
symmetryS S

Article

The Immobilization of ChEMBL474807 Molecules
Using Different Classes of Nanostructures
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Abstract: Indirubin derivatives and analogues are a large group of compounds which are widely and
successfully used in treatment of many cancer diseases. In particular, the ChEMBL474807 molecule,
which has confirmed inhibiting abilities against CDK2 and GSK3B enzymes, can be included in
this group. The immobilization of inhibitors with the use of nanocarriers is an often used strategy
in creation of targeted therapies. Evaluations were made of the possibility of immobilizing ligand
molecules on different types of nanocarrier, such as carbon nanotubes (CNT), functionalized fullerene
C60 derivatives (FF_X), and functionalized cube rhombellanes, via the use of docking methods.
All results were compared with a reference system, namely C60 fullerene. The realized calculations
allowed indication of a group of compounds that exhibited significant binding affinity relative to
the ligand molecule. Obtained data shows that structural modifications, such as those related to
the addition of functional groups or changes of structure symmetry, realized in particular types of
considered nanostructures, can contribute to increases of their binding capabilities. The analysis of
all obtained nano complexes clearly shows that the dominant role in stabilization of such systems
is played by stacking and hydrophobic interactions. The realized research allowed identification
of potential nanostructures that, together with the ChEMBL474807 molecule, enable the creation of
targeted therapy.
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1. Introduction

Indirubin is a natural compound which can be found as a component of natural indigo, and
for many years has been well known as an ingredient used in many traditional medicine methods.
Its applications are numerous and related to its pharmacological potential, manifesting through
anti-inflammatory [1], antitumor [2,3], antiangiogenic [4], and neuroprotective [5] effects. Indirubin
and its derivatives or analogues are also well known as competitive ATP inhibitors; such inhibiting
potential has also been confirmed in the case of cyclin-dependent kinases (CDK) and glycogen
synthase kinase 3 (GSK3) [6,7], and contributed to the development of promising drugs for diabetes,
inflammation, cancer, and neurodegeneration [5,8–11]. The ChEMBL474807 molecule can be included
in this group of compounds, since its inhibitory properties against CDK2 and GSK3B have been
confirmed with the use of molecular modeling methods [12]. The direct application of compounds
with pharmacological potential can be fraught, with many potential side effects related, for example,
to toxicity or wide spectrum of impact. One of the most commonly used strategies for prevention
of such phenomena is the preparation of targeted therapy involving the use of carriers providing
controlled release of drugs. Such therapies not only increase the efficiency and bioavailability of the
drugs used, but also often reduce the occurrence of side effects [13–17]. The chemical structure of
the ChEMBL474807 ligand molecule is presented in Figure 1. Four cyclic systems containing three
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aromatic rings indicate that one of the most important stabilizing effects in interactions with potential
carriers should be stacking or hydrophobic interactions. The presence of four hydrogens which could
play the role of hydrogen bond donors also is worth taking into account. A large group of commonly
used carriers are compounds included in the group of fullerenes or their derivatives. One of the
most intensively used fullerene molecules is C60. Numerous studies have shown significant binding
potential of this particle in the context of π–π stacking interactions with many biologically active
compounds [18]. The chemical structure of such a molecule also enables free penetration through
cell membranes [17,19,20], however, small concentrations of this compound are non-toxic for living
organisms [13,21–23]. The structure of the C60 molecule exhibits structural disproportion compared to
the considered ligand molecule, and the lack of any hydrogen bond acceptors also encourages the
search for new nanostructures that could better utilize the binding potential of the inhibitor.
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Figure 1. Graphic representation of ligand molecule.

