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Abstract: Indirubin and its analogs such as oxindole derivatives are well known as competitive
inhibitors of cyclin-dependent kinase 2 (CDK2) and play an important role in the creation of therapies
in many cancer diseases. Recent research, in order to increase efficiency, is aimed at creating targeted
therapy, which is often based on the immobilization of drugs on the surface of nanocarriers. In this
work, two oxindole derivatives were used to test the binding capabilities of newly in silico designed
C60 fullerene derivatives. Seventy functionalized nanostructures were created by the addition
of amino acid substituents to the single phenyl ring attached to the fullerene surface. Realized
calculations, based on flexible docking methods, allowed for obtaining energetic characteristics
and structural aspects of complexes created by nanomolecules with considered ligands. Analysis
of obtained complexes shows that symmetric substitution to position R3 and R5 allows obtaining
fullerene derivatives exhibiting the highest binding capabilities, while the lowest ones are the effect
of asymmetric substitution (R2; R4). Obtained values clearly allowed to select a group of substituents
and substitution sites that provide the most stable complexes which can be used to create new
nanocarriers for the group of drugs under consideration.
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1. Introduction

One of the significant challenges in current research, placed on the border between medicine
and pharmacy is not only the discovery of drugs, but also the creation of appropriate therapies,
which allow for maximum utilization of the pharmacological potential of substances by increasing the
selectivity and eliminating the undesirable effects of their action. The development of targeted therapy
is frequently related to immobilization of drug molecules by molecular carriers. Such a role can be
fulfilled by different classes of molecules like albumin [1], chitosan [2,3], gelatin [4], gold complexes [5,6],
hydrogels [7], magnetic iron oxides [8] polymers [9–11], cube rhombellanes [12–14] and fullerenes and
their derivatives [15–18]. The implementation of such types of methods ensures the direct delivery
of drugs and their release to the appropriate biological target. In addition, additional effects can be
observed such as increasing drug bioavailability, elongation of pharmacological action [19,20] and
decreasing of toxicity [16,21]. Recently, one of the most dynamically developing groups of nanoparticles,
applicable not only in medicine and pharmacy, are fullerenes. One of the most commonly used
molecules in this group is fullerene C60 [15–18,22]. The characteristic chemical structure of this
molecule increases the binding capacity toward biologically active molecules containing aromatic
systems. This nanoparticle exhibits biological activity toward the cells of living organisms [17], and good
permeation through the cell membrane [23–26], and additionally, small concentrations of this compound
are nontoxic for living organisms. This nanoparticle provides a good platform for developing new
derivatives [27,28] obtained by functionalization of the native system with the use of active groups
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which can significantly increase binding capabilities of such nanocarriers. The type and quantity of
active groups used in such processes should be fitted to the chemical and structural properties of
immobilized molecules, which enables the maximal efficiency of the obtained nanomolecules. The
oxindole derivatives are known as inhibitors of enzymes included in the group of cyclin-dependent
kinases [29–31]. The biological activity of these compounds plays an important role in the creation of
therapies used in many cancer diseases. Examples of such compounds are indol_4_9 and indol_20_10
which exhibit activity toward the cyclin-dependent kinase 2 (CDK2) enzyme [32]. The chemical
structure of both considered molecules (Figure 1) consists of an oxindole core and two side chains,
each of them includes a cyclic system in its structure. Hydrogen bond donors and acceptors are also
present. Previous research has shown that an important factor that can contribute to improved binding
of such molecules by fullerene C60 derivatives is the addition of aromatic rings to the fullerene surface.
Additional groups able to participate in hydrogen bond creation are also desirable [14,32].
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chance to obtain a set of functionalized fullerenes exhibiting a high degree of matching to a 
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Figure 1. Graphic representations of the ligand molecules used during immobilization. The atoms
of particular chemical elements are indicated by the following colors. Carbon: cyan; nitrogen: blue;
oxygen: red; hydrogen: white; fluorine: pink.

