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The aim of the work is to study interaction of N-acetylneuraminic acid (NANA) with the
surface of ultrafine silica (UFS) with the participation of glucose and sucrose in aqueous solution at
the supramolecular level by density functional theory method (exchange-correlation functional
B3LYP, basis set of 6-31G (d, p).

The adsorption of N-acetylneuraminic acid, as well as individual carbohydrates (glucose
and sucrose) on the hydrated surface of UFS in aqueous solution, was considered as a process of
replacement of water molecules on the surface of silica by adsorbate molecules.

This work considers two schemes of carbohydrate molecule influence on adsorption of N-
acetylneuraminic acid. According to the first scheme the interaction of the NANA molecule occurs
with the silica-monosaccharide complex, according to the second scheme, the silica cluster interacts
with the NANA-monosaccharide complex, where silica binds to the complex through the
carbohydrate molecule.

The analysis of the calculated geometric and energy characteristics show that adsorption on
the surface of silica, with hydration taken into account, is thermodynamically probable for the
sucrose. The glucose molecule has a positive value (+9.8 and +2.7 kJ / mol) is an unfavorable
process in terms of thermodynamics regardless of the hydrating water cluster size. The N-
acetylneuraminic acid molecule has a value of -1.3 kJ / mol for the reaction with five water
molecules and +0.9 kJ / mol with eight water molecules.

It was found that the presence of sucrose on the silica surface in the aqueous solution
weakens the hydration energy (i.e. it is easier to replace the cluster of water with the N-
acetylneuraminic acid molecule from the surface of the modified adsorbent), which in turn promotes
NANA adsorption on the silica surface. Therefore, scheme 1 is thermodynamically more likely than
scheme 2.

This indicates that there is a mutual influence of substances in a mixture of NANA with
carbohydrates on the interaction with silica in comparison with the interaction of substances with
silica alone.

Keywords: ultrafine silica surface, adsorption of N-acetylneuraminic acid, glucose, sucrose,
supermolecular approximation, density functional method.

Introduction

To increase the selective properties of nanomaterial surface relative to the cell membrane, it
is necessary to pre-modify it with biomolecules. The chemical modification of the surface of silica
by carbohydrates, is a rather promising and chemically feasible method of obtaining such
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complexes. This is due to the fact that they have a high degree of chemical affinity for carbohydrate
fragments of cell receptors. Although there is a number of difficulties in modifying the surface of
carbohydrates due to peculiarities of the chemical structure of some carbohydrates and their
interaction with the surface of ultrafine silica (UFS). It is important that modifier is selected so that
the obtained complex will not damage the membrane later [1]. It is known that the outer surface of
the membrane includes glycolipids, glycoproteins and oligosaccharide residues. N-acetylneuraminic
acid (NANA) is a carbohydrate that forms their terminal residues and is part of gangliosides.

Some viruses (such as the flu virus) choose it as a receptor. N-acetylneuraminic acid is also
found in large quantities in metastatic cancer cells. To modify the surface of silica, it is
advantageous to use biomolecules that are compatible with living systems, while the surface of silica
is covered with hydroxyl groups, which under certain conditions can be replaced by other functional
groups that play the role of adsorption centers of biomolecules.

NANA nanocomposites are used in animal husbandry (cryopreservation), for influenza
treatment, for the detection of cancer cells, as well as for the delivery of drugs to affected cells.

D-glucose is a colorless crystalline substance with a sweet taste, well soluble in water. The
glucose molecule can exist in two forms: a-D-glucose and B-D-glucose. In aqueous solution, an
equilibrium is established between several mutually transitional forms of D-glucose: o- and f-
pyranose, o- and B-furanose and open aldehyde. In nature it occurs in the free state in mammals
blood and plant sap, and is a part of various compounds ranging from sucrose, cellulose, starch and
ending with some glycoproteins [1]. Glucose is the main source of energy for cells and tissues of the
body. It is widely used in medicine as a part of blood substitute and anti-shock fluid.

Sucrose is a disaccharide that is most common in nature. It is a reserve energy carbohydrate
that accumulates in plants. Sucrose is mostly used in microbiology and surfactants production [2, 3].

There is a list of studies stating that adsorption from the aqueous phase on the surface of
silica of glucose, fructose, galactose, mannose [6-8], and N-acetylneuraminic acid [5] is impossible.

