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1. Introduction

In recent years, targeted drug delivery has been grow-
ing at an ever-increasing pace and, almost daily, new
systems of drug release are being introduced [1]. The
goal of nanotechnology in medicine is to provide patho-
logical facilities and treat diseases on a fundamental

Abstract. In this study, using Density Functional Theory (DFT) and Time Dependent
Density Functional Theory (TD-DFT) methods, the physical and chemical properties of a
Thioridazineand fullerene Cgg nano complex were studied. The most important goal was
to increase Cgo dipolar moment as a novel drug delivery system to carry Thioridazineand.
Several descriptors were used in the ground state, including electrochemical properties
based on HOMO and LUMO orbital energy, hardness, softness, chemical potential, and
Mulliken charge. The dipole moment of this nano-complex is about 2.61D, which indicates
its moderate solubility in polar solvents. The UV-Vis spectrum obtained with the CAM-
B3LYP method shows that the absorption spectrum has blue-shifted by about A = 24 nm
after formation of the complex. Based on the calculations in the excited state and the
hole-electron theory in the first three modes, a Photo-induced Electron Transfer (PET)
phenomenon was observed at different absorption wavelengths for the complex. Using the
Marcus theory of electron transfer, the free energy of activation for electron transfer and
the free energy of electron transfer for all PETs were calculated.
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scale, i.e. molecular or even micro-molecular. In the
field of pharmacy, nanotechnology has very essential
applications, and the strategic goal in this area is the
patient-centered and disease-centered design of smart
and targeted drugs [2,3]. These drugs have a marked
mode of action and have the ability to sense the
damaged environment in the tissue, decide on how to
transfer themselves and the amount required (dose),
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and prevent side effects and sensitization [4]. These
drugs are able to detect the required amount bhefore
they release themselves in the tissue and will not acti-
vate themselves if they do not meet the requirements
for their release. The characteristics of such drugs
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are the precise prediction of their function, a feature
which is not available in current non-smart drugs [5].
In recent years, much attention has been paid to the
provision of nanostructures as carriers for drug delivery.
These structures can be considered as highly effective
drug delivery systems since they can control and slow
down the release of a drug, protect drug molecules,
have a smaller particle size than a cell, cross biological
barriers for delivering drugs to the target site, as well
as long time circulation in the bloodstream, targeted
drug delivery and biocompatibility, which all increase
the efficacy of the drug [6-8]. Side effects of medication
on other organs, tissue and cells of the body is one of
the most important reasons for this volume of research
on targeted drug delivery. In addition, reducing drug
intake is another purpose of using this medication
method; in other words, increasing the efficacy of the
drug reduces its intake [9]. For example, about 98% of
common antibiotics are excreted through the kidneys,
which is the main cause of bacterial resistance [10-12].

The use of nanotechnology in the design of new
drug release systems is very promising [13]. Since
the discovery of nanostructures such as nanotubes,
fullerenes, graphene etc., scientists have focused on
the issue of drug release [8,14,15]. Functionalized
carbon nanotubes have been used frequently as carriers
of drugs and genes into the body and cells of living
organisms [16,17]. Also, functionalized fullerenes with
hydrophilic groups soluble in polar solvents are one
of the most successful drug delivery systems of its
kind [18,19]. Some fullerenes, such as Cgo, have high
antibacterial and antiviral properties and have recently
been used as a therapeutic method for inhibiting and
destroying cancerous tumors [20-23]. It is also easily
recognizable in various environments due to its own
optical properties [24,25].

Because of their small size, these particles can
easily pass through membranes and biological barriers
and reach the cell interior. These structures, with a
high active surface, can provide surface engineering
for drug delivery. The surface of these nanoparticles
is functionalized with various groups and compounds
for increasing solubility and biocompatibility as well
as carrying different materials. These nanoparticles
can be used as carriers to carry biological molecules
such as proteins, DNA, biological agents and drugs.
Pharmaceutical compounds are loaded onto or within
these structures. Targeting and simultaneously trans-
ferring two or more compounds is one of the other
characteristics of these particles in drug delivery. Re-
cently, the complexation of some drugs with fullerenes
without substitution is one of the methods proposed
for the transfer of drugs to some membranes, such as
walls of bacteria and the brain membrane. Hosseinian
et al. used fullerene Cys as a new carrier for the
5-fluorouracil drug [26]. Using the Density Func-