The use of a single additional aromatic system on the fullerene surface changes its binding
capabilities, however further modifications of such systems use the potential of interactions of a
larger number of active ligand groups. Amino acids are an important group of compounds that
are characterized by significant chemical diversity and, simultaneously, are completely neutral to
organisms. Such types of substituents were used in many studies related to the modification of
fullerenes [27,33]. The use of a selected group of these compounds can provide substituents containing
both hydrogen bond donors and acceptors, as well as additional cyclic systems, particularly important
in the immobilization of the ligands proposed in this paper. The addition of such substituents to the
fullerene surface may cause an increase of binding capability of the obtained nanomolecules. In such
cases, the mobility of the substituent and the possibility of the active interaction with the ligand
molecule will be limited. A more convenient target of addition than the fullerene surface appears to
be the aromatic ring placed on it. The possibility of choosing a place of substitution, and eventually
multiple substitution by residues with flexible molecular chains, gives a chance to obtain a set of
functionalized fullerenes exhibiting a high degree of matching to a particular drug molecule. Newly
developed nanocarriers based on amino acids may show significant potential in creating targeted
therapies based on the discussed group of drugs.
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2. Methods

The ligand molecules used during docking stage, namely indol_4_9 (Lig1)
((Z)-3-(2-(3-(methylamino)-5-(trifluoromethyl)phenyl)ethylidene)-2-oxo-N-((2-oxo-2,3-dihydro-1H
imidazol-1-yl)methyl)indoline-5-carboxamide) and indol_20_10 (Lig2)
((Z)-3-(2-(5-(4-aminophenethylcarbamoyl)-2-oxoindolin-3-ylidene)ethyl)benzoic acid), were
identified as potential competitive inhibitors of CDK2 protein. The C60 structure was downloaded
from the Brookhaven Protein Database PDB [34], while C60 functionalized derivatives were created
using the Discovery Studio 4.1 package by modifications of CID_71619159 molecule downloaded from
the PubChem database [35]. The functionalization of C60 fullerene was realized with the use of the
chosen amino acids, which were bound by a peptide bond to a benzene ring attached to the surface of
the nanoparticle. According to the diagram in Figure 2, three substituted derivatives were created,
resulting in a total of 70 functionalized C60 fullerene derivatives (FF).
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The united-atom scoring function implemented in the AutoDockVina program [36] was used
during the docking stage. All structures used during simulations, namely both ligands and all
nanoparticles, contained only polar hydrogen atoms. In the case of all considered nanosystems, flexible
docking calculations were realized enabling the possibility of the rotation of amino acid substituents
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relative to the benzene ring. For all considered systems, the grid box dimensions were established equal
to 32 × 32 × 32 Å. All initial procedures related to the preparation of the ligands and nanomolecules
were realized with the use of the AutoDock Tools package [37]. The exhaustiveness parameter equal to
20 was used for all calculations during the docking stage, since such a value ensures an appropriate
reproducibility of the results and a reasonable time of calculation. The analysis of structural properties
and visualization of complexes obtained during simulation were realized with the use of the VMD
package [38]. Numerous comparative studies clearly show that among the available docking tools,
AutoDock Vina exhibits the highest structural reproducibility, and in the case of affinity calculations, it is
one of the most accurate [39]. The experimentally estimated average error of Gibbs energy calculation of
the method implemented in AutoDock Vina is 2.75 kcal/mol, a value obtained based on measurements
for 116 complexes of ligands with highly diversified chemical structures (quantity of ligand rotatable
bonds ranging from 0 to 35) [36]. Both the elements of the systems analyzed in this work, namely
ligands and proposed nanomolecules, exhibit significant chemical consistency. Therefore, the obtained
results should reliably describe the differences between the compared systems. In the case of all
considered complexes, in order to check the reproducibility of calculations, multiple docking runs
were realized allowing to gather 27 conformers of each analyzed complex, and the energetic diversity
of obtained populations was described by RMSD values placed in the range from 0.06 to 0.24 kcal/mol.
Structures described by the highest affinity values for each population were selected for structural and
energetic analysis.