Only for N-acetylglucosamine and galactosamine adsorption on UFS is possible, which is
explained by the presence of the amino group in the composition of their molecules [9]. During the
adsorption of these monosaccharides =Si — OH - NH2 complex with a donor-acceptor nature is
formed. The unshared electron pair of the amino group acts as a donor, and the proton of the silanol
group acts as an acceptor. The binding energy formed during the adsorption of aminosaccharides is
30.8 kJ / mol. The adsorption isotherms of these aminosaccharides, according to the Giles
classification, belong to the S3-type. Such isotherms are characteristic of the case when "the energy
of interaction between the adsorbed molecules is greater than the energy of interaction between the
molecule of the solute and the adsorbent" [10]. Depending on the concentration, adsorption can take
the form of di-, tri-, tetra- or hexamers of aminosaccharides. This is also explained by the fact that
adsorption on the surface of silica occurs in the form of clusters. Self-organization of
aminosaccharides is carried out on the surface of the adsorbent due to carbohydrate-carbohydrate
interactions. These assumptions are based on adsorption parameters.

The work 4 shows that the surface of UFS is able to adsorb sucrose from the aqueous phase,
in accordance with the results of the process simulation. The adsorption isotherm has the S-shape.
According to Parfitt and Rochester, this shape of the curve indicates the chain arrangement of the
adsorbate molecules on the surface of the carrier. [11] Thus, we can assume that the surface of UFS
contributes to the chain arrangement of sucrose molecules, i.e. the first layer on the surface of silica
is first sorbed and only then polymolecular adsorption begins.

The amino group plays a significant role in the interaction of monosaccharides with silica. It
was found that during the chromatographic separation of a mixture of carbohydrates on a silica
carrier - silica gel, modified with an amine-containing compound (piperazine) having the group -
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NH2, they are separated by the number of monomers in the molecule. The amino group attached to
the silica gel contributes to a higher content of carbohydrates that have more hydroxyl groups. We
can see here that monosaccharides leave the column earlier than disaccharides and disaccharides
earlier than trisaccharides. The overall configuration of the molecule has a significant effect on the
retention time. Branched saccharide molecules leave the column earlier [11].

The retention time of seven monosaccharides and three disaccharides on mesoporous
aminated silica (Silasorb SiNH2) (360 m2 / g) was measured by liquid chromatography. Acetonitrile
and water were used as the mobile phase [12]. It was illustrated that monosaccharides were less
adsorbed than disaccharides. This is due to nonspecific dispersion forces which occure during
adsorption process. When adsorbing monosaccharides on the aminated surface, there are factors that
reduce adsorption, these are the features of their structure: the presence of CH3 groups (rhamnose),
the right position of the OH group closest to the aldehyde (xylose), replacement of the aldehyde
group with ketone (fructose).

Considering the adsorption of disacharides the following features of the structure that affect
the reduction of adsorption energy should be noted: the proximity of the lactone oxygen atom to
bridging oxygen (sucrose), while the factor of increasing adsorption energy is the trans position of
the group -CH2OH (lactose). It is assumed that the spatial structure of saccharide molecules can
change under the action of adsorption forces, and their adsorption is influenced by solvent molecules
such as water, if the adsorption occurs in aqueous solution. It has not been definitively established
yet whether water molecules affect the adsorption of N-acetylneuraminic acid and carbohydrates.
Therefore, the aim of this work is to investigate the methods of quantum chemistry of the interaction
of NANA with the surface of silica with the participation of glucose and sucrose in aqueous solution
at the supermolecular level, i.e. with explicit consideration of water molecules as a solvent.

Methods and objects of research

The following models of carbohydrates are used in this work: monosaccharide - glucose in
the most thermodynamically stable cyclic form of glucose [13] in the form of B-D-glucopyranose
(Fig. 1, a), and disaccharide-sucrose shown in Fig. 1, b [14], which consists of residues of D-
glucopyranose and D-fructofuranose interconnected by an oxygen bridge.
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Fig. 1. Models: a - glucose models and, b — sucrose

A cluster consisting of 18 silicon-oxygen tetrahedra (Fig. 2, a) with Si;3043H24 gross
composition, commensurate with the NANA molecule and the investigated saccharides was used as
a model of silica surface. This model had been also used in our preceding works [15, 16] related to
the study of the interaction of silica with monosaccharides and N-acetylneuraminic acid. It allowed
us to compare the calculation results of the energy characteristics of the compounds studied in this
work with similar values calculated in our works. The model of the molecular form of N-
acetylneuraminic acid is presented in Fig. 2, b.
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Fig. 2. Models: a - silica cluster, b - molecular form of N-acetylneuraminic acid

To determine the effect of water on the adsorption of NANA on the surface of silica with the
participation of carbohydrate molecules, clusters of water molecules of different sizes (Fig. 3, a, b)
and the products of their interaction with each other (Fig. 3, ¢, d) were used.
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Fig. 3. Equilibrium spatial structure of intermolecular complexes: a - cluster of 5 water molecules, b

