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Nowadays, it is relevant to study the processes that occur at the boundary of biomolecule (cell)-nanoparticle
phase distribution. There is a growing interest in studying the interaction of ultrafine silica (UFC) with saccharides,
in particular glucose and fructose, as well as with N-acetylneuraminic acid (NANA) (which is a part of the body’s
cell membrane), for further creation of nanocomposites with biomolecules to use in biological systems. Using the
density functional theory method (DFT) within the polarization continuum model (PCM), the interaction
peculiarities of monosaccharides with silica surface were examined and the influence of the NANA molecule on this
process was determined. The results of the analysis of quantum chemical calculations indicate that glucose and
fructose can be used as modifiers for NANA adsorption. The molecules of these carbohydrates are related to silica
surface and form a complex with N-acetylneuraminic acid. It is found that hydrogen bonds between hydroxyl groups
of carbohydrates and silanol groups of the UFC surface play a major part in the formation of intermolecular
complexes. The calculations show that the adsorption of monosaccharides on silica surface is possible considering
their location, and it also depends on how to carry out the adsorption. That is, whether the adsorption of saccharides
and then of NANA, or the adsorption from monosaccharides-NANA solution on silica surface is sequential.
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INTRODUCTION possible by impregnation [2, 3]. From these data it
can be concluded that the modification takes place
in a cluster way. This is due to the fact that during
adsorption there is a slight change in the activity of
the adsorption centers of the surface, and position
of the saccharide molecules in the adsorption
complex does not affect this process. Thus, a part
of their hydroxylated groups will be oriented
outward molecules. It is capable to interact with
both the surface and the adsorbed modifier
molecule. There are also literature data that
glucose, fructose can be sorbed on the surface of
UFS together with molecules of bovine serum
albumin [4].

Our preliminary calculations by semi-
empirical methods indicate [5—7] a possibility to
form the adsorption complexes of some
monosaccharides, in particular glucose and
fructose on silica surface. Therefore, an important
task was to find modifiers that can change the
surface of silica for the adsorption of saccharides
and to study their capability to modify the surface
of silica. Such modifiers are selected saccharides
that are biocompatible with NANA. It should be
noted that such composites should not have a
damaging effect when interacting with biological
objects.

Nanocomposites based on biomolecules and
ultrafine silica are quite promising for use in many
fields of biotechnology. There are many methods
of obtaining such materials, in particular, it is
adsorption from liquid or gas phases.

Saccharides are found in the human body, they
are involved in metabolic process, so it is
reasonable to use such substances while working
with biomolecules.

In this paper, we consider such mono-
saccharides as fructose, glucose and N-acetylne-
uraminic acid (NANA), which is a part of
glycoproteins and glycolipids, and is also a
carbohydrate.

The main purpose of the study is the quantum-
mechanical calculations of the “models” with
obtained experimental data taken into account,
which would show that adsorption is possible for
both saccharides and NANA.

As it is known from the literary sources [1],
monosaccharides: glucose, fructose and NANA are
not adsorbed on the hydroxylated surface of UFS
from the aqueous phase.

However, adsorption of saccharides, in
particular glucose and lactose from the gas phase is
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Comparing the above literature data with the
results of quantum chemical calculations it is
possible to evaluate the peculiarities of the
interaction of monosaccharides with silica
surface and to determine the influence of the
NANA molecule on this process.

OBJECTS AND METHODS OF RESEARCH

Using the of density functional theory
method (DFT) with B3LYP functional [8, 9]
with Grimme variance correction D3 [10, 11]
and the basic set 6-31G (d,p) using the
GAMESS (US) program [12] within the
polarization continuum model PCM [13, 14], the
energy values of intermolecular interaction and
adsorption were calculated. Equilibrium spatial
structures of molecules of initial compounds and
formed intermolecular complexes were found by
minimizing the norm of the total energy gradient
[15]. The stationarity of the points corresponding

Fig. 1.

to the minima of optimized structures is proved
by the absence of negative eigenvalues of Hesse
matrices (matrices of force constants), according
to Marrell — Leidler theorem [16].

