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Recently, graphene and modified graphene as one of the most suitable and the most important carbon nanomaterials have been
introduced for drug delivery. In this paper, we have studied the binding characteristics of the EDC-NHS cross-linking process of
graphene-phenyl-NH, and 5-aminolevulinic acid (ALA) drug in both gas and solvent phases by density functional theory calculations.
For describing binding properties and reaction nature between graphene-ghenyl-NH, and ALA drug, quantum molecular descriptors,
topological analysis, natural bond orbital analysis, analysis of the bond order, the density of states, and analysis bond length was
investigated in solvent and gas phases. Due to the results, the complex of the graphene-phenyl-NH, @ALA turns to absorb more
electrons in water solvent than gas phase. Furthermore, the binding of graphene-phenyl-NH, and ALA is mainly based on covalent
interactions, and bond order of graphene-phenyl-NH, @ALA complex is one in solvent and gas phases. The praphene-phenyl-
NH, @ALA complex has displayed a meaningful improvement of electronic and structural properties. Therefore, it represented that
praphene-phenyl-NH, being combined with the ALA drug is appropriate for use in drug delivery.
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INTRODUCTION

Using the nanocarriers of anticancer drugs like micelles,
liposomes, solid lipid nanoparticles, nanocages, carbon nanotubes,
nanocrystals, and graphene oxide indicated an appropriate therapy of
cancer by targeting specific cells of the tumor and these nanocarriers
have no side effects.!” Drug delivery systems basis on the nanoscale
to causes releasing on time and in place target of drug molecule.®
Also, drug nanocarriers can reduce drug toxicity.” They provide
modifications such as biocompatibility, half-life, solubility, and its
release characteristics in properties of drug.?

Nanostructures as graphene sheets due to having properties
such as light-weight, electron transport, structural strength,
biocompatibility, flexibility, and having an extensive surface for
double face adsorption in two dimensions can be used as sensor,
cellular imaging, drug delivery and gene delivery agents.>!° Graphene
sheets are valuable for drug delivery due to solubility, and stability
in the biological environment.’

Recently, researchers have displayed which graphene-phenyl-NH,
have cytoprotective properties.'! Graphene-phenyl-NH, is the securest
graphene derivative because it is not endowed with hemolytic and
thrombotic properties in comparison to other graphene derivatives'
and is therefore can be used in biomedicine applications. Also, The
edges and defect sites are well known to be more reactive than the
basal plane of graphene. Therefore, the phenyl-NH, group onto the
zigzag egde is much more reactive than the central part of graphene.'®

5-Aminolevulinic acid (ALA) is a prodrug that is used in
photodynamic therapy in treating non-melanoma skin cancers due
to its bioavailability.'"*!> ALA has two active sites which include the
carboxylic acid group and the amine group which the O-side of the
carboxylic acid group can be covalently binding to graphene-phenyl-
NH,. In the present study, the bonding of G-NH, with the ALA
drug was theoretically investigated. The bond between graphene-
phenyl-NH, with ALA drugs was appointed through a cross-linking
compound that is correlated to the creating of amides bond betwixt
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drug and graphene-phenyl-NH,. This study aims to access the
information about electronic characteristics, the natural electronic
configurations by natural bond orbital analysis, chemical bond
nature due to the topological analysis of electron density, the bond
order analysis due to the laplacian electron density of the reaction
of graphene-Phenyl-NH, and ALA drug applying density functional
theory computational method.

The interaction of ALA with SWCNTs (5, 5) and (9, 0), C24
and C60 has been studied with hybrid density functional theory
calculations.'® Ab initio calculations for investigation the electronic
and structural properties of ALA functionalized BNNTSs have been
performed by Samanata er al.."”

Adsorption of cytarabine,'® ampyra," tegafur,”® and cladribine?!
drugs anticancer on the graphene, and functionalized graphene as
nanocarriers systems have been investigated using DFT calculations.
Investigation binding of Doxorubicin drug with the graphene and
functionalized graphene have been done using density functional
theory computational by Vovusha ef al..”> A theoretical study on the
reactivity and the structural properties of the Melphalan anticancer
drug with PAMAM dendrimer was done in both phases of gas and
solvent.

