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By applying cyclooctaglycine model for cyclic peptide (CP) and cluster Au6 model for gold nanoparticles (GN), seven different configurations
of cyclic peptide-gold nanoparticles (CPGN) with 5-fluorouracil (FU) were investigated. Binding energies, quantum molecular descriptors, and
solvation energies in the aqueous solution and gas phase were studied at the density functional level of M06-2X/6-31g(d, p). Solvation energies
indicate that the solubility of FU increases in CPGN/FU1-7. This subject is considered a key factor for drug transfer, so CPGNs can be used as
an appropriate drug delivery system. The large negative values of calculated binding energies show the stability of CPGN/FU1-7 structures, and
quantum molecular descriptors, such as electrophilicity (ω) and global hardness (η) indicate that the reactivity of FU in CPGN/FU1-7 structures
increases. AIM calculations for all structures also show that intermolecular hydrogen bonding and Au-drug interactions play an important role for
this drug delivery system.
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1. Introduction

Drug delivery systems have recently been used as new structures for better drug performance. Various organic
and inorganic drug delivery systems such as drug-polymer conjugates [1, 2], carbon nanotubes [3, 4], gold nanoparti-
cles (NPs) [5], magnetic NPs [6,7], silica NPs [8] and other inorganic nanosystems [9–11] have been investigated due
to their chemical stability and environmental compatibility as well as reduced toxicity in medical activities.

In recent studies, gold nanoparticles (GNs) have received significant attention because they have the ability to se-
lect and identify cancer cells compared to normal cells [12]. For this reason, GNs have been employed as nanocarriers
of different anticancer drugs [5,13]. In addition to targeted drug delivery, they can perform a controlled release [14,15].

Cyclic peptides are polypeptide chains with a circular structure and have many uses in various contexts such
as drug delivery, nanoscience, optical sensors, and electronic devices. The ring structure is formed by the end of
one peptide to the other section with an amide coupling. The cyclic structure with different chain amino acids is a
good pattern for encapsulating medicines [16–19]. These structures have been useful in many applications such as
molecular transport systems [20, 21], antibacterial agents [22, 23] and other applications [24]. Peptides are less toxic
than synthetic molecules and therefore do not accumulate in the tissue. Cyclic peptide-based drugs can cause less
harm and usually show better biological activities than their linear counterparts due to their rigid configuration. These
drug delivery systems have a variety of structural properties leading to their use as a target drug binder in medical
applications [24–26]. Also, they have the ability to penetrate cells more than their linear counterparts and therefore,
cellular uptake is significantly increased [27, 28].

Over the past few years, the use of cyclic peptides in the transport of a wide range of therapeutic agents (including
anticancer drugs, anti-HIV drugs, and essential phosphopeptides) has been investigated [26, 29, 30]. Recently, gold
nanoparticles along with cyclic peptides (CPGNs) have been used as drug transporters for anticancer drugs [31].

Along with experimental methods, quantum mechanical methods are used to better understand drug delivery
and biochemical systems [32–37]. In this study, density functional theory (DFT) was applied for exploring gold
nanoparticles-cyclic peptide (CPGNs) with 5-fluorouracil (FU) as a drug delivery system. Although this drug (FU)
was introduced more than thirty years ago, it is still one of the most widely used anti-cancer drugs for the treatment
of many different malignancies alone or in combination with other drugs. FU has shown activity in breast, brain,
gastrointestinal (especially colon cancer) and ovarian cancers [38–42].
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2. Computational details

DFT calculations were performed at the density functional level of M06-2X with 6-31G(d, p) basis set by GAUSS-
IAN 09 [43]. For all structures, the optimization of the degrees of freedom in the gas phase and aqueous solution has
been performed. Solvent effects were investigated using the polarized continuum model (PCM). Solvation energies
(∆Esolv) were calculated by the following equation:

∆Esolv = Esol − Egas, (1)

where Esol and Egas represent the total energy for the solution and gas phases. Calculations for cyclic peptide (CP),
gold nanoparticles (GN), and 5-fluorouracil (FU) as well as seven CPGN/FU 1-7 configurations were examined.