In this work, models of glucose and fructose
monosaccharides in the most thermodynamically
stable cyclic forms were used [17], in particular,
glucose in the form of p-D-glucopyranose
(Fig. 1 a), fructose in the form of a-D-fructo-
pyranose (Fig. 1 b).

N-acetylneuraminic acid is sialic acid, which
is a part of glycoproteins and glycolipids
(Fig. 2 a). A cluster consisting of eighteen
silicon-oxygen tetrahedra (Fig.2 b)), gross
composition Si;gOssHz4 and is commensurate
with the NANA molecule and the studied
monosaccharides was chosen as the model of
silica surface.

Equilibrium spatial structure of monosaccharides: a — glucose, b — fructose

Fig. 2. Models: a — N-acetylneuraminic acid, b — silica cluster
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The energy of intermolecular interaction The energy of formation of NANA
between two identical molecules (glucose, fructose intermolecular complexes with monosaccharides
and NANA) in the formation of dimers was was calculated by formula (3), similar to the
calculated by the following formula (1): above mentioned:

AE jim. = E(compl) — 2E (mol), (1) AEint. react = E(intermolec. compl.) — (E (NANA)+

E(compl) — is the total energy of the +E (monosacch.)), )
intermolecular complex, E (mol) — total energy of E (intermolec. compl.) — is the total energy of the
the number plate molecule. intermolecular  complex,  E (NANA) and

The calculations of the physical adsorption E (monosacch.) — are the total energies of the
energy (AEpnqas) of one test molecule on the NANA molecule and of the investigated
surface of silica were performed according to monosaccharide, respectively.
formula (2): To study the mutual influence on the adsorption

of monosaccharides and N-acetylneuraminic acid on

AEphats = Eph. ads. compl) —(E (surf) + E (mol),  (2) silica surface, it is necessary to consider several

E (ph. ads. compl) — total energy of the adsorption cases of interactions of the three-component system:
complex, E (surf) and E (mol) — the total energy of silica — NANA — monosaccharide; silica — NANA —
the silica cluster and the test molecule, monosaccharide, according to the schemes shown in
respectively. Fig. 3.

| I I onosaccharids | | | | Yonosaccharide I

Scheme 1 Scheme 2 Scheme 3 Scheme 4

Fig. 3. Possible types of interaction of a three-component system consisting of silica, NANA and monosaccharides

According to “Scheme 17, the energy effect E (SiO> monosacch) — is the total energy of the
of the interaction of the monosaccharide intermolecular complex of silica surface with
molecule with the pre-formed silica-NANA monosaccharides.
complex was calculated according to formula According to “Scheme 3” (Fig.3), the
(4): energy effect of the interaction of the silica

cluster with the NANA-monosaccharide

AEschemer= E(SiOr-NANA-monosacch) - complex was calculated, in which the silica

~(E (SiO,-NANA)Y* E (monosacch)), ) binds to the complex through the NANA
E (SiO>~NANA-monosacch) — total energy of the molecule according to formula (6):
three-component intermolecular complex, £ (SiOr— AEscomes= E(SiOr-NANA—-monosacch) —

NANA) — total energy of the intermolecular _(E (SiO2)+ E (NANA—monosacch)), (6)
complex of the silica cluster with NANA.

According to “Scheme 27, the energy effect E (SiO;) — total energy of the intermolecular cluster
of the interaction of the NANA molecule with of silica, £ (NANA-monosacch) — total energy of
the  silica-monosaccharide  complex  was the intermolecular complex NANA  with
calculated according to formula (5): monosaccharide.

According to “Scheme 4” (Fig.3), the
energy effect of the interaction of the silica
cluster with NANA-monosaccharide complex
where silica surface binds to the complex

AEchemer= E(SiOr-monosacch-NANA) —
—((E (SiO; —monosacch)+ E (NANA)), %)
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through a monosaccharide molecule was
calculated according to formula (7):
AEschemes= E(SiOr-monosacch—-NANA) —
(E (SiO2)+ E (NANA-monosacch)), 7

E (SiO;) — total energy of the molecular cluster
of silica.