3. Results and Discussion

The chemical structure of both considered ligand molecules consists of an oxindole core and
two side chains containing aromatics systems. In addition, the presence of hydrogen bond donors
and acceptors in each molecule is of importance. Such chemical properties of considered molecules
determine the type of interactions that stabilize their complexes with nanoparticles. In the case of
the most often used molecule, namely fullerene C60, only stacking interactions are possible between
aromatic systems of ligands and the surface of the fullerene. The functionalization of classic fullerene
molecules allows for increasing binding capacity of the considered molecules by the addition of active
groups providing a wider range of interaction types with ligand molecules. The attachment of a single
benzene ring to the surface of the C60 molecule has significantly increased the binding affinity of the
ligands toward the nanoparticle (Lig1 6.4 and Lig2 14.9 times increase of binding constant). Such a
nanostructure was a starting point in the creation of new derivatives obtained by the addition of amino
acid substituents to the benzene ring. The binding affinities and binding constants characterizing
complexes obtained during docking stages are presented in Tables 1 and 2. The presented values
highlight several important dependencies related to the ligand molecule, as well as the type and
localization of the used substituents in the aromatics system. In the case of both ligands, there are
observed complexes in which the functionalization of nanostructures only slightly influenced the
binding constant, as well as systems with a significant increase of this value. The use of substituents
with quite a short carbon chain like glycine, cysteine or asparagine monomers does not significantly
affect the affinity of these structures toward the ligands. What is important, however, is that a change
in the number or location of these substituents in the aromatic system does not significantly affect
the binding capacity, which is confirmed only by slight changes in the binding constant. The highest
discrepancies are observed for the asparaginyl substituent; however, in this case, the differences
between the compared nanostructures do not exceed a twofold increase of the binding constant
(Kx/Kxmin = 1.96; Lig2). Significant effects of benzene ring substitution are observed for the next
group of residues namely lysine, arginine and glutamine. values observed characterizing the binding
affinity and constant, which describes the complexes created by a particular FF. The smallest binding
capabilities are exhibited by monosubstituted derivatives. Taking into account the position of the
substituent, the binding capacities for most molecules increase in the following order: R4 < R2 < R3.
The FF with two and three substituents exhibits different binding properties relative to the considered
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ligands. In the case of the Lig1 molecule, the smallest binding activity is observed in the case of
derivatives with substituents placed in positions R2 and R4, and an increase of affinity is observed in
the case of substitution in positions R2 and R6.

Table 1. The values of binding affinity ∆G (kcal/mol) of the Lig1 molecule toward the proposed FF;
K (106) represents values of the binding constant; Kx/KC60p represent normalized factors describing
an increase of the binding constant relative to the reference structure (C60_phen; ∆G = –8.0 kcal/mol;
K = 0.731 × 106); Kx/Kxmin represent normalized factors describing an increase of the binding constant
relative to the smallest values obtained for the functionalized fullerene with a particular substituent.

FF

Quantity and Localization of
Substituents R2; R4; R6 R2; R4 R2; R6 R3; R5 R2 R3 R4

S1: Glycyl

∆G (kcal/mol) −8.4 −8.3 −8.3 −8.5 −8.2 −8.5 −8.4
K (×106) 1.44 1.21 1.21 1.70 1.02 1.70 1.44

Kx/KC60p 1.96 1.66 1.66 2.33 1.40 2.33 1.96
Kx/Kxmin 1.40 1.18 1.18 1.66 1.00 1.66 1.40

S2:
Cysteinyl

∆G (kcal/mol) −8.5 −8.4 −8.4 −8.4 −8.2 −8.7 −8.3
K (106) 1.70 1.44 1.44 1.44 1.02 2.38 1.21

Kx/KC60p 2.33 1.96 1.96 1.96 1.40 3.26 1.66
Kx/Kxmin 1.66 1.40 1.40 1.40 1.00 2.33 1.18

S3:
Asparaginyl

∆G (kcal/mol) −8.8 −8.6 −8.6 −8.8 −8.7 −8.9 −8.6
K (×106) 2.82 2.01 2.01 2.82 2.38 3.34 2.01

