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The complexation process between benzo[a]pyrene (BaP) and y-cyclodextrin (y-CD) was computationally studied us-
ing DFT methodology. Several initial configurations of the interaction of BaP with y-CD were explored to determine
the most stable inclusion complex. According to the calculated complexation energies, the BaP/y-CD complex is found
to be the most favorable energetically when the BaP guest is totally entrapped into y-CD cavity. The inclusion process
involving the encapsulation of two guests BaP in the cavity of y-CD is also thermodynamically favored. Van der Waals
interactions play a determinant role in stabilizing BaP/y-CD and 2BaP/y-CD complexes.
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Ipoyecc komnnexcoobpazoeanus mexcoy denzofalnupernom (BaP) u y-yuxnooexcmpunom (y-CD) 6bin uzyuen ¢ ucnono-
sosanuem DFT pacuemog. Buvlio uccied08ano HECKOIbKO HAYANbHbIX KOH@ueypayul ezaumooetcmeusi BaP ¢ y-CD,
umodwl onpedenums Haubonee cmadunbhblil Komniexce exaiovenus. Co2nacHo paccuumanibim HePeUsIM KOMIIEKCOO0-
opazoeanus, komniexc BaP/y-CD okazvieaemcs bonee snepeemuyecku cmaduiien ¢ cayuae, koeoa eocms BaP nonno-
cmbio 3axeaver 6 nonocmo y-CD. Tlpoyecc 6ktouenuss, 6 KOMopolil 6061e4eHA UHKANCYaayus 08yx eocmeil BaP 6 no-
nocmo y-CD, maxkoice mepmoounamuuecku onazonpusmen. Ban-dep-Baanvcosvl é3aumooeticmsusi ueparom onpeoeis-
owyro pons 6 cmabunuzayuu xomniexcos BaP/y-CD u 2BaP/y-CD.

KuaroueBbie cioBa: y-1{ukinonekctpun, O0eH3ola]nupeH, komruieke BkitoueHus, DFT pacuers, Ban-nep-BaanbcoBsr
B3aUMOJICICTBUSL.
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Introduction

Benzo[a]pyrene (BaP) belongs to the class of polycyclic
aromatic hydrocarbons (PAHs), which are formed during
the incomplete combustion of organic matter.!"? They are
ubiquitous pollutants of major concern because of their sig-
nificant toxicity to humans,*=! ecotoxicity, carcinogenicity,
mutagenicity and effects on reproductive ability.’

Benzo[a]pyrene is a byproduct of incomplete combus-
tion or pyrolysis of organic materials;[*!! it was characterized
and identified at the beginning of the 1930s when Cook,
Hewett and Heiger succeeded to synthesize it.'l The crys-
talline form of BaP was originally reported by John Iball
in 1936,1” and already at that time its acute toxicity and high
carcinogenicity were well known. In the human body, BaP
is metabolized to highly reactive species (diol epoxide, qui-
none or radical cations) which damage DN A leading to cancer;
it is the most active carcinogen.!'>'* Major routes of exposure
are via inhalation and food intake. Chronic BaP exposure
has been associated with the development of various human
cancers, including lung, breast and liver cancer; it is classi-
fied in Group 1 (carcinogenic to humans) by the International
Agency for Research on Cancer (IARC).['S]

Benzo[a]pyrene is also considered as the prototypical
PAH, an indicator for PAH contamination with the highest
toxicity equivalent factor (TEF) that made it a reference
in the toxicity!" (Scheme 1). The toxic equivalency factor
(TEF) makes it possible to evaluate the toxicity of PAHs
that have poor toxicological data on the carcinogenicity
with quantitative estimates of their carcinogenic potency
expressed relative to that of BaP, this allows to analyze
their presence in food webs and to attribute a biological
significance to their concentrations measured in tissues;!'®!
the presence of benzo[a]pyrene has been identified in a wide
range of environmental and combustion-related samples
such as cigarette smoke, sediment, air particulate, water,
coal tar, crude oil, and diesel particulate,'”?” and tend
to persist in the environment partly and accumulate in soils
due to its high hydrophobicity and its strong adsorption onto
the soil organic matter, these properties make biodegrada-
tion or chemical treatments of BaP very difficult.[*"-?