RESULTS AND DISCUSSIONS

Before investigating the peculiarities of the
interaction of monosaccharides with silica
surface and with NANA, it is necessary to
analyze the geometric and energy characteristics
of dimeric intermolecular complexes of these
substances. These complexes can be formed both
in aqueous solution and by interaction with silica
surface. The Fig.4a,b shows that these

complexes arise due to the formation of
intermolecular bonds between the hydroxyl
groups of monosaccharides. And in the case of
NANA, carboxyl (-<COOH) and imide (-NH-)
groups are involved in the formation of hydrogen
bonds. The analysis of the calculation results of
intermolecular interaction energy between two
identical molecules by formula (1) shows that
the greatest value of AFint react. 1S specific for
dimer of two NANA molecules and it equals to
—188.2 kJ/mol. Since, for this dimer, as we can
see in Fig. 4, the largest number of hydrogen
bonds is characteristic too. The intermolecular
interaction energy is significantly lower for the
fructose dimer (-91.7 kJ/mol), but for glucose
dimer it is —66.3 kJ/mol).

Fig. 4.

Adsorption complexes of monomers of
glucose, fructose and NANA with silica surface
(Fig. 5) are formed due to intermolecular bonds
between the polar functional groups of
monosaccharides and NANA with silanol groups
of silica surface. It should be noted that the number
of hydrogen bonds in the case of interaction of
glucose and fructose with a cluster of silica
(Fig. 5a,b) is much greater than that in the
formation of dimers (Fig. 4 a, b). Analysis of the
adsorption energy values for these three adsorption
complexes, which were calculated according to
formula (2), shows that the greatest energy effect
of the formation of the adsorption complex with
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Intermolecular complexes of monosaccharides: a - glucose dimer, b - fructose dimer, ¢ - N - acetylneuraminic
acid dimer

silica was for fructose, which is —174.8 kJ/mol
(Table 1). A slightly smaller similar value was
found for the complex with glucose
(-161.0 kJ/mol) and almost the same value of
AEphaas 1s inherent in the adsorption complex with
NANA (-163.2 kJ/mol), which is 25 kJ/mol lower
than the value AEgm for NANA dimer
(—188.2 kJ/mol). This is due to the fact that for the
complex of silica cluster with NANA (Fig. 5 ¢), the
number of intermolecular hydrogen bonds is
slightly smaller compared to the NANA dimer
(Fig. 4 ¢), because in this adsorption complex there
is no interaction of silanol groups of silica with the
imide group of the NANA molecule.
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To determine how NANA affects the
adsorption of monosaccharides and vice versa -
monosaccharides affect the adsorption of NANA
on silica surface, it is first of all necessary to
determine  the  geometric and  energy
characteristics of the interaction of these
monosaccharides with the NANA molecule. For

this purpose, intermolecular NANA complexes
with glucose and fructose were localized
(Fig. 6). The interaction between molecules
occurs through the formation of intermolecular
hydrogen bonds as well as in the above
mentioned cases.

Fig. 6.

The calculation analysis of AEiu; reac:, defined
by formula (3) shows that NANA-fructose
complex has the highest value —145 kJ/mol, and
for the complex with glucose, this value is
12 kJ/mol less (—132.9 kJ/mol). See Table 1.
This is due to the fact that in the complex of
NANA with fructose, is shown on the Fig. 6,
there are more hydrogen bonds compared to the
NANA-glucose intermolecular complex.
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Intermolecular complexes of N—acetylneuraminic acid and monosaccharides: a — glucose, b — fructose

It should be noted (see Table 1) that for
fructose the interaction energy for all considered
cases of dimer formation, complexes with that
for silica cluster and NANA is higher in
comparison with glucose. In addition, the
interaction energy, regardless the nature of the
monosaccharide for adsorption complexes and
NANA, is higher than for the corresponding
dimers (Fig. 4).
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When considering the mutual influence on
the adsorption of monosaccharides and
N-acetylneuraminic acid on silica surface, the
structures of intermolecular complexes of three-
component systems were found: silica-

monosaccharide-NANA (Fig. 7) and silica —
NANA — monosaccharide (Fig. 8).