Kx/KC60p 3.86 2.75 2.75 3.86 3.26 4.57 2.75
Kx/Kxmin 1.40 1.00 1.00 1.40 1.18 1.66 1.00

S4: Lysyl

∆G (kcal/mol) −9.1 −8.4 −8.9 −9.0 −8.4 −9.2 −8.2
K (×106) 4.68 1.44 3.34 3.95 1.44 5.54 1.02

Kx/KC60p 6.4 2.0 4.6 5.4 2.0 7.6 1.4
Kx/Kxmin 4.6 1.4 3.3 3.9 1.4 5.4 1.0

S5: Arginyl

∆G (kcal/mol) −9.5 −8.9 −9.2 −9.4 −8.7 −8.3 −8.4
K (×106) 9.20 3.34 5.54 7.77 2.38 1.21 1.44

Kx/KC60P 12.6 4.6 7.6 10.6 3.3 1.7 2.0
Kx/Kxmin 7.6 2.8 4.6 6.4 2.0 1.0 1.2

S6: Glutam

∆G (kcal/mol) −9.0 −8.7 −8.9 −9.1 −8.4 −8.9 −8.2
K (×106) 3.95 2.38 3.34 4.68 1.44 3.34 1.02

Kx/KC60p 5.4 3.3 4.6 6.4 2.0 4.6 1.4
Kx/Kxmin 3.9 2.3 3.3 4.6 1.4 3.3 1.0

S7: Histydyl

∆G (kcal/mol) −9.1 −8.4 −9.1 −9.0 −8.5 −8.6 −8.2
K (×106) 4.68 1.44 4.68 3.95 1.70 2.01 1.02

Kx/KC60p 6.4 2.0 6.4 5.4 2.3 2.8 1.4
Kx/Kxmin 4.6 1.4 4.6 3.9 1.7 2.0 1.0

S8:
Phenylalanyl

∆G (kcal/mol) −9.1 −8.4 −9.1 −9.8 −8.5 −8.6 −8.2
K (×106) 4.68 1.44 4.68 3.95 1.70 2.01 1.02

Kx/KC60P 12.6 4.6 7.6 20.9 6.4 4.6 1.4
Kx/Kxmin 9.0 3.3 5.4 14.9 4.6 3.3 1.0

S9:
Tryptophanyl

∆G (kcal/mol) −9.6 −9.1 −9.6 −10.6 −9.3 −9.3 −8.4
K (×106) 10.89 4.68 10.89 58.87 6.56 6.56 1.44

Kx/KC60p 14.9 6.4 14.9 80.5 9.0 9.0 2.0
Kx/Kxmin 7.6 3.3 7.6 41.0 4.6 4.6 1.0

S10: Tyrosyl

∆G (kcal/mol) −9.1 −8.6 −9.0 −10.1 −9.2 −8.2 −8.3
K (×106) 4.68 2.01 3.95 25.32 5.54 1.02 1.21

Kx/KC60p 6.4 2.8 5.4 34.6 7.6 1.4 1.7
Kx/Kxmin 4.6 2.0 3.9 24.7 5.4 1.0 1.2
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Table 2. The values of binding affinity ∆G (kcal/mol) of the Lig2 molecule toward the proposed FF; K
(106) represents values of the binding constant; Kx/KC60p represent normalized factors describing an
increase of the binding constant relative to the reference structure (C60_phen; ∆G = –8.8 (kcal/mol);
K= 2.82 × 106); Kx/Kxmin represent normalized factors describing an increase of the binding constant
relative to the smallest values obtained for the functionalized fullerene with a particular substituent.