Quantum molecular descriptors are used to study the stability of different structures. The global hardness (η)
indicates the resistance to changing electronic structure and it is determined by the following equation:

η =
I −A

2
, (2)

whereA = −ELUMO and I = −EHOMO are the electron affinity and the ionization potential, in the respective order.
The term HOMO-LUMO refers to the highest occupied molecular orbital-lowest unoccupied molecular orbital energy.
The electrophilicity index (ω) [44] is obtained by the following equation:

ω =
(I +A)2

8η
. (3)

We used the quantum theory of atom in molecules (QTAIMs) to study the nature of created bonds. QTAIM is
based on electron density analysis, ρ(r). AIM calculations were performed using AIMAII software [45]. Different
values of electron density such as potential energy density (Vb), kinetic energy density (Gb), total energy density (Hb)
and Laplacian of electron density (∇2ρ) at the bond critical point (BCP) were examined for specifying the nature of
the bond in different structures.

3. Results and discussion

Cyclooctaglycine [46] and Au6 cluster [47] were used for cyclic peptide (CP) and gold nanoparticles (GN) mod-
elling, respectively. The different configurations of small Au clusters with 3 to 20 atoms are well known due to nu-
merous experimental and theoretical studies [48–53]. The interaction of gold nanoparticles – cyclic peptide (CPGN)
with 5-fluorouracil (FU) was investigated from seven different directions. 5-fluorouracil (Fig. 1) has functional groups
such as (F, NH and CO). The various configurations in which 5-fluorouracil approaches CPGN through its functional
groups are called CPGN/FU1-7. The optimized structures of (FU), (GN), (CP) and (CPGN/FU1-7) in the aqueous
solution are shown in Fig. 2.

The binding energies (∆E) for different structures were calculated using the following equation:

∆E = ECPGN/FU1−7 − (ECP + EGN + EFU ). (4)

Table 1 shows the binding energies in the gas phase (−278.341 kJ·mol−1 on average) and aqueous solution
(−234.219 kJ·mol−1 on average) at the M06-2X level. The amounts of these energies in the aqueous solution are
lower than in the gas phase; however, their large negative values in both phases indicate the exothermic and optimal
performance of CPGN with FU drug. Binding energies depend on the orientation of the drug relative to CPGN. Of the
seven species studied in the solution phase, CPGN/FU2 is the most stable configuration. In this configuration, the FU
drug is parallel to CPGN, and the NH and OH functional groups of CP interact with the FU drug (Fig. 2). The values
of binding energies show the stability of the structures in which FU drug interacts simultaneously with CP and GN. In
species where FU interacts only with GN, such as CPGN/FU7, the least stability is observed.

In this research, we evaluated the solvation energy (∆Esolv) for all species (Table 1). The obtained values are
negative, indicating the spontaneous solvation, which is very important in drug delivery systems and it is an essential
factor for an effective anti-cancer drug. In order to determine the share of each of the two carriers (CP and GN) in the
binding and solvation energies, the FU drug was optimized separately near CP and GN (CP/FU and GN/FU in Fig. 1
and Table 1). The solvation of the drug and GN increases in the presence of CP. An important feature of the cyclic
peptide is its NH and CO functional groups, which form a hydrogen bond between the FU drug, solvent molecules,
and CP. In fact, CP and GN complement each other. GN increases binding energy, and CP increases solvation, and the
two become together as a carrier, with better properties.

The stability of various configurations was also investigated using quantum molecular descriptors such as elec-
trophilicity index (ω) and global hardness (η) using the HOMO-LUMO energy gap (Eg). Table 1 shows quantum
molecular descriptors such as global hardness (η) and electrophilicity strength (ω) for FU, CP, GN, CP/FU, GN/FU
and CPGN/FU1-7 in aqueous solution and gas phases. According to Table 1, in the solution phase, the FU drug and
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FIG. 1. Optimized structures of FU, GN, CP/FU, CP and GN/FU

CP have high hardness values of 3.97 and 4.95 eV and have high energy gap values of 7.95 and 9.89 eV, and they are
considered highly stable species. However, GN is less stable than FU and CP due to hardness value of 2.69 eV and gap
energy of 5.38 eV. For CPGN/FU1-7 configurations, the obtained values of Eg and η are less than CP and FU drug,
indicating a decrease in the stability of FU drug in the presence of gold nanoparticles and cyclic peptide. According
to Table 1, the values of ω in CPGN/FU1-7 structures are higher than FU drug in both phases, which indicates the role
of 5-fluorouracil drug as an electron acceptor in the drug delivery system and therefore, the charge is flowing from the
carrier to the drug.