The addition of aryl radicals to perfect and defective graphene
has been studied by dispersion-corrected density functional
theory.?* Also, dispersion-corrected density functional theory
has been utilized to study the interaction between alkyl radicals
and graphene.” Cycloadditions reactions onto grapheme like the
[2 + 2] cycloadditions,? Diels—Alder,”” [6+4] cycloadditions® and,
heteroatom promoted cycloadditions® have been studied by means
of density functional theory. Our study’s results can help a better
viewpoint of the reaction between graphene-phenyl-NH, and ALA
drug and proper information about the bonding of the reaction
between graphene-phenyl-NH, with ALA drug.

METHODS

At first, we applied GAUSSIAN 09 package® to optimize all
structures and quantum chemical computations in the solution and gas
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phases at Becke’s three-parameter Lee-Yang-Parr hybrid functional®!
with 6-311G basis set. density functional theory computations present
us excellent viewpoints into structural geometry changes, interaction
energy, and load distribution in the encapsulation process. Frequency
computations are done to remove the imaginary frequencies and
gaining minimum energy. Quantum theory of atoms in molecules and
multifunctional wavefunction analyzer®? are applied to investigate the
nature of interaction and binding among the atoms of graphene-phenyl-
NH, and ALA by the topological analysis of the electron densities.
Moreover, Fuzzy bond order,* Mayer bond order,* and natural bond
orbital (NBO) for graphene-phenyl-NH, @ ALA were calculated.

Besides, the function of electron localization as a measurement of
the likelihood of finding an electron in the neighborhood space of a
reference electron located at a given point and with the same spin**was
achieved by Multiwfn code. For simulating the biological system,
configurations are surveyed in the solvent phase. Surveying solvent
impacts was done using the integral equation formalism polarized
continuum model of self-consistent reaction field.*® The descriptors
of quantum chemical as an energy gap, and electronegativity and
global hardness can be used to assess the chemical reactivity which
is computed. The bond between graphene-phenyl-NH, and ALA is
made by a cross-linking applying EDC-NHS.

The final reaction between the ALA drug and graphene-phenyl-
NH, can be written as follows:

EDCINHS

ALA + graphene — phenyl — NH, —— graphene — phenyl - NH, @ ALA + HZO (1)

The bonding energies resulting from the reaction between the
graphene-phenyl-NH, and ALA can be acquired from equation (2).

A)(binding = (Xcumplex + XHQO) - (XALA + XG—NHZ) (2)

where X is the enthalpy (H), the Gibbs free energy (G) or total energy

(B), and Xy« 18 corresponds to the values of the graphene-phenyl-
NH, @ ALA.
RESULTS AND DISCUSSION

We have firstly optimized the structures of graphene-phenyl-NH,
and ALA in gas and solvent phases. The geometrically optimized
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structures of graphene-phenyl-NH, and ALA in the solvent phase
were shown in Figure 1. Moreover, the optimized configurations of
graphene-phenyl-NH, @ ALA in the solvent phase were indicated
in Figure 2.

(@

Figure 1. The optimized configurations of the ALA (a), and G-Phenyl-NH,
(b) at the solvent phase

The chemical reactivity descriptors of ALA, graphene-phenyl-
NH, and ALA@ graphene-phenyl-NH, have shown in Table 1. The
global hardness and the energy gap of ALA in the solvent phase is
less than in the gas phase. Therefore, the stability of ALA is less in
the water solvent and its reactivity is higher. The global hardness and
energy gap of graphene-phenyl-NH, in the solvent phase is greater
than in the gas phase. After binding, the energy gap and global
hardness of the ALA@ graphene-phenyl-NH, complex decreased

Figure 2. The optimized configurations of the ALA@ G-Phenyl-NH, at the solvent phase
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Table 1. The gap energy, global hardness, and electronegativity (eV) for G-NH,, ALA and ALA@ G-Phenyl-NH,
Compound E, = EiymoEromo X = -(EyomotErumo)/2 n=E 2

Gas Solvent Solvent Gas Solvent
G-NH, 0.6320 2.3473 3.5157 3.8849 0.3160 1.1736
ALA 5.7396 6.0449 3.4927 3.5702 2.8698 3.0249
ALA@G-NH, 0.6770 1.9763 3.6133 3.9589 0.3385 0.9881

compared to pristine ALA in the solvent phase and electronegativity
increased compared to ALA in the water solvent.