FF

Quantity and Localization of
Substituents R2; R4; R6 R2; R4 R2; R6 R3; R5 R2 R3 R4

S1: Glycyl

∆G (kcal/mol) −9.2 −9.3 −9.1 −9.2 −9.2 −9.1 −9
K (×106) 5.54 6.56 4.68 5.54 5.54 4.68 3.95

Kx/KC60p 1.96 2.33 1.66 1.96 1.96 1.66 1.40
Kx/Kxmin 1.40 1.66 1.18 1.40 1.40 1.18 1.00

S2:
Cysteinyl

∆G (kcal/mol) −9.3 −9.2 −9.1 −9.3 −9 −9.1 −9.1
K (106) 6.56 5.54 4.68 6.56 3.95 4.68 4.68

Kx/KC60p 2.33 1.96 1.66 2.33 1.40 1.66 1.66
Kx/Kxmin 1.66 1.40 1.18 1.66 1.00 1.18 1.18

S3:
Asparaginyl

∆G (kcal/mol) −9.5 −9.5 −9.4 −9.6 −9.4 −9.2 −9.4
K (×106) 9.20 9.20 7.77 10.89 7.77 5.54 7.77

Kx/KC60p 3.26 3.26 2.75 3.86 2.75 1.96 2.75
Kx/Kxmin 1.66 1.66 1.40 1.96 1.40 1.00 1.40

S4: Lysyl

∆G (kcal/mol) −9.6 −9.6 −9.2 −9.9 −9.5 −9.2 −8.9
K (×106) 10.89 10.89 5.54 18.06 9.20 5.54 3.34

Kx/KC60p 3.9 3.9 2.0 6.4 3.3 2.0 1.2
Kx/Kxmin 3.3 3.3 1.7 5.4 2.8 1.7 1.0

S5: Arginyl

∆G (kcal/mol) −9.8 −9.6 −9.5 −10.1 −9.1 −9.5 −9.0
K (×106) 15.26 10.89 9.20 25.32 4.68 9.20 3.95

Kx/KC60P 5.4 3.9 3.3 9.0 1.7 3.3 1.4
Kx/Kxmin 3.9 2.8 2.3 6.4 1.2 2.3 1.0

S6: Glutam

∆G (kcal/mol) −9.6 −9.4 −9.4 −9.7 −9.1 −9.4 −8.9
K (×106) 10.89 7.77 7.77 12.89 4.68 7.77 3.34

Kx/KC60p 3.9 2.8 2.8 4.6 1.7 2.8 1.2
Kx/Kxmin 3.3 2.3 2.3 3.9 1.4 2.3 1.0

S7: Histydyl

∆G (kcal/mol) −9.6 −9.8 −9.9 −10.0 −9.2 −9.2 −8.9
K (×106) 10.89 15.26 18.06 21.38 5.54 5.54 3.34

Kx/KC60p 3.9 5.4 6.4 7.6 2.0 2.0 1.2
Kx/Kxmin 3.3 4.6 5.4 6.4 1.7 1.7 1.0

S8:
Phenylalanyl

∆G (kcal/mol) −9.9 −9.5 −9.9 −10.8 −9.7 −9.4 −8.9
K (×106) 18.06 9.20 18.06 82.51 12.89 7.77 3.34

Kx/KC60P 6.4 3.3 6.4 29.2 4.6 2.8 1.2
Kx/Kxmin 5.4 2.8 5.4 24.7 3.9 2.3 1.0

S9:
Tryptophanyl

∆G (kcal/mol) −9.7 −9.7 −9.6 −11.0 −9.5 −9.3 −9.0
K (×106) 12.89 12.89 10.89 115.64 9.20 6.56 3.95

Kx/KC60p 4.6 4.6 3.9 41.0 3.3 2.3 1.4
Kx/Kxmin 3.3 3.3 2.8 29.2 2.3 1.7 1.0

S10: Tyrosyl

∆G (kcal/mol) −9.7 −9.6 −9.7 −10.8 −9.1 −8.9 −9.0
K (×106) 12.89 10.89 12.89 82.51 4.68 3.34 3.95

Kx/KC60p 4.6 3.9 4.6 29.2 1.7 1.2 1.4
Kx/Kxmin 3.9 3.3 3.9 24.7 1.4 1.0 1.2

The increasing of molecule length by one or two additional carbon atoms in the side chain of
the amino acids relative to the previously discussed group of substituents significantly increased the
binding capabilities of the created nanomolecules. In this case, there is a higher variety of obtained The
highest values are noticed for nanomolecules with residues in positions R3 and R5. The functionalized
fullerenes with three substituents (R2; R4; R6) exhibit the highest binding affinities toward the Lig1
molecule (Kx/Kxmin = 7.6, S5: Arginyl); however, the difference compared to the best two substituted
systems is quite small.