Among the methodologies developed to extract, treat
or analyze BaP and other PAHs are the use of cyclodextrins
(CDs);324 that are cyclic oligomers composed of six, seven
or eight glucopyranose units which are commonly available
in three types o- (alpha), B- (beta) and y- (gamma) and pre-
senting enclosed cavities approximately of 4.7-5.3, 6.0—6.5,
and 7.5-8.3 A in diameter, respectively. The external part
of the cyclodextrins is hydrophilic whereas the interior cav-
ity is hydrophobic enabling them to entrap guest molecules
in their molecular cavities, thus allowing remarkable effects
in stabilizing and solubilizing lipophilic unstable substances
without the formation of chemical bonds and without
changing their structure; such physical interaction can be
considered as an encapsulation of substances at a molecular
scale via non-covalent interactions.”

These inclusion systems by encapsulation have allowed
cyclodextrins to be widely used in various fields such as phar-
maceuticals (vectorization of active ingredients), food tech-
nology and cosmetics (aroma protection against oxidation,
light and heat, controlled release of fragrances), agriculture
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(encapsulation of insecticides), chemical analysis (separation
method, chromatography, efc.), catalysis (biphasic catalysis),
textiles and environmental sciences (water treatment, clean-
ing of polluted soils, air analysis, etc.).?%

The inclusion of BaP by cyclodextrin hosts and their
derivatives has been subject to some studies in the lit-
eratureB*4 that were dedicated to the improvement of BaP
biodegradation, however, most of these studies focused
on the use of B-cyclodextrin (B-CD) or its derivatives
as a host due to its availability, price and cavity size suitable
for a broad range of guest molecules.

In this context, the experimental work of Patonay
et al.B3 regarding the possible formation of inclusion com-
plexes between BaP and a-, -, and y-cyclodextrin showed
that the formation constant is larger for BaP/y-CD than
for BaP/a-CD and BaP/B-CD complexes. It is also found
that BaP forms 1:1 inclusion complex with y-CD, however,
it is less likely for y-CD to accommodate two guest BaP
molecules inside its cavity, however, the spectroscopic
binding studies carried out by woodberry et al.BYsuggested
the possible formation of 2:1 guest:host inclusion complex
of BaP metabolites in y-CD.

In the present investigation, the inclusion complex
process between BaP and y-CD was explored by employing
density functional theory (DFT) calculations.

Computational Methods

The starting molecular structure of y-CD was taken from
the crystal structure of uncomplexed y-cyclodextrin determined
by X-ray diffraction.?! The BaP molecule was drawn with Avoga-
dro (version 1.2.0) software.’®) Both structures of y-CD and BaP
were subjected to geometry optimization at DFT/B97-D3BJ/def2-
svp level of theory with ORCA program.’”*! Frequency calcula-
tions were performed to characterize the structures as minimum
points on the potential energy surface. The optimized structures
were then used to build the inclusion models. The process of inclu-
sion is represented in Figure 1, where the center of y-CD cavity
was defined as the center of the whole system (z= 0 A) and the BaP
guest passes through the cavity of y-CD from —8 A to +8 A
along the z-axis with a step of 1 A. The minimum-energy con-
figurations were identified according to the method of Liu et al.*
For each step, the geometry of the complex was fully optimized
using ORCA program in water solvent with the CPCM model®*"
at B97-D3BJ/def2-svp level of theory™-*¥ without assuming any
symmetry constraints; a geometrical counterpoise correction!*
(gCP) for basis set superposition error (BSSE) in the def2-SVP
basis was applied, as well as the resolution of identity approxima-
tion*47] (RI) and fine integration grids (Grid5 for SCF iterations
and Grid6 for the final energy). All the calculations were carried
out on Intel Core IS5 8600K processor personal computer having
16 GB memory, the average calculation time of full geometry
optimization for each configuration was about 2.5 days.

