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ABSTRACT:

Computational chemistry performs the modeling and calculation of physicochemical properties that allow understanding of the
different molecular interactions at the nanometric scale in medical applications such as the design of controlled release systems. The
PM6 model was used to analyze metformin and glibenclamide. First, the energy properties as the Gibbs free energy and enthalpies
were obtained. The results showed the affinity of both drugs with water (glibenclamide: -7.96 and metformin: -11.49) due to
the formation of hydrogen bonds, which were verified by the electronegativities corresponding to the dipole moment and to the
partition coefficient (Log P).

Subsequently, the main properties for the design of a release system using the metformin/glibenclamide complex in the chitosan
hydrogel were determined. In this process it was appreciated that the Gibbs free energy (-2157.60 kcal/mol) determined the
thermodynamic stability of the adsorption. In addition, the Log P (-25.82) indicated an instantancous solubility through the
formation of hydrogen bonds and were verified by the electronic distribution and the change in dipole moment.

KEYWORDS: Adsorption, diabetes, hydrogels, glibenclamide, metformin.

RESUMEN:

La quimica computacional realiza el modelado y el c4lculo de propiedades fisicoquimicas que permiten comprender las diferentes
interacciones moleculares a escala nanométrica en aplicaciones médicas como por ejemplo, el disefio de sistemas de liberacion
controlada. El modelo PM6 se utilizd para analizar metforminay glibenclamida. Primero, se obtuvieron las propiedades energéticas
como la energfa libre de Gibbs y las entalpias. Los resultados mostraron la afinidad de ambos firmacos con el agua (glibenclamide:
-7.96 y metformina: -11.49) debido a la formacién de enlaces de hidrégeno, que fueron verificados por las electronegatividades
correspondientes al momento dipolar y al coeficiente de particién (Log P).

Posteriormente, se determinaron las principales propiedades para el diseio de un sistema de liberacién que usa el complejo
metformina/glibenclamida en el hidrogel de quitosano. En este proceso se aprecié que la energfa libre de Gibbs (-2157.60 kcal/
mol) determiné la estabilidad termodindmica de la adsorcién. Ademds, el Log P (-25.82) indicé una solubilidad instantdnea a
través de la formacién de enlaces de hidrégeno y se verificd mediante la distribucion electrénica y el cambio en el momento dipolar.

PALABRAS CLAVE: adsorcién, diabetes, hidrogeles, glibenclamida, metformina.
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A quimica computacional realiza a modelagem ¢ o célculo das propriedades fisico-quimicas que permitem compreender as
diferentes interagoes moleculares em escala nanométrica em aplicagdes médicas, como o projeto de sistemas de liberagio
controlada. O modelo PM6 ¢ usado para analisar metformina e glibenclamida. Primeiro, obtenha as propriedades energéticas como
a energia livre de Gibbs e as entalpias. Os resultados mostram a afinidade de ambos os componentes com 4dgua (glibenclamida:
-7.96 e forma: -11.49) debitados na forma de ligagoes de hidrogénio, que verificam por eletronegatividades correspondentes no
momento dipolar e coeficiente de participagio (Log P).

Posteriormente, selecione as principais propriedades para o projeto de um sistema de liberagio que usa o método completo/
glibenclamida no hidrogel de quitosano. Neste processo, aprecie a energia livre de Gibbs (-2157.60 kcal/mol) que determina a
estabilidade termodinimica da adsor¢io. Além disso, o Log P (-25.82) indica uma solugio instantinea para a passagem de forma
de hidroggnio e ¢ verificada usando a distribuicio eletronica e o cAmbio no momento dipolar.

INTRODUCTION

Nanotechnology has allowed for the development of technologies for the early identification of diseases, a
field where nanomedicine represents the main area of application. The applications of nanomedicine consist
in the formation of images, the detection, and diagnosis of diseases as well as controlled delivery systems
which increase the effectiveness of the release, the tolerability, the specificity of the drugs, and the reduction
of side effects, which has increased the availability of new medical treatments [1-4]. Nanomedicine allows
the study of different types of molecules such as proteins, drugs, vaccines or nucleic acids to carry out the
diagnosis and treatment for cancer, diabetes and tissue engineering [5-6].