Now, a comprehensive review of intermolecular interactions is done using AIM analysis about the nature and
strength of interactions through analysis of bond critical points BCP. The electron density ρ(r) and its Laplacian∇2ρ
are related to the strength and nature of a bond, respectively. The larger the value of ρ(r), the stronger the bond. Also
∇2ρ and Hb show more information about the nature of the interactions. When (∇2ρ < 0, Hb < 0), (∇2ρ > 0,
Hb < 0) and (∇2ρ > 0, Hb > 0), the reactions will be strong, medium and weak, respectively. For parameter of
−Gb/Vb. If −Gb/Vb > 1 , 0.5 < −Gb/Vb < 1 and −Gb/Vb < 0.5, the bonds will be noncovalent, partially covalent
and covalent, respectively [54].

The structure of CPGN/FU2 as the most stable configuration and the structure of CPGN/FU7 as the most unstable
configuration in details have been reported by AIM analysis. The values obtained from ρ(r), ∇2ρ, Hb, Gb, Vb and
−Gb/Vb at the bond critical points for the CPGN/FU2 structure are shown in Table 2. The molecular diagram for the
most stable state in the solution phase is also shown in Fig. 3. By using EHB = Vb/2, hydrogen bond energies can
be calculated [55]. The Au–Au interactions in GN, according to Table 2 with the values of ∇2ρ > 0, Hb < 0 and
0.5 < −Gb/Vb < 1 represent partially covalent bonds, which is the same for other structures. Negative values of Hb

indicate covalent bonds (even though closed shell interactions are also involved). Positive values of ∇2ρ indicate the
electrostatic interactions of the Au–Au interaction [56].

In the CPGN/FU1-7 configurations, we encounter two groups of important interactions, the first of which is
between GN and CP or GN and the FU drug. These interactions are in the form of Au–A in which A includes H, O,
F, C and N atoms. The higher the Au–A interactions and the higher the values of ρ(r) and ∇2ρ, the more stable the
configuration.

The CPGN/FU2 configuration has 20 Au–A interactions with values of ρav = 0.0113 and ∇2ρav = 0.0392 (as
average). 3 interactions of Au–A with ∇2ρ > 0, Hb < 0 and 0.5 < −Gb/Vb < 1 are partially covalent interactions
(medium interactions) and 17 Au–A interactions, according to Table 2, are components of weak interactions with
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FIG. 2. Optimized structures of CPGN/FU1-7
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FIG. 3. Molecular graphs of CPGN/FU2 and CPGN/FU7. Small green spheres and lines related to
the bond critical points (BCP) and the bond paths, respectively
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TABLE 1. Quantum molecular descriptors (eV), binding (∆E) and solvation (∆Esolv) energies
(kJ mol−1) for all structures