Figures 6 and 7 show that these complexes
are formed due to hydrogen bonding between
molecules and a silica cluster.

Table 1. Energy of intermolecular interaction of monosaccharides (in kJ/mol)

Types of intermolecular complexes Glucose Fructose
Dimers —66.3 -91.7
Adsorption complexes with SiO, -161.0 -174.8
Intermolecular complexes with NANA —-132.9 —-145.0

Fig. 7. Three-component adsorption complexes: a - cluster of silica — glucose — N - acetylneuraminic acid; b -
cluster of silica-fructose-N—acetylneuraminic acid

According to Scheme 1, the monosaccharide
molecule interacts with the NANA molecule,
which is pre-adsorbed on silica. Analysis of the
calculation results based on formula (4) shows
that the highest adsorption energy is specific for
glucose and it is —196 kJ/mol (Table 2), which is
35 kJ/mol greater than the same value in the case
of direct interaction of the glucose molecule with
silica, which is —161 kJ/mol (Table 1). It should
also be noted that the energy of the
intermolecular interaction between NANA and
glucose without the involvement of silica is also
lower by 63 kJ/mol.

When fructose interacts with NANA
preadsorbed on silica, the adsorption energy is
slightly lower (16.5 kJ/mol) compared to the
similar value for glucose and is equal to —
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179.5 kJ/mol. However, its absolute value is still
greater than the energy effects of the
intermolecular interaction of fructose separately
with silica (—174.8 kJ/mol) and a single NANA
molecule (—145.0 kJ/mol), see Table 1.

Scheme 2 provides for the study of the
interaction energy between a NANA molecule
that interacts with a monosaccharide molecule
already adsorbed on silica. After calculating by
the formula (5), we can see (Table 2) that the
highest value of AEcheme2 Was also found for the
complex with glucose, which is —160.9 kJ/mol,
compared to the complex of fructose which is
—104.0 kJ/mol. However, when glucose interacts
with an isolated NANA molecule, only
132.9 kJ/mol is released, and in the case of
fructose interaction, the presence of silica
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decreases the energy of intermolecular
interaction by 41 kJ/mol (-145 kJ/mol, Table 1).

Schemes 3 and 4 provide for the evaluation
of intermolecular complexes adsorption energy
of the corresponding monosaccharide and
NANA with silica surface. The difference
between these schemes is as follows: Scheme 3
shows that intermolecular complex interacts with
silica from NANA side, and in the Scheme 4 it
interacts from monosaccharide side (Fig. 3). The

analysis of the calculations results made by the
formula (6) shows that AFEcemes for the complex
with glucose has a maximum value (Table 2)
which is —226.3 kJ/mol. This is much more than
that for the interaction of pure NANA with
silica, which is equal to —163.2 kJ/mol). For a
similar complex with fructose, there is also a
high value of the interaction energy, equal to
—197.7 kJ/mol.

Fig. 8. Three-component adsorption complexes: a - cluster of silica — N—acetylneuraminic acid — glucose; b - silica

cluster — N—acetylneuraminic acid — fructose

Table 2. Energy of intermolecular interaction (kJ/mol) for three component systems according to schemes 14

Interactions scheme

Monosaccharide
Scheme 1 Scheme 2 Scheme 3 Scheme 4
Glucose -196.0 -160.9 -226.3 —188.9
Fructose -179.5 -104.0 -197.7 -133.9
The results of calculations made by CONCLUSIONS

formula (7) show (Table 2) that the interaction of
silica and intermolecular glucose complex with
NANA -188.9 kJ/mol is more favorable than
that of the fructose complex with NANA -
133.9 kJ/mol provided that monosaccharide
molecule will interact. As compared to the
similar value of silica interaction with pure
monosaccharides (Table 1) where the interaction
with the molecule of fructose (—174.8 kJ/mol) is
more  advantageous than  with  glucose
(-161 kJ/mol).