By surveying the electronegativity, it can be understood that
graphene-phenyl-NH, turn to absorb more electron than solvent
phase. Therefore, the reaction of ALA and graphene-phenyl-NH,
causes an increase in the electronegativity and reduced their energy
gap and global hardness in the solvent phase. The reaction energies
of ALA and graphene-phenyl-NH, in both phases are indicated in
Table 2. In the ALA@ graphene-phenyl-NH, system, Gibbs free
energies are negative which shows the adsorption is spontaneous.
Moreover, the negative enthalpies indicated that this reaction is
exothermic. Furthermore, the polarity of molecules is shown by the
dipole moment. The polarity of ALA@ graphene-phenyl-NH, is
higher in water solvent than in the gas phase.

Table 2. The binding, the enthalpy, the Gibbs free energies, and dipole moment
for ALA@ G-Phenyl-NH,

Energies and dipole

moment Gas Solvent
AE((kJ/mol) -31.7024 -35.0739
AG (kJ/mol) -28.7610 -30.0016
AH (kJ/mol) -33.1312 -37.5078

u (Debye) 3.7854 5.2098

Grimme has taken a different approach for correction of free
energy based on the rigid rotor-harmonic oscillator (RRHO)
approximation®” by arguing that low-frequency modes resemble
free rotations and using the corresponding entropy term for low
frequency modes. The free energy of association of molecules A
and B to form a bound complex C, at temperature T in solvent X is
given by equation 3:

AG, = AE,, + MGy, + A3 G, (X) 3)

which AE is different in energies of complex and reactants in the gas
phase, AGL,,,, is the sum of corrections from energy to free energy

in the rigid-rotor-harmonic-oscillator approximation (RRHO) also
including zero-point-vibrational energy for each species in the gas
phase, and AS G’ is their corresponding free solvation free energy.
Based on equation 3, AE,,, = -31.7024, AS Gr. (X) =-4.3767 and,
AGh0 =1.0905 kJ mol, therefore AG, = —34.9886 kJ mol' which
illustrated value of free energy in the phase condensed.

The saddle point on distributing electron density is named bond
critical point which has the electron density gradient of zero. The
bond critical point (BCP) is a first-order saddle point in the electron
density distribution. The bond critical point is described by the major
diameter elements of the Hessian matrix of electron density. The
laplacian of the electron density is the trace of the Hessian matrix
and the sum of the diagonal elements of the second derivative matrix
of the density at a point is the Laplacian of electron density at that
point.?® In regions where the Laplacian is negative, the potential
energy is dominant and the negative charge is concentrated and, in
regions where the Laplacian is positive, the kinetic energy density
dominates and a depletion of negative charge occurs.

At bond critical point (BCP), quantities as the Laplacian, V?p(r),
the potential energy density, V(r), the positive definite kinetic energy
density, G(r), and the total electronic energy density, H(r) = V(r) + G(r),
in terms of which the bond degree, H(r)/p(r), can be deliberated. In
addition, equation 4, displays a helpful relationship between them:

E(r)z%Vzp (")-G(r)=V (r)+G(r) o)
The nature of chemical bonds could be distinguished by the values
of potential and kinetic energy. The characteristics of chemical bonds
can be shown by the amounts of potential and kinetic energy. The
chemical bonds is covalent in case Laplacian and V(r) be negative,
p(r) > 0.02, G(r)/p(r) and G(r)/V(r) < 1.* Tonic interactions displays
positive Laplacian and V(r), p(r) < 0.1, V(r)/p(r) and G(r)/V(r) >1.
Electron density descriptors at the bond critical points for the
significant chemical bonds of ALA@ graphene-phenyl-NH, are
showed in Table 3. Laplacian and E(r) of bonds are negative in gas
and solvent phases. Moreover, the electron density values them are
higher than 0.02. The analysis of quantities as -G(r)/V(r), E(r), and
p(r), showed that these bonds are covalent kind.