- cluster of 8 water molecules, ¢ - cluster of 10 water molecules, b - cluster of 16 water
molecules

Adsorption of N-acetylneuraminic acid, as well as with individual carbohydrates glucose and
sucrose, on the hydrated surface of silica in aqueous solution was considered as a process of
replacement of water molecules on the surface of silica by adsorbate molecules (Fig. 4).
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Fig. 4. Scheme of modeling of adsorption of hydrated adsorbate molecule on hydrated surface of
silica

Adsorption energy (AE,4) was calculated on the following formula:

AE 4=((E1or (2n HyO) + E; (SiO; - Adsorbate))-
-((Ewd Adsorbate:-n H,O) + Ey,, (SiO,'n H,0)) (D)

E, (2nH,O) — the total energy of the cluster, consisting of 2n water molecules,
E. (Si0, ---Adsorbate) — total energy of the adsorption complex, the surface of silica is a molecule
of detachment, E,,, (Adsorbate--'n HO) — intermolecular complex of the adsorbate molecule with a
water cluster, £, (SiO,-'n H,O) — total energy of the hydrated surface of silica.

To assess the influence of water molecules on the adsorption process in aqueous solution, the
hydration energy (AE},q) 1s calculated as the energy of intermolecular interaction between the water
cluster and the hydrated molecule, or the intermolecular complex (M) according to formula (2):

AE'hydr Etot(M ‘n H2O) ((Etot (Il H2O) + (Etot (M) (2)

Ei (M--'n H,0) — total energy of the hydrated molecule. or intermolecular complex, E;,; (n H,O) —
the total energy of the cluster, consisting of n (5 or 8) water molecules, E;,, (M) — the total energy of
the investigated molecule or intermolecular complex (M).

The adsorption of the N-acetylneuraminic acid molecule on the surface of silica with the
participation of carbohydrates can be considered on the basis of two possible interaction schemes.
According to the first scheme (Fig. 5): the interaction of the NANA molecule occurs with the silica-
carbohydrate complex, according to the second scheme (Fig. 6), there is an interaction of the silica
cluster with the NANA-carbohydrate complex where silica binds to the complex through the
monosaccharide molecule [15 ].

Fig. 5 shows the influence of solvent molecules on the interaction according to the first
scheme. According to this scheme, when the water cluster interacts with the hydrated NANA
molecule, it is connected by hydrogen bonds with a similar water cluster. . And the NANA molecule
binds to that carbohydrate molecule

{:‘(HZO . .HZO),;:

Fig. 5. Scheme 1 of the interaction of the adsorbate molecule w1th the surface of silica in aqueous
solution
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Therefore, the energy of intermolecular interaction according to scheme 1 (AEschemer) Was
calculated on a formula:

AEsremer= (Eror (20 H20) + Eyoy (SiOrCarbohydr—NANA)) -
-((E (NANA --n H,O) + Ey; (SiO;-Carbohydr.—n H,0)), 3)

where E,, (SiO, —Carbohydr—NANA) — total energy of the adsorption complex silica surface -
carbohydrate molecule - N-acetylneuraminic acid, E,; (NANA--n H,O) — total energy of the
intermolecular complex consisting of a molecule of N-acetylneuraminic acid and a cluster of water,
E ot (SiOr-Carbohydr.—n H,0) — the total energy of the intermolecular complex of the surface of silica
and hydrated carbohydrate.

The interaction of the silica surface with the intermolecular complex NANA - carbohydrate,
was calculated according to scheme 2, which is presented in Fig. 6 by formula (4).
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Fig. 6. Scheme 2 of the interaction of the adsorbate molecule with the surface of silica in aqueous
solution
AEchemer= (Ewor (20 HyO) + Ey (SiO—Carbohydr.—NANA)) -
((E (Carbohydr—NANA—n Hy0) + Ey; (SiO; -1 Hy0)), (4)

where E, (Carbohydr—NANA—n H,0) — total energy of the intermolecular complex consisting of a
molecule of N-acetylneuraminic acid and a hydrated molecule of carbohydrate.

All quantum chemical calculations were performed using the program GAMESS (US) [17]
by the method of density functional theory (DFT) with functional B3LYP [18, 19] and basic set 6-
31G (d, p) taking into account the Grimm variance correction D3 [20, 21 ] within the polarization
continuum of the PCM [22, 23].

Results and discussions

First, it is necessary to elucidate the effect of hydration on the adsorption energy of
individual NANA molecules, glucose and sucrose on the surface of silica.

