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STABILIZATION OF THE ADSORPTION COMPLEXES
OF BIOMOLECULES ON THE SURFACE
OF PARTIALLY HYDROPHOBIZED SILICA
IN AN AQUEOUS MEDIUM: A QUANTUM CHEMICAL STUDY
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The influence of the degree of hydrophobization of silica surface trimethylsilyl groups on the stability
of adsorption complexes with molecules of vitamins C, B, Bs, E and the bile acids in an aqueous medium
has been studied by quantum chemical methods using Hartree-Fock theory with the 6-31G (d) basis set
and PM3 semiempirical method and SM5.42R solvation model. It was shown that the appearance of these
groups on the silica surface stabilizes the adsorption complex due to interaction of the hydrophobic
groups with hydrogen-carbon fragments of the vitamin and bile acid molecules. It was found that for
taurocholic acid dependence of the free energy of adsorption on the degree of surface hydrophobization is
stronger than for deoxycholic, cholic and glycocholic ones.

INTRODUCTION

Highly disperse amorphous silicas are
distinguished for their high degree of purity,
sufficient hydrolytic, thermal, radiation, and
microbiologic stability [1, 2]. However, a large
number of bioactive molecules in solution do not
form stable complexes with the surface of
hydrophilic silica. At the same time, the silica,
which can be used as sorbents for the bile acid,
may be a carrier for the preparation of the
composite with different vitamins. This is
particularly relevant in the case of acute
infections such as acute cholecystitis when
vomiting and diarrhea [3] leads to a significant
loss of vitamins necessary to restore the function
of the gall bladder. Therefore, increasing the
stability of adsorption complexes of a number of
biomolecules such as vitamins and bile acids to
the silica surfaces used as enterosorbent and
carrier of drugs in medical practice is an
important practical problem. One solution to this
problem may be a partial hydrophobization of
the silica surface, such as trimethylsilyl (TMS)
groups.

The aim of this work was to study the
influence of the degree of TMS groups
hydrophobization of silica surface on the
stability of adsorption complexes with molecules
of vitamins C, B;, B¢, E and the bile cholic
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(HCA), deoxycholic (HDCA), glycocholic
(HGCA) and taurocholic (HTCA) acids.

THEORETICAL BACKGROUND

Structural and electronic characteristics of
biomolecules and model clusters of silica with
different amount of OH and TMS groups on the
surface, the interaction energies of biomolecules
with the silica cluster were calculated using
Hartree-Fock theory with the 6-31G (d) basis set
and PM3 semiempirical method by means of the
GAMESS [4] (current versions). The solvation
model SM5.42R (GAMESOL program package,
version 3.1 [5] based on GAMESS) were used to
study the solvent effects for molecules, clusters
and their complexes.

The free energy of solvation of a molecule
can be calculated using its geometry determined
for the gas phase

AGA(R) = AGEP + AGCDS,

where AGgp = AG; + AGp is the electrostatic
component of AG,;; AGg is the energy of
deformation of charge density of a molecule
resulting from the polarization of solvent; AGyp is
the energy of interaction of a molecule with the
solvent in view of its reorganization;

Geps = ZAkO-k ,
%
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where A4, is an accessible surface of the -th
atom, o, is an atomic superficial tension of the .-
th atom (a function of the spatial geometry of a
solution and solvent parameters). AG; can be
determined with consideration of the geometric
relaxation upon solvation

AG=G(LR.(1)-G(g.R(g) =
= E(l, Ro(1))+Gp(Re(1))+Geps(Re(1) —E (g, Re()),

where indices / and g correspond to liquid and
gas phases, respectively, and R, corresponds to
the system’s equilibrium geometry. The
solvation model SM5.42R has been described in
detail elsewhere [6].

RESULTS AND DISCUSSION

Hexagonal clusters of 6 tetrahedra SiOg,
were chosen as structural fragments for modeling
silica with OH and TMS groups on the surface
(Fig. 1) using the cluster approach. The degrees
of surface modification of hydrophobic TMS

Table 1.

groups are selected according to the available
experimental data [7—13]. Cluster size, i.e. the
number of structural fragments, is determined by
the size of the adsorbate molecules. As adsorbate
molecules were selected vitamins C (ascorbic
acid), By (thiamine), B¢ (pyridoxine), E (a-
tocopherol) (Fig. 2) and bile acids (Fig. 3). We
have studied adsorption of the primary (HCA)
and the secondary (HDCA) bile acids and
cholates (HGCA and HTCA acids, which are
compounds of cholic acid with glycine and
taurine) [14].

Relative characteristics of the hydrophobic-
hydrophilic balance can be considered as the
ratio of all the carbon atoms of the molecule and
the carbon atoms bound to the polar groups
(N¢/Ne pol). There is almost a linear correlation
between this ratio and the Gibbs free energy of
adsorption (PM3) on a hydrophilic silica surface
for water- (C, By, B¢) and for fat-soluble (E)
vitamins (Table 1).

