBI KA3AK ATPOTEXHUKAABIK 3EPTTEY YHUBEPCUTETIHIH FBIABIM JKAPIIBICH Ne 1 (116) 2023

KOMBUHUPOBAHHBIE IN SILICO U OKCIIEPUMEHTAJIBHBIE NCCJIEJOBAHUS
HUHKAIICYJISAALIUN BUTAMUHA [ -OJIMT'OCAXAPUIOM KPAXMAJIA

HUckuneesa Ainapa Cepeknaegna

Jlokmopanm

Kaszaxckuit azpomexnuyeckuii uccnedosamenvcrkutl ynusepcumem umenu C. Cetighyinuna
2. Acmana, Kazaxcman

E-mail: iskeneeva_aynara@mail.ru

Mycmadghaesa Asyrvim KaxenosHa

Kanouoam mexnuuecxkux nayx

Kaszaxckuit azpomexnuyeckuii uccnedosamenvcrkutl ynusepcumem umenu C. Cetighyinuna
2. Acmana, Kazaxcman

E-mail: ayaulym.mustafa@mail.ru

bakuposa Puvicowcan Emenosna

Jloxmop meduyunckux nayx, npogeccop
Meouyunckuii ynusepcumem Kapaeanowvi
2. Kapaeanoa, Kasaxcman

E-mail: bakirl5@mail.ru

Daszvinos Cepuk [paxmemosuu

Axaoemux HAH PK, 0okmop xumuueckux Hayk, npogeccop
Hucmumym opeanuyeckoeo cunmesa u yenexumuu

2. Kapaeanoa, Kasaxcman

E-mail: iosu8990@mail.ru

Hyprenos Opanzazvl Axmaeguu

Hoxmop xumuueckux Hayx, npogheccop
Hnuemumym opeanuuecko2o cunmesa u yenexumuu
2. Kapazanoa, Kazaxcman
E-mail:nurkenov_oral@mail.ru

AHHOTALUA

[IpencraBiensl pe3yiabTaThl HMCCICAOBAHMNH MHKAICYJSALUM >KHPOPACTBOPUMOro BHTamMHuHA /13
(cholecalciferol) ¢ B-muxnogexcrpunoMm (B-LI/1), momygaemMbIM U3 HaTypalbHOTO OJMrocaxapujia. Bia-
HUMOJICHCTBHE KUPOPACTBOPUMOro BUTaMuHa /I3 ¢ B-omurocaxapugoM npu MHUKPOBOJIHOBON aKTHBa-
L1 B BOJHO-CIIUPTOBOH cpelie MPUBOIUT K 00Pa30BaHMIO BOJOPACTBOPHUMOTO CYIIPaMOJICKYIISIPHOTO
KOMIUTeKca BKroueHus. Muakancymsmus /13 B knatpatHeiii komiuieke B-1IJ1: s npuBena k n3MeHEHHIO
arperatHoro coctosiHus BuTamuHa /3. CuHTe3npoBanHbIi koMiuieke B-11J1: /I3 oTHocuTes k coenuHe-
HUSIM BKJIIOUCHHS «XO3SUH-TOCTb» M 00JIaaeT Jydlleld pacTBOPUMOCTbI0. CIieKTpaibHbIe CBOMCTBA
komrutekca BiiroueHus B-LIJ1: [Is oxapakrepuzoBansl ganHbiMu UK-®ypre ciekrpockonuu. [Ipuse-
JICHBI pe3yJIbTaThl TepMOrpadUUeCKUX U3MepeHni Ha AuddepeHIaIbHOM CKaHUPYIOIIEM KaJlopuMe-
tpe. [IpoBeseH pacuer 3HEPruM aKTHBALUKM PEAKLUH TEPMOOKHCIUTEIBHON AECTPYKINHU KIATPaTHBIX
KoMmIuiekcoB BKmoueHus B-LIJ1: [, onpeneneHsl KHHETHUECKUE TapaMeTPbl TEPMUUECKON IECTPYKLINU
knarparoB. KommiekcooOpa3oBanue ButamuHa J[3 ¢ OeTa-IMKIOJEKCTPUHOM CIIOCOOCTBOBAJIO COXpa-
HEHMIO aHTHMOKCHJIAHTHOW aKTUBHOCTHU. [lomydeHHbIe pe3yabTaThl SBISAIOTCS MHOTOOOCIAIOMIMMU IS
JaTbHEHIIero MOHUMaHHUsI MEXaHU3Ma MOJIEKYJIAPHON MHKANCYJISAIUM COeANHEHUH BUTaMuHa s, Pe-
LIaromiasi poJib B 00pa30BaHUM KJIATPATHOTO KOMITJIEKCA NPUHAUICKUT HecniennduiaeckuM (rugpodoo-
HBIM, TUCTIEPCUOHHBIM M BaHAEPBaaIbCOBBIM) B3aMOICHCTBUSIM.

KitroueBble ci10Ba: pyHKIMOHATIBHAS THIIA; X0JICKATBLIUPEPOIT; OIUTOCaXapHl; B-IIMKIOJEKCTPHH;
KOMIIJICKC BKJIFOUCHUS; KJIATPaT.
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