The World Health Organization (WHO) predicts a population of 500 million adults affected with type
2 diabetes by the year 2030 [7]. The design of new drug administration systems allows the penetration in the
cellular tissues to carry out the glucose measurement and later perform the controlled release of antidiabetic
drugs, such as glibenclamide and metformin, in complete doses. These delivery systems are synthesized using
polymers, micelles, liposomes, and biodegradable polymer nanoparticles [8]. Release systems represent the
main application of hydrogels, which are obtained by the dispersion in water of a polymer solution and are
characterized by the degree of swelling, viscosity, pH, biodegradation, and degree of crosslinking [9].

Hydrogels are used as intelligent transporters due to their swelling capacity, release kinetics, and
biocompatibility, which have generated more research at the molecular level in order to modify their
structure and optimize their efficiency in pharmaceutical applications [10]. The main polymers include
chitosan, poly(lactic acid-co-glycolic acid), and dextran [11].

Chitosan is a polysaccharide that allows for the release of a drug in a hydrogel due to the hydrophilic
nature of functional groups such as OH, COOH, and NH. through the formation of hydrogels [8]. It also
allows the adsorption of nanoparticles due to the rupture of the internal structure of enterocyte to reach
the bloodstream, obtaining a controlled release system sensitive to external stimuli [11]. Chitosan hydrogels
have been used in anticancer therapies as well as in controlled release systems [12-14].

Currently, computer models are used to analyze, design, and evaluate the effectiveness of new drugs
with physical-chemical properties and specific biological activities, reducing the problems of effectiveness in
medical treatments [15]. Thus, the pharmaceutical industry has increased the design of release systems using
classical force fields or quantum mechanical models for the modeling of biological systems or the design of
drugs where the calculation of Gibbs free energy is obtained for several thousand atoms simultaneously [16].

Quantitative Structure-Activity Relationship (QSAR) properties allow the calculation of non—covalent
interactions, that is, they allow predicting the structure and biological behavior of macromolecules and their
interactions with drugs, receptors or drug—receptors using descriptors such as thermodynamic, lipophilicity,
physicochemical, electronic, and biological properties, solubility, and diffusion coefficient [3, 17-20]. The
partition coeficient (Log P) is one of the most relevant QSAR properties because it provides information
about the effectiveness of a drug to cross biological barriers and to reach the specific site for drug release. Log P
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defines the intermolecular behavior of the drugs in the human body, being widely used in the pharmaceutical
sector [21].

The calculation time in DFT and AB-initio results in a higher computational cost due to the size and type
of systems that are analyzed. However, the semi-empirical models of quantum mechanics simplify these times
due to the incorporation of parametrizations as well as the exclusion of functions of different atoms. The PM6
model of quantum mechanics was developed for 9 000 compounds from experimental bases in conjunction
with the 4B-initio method, which predicts the heat of formation and the geometry of optimization more
accurately because information is obtained from the interactions of atomic, hydrogen bonds as well as the
use of d orbitals that allow the study of transition metals [16, 22-24].

In this work, the PM6 model was used to determine the optimization geometry, QSAR properties and
the molecular electrostatic potential (MESP) in the adsorption of a metformin/glibenclamide complex on
chitosan hydrogels.

MATERIALS AND METHODS

All the simulations were performed in an Intel(R) Core (TM) i7 CPU @ 2.53 GHz with 4 GB RAM,
having windows XP environment. The simulations involved metformin, gliblenclamide, metformin/water,
and glibenclamide/water, as well as the complex (metformin/glibenclamide) where the calculation of the
energetic properties and the molecular orbitals were made by selecting the PM6 semi—empirical method.
Additionally, for determining the solvation energy (Aq) in the different simulations, the Cramer—Truhlar
SM3 method, a SM5.4 solvation of the Spartan software was used [24].

Subsequently, using the Compute menu the QSAR properties such as surface area, volume, mass, and polar
surface area were obtained. The Log P was calculated using the Spartan software by selecting the Ghose-
Crippen method. This method is independent of the wave energy function, that is, the calculation is not
influenced whether it is obtained using a quantum mechanics, molecular mechanics or a semi-empirical
method. HOMO and LUMO molecular orbitals were obtained by solving the wave function by means of
the PM6 semi—empirical method.