Species ELUMO EHOMO Eg η ω ∆E ∆Esolv

H2O

FU −0.119 −8.071 7.952 3.976 2.109 — −40.9

CP 1.395 −8.499 9.894 4.947 1.275 — −92.2

GN −1.556 −6.933 5.377 2.688 3.350 — −24.4

CP/FU −0.356 −8.255 7.899 3.949 2.347 −119.8 −122.8

GN/FU −1.570 −6.862 5.291 2.645 3.360 −42.4 −47.5

CPGN/FU1 −1.531 −6.624 5.092 2.546 3.265 −239.4 −143.1

CPGN/FU2 −1.420 −6.486 5.065 2.532 3.085 −243.6 −151.2

CPGN/FU3 −1.554 −6.504 4.950 2.475 3.279 −235.0 −109.7

CPGN/FU4 −1.643 −6.639 4.995 2.497 3.433 −231.8 −90.2

CPGN/FU5 −1.544 −6.608 5.064 2.532 3.281 −237.1 −101.0

CPGN/FU6 −1.544 −6.654 5.112 2.556 3.285 −217.5 −73.7

CPGN/FU7 −1.595 −6.623 5.027 2.513 3.358 −119.8 −40.9

gas

FU −0.256 −8.246 7.990 3.995 2.262 — —

CP 1.340 −8.575 9.916 4.958 1.319 — —

GN −2.317 −7.562 5.244 2.622 4.653 — —

CP/FU −0.191 −8.084 7.892 3.946 2.169 −208.8 —

GN/FU −2.268 −7.416 5.147 2.573 4.554 −60.2 —

CPGN/FU1 −1.750 −6.571 4.821 2.410 3.591 −299.2 —

CPGN/FU2 −1.436 −6.454 5.017 2.508 3.102 −301.4 —

CPGN/FU3 −1.779 −6.753 4.973 2.486 3.660 −282.9 —

CPGN/FU4 −1.633 −6.595 4.961 2.480 3.411 −253.8 —

CPGN/FU5 −1.622 −6.494 4.872 2.436 3.381 −293.6 —

CPGN/FU6 −1.672 −6.666 4.993 2.496 3.481 −250.0 —

CPGN/FU7 −1.882 −6.638 4.755 2.377 3.816 −208.8 —

(∇2ρ > 0, Hb > 0 and −Gb/Vb > 1). The second group is the interaction between FU drug and CP via hydrogen
bonding. In the CPGN/FU2 configuration, the H44 · · · F63 and H74 · · · O28 bonds with ∇2ρ > 0, Hb > 0 and
−Gb/Vb > 1, are related to weak hydrogen bonds.

CPGN/FU7 is the most unstable structure in which there is no interaction between the drug and the cyclic peptide.
For this structure, the molecular diagram and the values of ρ(r), ∇2ρ, Hb, Gb, Vb and −Gb/Vb in the solution
phase are presented in Fig. 3 and Table 3. In this configuration, the drug approaches GN from the NH and OH
groups. Considering Table 3, this configuration has 19 Au–A interactions with the values of ρav = 0.0120 and
∇2ρav = 0.0419 (on average). 3 Au–A interactions are medium and 16 Au–A interactions are weak. In this structure,
there is no hydrogen bond between CP and FU.
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TABLE 2. Topological parameters in a.u. for CPGN/FU2

Atoms ρ(r) ∇2ρ Vb Gb −Gb/Vb Hb

Au–Au interactions

Au1 – Au3 0.03196 0.08931 −0.03225 0.02729 0.84613 −0.00496

Au1 – Au2 0.04150 0.09884 −0.04457 0.03464 0.77717 −0.00993

Au1 – Au4 0.03460 0.09201 −0.03541 0.02920 0.82480 −0.00620

Au2 – Au3 0.06320 0.12105 −0.07302 0.05164 0.70721 −0.02138

Au3 – Au4 0.03318 0.08992 −0.03376 0.02812 0.83288 −0.00564

Au1 – Au5 0.06291 0.11411 −0.07120 0.04986 0.70033 −0.02133

Au4 – Au5 0.04371 0.10296 −0.04806 0.03690 0.76777 −0.01116

Au3 - Au6 0.04720 0.10709 −0.05265 0.03971 0.75423 −0.01294

Au4 - Au6 0.05339 0.11867 −0.06184 0.04575 0.73984 −0.01609

Au–A interactions

N8 – Au1 0.00728 0.01999 −0.00408 0.00454 1.11190 0.00045

H37 – Au2 0.00640 0.01510 −0.00252 0.00315 1.24703 0.00062

O27 – Au3 0.00593 0.01884 −0.00328 0.00399 1.21717 0.00071

N11 – Au4 0.01155 0.03406 −0.00747 0.00799 1.06970 0.00052

H45 - Au5 0.00707 0.02089 −0.00321 0.00421 1.31329 0.00100

O30 – Au5 0.00759 0.02432 −0.00460 0.00534 1.16083 0.00074

H48 – Au4 0.00763 0.02725 −0.00406 0.00544 1.33751 0.00137

H29 – Au4 0.02409 0.09375 −0.02439 0.02391 0.98048 −0.00047

N20 - Au5 0.01095 0.03403 −0.00717 0.00783 1.09330 0.00066

C24 – Au1 0.00642 0.02172 −0.00311 0.00427 1.37107 0.00115

O26 - Au5 0.03851 0.16091 −0.04559 0.04291 0.94111 −0.00268

O27 – Au4 0.00507 0.01423 −0.00247 0.00301 1.21742 0.00053

H51 – Au2 0.00763 0.02531 −0.00390 0.00511 1.31029 0.00121

O62 – Au1 0.00489 0.01497 −0.00235 0.00305 1.29334 0.00069

O55 – Au2 0.03218 0.12694 −0.03593 0.03383 0.94153 −0.00210

N59 – Au2 0.01010 0.02853 −0.00619 0.00666 1.07570 0.00046

C71 – Au4 0.00923 0.02823 −0.00477 0.00591 1.23895 0.00114

O65 – Au3 0.01033 0.03463 −0.00730 0.00798 1.09235 0.00067

N66 – Au6 0.00593 0.01448 −0.00284 0.00323 1.13593 0.00038

N67 – Au3 0.00848 0.02716 −0.00518 0.00598 1.15559 0.00080

Intermolecular hydrogen bonds

H44 – F63 0.01072 0.04407 −0.00897 0.00999 1.11415 0.00102

O28 – H74 0.01842 0.05928 −0.01479 0.01476 1.00176 −0.00002
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Table 3: Topological parameters in a.u. for CPGN/FU1, CPGN/FU3-7
and GN/H2O