Gibbs free energy of adsorption (AGads, kJ/mol) of vitamins on the silica surface with different degrees

of surface modification of hydrophobic TMS groups

Adsorbate Nc/Ne poi Degree of surface modification —AG 45
0 60
Vitamin C 1 10 42
40 31
0 37
Vitamin B, 1.5 10 48
40 46
0 36
Vitamin Bg 1.6 10 60
40 51
0 -8
Vitamin E 6.3 10 14
40 29

N¢/N¢ pot — ratio of all the carbon atoms of
the molecule and the carbon atoms bound to the
polar groups.

For the adsorbate molecules with large
hydrophobic fragments substitution of OH
groups on the surface by the TMS groups results
in a decrease in the free energy of adsorption.
Partial hydrophobization of silica surface leads
to the stabilization of the adsorption complex
with vitamins in an aqueous solution by
hydrophobic interactions and in the cases where
the adsorbate molecules contain hydrophobic
and hydrophilic groups, where the latter can
form hydrogen bonds with the OH groups of
partially modified surface.
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In bile acid molecules there are hydrophobic
and hydrophilic sections [15], which determine
the behaviour of bile acids during its contact
with solid surface, for example, with the surface
of an adsorbent. The bile acids that were chosen
for the study are logically lined up in accordance
to the changes of their hydrophobic properties.

Values of bile acids Gibbs free energies of
adsorption (HF/6-31G (d)) decrease in the order
HDCA >HCA >HGCA >HTCA (Table 2). The
same order is observed for hydrophobic
properties of the bile acids. The degree of
hydrophobicity was evaluated based on the
distribution constant between n-octanol and
water 1gPo/w, as according to the data base of
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ChemDraw for HDCA 4.34-4.20, 3.36-3.04 for
HCA, 2.28-1.89 for HGCA and 2.06-1.56 for
HTCA, which is consistent with the energies of
solvation.

Stabilization of adsorption complexes with
increasing degree of substitution of the OH
groups on the TMS groups results in reduction of
AG,ys and AG; in the adsorbed state. The lower
the solvation energy of the molecules in the
adsorbed state, the energetically more favorable
their adsorption on the absorbent surface as
opposed to their solvation in aqueous solution.
With decreasing molecular hydrophobicity of

bile acids dependence of the free energy of
adsorption on the degree of surface modification
increases. For the more hydrophilic HTCA, a
stronger dependence of the free energy of
adsorption on the degree of surface
hydrophobization has been revealed than for the
HDCA, HCA and HGCA ones. This is caused by
the additional effect of surface hydrophobic
groups on the structure of the hydrogen bonding
of water molecules near the hydrophilic
fragments of bile acid molecules [16]. The same
trend was observed for the adsorption value [12].

Fig. 1.

The clusters of OH and TMS groups which model surface of amorphous silica at various degrees of

hydrophobization: 0 (a), 10 (b), 25 (c), 40 (d), 75 (e), 100 % (f)
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Table 2. Gibbs free energy of solvation (AGs, kJ/mol) and adsorption (AGads, kJ/mol) of bile acids on the silica surface

Adsorbate —AG; in free state  Degree of surface modification -AG; in adsorbed state = —AG,q4
0 54.7 53.5
25 54.7 69.3
Deoxycholic acid 54.6 40 54.8 74.8
75 54.9 82.3
100 55.0 95.5
0 73.4 39.1
25 73.5 47.4
Cholic acid 73.3 40 73.6 53.3
75 74.1 62.7
100 74.4 90.2
0 108.3 349
25 109.5 51.2
Glycocholic acid 108.2 40 109.6 62.4
75 110.1 76.1
100 110.5 88.7
0 175.1 22.3
25 175.7 41.1
Taurocholic acid 175.1 40 176.1 47.6
75 176.9 58.8
100 177.6 71.6

Fig. 2. Vitamin molecules: ascorbic acid (vitamin C) (@), a-tocopherol (vitamin E) (b), thiamine (vitamin B,) (c),
pyridoxine (vitamin Bg) (d)

Fig. 3. Bile acids: cholic acid (a), deoxycholic acid (b), glycocholic acid (c), taurocholic acid (d)
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Thus, comparing the energies of adsorption
of biomolecules investigated we can assume that
in the gastrointestinal tract vitamins will be
replaced by molecules of bile acids on the
surface of partially hydrophobized silica
performing the aimed function of a composite
product.

CONCLUSIONS

Almost a linear correlation between the
hydrophilic-hydrophobic balance of
biomolecules with the Gibbs free energy of
adsorption on the surface of hydrophilic silica
was observed.

