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Quantum chemical simulation of the adsorption of N acetylneuraminic acid (NANA) on the surface of silica
with the participation of the fructose molecule by the method of density functional theory B3LYP, 6-31G (d, p)
was done. The influence of the solvent was taken into account in the supermolecular and continuum
approximations, and a cluster approach was used for the adsorption complexes. NANA adsorption of the hydrated
silica surface was considered as a process of replacement of water molecules on the silica surface by adsorbate
molecules.

Two schemes of influence of fructose molecule on NANA adsorption are considered. According to the first
scheme, the hydrated NANA molecule interacts with the hydrated silicon-fructose adsorption complex.
According to the second scheme, the cluster of hydrated silica interacts with the hydrated NANA-fructose
complex.

The energy of intermolecular interaction according to the scheme 1 is -9.2 kJ/mol, which is significantly
lower compared to the same value with the participation of glucose or sucrose (-20.5 and -86.2 kJ/mol). Scheme 2
proved to be a thermodynamically unfavorable process, as its energy effect is +6.9 kJ/mol, in contrast to similar
processes for glucose (-21.8) and sucrose (-87.7 kd/mol). This confirms the experimental fact of the interaction of
substances in a mixture of NANA with carbohydrates in relation to the interaction with silica in comparison with
the interaction of substances with silica separately
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Introduction It is known from literary sources that adsorption
from the aqueous phase on the surface of silica glucose,

The surface of highly ultrafine silica (UFS) is  fructose, galactose, mannose [6-8] and NANA [9] is

covered with hydroxyl groups, which act as adsorption ~ IMPossible. ) )
centers for biomolecules and can be replaced by other Only for N-acetylglucosamine and galactosamine
functional groups. Therefore, UFS is used to create adsorption on UFC is possible, which is explained by the

complexes used in medicine, animal husbandry [1-4], presence of an amino group [10]. During' the adsorption
etc. In this work [5], a comparison of methods for ~ ©f these monosaccharides, a complex =Si — OH -~ NH,
modifying the surface of silica with saccharides (gas- of donor-acceptor nature is formed with a binding energy
phase method of solvate-stimulated adsorption and of - 30 kJ/moI. The a_dsorptlon |sc_)therms _of th_ese
liquid-phase impregnation method) was done. The first aminosaccharides, according to the Giles cla_53|_flcat|on,
method in conditions of intensive mixing and regulated ~ Nave the form of S3-type. They are characteristic of the
atmosphere proved to be more efficient than liquid-phase ~ Cas€ when the energy of interaction between the
in such indicators as the degree of surface coverage, ~ adsorbed molecules is greater than the energy of

consumption of excipients (solvent or solvate), energy interaction between the molecules of the solute and the
and labor intensity and duration of the process. ' adsorbent [9]. Self-organization of amino saccharides
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during adsorption is carried out on the surface of the
adsorbent due to carbohydrate-carbohydrate interactions.
The high degree of binding of aminosaccharide
molecules to the surface of nanosilica is confirmed by
desorption curves. For N-acetylglucosamine and
galactosamine, the desorption from aqueous solution is
28 and 15 %, respectively, and from saline — 40 and
20 %. Thus, the presence of monosaccharides of the
group — NHz in the molecule promotes their adsorption
on the surface of UFS [10].

The aim of the study was to investigate the
possibility of modifying the surface of silica with
fructose for adsorption of NANA using quantum
chemical models to assess the energy effect of

intermolecular interactions.

I.  Objects and methods of research

a-D-fructopyranose model (Fig. 1, a) was chosen for
the fructose molecule, which may exist in aqueous
solution [11].

NANA is sialic acid, which is part of glycoproteins
and glycolipids (Fig. 1, b) [12].

The silica surface model used a cluster consisting of
18 silicon-oxygen tetrahedra (Fig. 2, a) with a gross
composition of Si1gO4sH24, and is proportional to NANA
and fructose molecules.