Table 3. Electron density descriptors (au) at the bond critical points (BCP) between atoms of ALA@ G-Phenyl-NH, complex

Atoms p(r) V2p(r) Ellipticity -G(r)/V(r) G(r)/p(r) E(r)
Gas 0.3480 -1.8459 0.0519 0.0972 0.1599 05171
Niez = Hios Solvent 0.3460 -1.8586 0.0474 0.9104 1.4947 -0.0509
N —C Gas 0.3146 -0.9490 0.1064 0.3402 0.8025 -0.4897
Solvent 0.3157 -0.9621 0.1112 0.3381 0.7959 -0.4918
_— Gas 0.4068 0.1135 0.0946 5.0987 1.7770 0.5812
Solvent 0.3970 0.0223 0.0805 5.0196 1.71434 0.54506
oo Gas 0.2562 -0.6200 0.0655 0.2144 0.2269 02131
‘ Solvent 0.2541 -0.6102 0.0697 0.2161 0.2287 -0.2108
I~ Gas 0.2879 -0.8405 0.0573 0.3317 0.7192 04172
o Solvent 0.2880 -0.8585 0.0618 0.3242 0.6872 -0.4127
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Analyzing the function of electron localization was done to
corroborate the characteristics of bonds. The electron localization
function(ELF) is an easy measurement of electron localization in
the atomic and molecular systems. The electron localization function
analysis can give information about the binding, the location of bonds,
the electron pairs, the atomic structure of the system, and the strength
of the bond by integrating the electron density of the ELF area. To
prove the covalent bonding, the electron localization function can be
utilized.* The electron localization function amount is between zero
and one. By enhancing the electron localization function, the electrons
become more localized and conceptualized, the characteristics of the
atomic bond between two atoms gradually transform into a covalent
kind. electron localization function amounts are in the range from 0 to
1. By increasing the electron localization function, the characteristics
of the bond become to covalent kind due to the electrons become more
concentrated and localized.*! The topographical analysis of electron
localization function of ALA @ graphene-phenyl-NH, is done which
is indicated in Figure 3 in both phases. The upper limit nelectron
localization function = 1 corresponding to perfect localization and
the value electron localization function =2 corresponding to electron-
gas-like pair probability. The electron localization function for the
bod between reaction ALA @ graphene-phenyl-NH, are almost 0.42.
The electron localization function analysis characterized N-C bonds
are partly covalent that approved electron density analysis. Analyzing
the natural bond orbitals prepare the electronic density distribution
on atoms and bonds which is a beneficent instrument to understand
the delocalization of electron density.

Table 4 indicates natural bond orbital (NBO) analysis after and
before the reaction of ALA and graphene-phenyl-NH, for main atoms
in both phases. Table 4 data show that the electron densities of orbitals
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have changed. The electron density of 2p orbitals of N, was reduced
in the gas phase while the electron density of 2s was increased in the
solvent phase after the reaction of ALA with graphene-phenyl-NH,.
For the O106 atom, the electron density of 2s orbital decreased after
adsorption, while the electron density of the 2p orbital increased in the
gas phase. The electron density of 2s and 2p orbitals decreased after
the reaction in water solvent. For the C99 atom, the electron density
of the 2p orbital of C85 in both phases increased after reaction but
the electron density of 2s orbital decreased in gas phase and increased
in the solvent phase. For C104 atom, the electron densities of 2s and
2p orbitals in the solvent phase have reduced. After the reaction, the
electron densities of 1s orbitals of the H103 atom have reduced by
0.02 and 0.01 in gas and solution phases, respectively.

The advancements of Wiberg bond order can be as Mayer and
Fuzzy bond order that have confirmed extremely appropriate in
bonding analysis applying Mulliken population analysis and semi-
empirical calculation approaches. To show ALA and graphene-
phenyl-NH, bonds, the bond lengths, Fuzzy bond order, and Mayer
bond order were calculated as listed in Table 5. The bond length of
key atoms in the solution phase increased slightly relative to the
gas phase, and therefore the bond order decreased. The bond length
of N102-C104 in the solution phase is shorter than the gas phase
and a shorter bond length indicated a stronger bond. The amounts
of MBO show that bond order reduced after the reaction in both
phases. The amounts of FBO show that the bond order between the
drug and the graphene-phenyl-NH, reduced after the reaction in
both phases.