It was demonstrated that the appearance of
trimethylsilyl groups on the silica surface
stabilizes the adsorption complex due to
interaction of the surface hydrophobic groups
with the hydrogen-carbon fragments of the
vitamin and bile acid molecules. For more
hydrophilic  taurocholic acid a stronger
dependence of the free energy of adsorption on
the degree of surface hydrophobization was
revealed than for the deoxycholic, cholic and
glycocholic ones. This is caused by the
additional effect of surface hydrophobic groups
on the structure of the hydrogen bonding of
water molecules near the hydrophilic fragments
of bile acid molecules.

In the gastrointestinal tract vitamins will be
replaced by molecules of bile acids on the
surface of partially hydrophobized silica, thus
performing the aimed function of a composite
product.
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Cra0inizanis aacopOuiiHUX KOMILIEKCIB 010MOJIeKY.JT
HA NMOBEPXHi YaCTKOBO riipo¢006i30BaHOr0 KpeMHe3eMy
Y BOJHOMY CepeIOBHIi: KBAHTOBOXIMiUHe 10C/Ii/IKeHHA

0.0. Ka3zakoBa

Tuemumym ximii nogepxui im. O.0. Yyuxa Hayionanenoi akademii nayk Yxpainu
sya. I'enepana Haymosa, 17, Kuis, 03164, Vxpaina, kazakova @voliacable.com

Bugueno ennue cmynemns 2iopoghobizayii nosepxmi KpemHezemy mpuMemuiCUIIIbHUMU SPYNamMu Ha
cmabineHicms adcopoyitinux xomniexcie 3 eimaminamu C, B;, Bg E i oc08UHUMU KUCTOMAMU ) 600HOMY
cepedosuwi memooamu Xapmpi-@oka (bazuc 6-31G (d)) i PM3 3 suxopucmaunsam conv8amayiinoi
modeni SM5.42 R (nakem GAMESOL, eepcia 3.1). /losedeno, wjo nosea maxux epyn HA NOBEPXHI
KpemHe3eMy npusooums 0o cmabinizayii aocopOyitinux KOMNIEKCI8 3a805KU 83AEMOOIL 3 8Y21e800HeBUMU
pacmenmamu Monexyn 8imaminis i JcoeuHux Kuciom. /[nsa oinvw 2iopoghinbroi maypoxonegoi Kuciomu
BUSAGNECHA CUNBHIWUA 3ANeJICHICMb GLIbHOI enepeil adcopbyii 6i0 cmynens 2iopogobizayii nosepxui 6
NOPIGHSIHHI 3 THUUMU OOCTIONCEHUMU HCOBUHUMU KUCTLOMAMU.

Craduiu3zanus aacopouHOHHBIX KOMILJIEKCOB OMOMOJIEKY.JT
HA MOBEPXHOCTH YaCTHYHO THAPO(GOON30BAHHOIO KPpeMHe3eMa
B BOJIHO¥ cpe/ie: KBAHTOBOXMMHYECKOE HCCIeT0BaAHHE
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HUnemumym xumuu nosepxnocmu um. A.A. Yytiko Hayuonanvnoii akademuu nayx Yepaunol
ya. I'enepana Haymosa, 17, Kues, 03164, Yxpauna, kazakova @voliacable.com

Hzyueno enusnue cmenenu 2udpoobuzayuu nOGEPXHOCMU KpPeMHe3eMd MPUMEeMUICUTUTLHBIMU
epynnamu Ha cmabuibHOCmy a0copOyuoHnblx Komnaekcos ¢ eumamunamu C, B;, Bs E u orcenunvimu
Kucromamu 6 800HOU cpede memoodamu Xapmpu-@oka (basuc 6-31G (d)) u PM3 ¢ ucnonvzoganuem
conveamayuonnoi mooeau SM5.42R (nakem GAMESOL, eepcus 3.1). Iloxazano, umo nosenenue maxux
2PYNN HA NOBEPXHOCIU KpeMHe3emMa NPUeooum K cmaduiuzayuu a0copoyuoHHbIX KOMNIEKCo8 61a200aps
83AUMOOCUICIBUIO C Y21e8000POOHBIMU (PPALMEHNAMU MOAEKY SUMAMUHO8 U JHCETUHbIX KUCIOM. [lis
bonee 2udpoduIbHOU MAYPOXONEBOU KUCIOMbL 0OHAPYICeHA Oo/iee CUNbHASL 3A8UCUMOCTL CB0OO0OHOU
9Hepeuu aocopoyuu om cmenenu UOpooduzaAyUU NOBEPXHOCMU NO CPABHEHUIO C OpyeuMu
UCCNEO0B8AHHBIMU HCETUHBIMU KUCTIOMAMU.
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