With this purpose a reaction schematically shown in Fig. 4 was considered. Based on the fact
that in aqueous solution solvent molecules can interact with both the adsorbate molecule and the
surface of the adsorbent and taking into account this interaction is necessary when calculating the
adsorption energy of a substance in a particular solvent not only in a continuous approximation [23]
but also explicitly. in the supermolecular approximation [24]. In our case, the solvent is water and its
molecules form hydrogen bonds with both the silica surface and the adsorbate molecule, so
adsorption in aqueous solution is considered as a process of exchange of the adsorbate molecule
cluster of water molecules commensurate with the studied adsorbate molecule (NANA, glucose and
sucrose). The energy effect of the process was calculated on formula (1) where AE, is defined as
the difference between the sums of total energies of the reaction products and starting materials.
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The water cluster selected for this study consisted of five water molecules combined into a
five-membered ring (Fig. 10, a), the so-called homodrome cluster [25]. Its size is similar to the
studied molecules and according to the literature [26, 27], it is the most thermodynamically stable
cluster of the smallest possible and experimentally recorded in both solid and liquid and gaseous
phases.

This cluster forms hydrogen bonds with a cluster of silica, NANA molecules, glucose and
sucrose (Fig. 6) without destroying the original similar compounds and without breaking the five-
membered ring, there is only a slight deformation.

Fig. 8. Hydrated intermolecular complexes consisting of 5 molecules of water and silica (a), N -
acetylneuraminic acid (b), glucose (¢) and sucrose (d)

To determine how the size of the selected water cluster affects the adsorption energy, a
larger water cluster was used (Fig. 3, b), which is similar to the discussed above and is an eight-
membered complex formed of two condensed five-membered ones. This cluster of water is
commensurate with the NANA molecule (Fig. 9, b). In addition, as can be seen from Fig. 8, ¢ and 9,
d, a five-membered water cluster is proportional to the glucose molecule, and an eight-membered
complex is proportional to the sucrose molecule.
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Fig. 9. Hydrated intermolecular complexes consisting of 8§ molecules of water and silica (a), N -
acetylneuraminic acid (b), glucose (c) and sucrose (d)

Our previous works [15, 16] show that the results of adsorption are intermolecular
complexes formed due to the occurrence of intermolecular hydrogen bonds between silanol groups
of silica surface and hydroxyl groups of carbohydrates and NANA (Fig. 10). Other reaction products
are 2nH2O0 clusters formed due to the interaction of smaller clusters of two five-membered (Fig. 3,
¢) and two eight-membered cycles (Fig. 3, d).

The calculations according to equation (1) of adsorption energy for NANA and
carbohydrates are presented in table. 1. Here we can see that the adsorption of the NANA molecule
is unlikely on the surface of silica, because the calculated values are close to 0 kJ / mol, in particular
-1.3 kJ / mol, for the reaction with five molecules of water and +0.9 kJ / mol - of eight water
molecules confirmed by experimental data [5].

The calculated values of AE,; of glucose on the surface of silica in aqueous solution have
positive values (+9.8 and +2.7 kJ / mol) and are proof that the process is unfavorable in terms of
thermodynamics, regardless of the size of the water cluster, which is displaced from silica surface in
the process of adsorption, which is also consistent with experimental results [8].
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Fig. 10. Adsorption complexes of silica with N - acetylneuraminic acid (a) and saccharides: glucose
(b), sucrose (¢)

It is interesting that adsorption energy for the sucrose molecule, despite its derivative of the
glucose molecule, has a negative value, despite the size of the hydrating water cluster (-33.0 and -
24.5 kJ / mol), which indicates the thermodynamic probability of adsorption of this substance in
aqueous solution on the surface of silica.

Table 1. Adsorption energy (adsEads) and hydration energy (AEhydr) in aqueous solution of test
substances (in kJ / mol)

Hydrating Si13045H>4 NANA Glucose Sucrose
water clusters
Adsorption energy
5 H,0 — -1,3 +9,8 -33,0
8 H,0O — +0,9 +2,7 -24.5
Hydration energy
5 H,0 -193,6 -147,3 -153,4 -161,3
8 H,0 -217,0 -192,4 -189,2 -212,7

The hydration energies (AEj,4-) calculated on the formula (2) for the considered compounds
(Table 1) correlate with the sizes of water clusters that hydrate and have larger values, as expected
for clusters with more water molecules. The highest values of AEj,,, are characteristic for the silica
cluster regardless of the size of the water cluster. This is because there are silanol groups and
siloxane bridges (Fig. 8, a and Fig. 9, a) on the surface of the silica. They are able to form hydrogen
bonds with the water cluster. All other molecules, both NANA and carbohydrates, have quite large
values of AEj4 (greater than 140 kJ / mol) because these molecules also contain functional
hydroxyl groups and oxygen bridges through which they are hydrated. Therefore, the break of
hydrogen bonds between the water clusters and the adsorbate molecules, as well as between the
water clusters and the silica surface is necessary for adsorption process on SiO; surface. Hydrogen
bonds are then formed between the adsorbent and the adsorbate.