Atoms ρ(r) ∇2ρ Vb Gb −Gb/Vb Hb

Au-Au interactions (CPGN/FU3-7)

Au1 – Au3 0.03801 0.10021 −0.04071 0.03288 0.80769 −0.00782

Au1 – Au2 0.05995 0.11259 −0.06754 0.04784 0.70836 −0.01969

Au2 – Au3 0.05361 0.10714 −0.05929 0.04304 0.72585 −0.01625

Au1 – Au4 0.03207 0.08994 −0.03267 0.02758 0.84407 −0.00509

Au3 – Au4 0.03387 0.09317 −0.03504 0.02916 0.83237 −0.00587

Au1 – Au5 0.04794 0.10850 −0.05379 0.04045 0.75215 −0.01333

Au4 – Au5 0.05377 0.11737 −0.06196 0.04565 0.73679 −0.01630

Au3 - Au6 0.05861 0.11364 −0.06633 0.04737 0.71414 −0.01896

Au4 - Au6 0.04927 0.11032 −0.05550 0.04154 0.74844 −0.01396

Au-A interactions (CPGN/FU3-7)

N8 – Au1 0.00768 0.02278 −0.00464 0.00516 1.11328 0.00052

O27 – Au3 0.00403 0.01234 −0.00188 0.00248 1.31709 0.00059

H45 – Au5 0.00790 0.02284 −0.00360 0.00465 1.29165 0.00105

C12 – Au4 0.01024 0.03900 −0.00654 0.00814 1.24472 0.00160

N17 - Au6 0.00693 0.01894 −0.00377 0.00425 1.12678 0.00047

O26 – Au4 0.01296 0.04391 −0.01000 0.01049 1.04857 0.00048

H44 - Au6 0.00608 0.01571 −0.00246 0.00319 1.29643 0.00073

N20 – Au4 0.00825 0.02395 −0.00502 0.00550 1.09639 0.00048

H46 - Au5 0.00854 0.02575 −0.00416 0.00530 1.27292 0.00113

C24 – Au1 0.01088 0.04032 −0.00696 0.00852 1.22407 0.00156

O28 – Au3 0.00386 0.01149 −0.00177 0.00232 1.30929 0.00054

O29 - Au6 0.03139 0.12372 −0.03478 0.03285 0.94460 −0.00192

N50 – Au1 0.00689 0.01815 −0.00379 0.00416 1.09833 0.00037

O55 - Au2 0.02696 0.10319 −0.02838 0.02709 0.95447 −0.00129

N59 - Au2 0.00646 0.01718 −0.00343 0.00386 1.12580 0.00043

O62 – Au1 0.01209 0.04199 −0.00883 0.00966 1.09391 0.00083

H73 – Au3 0.00968 0.02810 −0.00504 0.00603 1.19674 0.00099

O65 – Au2 0.03707 0.15481 −0.04359 0.04115 0.94389 −0.00244

H73 – Au2 0.01030 0.03341 −0.00587 0.00711 1.21065 0.00123

Medium Au-A interactions (CPGN/FU1)

O29 - Au6 0.02995 0.11675 −0.03266 0.03092 0.94676 −0.00173

O55 – Au2 0.02901 0.11205 −0.03126 0.02964 0.94796 −0.00162

Medium Au-A interactions (CPGN/FU3)

O29 – Au6 0.02710 0.10324 −0.02844 0.02712 0.95379 −0.00131

O25 – Au1 0.01758 0.06279 −0.01570 0.01571 0.99974 −0.00001
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O55 - Au2 0.03180 0.12638 −0.03538 0.03349 0.94642 −0.00189

O65 – Au2 0.03061 0.11855 −0.03336 0.03150 0.94416 −0.00186

O28 – H72 0.02050 0.06254 −0.01615 0.01589 0.98390 −0.00026

O64 – H31 0.02882 0.08955 −0.02293 0.02266 0.98805 −0.00027

Medium Au-A interactions (CPGN/FU4)