tional Theory (DFT) and Time Dependent Density
Functional Theory (TD-DFT) computational methods,
Samanta and Das investigated the optical and struc-
tural properties of the temozolomide, procarbazine,
carmustine, and lomustine complex and introduced it
as an effective way of delivering these drugs to the
brain membrane [27]. Gong et al. demonstrated an
efficient and novel fluorinated graphene oxide-based
nanocarrier with nanosized structure, modifiable sur-
face, high PL emission, high drug loading capacity
and NIR absorption, and detailed DFT investigations
on the interactions of FGO with single or mixed
drugs [28]. In addition, Teixeira et al. investigated
involving the adsorption of anastrozole on gold surfaces
as nanocarriers of anastrozole. They simulated the
molecular interactions with gold atoms in two possible
ways using DFT calculations. They also claimed ex-
perimental results on triazole or nitrile moieties, which
were supported by DFT calculations to assign main
vibrational modes. The obtained results also indicated
that the nitrile groups are the most preferred anchorage
moieties for the discussed adsorption [29]. Taherpour et
al. examined some of the optical properties, including
UV-Vis adsorption, fluorescence emission, and the
Photo-induced Electron Transfer (PET) phenomenon
for the [Cgo+Cefamandole] complex using DFT and
TDDFT calculations [30].

In the PET and PCT processes, an electron
or a charge transfers from donor to acceptor groups
in the presence of UV-Vis irradiation [31,32]. This
process is important in many ways. PET and PCT
processes directly affect the quality of fluorescence and
phosphorescence emission spectra, and when it occurs
from chelator to fluorophore, it causes the quenching
of the fluorescence emission spectrum [33-35]. It is
well suited for drug delivery systems with the ability
of optical detection of drug and carrier in various en-
vironments. In addition, the study of electron transfer
processes, such as the electron transfer wavelength,
and the energy required to perform this process in
biological systems is of particular importance [36,37].
With the help of the Marcus theory and the Rehm-
Weller equation for complexes, one can study some of
these kinetic and thermodynamic parameters [38].

In this study, the electronic, structural and
optical properties of Thioridazine, Cgy and the
[Thioridazine+Cgg] complex have been investigated us-
ing DFT and TD-DFT computational methods. Thior-
idazine is a piperidine typical antipsychotic drug be-
longing to the phenothiazine drug group and was previ-
ously widely used in the treatment of schizophrenia and
psychosis, and also to stop alcohol and drug abuse [39].
The geometric optimizer of the [Thioridazine+Cgo]
complex provides accurate information, such as elec-
tron density and bipolar moment. In addition to
the UV-Vis absorption spectrum, some of the optical
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properties, including the PET process [40], were in-
vestigated using the electron-hole theory, and the free
energy of activation for electron transfer was calculated
using the Marcus theory.

2. Computational details

In the present study, the structures of fullerene Cgo,
Thioridazineand the [Thioridazine+Cgo] complex were
studied using the DFT method [41].

The optimization of the structures was done using
the B3LYP method in the gas phase and also the 6-
function was applied because of considering partial
positive charge spread on the surface of the fullerene.
In an excited state, the computational cost increases
significantly, especially for the PET calculation. The
same method has been used to obtain reliable data for
comparisons and reports [42—45]. The purpose of this
study is to evaluate the capabilities of the fullerene Cgg
as a new system for the delivery of Thioridazine, and
the unprotonated form was chosen to investigate the
effect of the ET process between the donor and acceptor
species. The protonated form was not suitable for the
aims of this study and has a high dipole moment before
the ET process. The protonated form of the Thiori-
dazine has plus charge(s) and it creates a condition to
invert the direction of the ET process between these
two species. DFT calculations at this level provide a
good view of the features of this complex [46]. One
important parameter evaluated in the ground state is
the polarity of the nano-composite and also the energy
of complex formation (EF). For further investigation,
the Electron Localization Function (ELF) was plotted.
This parameter perfectly shows the electronic changes
at the points where interaction occurs between the two
components of the complex [47,48].