The next step in the study was to determine the effect of glucose and sucrose molecules on
NANA adsorption. This effect can be described by two alternative schemes, according to "scheme
1" (Fig. 5) the hydrated molecule NANA (Fig. 8, b and 9, b) interacts with the hydrated molecule of
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the corresponding carbohydrate already adsorbed on the surface of silica. Equilibrium geometry of
these complexes with glucose (Fig. 11) and sucrose (Fig. 12) with water clusters of different sizes.

Fig. 11. Hydrated intermolecular complexes consisting of silica, glucose and 5 molecules of water
(a), a similar complex with an eight-membered cluster of water (b)

As you may see in these figures, water clusters form hydrogen bonds with carbohydrate
molecules of intermolecular complexes without destroying the original similar compounds and
without breaking the five-membered (Fig. 3, a) and eight-membered (Fig. 3, b) ring. A slight
deformation occurs only.

Fig. 12. Equilibrium geometry of three-component intermolecular complexes consisting of silica,
sucrose and 5 H,O (a), a similar complex with the composition of SiO, - sucrose -8 H,O (b)

45



As a result of the interaction, three-component intermolecular complexes SiO, — Glucose —
NANA (Fig. 13, a) and SiO; — Sucrose — NANA (Fig. 13, b) are formed. We have considered and
described earlier [15, 16]. Other reaction products are water clusters (Figs. 3, c, and d) formed by
the interaction of smaller water clusters. The energy effects (AE,uem.;) for these systems calculated
on the formula (3), show (Table 2) that regardless of the water cluster size, the interaction energy
between NANA and glucose, previously adsorbed on the surface of silica, is much greater than the
absolute value (-71.8 kJ / mol for 5 H,O and -20.1 kJ / mol for 8 H,O), compared with the
adsorption energy of the NANA molecule on the surface of silica (Table 1), where this value was
only -1.3 kJ / mol for 5 H,O and +0.9 kJ / mol for 8 H,O.

Fig. 13. Equilibrium geometry of three-component intermolecular complexes consisting of silica,
glucose and N - acetylneuraminic acid (a), a similar complex with the composition of SiO,
- Sucrose-NANA (b)

According to "scheme 2", shown in Fig. 6, the hydrated surface of silica interacts with the
intermolecular hydrated on the carbohydrate side of the NANA-carbohydrate complex, while the
interaction with the SiO; surface occurs on the carbohydrate side.

The optimized intermolecular NANA-glucose complexes with five-membered water clusters
are presented in Fig. 14, a, as well as a similar complex of sucrose molecules with the same size of
the water cluster (Fig. 14, b,). A rather complex system of hydrogen bonds is formed by
intermolecular NANA-carbohydrate complexes with eight-membered water clusters (Fig. 15).

As a result of the reaction according to this scheme (Fig. 6), as in the previous one (Fig. 5),
three-component intermolecular complexes SiO, — Glucose — NANA (Fig. 13, a) and SiO, —
Sucrose — NANA are formed (Fig. 13, b). , as well as larger water clusters (Fig. 3, ¢ and d).

Analysis of the calculation results made on formula (4) shows (Table 2) that as in the
previous case the values of the interaction energy AEghemez hydrated intermolecular NANA-glucose
with hydrated silica surface, regardless of the size of the water cluster are greater than absolute data
on NANA adsorption energy on the surface of silica in aqueous solution (see table. 1) and is -45.1

46



kJ / mol in the case of a cluster of SH,0, and -21.8 kJ / mol in the case of hydration by an eight-
membered cluster of water.

Fig. 14. Hydrated by five molecules of water intermolecular complexes, composition NANA-
Glucose-5H,0 (a), and complex NANA-Sucrose -5H,0 (b)

In the case of sucrose, the value of AE,; ... In hydration with a five-membered cluster of
water is almost the same as in the case of glucose and is -41.9 kJ / mol, and E,eme>. When hydrated

with an eight-membered water cluster, this value is much larger in absolute value and is -87.7 kJ /
mol.

Fig. 15. Hydrated intermolecular complexes consisting of N - acetylneuraminic acid, sucrose and 5
molecules of water (a), a similar complex with an eight-membered water cluster

When comparing the values of the energy of intermolecular interaction, Egpemez and
AEgcheme2, 1t 1S seen that they do not differ significantly. However, it should be noted that for
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complexes with five water molecules, regardless of the nature of the carbohydrate, about 25 kJ /
mol, scheme 1 is thermodynamically more likely than scheme 2.