O29 - Au6 0.03087 0.12110 −0.03399 0.03213 0.94528 −0.00186

O55 – Au2 0.02239 0.08028 −0.02205 0.02106 0.95493 −0.00099

H51 – O64 0.01568 0.04680 −0.01196 0.01183 0.98896 −0.00013

H31 - O64 0.01637 0.05301 −0.01331 0.01328 0.99759 −0.00003

Medium Au-A interactions (CPGN/FU5)

O29 - Au6 0.03135 0.12342 −0.03472 0.03278 0.94435 −0.00193

O64 – Au2 0.04041 0.17285 −0.04867 0.04594 0.94389 −0.00273

Medium Au-A interactions (CPGN/FU6)

O29 - Au6 0.03336 0.13357 −0.03771 0.03555 0.94272 −0.00216

O65 - Au2 0.03794 0.15756 −0.04471 0.04205 0.94048 −0.00266

GN/H2O

O7-Au5 0.04766 0.21010 −0.06032 0.05642 0.93535 −0.00390

The values of ρ(r),∇2ρ, Hb, Gb, Vb and −Gb/Vb along with Au–A interactions (Hb < 0) and medium hydrogen
bonds in other structures were investigated, as shown in Table 3. CPGN/FU1 is the second stable configuration which
has 2 medium Au–A interactions and 19 weak interactions with ρav = 0.0106 and∇2ρav = 0.0355 and it consists of
2 weak hydrogen bonds. Concerning the structure of CPGN/FU2, the strength and nature of Au–A interactions have
higher values and this has made this structure more stable than CPGN/FU1.

CPGN/FU6 is the third stable configuration. In this structure, there are 17 Au–A interactions with 2 medium
interactions and 15 weak interactions of Au–A with ρav = 0.0118 and ∇2ρav = 0.0412. CPGN/FU6 has 2 weak
hydrogen bonds. The order of stability of the other configurations is as follows (Table 3).

CPGN/FU4 has 2 medium Au–A interactions and 16 weak interactions with values of ρav = 0.0111 and∇2ρav =
0.0372. Also, this structure has 2 hydrogen bonds of H51 · · · O64 and H31 · · · O64 as a medium hydrogen bond and
one weak hydrogen bond. CPGN/FU3 has 4 medium Au–A interactions and 15 weak interactions with ρav = 0.0120
and ∇2ρav = 0.0409 and 2 medium hydrogen bonds of H31 · · · O64 and H72 · · · O28 and one weak hydrogen
bond. CPGN/FU5 has 2 medium interactions of Au–A and 16 weak interactions with the values of ρav = 0.0117 and
∇2ρav = 0.0415. In this structure, there is 1 weak hydrogen bond.

As previously mentioned, we used PCM to consider the implicit effect of the solvent. QTAIM calculations can be
used to justify that there is no need to consider the explicit effect of the solvent. To do this, we must show that there is
no chemical bond between GN and H2O molecules (solvent). The GN structure was optimized next to H2O (GN/H2O)
and then AIM calculations were performed. The optimized structure of GN/H2O along with the molecular graph and
the values of ρ(r),∇2ρ, Hb, Gb, Vb and −Gb/Vb are represented in Fig. 4 and Table 3, respectively. According to the
bond length in Fig. 4 (Au–O) and the values in Table 3, no chemical bond is formed between GN and H2O.

4. Conclusion

In this study, seven gold nanoparticle-cyclic peptide configurations with the anticancer drug FU were investigated
in the aqueous solution and gas phase at the M06-2X level. The values of binding energy indicate that the performance
of CPGN with FU drug in CPGN/FU1-7 configurations is appropriate and the simultaneous interaction of the drug with
CP and GN results in greater stability. The data obtained from solvation and binding energies show that the solubility
of FU and GN increases in the presence of CP. The global hardness (η) and energy gap (Eg) for FU decrease in the
presence of GN and CP (CPGN/FU1-7), indicating the reactivity FU increases. According to AIM studies, FU can
interact with CPGN as Au–A (A = N, O, F, C, H) and hydrogen bonding. Most Au–A interactions with −Gb/Vb > 1,
Hb > 0 and∇2ρ > 0 are weak interactions. AIM results showed that in the most unstable configuration (CPGN/FU7),
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FIG. 4. Optimized structure and molecular graph of GN/H2O. Small green spheres and lines related
to the bond critical points (BCP) and the bond paths, respectively

the drug interacts only with GN, and in the most stable configuration (CPGN/FU2), Au–A interactions are stronger
and are accompanied by hydrogen bonds.
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