The density of energy states for all components
was obtained using the method of Charge Decomposi-
tion Analysis (CDA), and the splitting of the ligand
field for the [Thioridazine+Cgo] complex was stud-
ied [49]. These calculations, in addition to providing
HOMO or LUMO orbital energy for all components,
indicate the sharing of levels in the formation of the
complex with an appropriate approximation [50]. NBO
analysis is one of the most important parameters for
the investigation of the electron properties of two-
component species, such as complexes or molecules
with two electron-acceptor components [51,52]. Some
electron transitions of fullerene were determined before
and after the formation of the complex using this
type of calculation. In addition, electron transitions
from fullerene to Thioridazine and from Thioridazine
to fullerene were identified in the [Thioridazine+Cgp]
complex. Calculations in the excited state for the
donor-acceptor species are of particular importance. At

this level of calculation, phenomena such as electron
transition from the HOMO to LUMO levels, as well
as charge and electron transfers, are observed. The
computational method and CAM-B3LYP/6-31G* basis
set were used for these calculations, although, using

accuracy than that of 6-31G*. In an excited state,
the computational cost increases significantly, espe-
cially for the PET calculation. The same method
was used to have reliable data for comparisons and
reports. The CAM-B3LYP method has an excellent
accuracy in electron transitions in the excited state
and is widely used in organic compounds [53]. Optical
absorption spectra for Thioridazine, fullerene Cgg, and
[Thioridazine+Cgg] complex were obtained in the gas
phase and under environmental conditions. The PET
process was investigated using the electron-hole theory
with the same method. Charge transfer from chelator
to fullerene was obtained for different modes. Using
the Marcus theory of electron transfer, the free energy
of activation and the Gibbs free energy were calculated
for each electron transfer [54].

3. Results and discussions

The optimized Cgy molecule has a dipole moment
of zero (u = 0). After the formation of the
[Thioridazine+Cgo] complex, the dipole moment in-
creased by 2.61 D. The main idea is for the ET complex
between Cgg and Thioridazine medicine to be solved
in biologic media and water content solvents. The
formation energy of this complex was calculated to be
about 5.19 kcal mol~!, indicating a weak linkage of
the Landon type. Therefore, this system could easily
create removal from the fullerene after the transfer of
the drug and the drug is delivered to the intended des-
tination (Figure 1). Also, according to recent findings,

Figure 1. Dipole moment and Mulliken charge of
the [Thioridazine+Cgo] complex in gaseous phase
calculated by B3LYP/6-31++G (d, p) method.
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Figure 2. (a) HOMO and LUMO orbitals of
Thioridazine. (b) [Thioridazine+Cgg].

fullerene will deform after the charge transfer and Cpy'
formation, which will ultimately lead to changes in the
IR vibrational spectrum, in addition to the changes in
charge density and other properties of fullerene.

Figure 2(a) shows the HOMO and LUMO orbitals
of Thioridazine that are both on the aromatic part of
the Thioridazine drug.

In Figure 2(b), which is related to the
[Thioridazine+Cgg] complex, the HOMO orbital is
localized on Thioridazine, but the LUMO orbital is
localized on the fullerene Cgo, which represents the
charge transitions from drug to fullerene, which will
be dealt with in detail in the NBO analysis.

In the CDA method, the splitting of the lig-
and field for complexes can be calculated with a
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Figure 3. (a) Charge Decomposition Analyses (CDA).
and [Cgo+Thioridazine] in the range of =10 to 0 eV.
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relatively fair approximation. In Figure 3(a), the
orbital contribution of Thioridazine and fullerene Cgg
is shown with an approximation in the formation of
the [Thioridazine+Cgp] complex. The matching of the
DOS diagram can be seen in Figure 3(b). Accordingly,
the energy of HOMO and LUMO orbitals and the band
gaps of all three molecules are presented in Table 1.
Also, hardness (77), softness (5), electrophilicity (w)
and chemical potential (1) were calculated.

These amounts of energy contribute to the for-
mation of the complex and also predict the activity
and performance of this nano-complex, which can be
referred to drug targeting based on the hardness and
softness of the intended site. The target and the
intended location can be determined based on hardness
and softness, as well as electronegativity, of the two
components (drug and drug release site).

Comparison of ELF electron density images for
one of the six-membered rings of Cgg before and after
the formation of the complex well illustrates the change
in the fullerene electron system. Figure 4(a) refers
to the Cgo alone, which has changed greatly after
the formation of the complex in Figure 4(b), and has
undergone a change in the electron current of the ring
system and thus of the whole fullerene. These images
intuitively help to understand charge transfers in the
NBO amnalysis. Table 2 shows the charge transfers
from Thioridazine to Cgg as well as internal charge
transitions for the Cgo before and after the formation
of the complex. As we can see, various transitions
involving the nonbonding electron pairs of N and S
atoms, ¢ and 7 bonds from Thioridazine to Fullerene
Cep in the [Thioridazine+Cgg] complex have occurred.
These transitions cause many changes in the ring
current and electron density of the Cgo before and after
the formation of the complex, as was pointed out in the

-

-

Coo
[Cs0+Thioridazine]

— — Thioridazine

(b)

(b) Density Of State (DOS) for Thioridazine, Ceo
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Table 1. Hardness (n), softness (S) and electro-physical (w), chemical potential (1), HOMO or LUMO orbitals energy,
energy gap and bipolar moments for Cgg, [Ceo+Thioridazine] and Thioridazine.