Fig. 2. Equilibrium spatial structure: a - cluster of silica, b - cluster with 8 molecules of water,
¢ - cluster with 16 molecules of water.
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Fig. 5. Scheme 2 — Interaction of the fructose molecule with the surface of silica in aqueous solution.

To take into account the effect of water on the
adsorption of NANA on the surface of silica with the
participation of carbohydrate molecules, a cluster of 8
water molecules (Fig. 2, b) and the product of its
dimerization (Fig. 2, c) were used [17].

The adsorption of a single fructose molecule on the
hydrated surface of silica in aqueous solution was
considered as a process of replacing water molecules on
the surface of silica with a fructose molecule (Fig. 3).

Adsorption energy (AFEa.ss) was calculated by the
formula:

AEa3s=((Etot (16:H20) + Egor (SIO2 *+- fructose))-
-((Etot(fructose +-8-H20) + Eio (SiO2+-8-H20)), @

where Ei (16 - H20) is the total energy of the cluster
consisting of 16 molecules of water,
Etwot (SiO2 -+ fructose) is the total energy of the adsorption
complex of the silica surface is a molecule of
detachment, Ew (fructose -+ 8 - H0) is the total the
energy of the intermolecular complex of the adsorbate
molecule with the water cluster, Ew: (SiO2 -+ 8 - H20) is
the total energy of the hydrated cluster, which simulates
the surface of silica.

To assess the effect of water on the adsorption
process in aqueous solution, the hydration energy was
calculated (AEnar) as the energy of intermolecular
interaction between the water cluster and the hydrated
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molecule or intermolecular complex (M) according to
formula (2):

AEhydr = Eot(M-+-8-H20) - (Etot (8-H20) + (Etot (M)), (2),

where E:wr (M-+8-H20) is the total energy of the hydrated
molecule or intermolecular complex, Ewt (8-H20) is the
total energy of the cluster consisting of 8 water
molecules, Eq: (M) is the total energy of the studied
molecule or intermolecular complex (M).

The adsorption of the molecule of NANA on the
surface of silica with the participation of fructose can be
considered on the basis of two possible schemes of
interaction. According to the first scheme (Fig. 4), the
interaction of the NANA molecule occurs with the silica-
fructose complex. The interaction energy was calculated
according to formula (3). The second scheme involves
the interaction of a silica cluster with the NANA-fructose
complex, where silica binds to the complex through a
fructose molecule (Fig. 5).

According to Scheme 1, a water cluster of a hydrated
NANA molecule interacts with hydrogen bonds to a
similar water cluster, which is bound to an adsorbed
fructose molecule on the surface of silica, and the NANA
molecule binds to this fructose molecule.

Therefore, the energy of intermolecular interaction
according to scheme 1 (AEscheme 1) Was calculated by the
formula:
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AEschema]_: (Etot (16'H20) + Etot (SiOQ— frUCtOSE—NANA)) = (E (NANA "'8’H20) + Etot (SiOZ_ fl’UCtOSE _8'H20)),

where Eio (SiO2 —fructose-NANA) — total energy of the
adsorption complex silica surface - fructose molecule -
NANA, Eit (NANA--8-H20) — the total energy of the
intermolecular complex consisting of a molecule NANA
and a cluster of water, Eiw: (SiO2—Fructose—8-H20) — the
total energy of the intermolecular complex of the silica

AFEschemaz= (Etot (16-H20) + Eror (SiO2— fructose-NANA)) - ((E (fructose -NANA-8-H;0) + Eiot (SiO2 —8-H20)),

where Eqo (fructose-NANA-8-H,0) — the total energy of
the intermolecular complex consisting of a molecule of
NANA and a hydrated molecule of fructose.

All quantum chemical calculations were made by the
method of density functional theory (DFT) with
functional B3LYP [13, 14] and basic set 6-31G (d,p)
with the Grimme variance correction D3 [15, 16] taken
into account within the polarization continuum PCM [17,
18] using the program GAMESS (US) [19].