The common thing for both schemes (1 and 2) is that in the case of sucrose from § water
molecules, the values of the energy of intermolecular interactions have a maximum value of -86.2 kJ
/ mol, for scheme 1 and -87.7 kJ / mol for scheme 2, respectively. It means that the interaction of the
NANA molecule with the surface of silica is thermodynamically more likely to form an adsorption
complex in the presence of a sucrose molecule.

Table 2. Energy of intermolecular interaction according to scheme 1 (AEschemer) and scheme 2
(AEgcheme2) 1n aqueous solution for three-component systems SiO, —Carbohydr. — NANA

(in kJ / mol)
Hydrating Scheme 1 Scheme 2
water clusters
Glucose Sucrose Glucose Sucrose
5 H,O -71.,8 -65,1 -45,1 -41,9
8 H,O -20,5 -86,2 -21,8 -87,7

Calculations of AE},4- values in the case of a five-membered cluster of water for glucose (as
mentioned above the glucose molecule is proportional to the size of a five-membered cluster of
water, so it is correct to compare in the case of 5 H,O) adsorbed on the surface of silica , a) and in
complex with the NANA molecule (Fig. 14, a) are slightly smaller (-120.9 and -126.5 kJ / mol) for
similar values (-153.4 kJ / mol, see Table 1 ) for the glucose molecule, for the complex shown in
Fig.8, b. It may cause the better adsorption of the NANA molecule in complex with the glucose
molecule on the surface of silica, although these substances alone are not adsorbed on silica in
aqueous solution (Table 1).

In the case of sucrose, which is commensurate with the cluster 8 H,O, AEj,q- for the NANA
Sucrose complex (Fig. 15, b) is also smaller (-182.9 kJ / mol) compared to the same value for a
single molecule of sucrose (-212, 7 kJ / mol, see Table 1). A similar situation is typical for the SiO,
Sucrose complex (Fig. 12, b) where the binding energy of the water cluster to the sucrose molecule
is lower and is -189.8 kJ / mol. In addition, this value is also lower in absolute value compared to
AEpyq: for the silica surface (-217.0 kJ / mol, see table. 1). In view of the above, it can be argued that
in the aqueous solution the presence of sucrose on the silica surface weakens the hydration energy
(i.e. it is easier to replace the N-acetylneuraminic acid molecule with a cluster of water from the
surface of the modified adsorbent) which in turn promotes NANA adsorption on the silica surface.

Conclusions

The results of the analysis of quantum chemical calculations show that adsorption on the
surface of silica, with hydration taken into account, is thermodynamically probable for the sucrose
molecule, regardless of the hydrating water cluster size (-33.0 and -24.5 kJ / mol). The adsorption of
the glucose molecule has a positive value (+9.8 and +2.7 kJ / mol) and is a process unfavorable from
the point of view of thermodynamics regardless of the size of the water cluster, and the N-
acetylneuraminic acid molecule has small calculated adsorption values, in particular - 1.3 kJ / mol,
for the reaction with five water molecules and +0.9 kJ / mol - with eight water molecules.

The values of hydration energy (AEnyg) for the considered compounds correlate with the
sizes of hydrating water clusters, and larger values, as expected for clusters with more water
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molecules. The highest values of AE,yq, are for the silica cluster, regardless of the size of the water
cluster, because there are silanol groups and siloxane bridges on the surface of the silica, which are
able to form hydrogen bonds with the water cluster. All other molecules, both NANA and
carbohydrates, have quite large values of AEyq: (greater than 140 kJ / mol), because these molecules
also contain functional hydroxyl groups and oxygen bridges, through which they are hydrated.

For complexes with five molecules of water, regardless of the nature of the carbohydrate,
about 25 kJ / mol scheme 1 is thermodynamically more likely than scheme 2.

It was found that the presence of sucrose on the silica surface in the aqueous solution
weakens the hydration energy (i.e. it is easier to replace the cluster of water with the N-
acetylneuraminic acid molecule from the surface of the modified adsorbent), which in turn promotes
NANA adsorption on the silica surface.

This shows that there is a mutual influence of substances in the mixture of NANA with
carbohydrates on the interaction with silica in comparison with the interaction of substances with
silica alone.