Tables 1 and 2 show the thermodynamic and QSAR properties of water, metformin, and glibenclamide,
where a negative Gibbs free energy was obtained. Besides, the solvation energy indicates the dissolution of
both drugs in water through hydrogen bonds. Electrostatic Potential maps (MESP) were calculated in the
Spartan program by selecting the Hartree-Fock method with a 3-21G set. Figure 1 shows the MESP of water,
metformin, and glibenclamide. It can be observed that the regions of high electronic density (in red) are
presented in N-H, S=0O, C=0 and O-H bonds, while the regions of low electronic density are presented
in the CH bonds.
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TABLE 1.

| Properties | Units | Water | Metformin | Glibenclamide
Gibbs free -

kcal/imal -268288 | - 1414298
energy (AG) ) 47406
Solvation energy | keal/mol _1,: 55 | 13.44 - 28.01
Enthalpy of -
formation (H° ) hmol | L | 46.46 -101.84
Enthalpy of
agueous kJ/mal éﬁ gy | 3301 -210.79
formation (H® f) e
Standard Klfmol | 0.450 | 0.094 0.167
entropy (5°)
Dipolar moment | Debye 1.86 2,00 11.23
E HOMO v ) -0.2 - 0.44

F 11.91
E LUMO | v |4070 |035 -0.01

Thermodynamic properties of different molecules.

TABLE 2.

| Properties | Units | Water | Metformin | Glibenclamide |
| Mass |amu |18 | 12016 | 404.012 |
|Log P [— |-038 |-050 ]330 |
| Surfacearea | A= | 3636 | 1722 | 51204 |
‘P'Jlaf surface | gz ‘ 36.35 ‘ 78.27 ‘ 00 ‘
area

| Polar surface | % | 90.0 |44 | 10.33 |
| Volume | & |1922 | 13753 | 47183 |

QSAR properties of different molecules.

(b) (c)

(a) E
FIGURE 1.

MESP of (a) water, (b) metformin, and (c) glibenclamide using the PM6 model. The red color

corresponds to regions of high electronic density and the blue color to regions of low electronic density.

RESULTS AND DISCUSSIONS
Drugs/water

Tables 3 and 4 show the energetic and QSAR properties of the metformin/water and glibenclamide/water
solutions at 298.15 K, where the Gibbs free energy (AG) indicates the spontaneous formation of both
individual aqueous solutions attributed to a strong interaction of the OH bonds of the water with the
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receptor groups of both drugs and to the drugs polar surface originated by the presence of atoms with
different electronegativity in each molecule.

The existence of an electrostatic attraction between water and both drugs caused by the rupture of the
individual water ions to obtain a thermodynamic equilibrium was also observed, and then corroborated by
the negative partition coeflicient shown in Table 4 and the dipole moment indicating a conformational
change in the structure of both solutions caused by the electronegativity of OH, CO, SO in both drugs
[25-26].

TABLE 5.
Properties Units Metformin G]i1..'| enclamide
Jurater fwater

| Gibbs free energy (AG) | lecalimol | - 1420 | - 1503 |
| Enthalpy of formation (H° ) | tiimol | -1818 | - 207 |
Enthalpy of aqueous

formaion (H® ) lelfmol | - 1324 ‘ - 1378 ‘
| standard entropy (5%) | wimat | 0354|042 |
|Dipc|1a1' moment | Debye | 6.48 | 11.46 |
| E HOMO |er |-040  |-037 |
| E LUMO |ev |02 |- 118 |

Energetic properties of antidiabetic drugs in water.

TABLE 4.
i . . Metformin fwa | Glibenclamide /wat
Properties Uts
ter er
Mass amu 669.617 1,034.462
LogP | ------- -11.49 -7.96
| Surfacearea | A* | 811.53 | 1,077.61 |
Polar surface | . 717.94 706.07
area
| Polar surface | % | 89.70 | 6555 |
Volume A2 G38.55 061.47
Owvalty | -------- 2.26 2,20

QSAR properties of antidiabetic drugs in water.

The MESP of the dissolution of both drugs in water are depicted in Figure 2. The electronic distribution
shows that the regions of high electronic density were located in the OH, C=0 and S=O bonds, while the
regions of low electronic density were observed in the CH bonds. Figure 2(a) metformin shows an attraction
between hydrogen in water and oxygen in the OH, while in Figure 2(b) it is observed that hydrogen bonds
originate between hydrogen in water and the carbonyl group. This behavior corroborates the formation of a
new bond that generates the dissolution of both drugs with water.
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Metformin Water Glibenclamide

FIGURE 2.
MESP of the (a) Metformin/water and (b) Glibenclamide/water using the PM6 model.