I1. Results and discussions

To determine the effect of hydration on the
adsorption energy of individual NANA molecules and
fructose on the surface of silica, the reaction
schematically shown in Fig. 3 was considered. It was
assumed that in an aqueous solution, solvent molecules
can interact with both the adsorbate molecule and the
adsorbent surface, and to account for this interaction, it is
necessary to calculate the adsorption energy of the
substance in the supermolecular approximation [20].
Water is the solvent and its molecules form hydrogen
bonds with both the silica surface and the adsorbate
molecule, so adsorption in aqueous solution was
considered as a process of exchange of the adsorbate
molecule by a cluster of water molecules proportional to
the adsorbate molecule (NANA and fructose). The
energy effect of the process was calculated by formula

©)

surface and the hydrated fructose molecule.

The interaction of the hydrated surface of silica with
the hydrated intermolecular complex NANA — fructose
was calculated according to Scheme 2, which is
presented in Fig. 5, according to formula (4):

@)

(1) where Eags is defined as the difference of the sums of
total energies of the reaction products and starting
substances.

The water cluster selected for this study consisted of
eight water molecules, which are two condensed five-
membered rings (Fig. 2, b). The size of this cluster of
water is proportional to the size of the studied molecules.

This cluster forms hydrogen bonds with the fructose
molecule (Fig. 6, a) and the silica cluster (Fig. 6, b)
without breaking the condensed five-membered rings,
but there is some deformation.

As shown in the works [12, 21, 22], the result of
adsorption is intermolecular complexes, which are
formed due to the occurrence of intermolecular hydrogen
bonds between silanol groups of silica surface and
hydroxyl groups of carbohydrates and NANA (Fig. 6, c).
Also, according to the scheme shown in Fig. 3, another
reaction product is the cluster 16 - H>O, which is formed
due to the interaction of two eight-membered clusters
(Fig. 2, ¢).

The calculation results according to equation (1) of
adsorption energy for fructose, NANA and carbohydrates
are presented in Table. 1. It shows that the energy of
adsorption of fructose on the surface of silica in aqueous
solution is only -1.2 kJ/mol, molecules of NANA
(+0.9 kJ/mol) and glucose (+2.7 kJ/mol) [22]. Therefore,
the adsorption of NANA and glucose on the surface of
silica is unlikely, since the calculated values are almost
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Fig. 6. Hydrated intermolecular complexes consisting of fructose and 8 water molecules (a), a similar silica cluster
complex with an eight-membered water cluster (b) [22], and the equilibrium structure of the adsorbed silica-
fructose complex [12] (c).
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Table 1

Adsorption energy (AEags) and hydration energy
(AEnyar) in aqueous solution of test substances (in

kJ/mol)
Eructose NANA Glucose Sucrose
[22] [22] [22]
Adsorption energy
12 | 409 [ +27 [ -245
Hydration energy
1992 | -1924 | 1892 | -2127

zero, in contrast to the negative value of the adsorption
energy of the sucrose molecule (-24.5 kJ/mol), which is

confirmed by experimental data [3, 7].

The hydration energy (AEnuar) of fructose calculated
according to formula (2) and the one earlier obtained for
glucose and sucrose in [22] are presented in Table. 1. It
shows that all values of AEnq for the considered
compounds are negative.

The next stage of the study was to determine the
effect of the fructose molecule on NANA adsorption,
which can be described by two alternative schemes,
according to "scheme 1" (Fig. 4), the hydrated molecule
NANA (Fig. 7, a) [22] interacts with the hydrated
molecule of fructose, already adsorbed on the surface of
silica (Fig. 7, b).

As shown in Fig. 7 in the case of intermolecular
complexes, water clusters form hydrogen bonds with the
studied molecules without destroying the eight-