Data Euomo Erome AE Dipole n w s
moment
Ceo —6.05 -3.14 -2.91 0 4.59 1.45 7.26 0.34
Cgo+Thioridazine -7.68 -2.74 —4.94 6.36 5.21 247 549 04
Thioridazine -7.51 -0.17 -7.34 3.75 2.61 232 147 043

Table 2. NBO calculated donor and acceptor orbital energies for Csp and [Cgo+Thioridazine] complex with kcal.mol~?
unit.

Drug—Ceo Ceo — Ceo Before After
Tdrug — TCgg—Cog 0.18  0Ce3—Cos — TCmg—Copn 2.76 1.21
Tdrug — Tgg—Cag 0.11  0Cea—Cro — TCimg—Copn 2.78 1.22
Tdrug — 77689,0106 0.09 o0cgg—Cgo — 06797081 3.23 1.11
Tdrug — 77633*093 0.83  Tcgy—Coy — 76797092 13.74 0.31
Tdrug — Wém,cm 0.11  7gg—cgo — Wém,ow 13.62 0.31
Tdrug — T(a; —Cay 0.14  0Cs;—Cay — OCiay—Cas 2.62 1.18
Tdrug — T(gs—Cos 0.30  0Cg3—Cos — TCian—Cop 1.25 1.18
LP(0)N — 7l,y_cy, 014 00s—Cay — 00—y 2.61 1.18
LP(1)S — Tlgs—cos  0.06  00z3—Co3 — 0lg5—Cos 2.64 1.18
Tdrug — Ty —Cos 118 meg —Cay = Tlpg—Cay 1.41 0.73
Tdrug — T(gs—Cos 0.11  0Ce3—Co3 — Tgs—Cog 2.62 1.18
Tdrug — Wém_m 0.84 o0cgo—cgy — 06837003 2.9 1.21
Tdrug — T(a; —Cay 0.83  7TCg;—Cay — TCiay—Cas 1.4 0.73
Tdrug — wéss_cgs 0.20  0Cgy—Cgs — 0589_092 1.26 1.18
Tdrug — T(gy —Caa 0.68  TCga;—Caz — TCg5—Cos 13.76 0.31
Tdrug — 7r6837093 0.05 0cg3—Cos3 — 0—682*083 2.62 1.18
Tdrug — 77695,0101 0.07  ocgy—Cos — 06867096 1.19 1.11
Tdrug = MCqg—Cog 0.07  0Cgg—Cgo — Tlrg—Cop 2.84 1.22
Tdrug — Ta; —Cay 243 00, Oz — Og,—Cgy 2.9 1.21
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Figure 4. Electron density images: (a) ELF for one of the six-membered rings of Cgo and (b) the same six-membered Cegg
ring in the [Thioridazine+Cgo] complex.
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comparison of ELF electron density. For example, the
transition of 7Cg3 — Cg3 — 7*Crg — Cgo has reached
13.74 kcal.mol~! to 0.31 kcal.mol~".

The transitions reported in the NBO analysis are
the result of an orbital overlapping of the two compo-
nents of the [Thioridazine+Cgp] complex, as shown in
Figure 5. This image depicts the area of overlap and
load exchange between the drug and fullerene, which is
very effective in understanding the electron properties
of such systems. The formation energy of a complex
that has the London force is noticeable in this image.

In Figure 6, images of the UV-Vis absorp-
tion spectrum for Thioridazine, fullerene Cgo and
the [Thioridazine+Cgg] complex were presented.
As seen, Thioridazine absorbs the UV-Vis spec-
trum at wavelengths lower than the fullerene and
[Thioridazine+Cgg] complex. With respect to the
molecular levels of the components forming the com-
plex [Thioridazine+Cgg] in Figure 3 and Table 1, it
is found that because of the increasing in the band
gap, the absorbing requires more energy to elevate to
the excited states. This also occurs for fullerene Cgg

Figure 5. Orbital overlapping between Thioridazine and
Céo in the [Thioridazine+Cgo] complex.