426

Thus, the analysis of calculation results of
complexation energies shows that the interaction
of silica with fructose is 13 kJ/mol more
favorable than wiht glucose, and the interaction
energy of the glucose molecule with the pre-
adsorbed molecule of N-acetylneuraminic acid
on silica surface is 16.5 kJ/mol lower than the
analogue in case with fructose.

It illustrates that there is a mutual influence
of substances in the mixture of NANA -
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monosaccharides on the interaction with silica in depends on how to carry out the adsorption. That
comparison with the interaction of substances is, whether the adsorption of saccharides and
with silica alone. then NANA, or the adsorption from

The calculations show that the adsorption of monosaccharides — NANA solution on the
monosaccharides on silica surface is possible if surface of silica is sequential.

we take into account their location, and also

Hocaimzkennst B3aemoaii N-aneTn/1HeiipaMiHOBOI KHCJIOTH 3 MOHOCAXapHUIAMH,
a7cop0OBAHNMHM HA NOBEPXHi BUCOKOANCIIEPCHOI0 KPEeMHe3eMy

JI.M. YmaxkoBa, €. M. lem’ssnenxo, M.1. Tepeus, B.B. Jlo6anos, M.T. Kaprteasn

Tnemumym ximii nogepxui im. O.0. Uyiixa Hayionanvhoi akademii Hayx Yxpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Ykpaina, milushakova@gmail.com

Ha cvoeooniwniti 0env axmyanoHumu € OOCHIONCEHHT npoyecis, wo 6i00ysaromvcs Ha Medxci nodiny ¢as
biomonexyna (knimuna) - Hanouacmuwuxa. Llikasum € 6usueHHs 63AEMOOII BUCOKOOUCNEPCHO2O KpeMHe3eMy 3
caxapuoamu, 30Kpema 2noKo3010 i ¢ppykmosow, a maxodc 3 N-ayemunueiupaminogor xuciomorw (NANA) (aka €
CKAAOI KNIMUHHOI MeMOpanu opeanizmy), O1s NOOAnbUI020 CMEOPEHHS HAHOKOMNO3UMIG i3 OiomoneKynamu Oas
sacmocysants ix 8 0Oionociynux cucmemax. Memoodom meopii @ynxyionany eycmunu (DFT) 6 meowcax moodeni
noasapusayitinoeo koumunyymy PCM 6yau Odocriodceni ocobausocmi 83a€mo0ii MOHOCAXapuodié 3 NOBEPXHEI
KpemHezemy ma 3’scosanuti enaug Ha yeu npoyec monekyiu NANA. Pezymbmamu ananizy KEaHMOBOXIMIUHUX
PO3PAXYHKIG CGIOYAMb, WO 2NI0KO3A I (YPYKMO3a MOANCYMb SUKOPUCTIOBYEAMUCH SIK MOOUpiKamopu 01t aocopoyii
NANA. Monexyau yux 6yeneodie cnopioneni 00 NOBEPXHI KpeMmHe3eMy ma CMEOPIoIOMb KOMNIEKC 3
N-ayemunneupaminogoro Kuciomoio. Bcmanosneno, wjo 600He8i 36 '3KuU MINC 2I0POKCUTLHUMU 2PYNAMU 8Y2Ne800I8 §
cunanonvhumu epynamu nogsepxui BIIK eidieparomv OCHOSHY poib 6 YMEOPEHHI MINCMOAEKYNAPHUX KOMNIEKCIS.
IIposedeni pospaxynku noxasyloms, wo aocopoyis MOHOCAXApUOi6 HA NOBEPXHI KPEMHE3eMYy MOJCIUBA, SIKUO
6paxosyeamu ix po3mauly8aHHs, d MAaKodiC 3a1eACUMb 8i0 M02o, AKUM YUHOM npogooumu adcopbdyir. Toomo, uu
nocnioogua adcopbyia caxapuodis, a nomim NANA, uu adcopbyis i3 posuuny monocaxapudie-NANA na noeepxwi
KpemHe3emy.