The values presented in Table 2, characterizing interactions of the Lig2 molecule with disubstituted
nanomolecules, clearly show that FF with residues in positions R2; R4 and R2; R6 exhibit very similar
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binding properties, slightly higher than appropriate mono derivatives. The substitution in positions
R3; R5 obtains nanomolecules exhibiting the best binding properties (Kx/Kxmin = 6.4, S5: Arginyl),
even better than in the case of the three substituted derivatives (R2; R4; R6). The last group of
substituents is amino acids that contain cyclic systems localized in the side chain of molecules, namely
histidine, phenylalanine, tryptophan and tyrosine. The use of substituents with aromatic systems
efficiently increases the binding capabilities of created FF, which was also found in previous studies
using immobilized fullerenes [14,32]. In this case, analogically, like for previous groups of substituents,
the smallest values of binding affinity were reported for monosubstituted derivatives with residues
placed in position R4, while for the remaining two types of substitution (R2 and R3), there can be
found conformations that exhibit binding properties similar to disubstituted nanomolecules. The data
presented in Tables 1 and 2 clearly show that the localization of substituents in the case of derivatives
containing aromatic rings with two residues significantly affects the binding capabilities of ligands
by such structures. It can be stated that substitution in positions R3; R5 is more favorable than in the
case of both remaining types, which is unambiguously confirmed in the differences in values of the
binding affinities and appropriate constants. The appearance of the third substituent (R2; R3; R6) in
the aromatic ring does not improve the binding capabilities of such nanomolecules, which are similar
to substitution systems R2; R4 and R2; R6. Among all 70 nanostructures obtained by the use of the
proposed substituents, one may choose systems exhibiting the highest binding capabilities relative to
both considered ligands. Appropriate complexes of selected nanocarriers are presented in Figures 3
and 4. The native nanomolecule C60_phen creates complexes with ligands that are maintained mainly
by stacking interactions between the aromatic rings of ligands and the surface of the fullerene [27,28].
The graphic representation of such a complex is presented in Figure 3a. The observed distances range
from 3.27 to 3.73 Å and a planar orientation between interacting cyclic systems confirms the dominant
role of such interactions. In the case of the Lig1 molecule, three nanomolecules that exhibit significant
binding activity in the creation of complexes deserve special attention. All of them are FF derivatives
with substituents placed in positions R3; R5. The first of them is FF_R3_R5_Phenylalanyl, which
exhibits 20.9 (Kx/KC60p) times higher binding capabilities than the reference system. Figure 3b shows
that conformation of the ligand molecule ensures the occurrence of stacking interactions with the
fullerene surface; however, additional interactions are also present, namely hydrogen bonds, occurring
between carbonyl oxygen atoms of the nanomolecule and hydrogens from amide (2.46 Å) and amine
(2.36 Å) groups of the ligand molecule. The next stabilizing factor is the creation of a characteristic
cluster of stacking molecules which consists of the surface of the fullerene, the oxindole ligand core and
a ring from a phenylalanine substituent, which is confirmed by mutual distances (3.49 Å, 3.69 Å) and
orientations of the mentioned subunits. The next interesting molecule is FF_R3_R5_Tyrosyl for which
a 34.6-time increase of complex binding compared to the reference molecule was noticed. Figure 3c
clearly shows that the complex created by this nanomolecule is maintained by a network of stabilizing
interactions. The stacking interactions are observed between all cyclic elements of the ligand molecule
and the fullerene surface (distance from 3.39 to 3.59 Å). Analogically, like in the case of the previously
discussed complex, the creation of a cluster of stacking molecules is observed, created by the aromatic
ring of tyrosine, the ligand core and the fullerene surface. The second factor stabilizing the ligand
complex with the considered FF are three hydrogen bonds. The first of them is localized between
the carbonyl oxygen atom and hydrogen from the amide group (2.27 Å); the next two are created
by hydrogen bond donors and acceptors from the five-membered ring of the ligand and hydroxyl
group of tyrosine (2.20 and 2.31 Å). Among all considered nanomolecules, the highest binding affinity
(−10.6 kcal/mol) was noticed for FF_R3_R5_Tryptophanyl. In this case, an 80.5 (Kx/KC60p) times
increase of binding capabilities was found relative to the native structure. The graphic representation of
the complex of this nanocarrier with Lig1 molecules is presented in Figure 3d. The presented structure
is stabilized by numerous stacking interactions in which all cyclic systems of the ligand molecule
(distances from 3.50 to 3.69 Å) are involved.
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There is also observed a cluster of stacking systems created by cyclic systems of tryptophan, ligand
core and fullerene. The orientation of the five-membered ring of the ligand indicates the possibility
of interaction with fullerene surface (3.55 Å) and also with benzene ring (3.69 Å) substituted to the
surface of the nanomolecule.