— Coo
—— [Cgo+Thioridazine]
—— Thioridazine

Absorption

7 6 5 4 3
Energy (eV)

Figure 6. UV-Vis absorption spectrum for fullerene Cgg
and [Thioridazine4+Cgg] complex.

and the [Thioridazine+Cgy] complex. The complex
[Thioridazine+Cgg] has a blue-shift of about 0.142 eV
(24 nm) compared to the fullerene. In addition, the
appearance of a small peak at 2.793 eV (444 nm) for
the [Thioridazine+Cgo|complex is observed, which is
the result of the addition of several molecular levels
resulting from the splitting of the ligand field in the
energy of about —6.5 eV in Figure 3.

The electron-hole theory calculates the contribu-
tion of hole or electron orbitals with a good approx-
imation. In Figure 7, hole and electron orbitals are
shown for the first three excited states. As the images
show, these orbitals are separated from each other
with a high percentage, indicating the occurrence of
the PET phenomenon between the two components
of the complex. PET and PCT are highly effective
in identifying and tracking drugs and other biological
components [55]. These phenomena generally quench
the fluorescence emission spectrum. Moreover, the
study of the excited state for biological systems such
as drug release systems can open new windows for
activating the drug in different parts of the body of

Y —
L 484.86 nm
e
20
g 6] 1 '
m
=74

|

481.96 nm

Energy (eV)
&

-1
% 459.30 nm
g 6]
) )

-7 p—

Figure 7. Electron-hole orbitals and PET process for
n-state=1, 2, 3.
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Table 3. The data values on the electron transfer (AG?) and kinetic of electron transfer (k.;) in [Thioridazine+Cgo]

complex.
n-state Wavelength (nm) ket (sec_l) AG# (kcal mol_l) AG® (kcal.mol_l)
1 484.86 3.4869 x 103! 58.9284 45.7070
2 481.96 1.9328 x 103! 59.2830 45.849
3 459.30 1.3718 x 10733 62.2078 47.012

living organisms. This complex transfers electrons from
the drug to fullerene by absorbing 484.86, 481.96 and
459.30 nm wavelengths, separately.

Given the wavelengths for electron transfer and
using Eqgs. (1)—(3), one can calculate parameters such
as the free energy of activation for electron transfer,
electron transfer rate, and energy of electron transfer
with good approximation. The value of the elec-
tron transfer rate, constant k. is controlled by the
activation free energy AGfi7 which is a function of
the reorganization energy (I/4) and electron transfer
driving force AG.; [56]. These results, which are
calculated on the basis of the Marcus theory, are
presented in Table 3.

AG? = AE = he/ ), (1)
ket = ko exp (—AGﬁ /R) : (2)
AGY, = (1/4)(1 + AG. /1) (3)

As can be seen from the results of Table 3, the
absorption wavelength has an inverse relationship with
the electron transfer rate. This indicates that less
energy is spent on this phenomenon, the less free energy
of activation will pass through the barrier, and it will
occur more quickly. A remarkable point for the studied
system is that the phenomenon can be observed in
the first three excited states, i.e. the first absorbing
wavelengths.

4. Conclusion

The results of the DFT and TD-DFT simulations show
that fullerene Cgo can be used as a novel drug carrier
for releasing Thioridazine after the formation of a drug
delivery complex. The nano-complex has formation
energy of about 5.19 kcal.mol™!, so it can be estimated
that after the drug is delivered to the target, it will
separate from the fullerene with a small amount of
energy. On the other hand, the complex has a dipole
moment of about 2.61 D, which indicates a slight
solubility in polar solvents such as water. The HOMO
orbital of the complex is localized on the drug and the
LUMO orbital is localized on the Cgg. The results
of the NBO analysis indicate that the most electron
transitions occurred from Thioridazine to fullerene Cgq.

These transitions caused wide changes in the electron
current direction of the 7 system of the fullerene, which
is quite evident when comparing the ELF electron
density for fullerene Cgg, before and after the formation
of the complex. In the excited state, the UV-Vis
absorption wavelength has a slight blue-shift relative
to fullerene, which can be due to the narrowing of
the band gap. In the first three excited states, the
electron transfers from drug to fullerene and also the
PET phenomenon occurs. Using the Marcus theory,
as well as the required wavelength to carry out these
electron transitions in the excited state, the electron
transfer rate, the free energy of activation for electron
transfer, and the free energy required for this electron
transfer were calculated and reported.
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