Knrouosi cnosa: 2noxosa, ppykmosa, nosepxts Kpemuesemy, aocopoyis, memoo meopii (hyHKYIOHALY 2yCmutu,
KaacmepHe HAOIUd#CeHHs

HN3ydenue B3aumMogeiicTBus N—aneTHIHEeHPAMUHOBOM KUCJIOTHI C MOHOCAXapHUIaMHU,
aJcopOMPOBAHBIMH HA MOBEPXHOCTH BBICOKOIMCIIEPCHOTO KpeMHe3eMa

JI.M. YmaxkoBa, E.M. Jlembsinenko, M.U. Tepen, B.B. Jlo6anos, H.T. Kaprens

HUnemumym xumuu nosepxnocmu um. A.A. Yyixo Hayuonanvrot akademuu Hayk Yxpaunol
ya. enepana Haymosa, 17, Kues, 03164, Ykpauna, milushakova@gmail.com

Ce200Hst OOHUM U3 AKMYAIbHBIX HANPAGIEHUL UCCTeO08AHUL SGISIEMCS UCCIe008ANHUE NPOYECCO8, KOMOpble
npoxooam Ha zpanuye pacnpedenenus az: buomonexyia (kiemxa)-wanovacmuya. Cmoum obpamums HUMAHUe HA
U3yUeHUe 63aUMOOCUCMBUsL BbICOKOOUCNEPCHO20 KPEMHE3IEMA C CAXapuoamu, Hanpumep, ¢ 2IoK030uU u ppykmo3ou, a
maxdce ¢ N-ayemunneupamunosou xuciomou (NANA) (komopas umeemcs 6 cocmage KIEmMOUHOU MeMOpaHvl
opeanusma), OnA OanbHeuuleco NONYHeHUs HAHOKOMNO3UMO8 C OUOMONeKYAamMu ONd UCNOAb308AHUA UX 8
buomexrnonoeusix. Memodom meopuu @yuxyounanra niomuwocmu (DFT) 6 pamxax molenu noaspuzayuoHHo2o
xkoumunyyma PCM 6vi10  uccnedosano ocobenHocmu  63aumMoO0eticmeus MOHOCAXApUOo8 ¢  NOBEPXHOCHbIO
KpeMHe3eMa, MakKdce UYyunu GausHue Ha omom npoyecc Mmonekynvl NANA. Pesynomamwr  ananuza
KBAHMOBOXUMUUECKUX DACHEMO8 NOKA3bIBAIOM, YMO 2NI0KO3Y U (DPYKMO3Y MOICHA UCNONb306AMb 6 KAUeCmEe
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Mmoougpuxamopos 011 aocopoyuu NANA. Monexynvl smux yene80008 poOCmEeHHbl NOBEPXHOCU KpeMHe3eMda U
Moeym co30aeambs Komnaekc ¢ N-ayemuanelpamurnogou kuciomou. buino noxaszano, umo 6000pooHbie c6:a3uU Mexcoy
CUOPOKCUNLHBIMU SPYIRAMU Yele80008 U CUNaHOIbHbiMu epynnamu B/JK uepaiom enaenyio pons npu obpazoeanuu
MENCMONEKYNAPHBIX  KOMAAEKCo8. Pacuemvl, xomopwie Obiiu nposedenvl, NOKA3bIEAIOM, YMO aAOCOPOYUsL
MOHOCAXAPUOO8 HA NOBEPXHOCMU KPMEHE3eMd B03MOJICHA, HO CMOUM YUUMbIGAMb UX pasmewjenue, d Mmakice
sasucum om memooa nposedeHusi aocopoyuu. Boszmooxcna nociedoseamenvhas aocopdyus caxapuoos, a nomom
NANA, unu adcopbyus uz pacmeopa mornocaxapuoos u NANA na nogepxnocmu KpemHesema.

Knrouesvie cnosa: 2noxosa, (hpykmosa, nogepxHocmsy KpemMHesema, aocopoyusi, Memoo meopuu QYHKYUOHALA
RAOMHOCMU, KIACMEPHOe NPUOTIUIICEHUEe
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