The analyzed ligand molecule, namely indol_4_9, was a subject of analogical investigations
realized with the use of functionalized fullerenes. The nanomolecules used in this case were also
C60 fullerene derivatives that contained different active groups in their structure including aliphatic,
halogen and aromatic substituents attached to the fullerene surface. Among all obtained complexes,
the best affinity was found for the nanocarrier functionalized by three additional aromatic systems;
however, the obtained value of affinity was equal to −8.7 (kcal/mol) [32]. The outcomes obtained for
the FF used in this work suggest that they have higher binding capabilities than previously considered
nanomolecules. In the case of the best nanocarrier, a 24.7 times increase of the binding constant
compared to the previously considered fullerenes is observed. The proposed procedure of the C60
fullerene molecule functionalization allowed for obtaining nanocarriers able to utilize the binding
capabilities of the considered ligand molecule better.

The graphic characteristics of the chosen complexes created by the Lig2 molecule are presented in
Figure 4. Among all tested systems, the complexes characterized by the highest values of the binding
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affinity deserve special attention. The FF_R3_R5_Arginyl molecule (Figure 4a) creates complexes
characterized by a binding affinity value equal to −10.1 kcal/mol, giving a 9.0 (Kx/KC60p) times higher
increase of binding capabilities relative to the native molecule. The considered complex is maintained
by two types of interactions. All cyclic systems of the Lig2 molecule are involved in the creation of
stacking interactions with the fullerene surface (dist. from 3.36 to 3.56 Å).
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exhibiting the best binding capabilities. The atoms of particular chemical elements are indicated by the
following colors: carbon: cyan; nitrogen: blue; oxygen: red; hydrogen: white.