The complexation energies (AE) were computed by the equa-
tion (1) in order to evaluate energetically the inclusion process
between BaP and y-CD in their final optimized geometries:

AE=E +E ). 0

complex - (EBaP

where £, E . and E are respectively the total energy

complex BaP _y—C.D .

of the complex, the free optimized BaP and the free optimized y-CD.
The most stable structure among the calculated ones cor-

responds to the conformation with the lowest total energy value

for both A and B models.
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Scheme 1. Toxic and health effects of benzo[a]pyrene on organisms and environment.

Results and Discussion
Complexation Energy Computations

The computed complexation energies of the most
stable conformations corresponding to the minimum-energy

structures found for A and B models are reported in Table 1.
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The complexation energy values are negative, imply-
ing a favorable thermodynamic process, and they are found
to be more negative when the BaP penetrates the y-CD
cavity more deeply. Indeed, the energy of the complexation
increases negatively as the BaP guest approaches the center
of y-CD cavity, suggesting that weak intermolecular forces
are behind the stability of the formed complexes.[*-"
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Figure 1. Tllustration of the inclusion models of BaP in y-CD visualized by Jmol viewer applet.™*!

Color code of atoms (grey for C, red for O and white for H).

The most stable conformations for both A and B models are
located at z= 0 A (Table 1), the corresponding complexation
energies are respectively —61.71 and —48.13 kJ/mol, with
an energy difference of 13.58 kJ/mol in favor of A model.

Table 1. Computed complexation energies (kJ/mol) of BaP/y-CD
at B97-D3BJ/def2-SVP level in CPCM water model

Initial BaP/y-CD Initial BaP/y-CD
configurations (A)  (kJ/mol)  configurations (A)  (kJ/mol)
Model A Model B
-8 -13.60 -8 -29.10
-7 -21.00 -7 -3.42
-6 -24.75 -6 -26.39
-5 -27.99 -5 -31.61
—4 -32.72 —4 -35.09
-3 -39.44 -3 -37.14
-2 —43.34 -2 -43.35
-1 —47.03 -1 -36.39
0 -61.71 0 —48.13
+1 —46.13 +1 —42.73
+2 —45.79 +2 -42.78
+3 —41.20 +3 -40.49
4 3991 4 41,58
45 2867 45 2545
+6 28.16 +6 -18.53
+7 -8.89 +7 1573
18 217 48 1116
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Electronic and Sensing Properties
of y-CD towards BaP

The calculated quantum chemical parameters®>>* such
as frontier molecular orbitals (HOMO and LUMO), HOMO-
LUMO energy gap, dipole moment (p)P% and the percentage
of variation of HOMO-LUMO gap |AEg|[56-57] can be useful
for rationalizing the electronic properties of both y-CD
and the formed inclusion complex BaP/y-CD. The computed
values for these quantities are listed in Table 2.

Table 2. Computed chemical parameters of y-CD and BaP/y-CD
complex.

Chemical Parameters y-CD BaP/y-CD
Dipole moment p (D) 14.00 14.05
HOMO (eV) —-5.89 —4.75
LUMO (eV) 0.39 -2.57
Gap E, (eV) 6.28 2.18
Gap variation |AEg\ (%) - 65.29

The results reported in Table 2 show that the HOMO
and LUMO levels are shifted to upper and lower ener-
gies, respectively upon the formation of the inclusion
complex BaP/y-CD, leading to a significant decrease
of the HOMO-LUMO energy gap from 6.28 eV for y-CD
to 2.18 eV for the complex BaP/y-CD. The percentage varia-
tion in HOMO-LUMO gap |AEg| is about 65.3 %. Thus,
the electrical properties of BaP/y-CD complex are signifi-
cantly affected by the complexation process; therefore, y-CD
can be used as a sensor for electrical detection of BaP. Once
the complex is formed, a negligible variation in the global
dipole moment is observed (14.00 D for y-CD and 14.05 D
for BaP/y-CD), suggesting that electric dipole moment does
not appear to influence the complexation process.
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Figure 2. RDG (left isovalue 0.7 a.u.) and IGM (right isovalue 0.003 a.u.) isosurfaces of BaP/y-CD complex.