The density of the states of a system is defined as the number
of various states which are to be occupied by the system at every
energy. The density of the states computations permit one to identity
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Figure 3. ELF plots of optimized ALA@ G-Phenyl-NH, (,) at gas and (b) at solvent phases

Table 4. The natural electron configuration of some atoms of the ALA and G-Phenyl-NH, before and after reaction in gas and solvent phases

o Gas Solvent

Before After Before After
Nio 28139 p@503p001) 28012492 pHA03p001) 28(135)2p@sh3p©on 281442 pH223p001)
H,y; 1S© IR TN 1S©39
Cyo 280892p29N3p00) 250892p293p(0.0 2808922963 p00) 280892p293p00)
Oy46 281702 p*8934002) 281692 p*923d002) 2SATH2p (#9330 281692 p*863(002)
C104 ZS(U.Sl)zp(Z.BO) 3p(0.03) 25(0.77)2p(2A46)3p(0A03) ZS(O.SI)ZP(ZZR) 3p(0.03) 2S(0.84)2p(2.42) 3p(0.03)
Cl(]S 25(1.06)2p(3.49)3p(0.01) 25(1405)2p(3.51)3p(().01) 25(1.06)2p(3.50)3p(0,01) 25(1.05)2p(3.50)3p(0.01)




652 Mabhani et al. Quim. Nova

Table 5. Bond distance (A), Mayer bond order (MBO) and Fuzzy bond order (FBO) some of the bonds of the ALA before, and after reaction with G-Phenyl-

NH, in gas and solvent phases

Bond Length MBO FBO
Bond Gas Solvent Gas Solvent Gas Solvent
Before After Before After Before After Before After Before After Before After
N,—-H,; 1.0085 1.0088 1.0097 1.0111 0.8986 0.8853 0.8867 0.8741 0.8848 0.8177 0.8760 0.8078
N, — Cios - 1.3726 - 1.3718 - 1.0540 - 1.0814 - 1.3188 - 1.3353
O,06—Cos 12084 1.2185 1.2117 1.2299 1.8662 1.7821 1.8391 1.7337 2.0157 1.9541 1.9961 1.9156
Ciu—Cis 15064 1.5225 1.5061 1.5254 0.9513 0.9338 0.9560 0.9398 1.0430 1.0348 1.0443 1.0348
Cy— Ny, 1.3911 1.4077 1.3869 1.4095 1/0014 0.8334 1.0244 0.8979 1.3387 1.2064 1.3543 1.2124
10 (a) w— GraphenNH2 10 4 (b) = GraphenNH2
: (A)LCA(UDIQU orbitals = Occupied orbitals
== Virtual orbitals = Virtual orbitals
84
8
64 6
4 4
2 * 2
0 ‘ 0
-200 -175 -150 -125 -100 -7.5 -50 -25 00 =200 -17.5 -150 -125 =100 -75 -50 -25 0.0
Energy (eV) Energy (eV)
Figure 4. DOS plots of optimized ALA @ G-Phenyl-NH, (,) at gas and (b) at solvent phases
the general distribution of states as an energy function. The density AKNOWLEDGEMENTS

of the states spectra help better understanding the reaction between
ALA and graphene-phenyl-NH,. DOS computation showed that
there is not much between ALA and graphene-phenyl-NH, in the
gas phase and the water solvent. Therefore, the difference between
HOMO and LUMO energies in the two phases is low. After reaction
between ALA and graphene-phenyl-NH, (see Figure 4), the difference
between HOMO energies in two phases is 0.23 eV and also the value
of 0.18eV for LUMO energies. Therefore, this reaction causes that
in gas phase the HOMO level shifts to lower energy compared to the
solvent phase, while the LUMO level is almost unchanged.
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