Fig. 7. Equilibrium geometry of intermolecular complexes consisting of N acetylneuraminic acid and 8 molecules
of water [22] (a), silica, fructose and 8 molecules of water (b), of NANA, fructose and 8 molecules of water (c),
silica, fructose and NANA (d).
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membered ring (Fig. 2, b), however, there is a significant
deformation (Fig. 7, a, b). As a result of the interaction, a
three-component intermolecular complex
SiO—Fructose—-NANA is formed (Fig. 7, d). It is similar
in structure to the complexes previously considered and
described in [12, 21, 22]. Another reaction product is a
water cluster (Fig. 2, c), which is formed by the
interaction of two smaller water clusters. The energy
effects (AEscnema1) for this system according to formula
(3) show (Table 2) that the energy of interaction between
NANA and fructose, previously adsorbed on the surface
of silica is much higher in absolute value (-9.2 kJ/mol),
compared with the adsorption energy of the NANA
molecule on the surface of silica (Table 1), where this
value was only +0.9 kJ/mol. However, as can we can see
in Table. 2, the value of AEsnemar fOr fructose is much
smaller compared to similar ones calculated earlier for
glucose and sucrose [22] (-20.5 and -86.2 kJ/mol,
respectively).

According to "scheme 2", shown in Fig. 5, the
hydrated surface of silica (Fig. 6, b) interacts with the
intermolecular hydrated complex from the carbohydrate
side of the NANA — carbohydrate complex (Fig. 7, c).

As a result of the reaction according to this scheme
(Fig. 5), as well as in the previous one (Fig. 4), three-
component intermolecular complexes SiO, — fructose —
NANA and a cluster consisting of 16 water molecules
(Fig. 2, c) are formed (Fig. 7, d)

Analysis of the calculation results by formula (4)
shows (Table 2) that, as in the previous case, the
interaction energy AEschemaz Of hydrated intermolecular
NANA-fructose with hydrated silica surface is positive
(see table 1). It is +6.9 kJ/mol in contrast to similar
values calculated in [22], which are 21.8 kJ/mol for the
glucose molecule and -87.7 kJ/mol for sucrose.

When comparing the values of the intermolecular
interaction energy, AEschemar and AEschemaz for fructose,
we can see that they are significantly different and their
energies have different signs (Table 2). However, it
should be noted that "scheme 1" at 16.1 kJ/mol is
thermodynamically more likely than scheme 2.

As shown in Tab. 2 the common thing for both
schemes is that, regardless of the interaction schemes, the
highest value of the energy of intermolecular interaction
is inherent in the sucrose molecule (-87.7 kJ/mol), and
the lowest - for the molecule fructose (-9.2 kJ/mol). This
confirms the previously obtained data [22] that the
interaction of the NANA molecule with the surface of
silica is thermodynamically more likely to form
adsorption complexes in the presence of a sucrose
molecule.

Conclusions

The results of the calculation analysis show that the
adsorption of the fructose molecule on the surface of

Table 2

Energy of intermolecular interaction according to

"scheme 1" (AEschema) and "scheme 2" (AEschemaz)

in aqueous solution for three-component systems
SiO, —carbohydrate — NANA (in kJ/mol)

Fructose | Glucose [22] | Sucrose [22]
Scheme 1 -9.2 -20.5 -86.2
Scheme 2 +6.9 -21.8 -87.7
silica,  taking into account  hydration, is

thermodynamically unlikely, because the adsorption
energy is only -1.2 kJ/mol, as for the previously
calculated glucose adsorption energy [22] (+2.7 kJ/mol)
as compared with a similar value for sucrose [22]
(24.5 kJ/mol).

The value of hydration energy (AEnyqr) for fructose is
-199.2 kJ/mol, which is less than the largest of the
considered, similar values - for the molecule of sucrose
(-212.7 kJ/mol) [22]. These values correlate with the
values adsorption energy and are related to the size of the

carbohydrate  molecules themselves, which are
considered in this paper (fructose - CgH120s, Sucrose -
C12H22011).

The energy of the intermolecular interaction of the
hydrated NANA molecule with the hydrated silica-
fructose complex (Scheme 1) is -9.2 kJ/mol, which is
much lower as compared to the same value with the
participation of glucose and sucrose (-20.5 and
-86.2 kJ/mol) [22].