Non-covalent Interaction Analysis

In order to gain a better understanding of the driving
forces that govern the complexation of BaP with y-CD,
a non-covalent interaction (NCI) analysis®® through
the reduced density gradient (RDG)P” and independent
gradient model based on Hirshfeld partition of molecular
density (IGMH)®" was performed by Multiwfn program.®!
VMD software!®? was used for three-dimensional visualiza-
tion of RDG and IGM isosurfaces of BaP/y-CD complex
that are illustrated in Figure 2. The isosurfaces are colored
depending on the type of the interaction, thus green, red
and blue colors are assigned respectively to weak Van der
Waals interactions, steric repulsion and strong electrostatic
interactions.

The analysis of intramolecular interactions through
the RDG isosurface in Figure 2 (left) revealed the presence
of intramolecular hydrogen bonding (blue color) and steric
repulsion (red color) occurring in y-CD whereas steric
repulsion (red rice grain-shaped) is dominant within
the aromatic rings of BaP. The IGM isosurface (Figure 2
right) identified the intermolecular interactions between
v-CD and BaP and showed that Van der Waals interac-
tions (green color) are solely involved in the formation
of the BaP/y-CD complex.

Formation of 1:2 Host-Guest Inclusion Complex
of y-CD with BaP

To determine theoretically if an inclusion complex can
also be formed between y-CD and two guest BaP molecules,
DFT calculations were performed with the same level of the-
ory used for 1:1 host-guest inclusion complex. The calcu-
lated complexation energy for 2BaP/y-CD (-165.17 kJ/mol)
indicates the higher probability of formation of an inclusion
complex involving the encapsulation of two BaP molecules
in the cavity of y-CD. The non-covalent intra- and intermo-
lecular interactions through RDG isosurface are illustrated
in Figure 3. It was found that the inclusion process of two
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BaP molecules in y-CD is largely governed by weak van der
Waals interactions indicated by the green or green-brown
colors in the RDG isosurface. The BaP guests (dimer) are
arranged in a parallel-displaced geometry, contributing,
therefore, to energy stabilization of the formed complex.
Indeed, the combined effects of n---m stacking as a result
of the attraction between the © clouds of the aromatic rings
lead to a significant increase in interaction energy between
the BaP dimer (-66.97 kJ/mol). Our calculations showed
also that the theoretical volume of the y-CD cavity increased
by 15.7 % once the two BaP guests are encapsulated, there-
fore, due to the conformational flexibility of its structure,
v-CD can accommodate two BaP as guests. The electrical
properties of 2BaP/y-CD complex are more affected if
compared with y-CD and BaP/y-CD complex, the HOMO
and the LUMO are respectively the highest (—4.26 eV)

Figure 3. RDG isosurface (isovalue 0.5 a.u.) of intra- and intermo-
lecular non-covalent interactions in 2BaP/y-CD complex.
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and the lowest (—2.31 eV) in energy and hence the gap is even
lower (1.95 eV). The percentage variation in HOMO-LUMO
gap |AEg| for 2BaP/y-CD complex is about 69 % denoting,
therefore, more sensing properties when two BaP molecules
are entrapped.

Conclusions

The formation of 1:1 and 1:2 host-guest inclusion
complexes of y-cyclodextrin with benzo[a]pyrene was theo-
retically investigated by means of DFT calculations. Both
1:1 and 1:2 host-guest complexes are energetically favored
due to their negative complexation energies. Van der Waals
forces stabilize and govern the intermolecular interactions
occurring within BaP/y-CD and 2BaP/y-CD complexes.
The electrical properties based on the percentage variation
of the HOMO-LUMO gap showed that y-cyclodextrin can
serve as a sensor for detecting the presence of benzo[a]
pyrene. Our results indicate also the good conformational
flexibility of y-cyclodextrin which allows an increase of its
cavity volume by 15.7 % to ensure the inclusion of two
benzo[a]pyrene guests.
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