Hydrogel/Complex (metformin/glibenclamide)

Table 5 shows the adsorption of the complex (metformin/glibenclamide) on the chitosan hydrogel because
the Gibbs free energy and enthalpy indicate an exothermic process, that is, a spontaneity in the adsorption
process produced by the increase of interactions in the hydrogel/complex. Also, the dipole moment reveals
that the decrease of the dipole-dipole forces produces a greater solubility due to the increase of the
intermolecular forces through the formation of hydrogen bonds, generating geometry with the greater
structural stability of the hydrogel/complex [27-28].

The formation of hydrogen bonds is attributed to the increase in the polar surface (Table 6). Also, the
existence of the affinity of the complex (metformin/glibenclamide) with the water present in the hydrogel is
observed due to the negative value of the partition coeflicient that indicates that the drugs are related to the
polar behavior of the water. Additionally, the surface area contributes to penetrate the cell membrane and
may be in contact with the bloodstream to establish a drug delivery system [29-30]. The cationic character
of chitosan allows obtaining stimuli sensitive nanohydrogels to the glucose [14] due to the protonation of
the amine groups that produce the adsorption of drugs in the hydrogel/complex.

Additionally, a new controlled release system is obtained since the nanometric particles of the complex
have greater stability, bioavailability and longer life time, being thus more effective causing the rupture of the
permeability barriers, achieving the controlled release [31].
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TABLE 5.
Properties Urts Hydrogel
Complex
Gibbs free energy (AG) lecalimal | - 2157.60

‘ Enthalpy of formation (H® f) | leT/mol ‘ - 3784.42 ‘

Enthalpy of agqueous

fUl‘n]ﬁt]‘.Un'Aq (Ho c ) leTfmol -1020.15

| Standard entropy (5°) | imol | 0.7045 |
|Dipnlar moment | Debye | 5.97 |
| E HoMO | ev | -8.81 |
|ELuMO | ev |-083 |
| Ovality [ — | 286 |

Energetic properties of hydrogel/complex (metformin/glibenclamide).

TABLE 6.
Properties Units Hydrogel /Comp
lex

| Mass | amu | 2740 16 |
|Log P — | - 2582 |
| Surfacearea | A2 | 2545.02 |
Polar surface ‘AS ‘ 1348 50 ‘
area

| Polar surface | % | 52.06 |
| Volume | & | 2404383 |
| Polarizability | ------- | 3049 |

QSAR properties of hydrogel/complex.

Figure 3 shows the map of the electronic distribution of the adsorption of the drugs (glibenclamide and
metformin) in the chitosan hydrogel, where the deformations present in the rings of glibenclamide are
attributed to the functional groups OH and NH of the chitosan. Additionally, the regions of high electronic
density zones correspond to the polar groups on the surface of the hydrogel, attributing the adsorption of
both drugs to the formation of hydrogen bonds. In addition, in the sulphonylurea group of glibenclamide, a
positive electronic density is observed, while in metformin, ionic interactions producing electrostatic forces
that corroborate the transfer of charge with the hydrogel are observed [32-34].



NANCY LILIANA DELGADILLO ARMENDARIZ, ET AL. DETERMINATION OF STRUCTURAL PROPERTIES IN THE ADSORPTIL...

Hydrogel

FIGURE 3.
MESP of the hydrogel/(metformin/glibenclamide) complex using PM6 model.

CONCLUSIONS

The computational analysis showed that there is a process of adsorption of metformine/glibenclamide
complex using chitosan hydrogels due to the thermodynamic values as a Gibbs free energy of -2157.60 kcal/
mol. The negative value of Gibbs free energy determined a spontaneous reaction which corresponded to the
formation of hydrogen bonds. This was corroborated by the negative value of the coefficient partition (Log
P) of -25.82, which indicated the hydrophilic capacity increases in the adsorption and the dipole moment
change as a product of a greater electronegativity attributed to hydrogel.

Moreover, the surface area indicated that both drugs are dispersed molecularly, that is, there would be
no problems of crystallinity in the hydrogel attributable to the interactions and the size of the pores in the
hydrogel that produce thermodynamic stability. Finally, through the enthalpy of formation and the enthalpy
of aqueous formation it was possible to determine that glibenclamide has a greater afhnity for hydrogel due
to the volume occupied by the molecule in the hydrogel. The OH and SO functional groups of glibenclamide
increased the water solubility of the hydrogel as well as the presence of secondary bonds such as the van der
Waals forces.
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