Therefore, as studies have shown, the adsorption of N-acetylneuraminic acid is possible if
the surface of the silica is pre-modified with carbohydrates, which is confirmed by experimental
data.
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B3AEMO/IISA N-ALIETUJIHEMPAMIHOBOI KMCJIOTH 3
HOBEPXHEIO KPEMHE3EMY Y BOJHOMY PO3YHUHI 3A
YYACTI BYTJIEBOAIB

JI. M. Ymakosa, €. M. Jlem’sinenxo, M. 1. Tepeus, B. B. Jlooanos, M. T. Kaprein

Inemumym ximii nosepxui im. O.0. Yyuxa Hayionanvhoi akademii Hayk Ykpainu,
eyn. I'enepana Haymoea, 17, Kuis, 03164, Yxpaina, e-mail: milushakova@gmail.com

Memoto pobomu € OocniodceHns memooom meopii ynxkyionanry 2eycmunu (0OMiHHO-
Koppensyiunutt  ¢ynuxyionan  B3LYP,  6aszucnuti  wa6ip  6-31G(dp) e3aemoodito  N-
ayemunnelpaminogoi kuciomu (NANA) 3 nosepxuero sucoxooucnepcrozo kpemuesemy (B/IK) 3a
yuacmi 210KO3U i caxapo3u y 600HOMY PO3YUHI HA CYNEPMONEKYIAPHOMY PIi6HI, mMOOmMo 3 A6HUM
8DAXYBAHHAM MOJEKY 800U SIK POZUUHHUKA.

Aocopbyis  N-ayemunueipaminogoi KUciomu, a maxKoxic OKpPeMo 63Amux 8y2ie600i
(enoxo3010 i caxaposow) Ha ciopamosaniti nogepxui B/[K y 6oOHomy po3uuni, posensdanace sk
npoyec 3amiujeHHs MOAeKyl 600U HA NOBEPXHI KpeMHe3eMy MOAeKYI1amu aocopoamis.

Poszenanymo 06i cxemu eénnugy monexynu 8y2ne6ody Ha aocopoyiro N-ayemunneupaminogoi
Kucaiomu. 32i0no neputoi: 83aemoois monekyiu NANA 6iobysacmvbcs 3 KOMNIEKCOM KpemMHe3eM—
MOHOCaxapuo, 32i0H0 Opyeoi, 8i00Y8aAEMbCA 63AEMOOISL KlAcmepa KpemHe3emy 3 KOMNIEKCOM
NANA—-monocaxapuo, Oe kpemnezem 36 A3YEMbCs 3 KOMNIEKCOM 4epe3 MOJIeKYY 8)21e600).

Pezynomamu aunanizy po3paxosanux 2eomMempudHux i eHepeemudHux Xapaxkmepucmux
ceiouamn, w0 ad0copoyis Ha NOBEPXHI KpeMHe3eMy 3 6PAXy8aHHAM 2iopamayii mepmoOUHaAMIYHO
ILMOBIPHA 051 MONIEKYIU CAXapo3U, He3aNeHCHO 8i0 GeluyunU 2iopamyodo2o kiacmepy 600u (-33,0
ma -24,5 xk/[ic/monv). Monexyna enokosu mae nosumusHe 3uavennsi (+9,8 ma +2,7 klc/monn), €
npoyecom HegUIIOHUM 3 MOYKU 30PY MEPMOOUHAMIKU HEe3ANIeHCHO 8i0 pOo3MIpy Kiacmepa 600U.
Monexyna N-ayemunneupaminogoi kuciomu mae genuduny -1,3 x/loc/mons ons peakyii 3 n’smoma
monexynamu 6oou i +0,9 k/loic/mons — 3 8icbmoma MoneKyiamu 600uU.

Bcmanoeneno, wo y 600HOMY po3Yumi HAAGHICMb HA NOBEPXHI KpeMHe3eM) Ccaxaposu
nociabnoe enepeiro  eiopamayii  (mobmo 8i06ysacmvcsa  ecule  3aMiWeHHs MOAeKyiow N-
ayemuiIHelpamino8oi KUciomu Kiacmepa 600U 3 NOBEPXHI MOOUDIKO8AH020 adcopbenma), wjo 8
ce6010 uepey cnpusie adcopoyii NANA na nosepxui kpemmneszemy. Omoice, cxema | mepmoounamivno
Oinvw UMOoBIpHa Hidc cxema 2.

Lle csioyums, wo cnocmepicacmocs 63aEMHUL 6NAUE peuosur 6 cymiwi NANA 3
8y271€600aMU HA B3AEMOOII0 3 KDEMHE3eMOM 6 NOPIGHAHHI 13 83A€MOOJICIO PEYOBUH 3 KDEMHE3eMOM
oKpeMmo.