The interaction of the hydrated surface of silica with
the hydrated intermolecular complex NANA-fructose
(Scheme 2) is a thermodynamically unfavorable process,
as its energy effect is +6.9 kJ/mol, in contrast to the
previously calculated [22] similar processes for glucose
(-21.8 kJ/mol) and sucrose (-87.7 kJ/mol). This confirms
the previously established fact that there is a mutual
influence of substances in the mixture of NANA with
carbohydrates when interacting with silica in comparison
with the interaction of test substances with silica
separately. Thus the adsorption of NANA is possible if
the surface of silica is pre-modified with carbohydrates.
The effect is most evident with the participation of the
sucrose molecule as confirmed by experimental data [12,
21, 22].
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B3aemonis N-aneTusiHeiipaMmiHOBOI KMCJIOTH 3 IOBEPXHEID KpeMHe3eMYy 3a

yuyacTi GpyKTO3u Yy BOAHOMY PO3UYMHI

Inemumym ximii nosepxui im. O.0. Yyika, HAH Yxpainu, Kuis, Yxpaina, milushakova@gmail.com

[IpoBeneHo KBaHTOBOXiMiuHE MojemtoBaHHA ancopOmii N-anermnHeipaminoBoi kucnotu (NANA) nHa
MOBEPXHI KpPEMHE3eMy 3a ydacTi MOJIEKyJTH (pPYyKTO3W MeToaoM Teopii ¢yHkuioHamy ryctuHun B3LYP,
6-31G(d,p). BB po3unHHIKa BpaxOBYBaBCs B CYNEPMOJICKYJIIPHOMY Ta KOHTHHYaJIbHOMY HAOJIIDKSHHSX, JUIS
ancopOUifHUX KOMIUIEKCIB 3acTOCOBaHO KiacTepHud minxin. Axcop6Obuis NANA Ha rigpatoBaHoi moBepxHi
KpPEMHE3eMy pO3IIIsAanach SIK IPOIEC 3aMillleHHs MOJISKYJ BOAM Ha MOBEPXHI KPEMHE3eMy MOJIEKyJlaMu
azncopbary.

Po3risiHyTO MBI CXeMH BIUIMBY MoOJieKysu ¢GpykTo3u Ha agcopbiiro NANA. 3rigHo mepiioi, rigpaToBaHa
mostekyina NANA B3aemoii€ 3 rigpaToBaHiM aAcopOLiHHUM KOMILIEKCOM KpeMHeseM—(ppyKTo3a. 3riJHo Apyroi
KJ1acTep TiZipaToBaHOTO KPEMHE3eMy B3aeMOJIi€ 3 rigpaToBaHuM Komiuiekcom NANA—(pykTo3a.

EnHepris MiKMONEKYISIpHOI B3aeMoAii 3rigHO cxemu 1 cTaHOBHUTH -9,2 K/[XK/MOJb, IO 3HAYHO HHXKYE B
TIOPIBHSHHI 3 QHAJIOTIYHOIO BEIMYMHOIO 3a ydacTi Tioko3u abo caxaposu (-20,5 1 -86,2 x/lx/mons). Cxema 2
BUSBUJIACS TEPMOJAMHAMIYHO HEBHTIJHHM IIPOLIECOM, OCKUJIbKM ii eHepreTHuHuii edekr CTaHOBHTH
+6,9 x/[x/Monb, Ha BiAMIHY Bif aHamoriyHux npoueciB mist rimokosu (-21,8) i caxaposu (-87,7 x[[x/mons). Le
MITBEPIUKYE SKCIICPUMEHTAIbHUN (hakT B3a€MHOrO BIUIMBY pedoBHH B cymimi NANA 3 BymieBoJamu IIORO
B3a€EMO/II1 3 KPEMHE3eMOM B MOPIBHSHHI i3 B3a€EMOI€I0 PEYOBUH 3 KPEMHE3EMOM OKPEMO.

KirouoBi cioBa: N-aneruineiipamiHoBa KucioTa, (pyKTo3a, MOBEPXHsS KpEeMHE3eMy, KilacTep BOJH,
azcopOis, CynepMoIeKyIsipHe HaOIKeHHs, MeTo| Teopil (hyHKIIOHaNa I'yCTHHN.
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