The orientation of the ligand relative to the fullerene molecule also provides the occurrence of
hydrogen bonds created by hydrogens from terminal amino groups of both arginine substituents
(lengths from 2.15 to 2.91 Å). The next two nanostructures, namely FF_R3_R5_Phenylalanyl (Figure 4b)
and FF_R3_R5_Tyrosyl (Figure 4c), exhibit similar binding affinity toward the ligand molecule
(−10.8 kcal/mol), which makes the binding capability of such molecules 29.2 times higher than in
the case of the reference molecule. Both complexes are maintained mainly by stacking interactions
occurring between all cyclic systems of the ligand and surface of the fullerene, and additional stacking
contribution is related to the presence of stacking clusters created by aromatic systems of amino acids,
the core of the ligand molecule and the fullerene surface. One hydrogen bond was found in the
structure of the FF_R3_R5_Tyrosyl complex, created by a carbonyl oxygen atom from the fullerene and
amide hydrogen from the ligand molecule (2.20 Å). The highest activity in the creation of complexes
with the Lig2 molecule among all considered nanomolecules is exhibited by FF_R3_R5_Tryptophanyl
(−11.0 kcal/mol), which is associated with a 41 times increase in the binding capacity by this nanoparticle
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compared to the reference molecule. The structure of complexes of this FF is mainly maintained by
stacking interactions in which all cyclic systems of the ligand molecule are involved, which is confirmed
by mutual distances measured between aromatic systems and their mutual orientation. Similarly, as in
the case of the previous FF, the aromatic system from the tryptophanyl substituent is involved in the
creation of a stacking cluster with the central core of the Lig2 molecule. The structural analysis of the
considered complexes indicates also the possibility of the occurrence of hydrogen bonds; however,
the observed interactions are weak and their role in complex stabilization is less significant [13,14].
The Lig 2 molecule (indol_20_10), analogically like the Lig 1 molecule, was used in previous studies
related to immobilization with the use of C60 derivatives. This particular molecule exhibited good
binding affinity toward the considered nanosystems, better than the second considered drug which was
confirmed by the highest value of binding affinity equal to−9.2 (kcal/mol) [32]. The comparison between
this value and the results recorded for the FF containing amino acid substituents unambiguously
confirms the superiority of the new class of nanostructures (FF_R3_R5_Tryptophanyl; −11.0 kcal/mol,
20.9 times K-bind increase). The most important factor in differentiating between the compared classes
of nanosystems is related to the localization of active groups. The addition of substituents to the
aromatic system on the fullerene surface significantly increases the conformational capabilities of amino
acids, which significantly affects the ligand-binding capacity. The most important effects of increased
conformational abilities of substituents are observed for aromatic amino acids, which participate in the
creation of stacking clusters with the ligand molecule core and the fullerene surface.

4. Conclusions

The immobilization of drugs with the use of nanocarriers is one of the strategies during the
creation of targeted therapies. One of the most important aspects of such methods is the appropriate
matching of nanoparticles to transferred drugs. The set of nanomolecules analyzed in this work exhibits
significant diversity allowing for definition of the optimal type and localization of substituents ensuring
best-fitting analyzed drug molecules. The obtained data show that substituents with a short length
(glycine, cysteine or asparagine), even though they contain hydrogen bond donors or acceptors, are
not able to significantly increase the binding capability of the considered ligand molecules. In this case,
the quantity and localization of the used chemical groups in the aromatic systems do not significantly
affect the considered properties. The use of amino acids with active groups localized on longer side
chains (lysine, arginine and glutamine) had a larger impact on the binding properties of the obtained
nanomolecules. A larger conformational flexibility of such substituents caused their quantity and
place of substitution to induce noticeable changes in the properties of the obtained FF. In the case of
the monosubstitued derivatives, there is a noticeable increase in the binding capabilities in the order
R4 < R2 < R3. The nanostructures with two substituents mainly exhibit higher binding affinities than
the systems with one residue. Among all the disubstituted systems, the best effects are observed
in the case of substitution realized in positions R3 and R5. Among all the used substituents, the
best effects were obtained in the case of the amino acids containing aromatic cyclic systems in their
structure. The FF obtained by addition of tryptophanyl, phenylalanyl or tyrosyl residues in positions
R3; R5 exhibit the best binding capabilities relative to both analyzed ligands. Such a location of the
considered amino acids in the phenyl ring ensures the possibility of the creation of characteristic
stacking clusters consisting of three stacking aromatic subsystems in which the main core of the
ligand molecule is placed between the fullerene surface and aromatic systems of the amino acids. The
presence of this additional stabilizing impact can explain significantly higher binding capabilities
of such nanomolecules relative to the ligand molecules. The analysis of the binding capabilities of
all considered nanocarriers, incorporating also the quantity and type of interactions involved in the
stabilization of complexes, facilitates the conclusion that, in such systems, hydrophobic and stacking
interactions are preferred while hydrogen bonds perform a supporting function.

The obtained results clearly indicate a group of substituents and substitution sites that provide
the most stable complexes that can be used to create new nanocarriers for considered drugs. Selected
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nanocompounds are a solid base for further research carried out based on more advanced computational
methods such as molecular dynamics that determine the essence of interactions responsible for the
stabilization of created complexes. A more in-depth understanding of the proposed complexes is
crucial in the context of the selection of systems for potential synthesis and their use in the creation of
targeted therapy.
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