KuarouoBi cinoBa: nosepxusa xkpemmuesemy, aocopoyis N-ayemunneupaminogoi KUCiomu, 210Ko3d,
caxaposa, cynepmonexyisiphe HabIudCeHHsl, Memoo QYHKYIOHAA 2YCIUHIL.
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JI. H. Ymaxkosa, E. H. /lembsinenxo, M. U. Tepensn, B. B. Jlo6anos, H. T. Kapreanb

HUncmumym xumuu nosepxnocmu um. O.0. Yyiika Hayuonanvhoti akademuu Hayk Ykpauri
va. I'enepana Haymosa, 17, Kuees, 03164, Ykpauna, e-mail: milushakova@gmail.com

Lenvio pabomel a613MbCA UCCIEO08AMb MeMOOOM Meopuu QYHKYUOHANA NAOMHOCHU
(oomenno-koppenayuiinviti yuxkyuonan BILYP, 6asucuwiii nabop 6-31G(d,p) e3acmooeticmeue N-
ayemunnelpamurosou kuciomol (NANA) ¢ nosepxnocmouto evicokooucnepcnozo kpemuezema (BAK)
3a yuacmuem 210K03bl U caxapo3svbl 8 B0OHOM pACmeope HA CYNePMONEKVIAPHOM YPOSHe, Mo eCb C
ABHLIM YYUemMOM MOIEKY 800bl KAK PACMEOPUMEIA.

Aocopoyus N-ayemunHeupamuno8ol KUCIOMblL, A MAKH#Ce OMOENbHO B35MbIX Y2le60008
(enoko30u u caxaposot) Ha eudpamupoganHou nosepxuocmu BJ/IK 6 600nom pacmeope,
paccmampusanoce Kak npoyecc 3amewjeHuss MONeKyl 600bl HA NOBEPXHOCMU KpemHe3ema
MoJeKkynamu aocopoamos.

Paccmompeno  0se  cxemvl  enusHus  Molexkyavl  yenegooa Ha — aocopbyuro  N-
ayemunuevpamunosou  kuciomul. CozracHo nepeoti:  g3aumooleiicmeue monexkyivl  NANA
npoucxooum ¢  KOMWIAEKCOM  KPEeMHEe3eM—MOHOCAXapuo, CO2NACHO  6MOPOU,  NPOUCXOOUM
83aumooeticmsue Kiacmepa kpemHezema 3 Komniekcom NANA-monocaxapuo, 2oe KpemHezem
CBA3bIBACNCSL C KOMNIEKCOM Yepe3 MOJEK)y Y2le800d.

Pezynomamol ananusa paccuumaHnvlx 2eomempuyeckux U eHepeemuieckux Xapakmepucmux
2080psAM O MOM, UMO a0CcopOyus HA NOBEPXHOCMU KpeMHe3eMd C Y4emom 2uopamayuu
MEePMOOUHAMUYECKU — 8ePOAMHA Ol MOJEKYIbl — Caxaposvl, He3aBUCUMO OM  GelUYUHb]
euopamupyroweeo kiacmepa 600vli (-33,0 u -24,5 xllic/monv). Monekynra enoxozvl umeem
nozumuenoe 3Hadenue (+9,8 u +2,7 xlloc/mons), Aengemcs npoyeccom HeBULOOHbIM C MOYKU
3peHuss  MepMOOUHAMUKYU  He3A8UCUMO Om  pazmepa Kiacmepa 600vl. Monexkyra  N-
AyemuIHeupamuHosol Kuciomsl umeem eeauyury -1,3 xloc/mone 011 peakyuu ¢ namvio
moaekyramu 60061 u +0,9 K/loc/MoMb — 3 BOCMBIO MONEKYAAMU BOOUL.

Ycmanosneno, umo 6 6ooHom pacmeope npucymcmeue HA NOBEPXHOCMU KpeMHe3eMd
caxaposvl ocnadasem dHepeuio 2uopamayuu (mo ecms NPoOUCXooum jecue 3ameuyeHuss MoaeKyiol
N-ayemunnetipamunogoti  Kuciomsl Kiacmepa 600bl C NOBEPXHOCMU — MOOUDUYUPOBAHO20
aocopbenma), uymo 8 ¢80l ouepedv cnocoocmayem aocopoyuu NANA na nosepxHocmu
kpemHezema. Cneoosamenvho, cxema I mepmoounamuyecku 6oee eposimua yem cxema 2.

Omo 2060pum o mom, umo HabarOaemcs 3aumuoe euuanue eujecmeo 6 cmecu NANA c
yeneeooamu Ha 83auMooelicmsue ¢ KpemMHe3eMOM 8 CPABHEeHUU C 63aUMOOeUCmeUeM 8euecms ¢
KpemMHe3eMOM OMOENbHO.

KnwueBble clI0Ba:  1n06epXHOCMb  8bICOKOOUCNEPCHO20 — Kpemuesema, — aocopoyus — N-

ayemunHelupamMuHo8ol KUCIomyl, 21I0K03d, caxaposd, CYynepMoNeKVIapHoe NpUbIudiCeHue, mMemoo
@yHKYyuoOHANA NIOMHOCTU.
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