The most intuitive solution seems to be analysis of the functionalized derivatives of C60 fullerene,
which have found numerous applications in modern medicine [24–26]. Table S1 presents sets of
chemical structures and names of proposed fullerenes. In this group of nanocarriers, compounds
with single and multiple substituents placed on the surface of C60 fullerene can be found. The scope
of the functional groups used takes into account aliphatic chains with methoxy, amide, ester, and
halogen groups, and aromatic systems that include unsubstituted benzene rings, as well as more
complex aromatic systems. The next set of nanosystems worthy of consideration is carbon nanotubes,
which have found many applications in the biomedical field e.g., in diagnostics, tissue engineering, or
targeted drug delivery [27–29]. The characteristic structure of these nanosystems is created by rolling
up graphene sheets, and such large surfaces consisting of aromatic systems could exhibit high affinity
toward the considered ligand molecule that exhibiting significant activity in stacking interactions.
The last interesting group of nanocarriers are the cube rhombellane (Cube-rbl) homeomorphs, consisting
of a molecule core and a second shell created by eight modules connected with the structure by three
chemical bonds, e.g., ester or amide [30–33]. The examples of such structures created by Diudea are
presented in Figure 2. The proposed nanostructures, due to their characteristic modular structures,
provide numerous active groups arranged on a nanocarrier surface in an organized manner, strictly
dependent on the symmetry of the molecule core. Depending on the type of the particular molecule,
the active groups are aromatic rings or cyclohexane derivatives and ester or amide groups. The precise
characteristics of all Cube-rbl are displayed in Table S2. The evaluation of ligand molecule affinity
relative to all proposed nanocarriers can contribute to the creation of effective targeted therapy.



Symmetry 2019, 11, 980 3 of 13Symmetry 2019, 11, x FOR PEER REVIEW 3 of 14 

 

   
308a 308b 360a 

  
372 396 360b 

   

420 444 ADA132 

Figure 2. Graphic representation of the chosen structures of cube rhombellane homeomorphs. 

2. Methods 

The ligand molecule, namely ChEMBL474807 
(1-(4-amino-1,2,5-oxadiazol-3-yl)-5-(piperidin-1-ylmethyl)-N′-(pyridin-4-ylmethylene)-1H-1,2,3-triazole-
4-carbohydrazide), was obtained from CHEMBL Database [34]. Rhombellane homeomorphs, were 
obtained from Topo Cluj Group[33], the C60 structure was downloaded from Brookhaven Protein 
Database PDB [35], and C60 functionalized derivatives were obtained from the PubChem database [36]. 
The carbon nanotubes described in Table 1 were generated using the VMD package [37], chosen values 
of “n” and “m” vectors allowed for the creation of different types of nanotubes characterized by similar 
diameter values. The AutoDockVina program and implemented united-atom scoring function was used 
during the docking stage [38]. 
  

Figure 2. Graphic representation of the chosen structures of cube rhombellane homeomorphs.

2. Methods

The ligand molecule, namely ChEMBL474807 (1-(4-amino-1,2,5-oxadiazol-3-yl)-5-(piperidin-1-
ylmethyl)-N′-(pyridin-4-ylmethylene)-1H-1,2,3-triazole-4-carbohydrazide), was obtained from
CHEMBL Database [34]. Rhombellane homeomorphs, were obtained from Topo Cluj Group [33], the
C60 structure was downloaded from Brookhaven Protein Database PDB [35], and C60 functionalized
derivatives were obtained from the PubChem database [36]. The carbon nanotubes described in Table 1
were generated using the VMD package [37], chosen values of “n” and “m” vectors allowed for the
creation of different types of nanotubes characterized by similar diameter values. The AutoDockVina
program and implemented united-atom scoring function was used during the docking stage [38].
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Table 1. Description of carbon nanotube parameters used during docking stage.

Nanostructure
Name C Atoms N chiral

Index
M Chiral

Index L [nm] Type D [Å]
Diameter

Class

CNT_260 260 5 5 3 armchair 6.25 D1
CNT_252 252 6 3 3 chiral 6.21 D1
CNT_256 256 8 0 3 zigzag 6.73 D1
CNT_416 416 8 8 3 armchair 10.83 D2
CNT_392 392 10 6 2 chiral 10.94 D2
CNT_448 448 14 0 3 zigzag 10.94 D2
CNT_676 676 13 13 3 armchair 17.47 D3
CNT_760 760 15 10 3 chiral 17.01 D3
CNT_704 704 22 0 3 zigzag 17.20 D3

During the docking stage, ligand and nanosystem structures containing only polar hydrogen
atoms were used. In the case of all “spherical” nanoparticles, the grid box dimensions were established
equal to 26 × 26 × 26 Å, while in the case of carbon nanotubes, sets of values were chosen that ensured
free interactions of the ligand molecule with the surface and interior of the nanosystems used. All initial
procedures related to preparation of the ligand and nanosystems during the docking procedure were
realized with the use of AutoDock Tools package [39]. All calculations during the docking stage were
realized with an exhaustiveness parameter equal to 20, since such a value ensures an appropriate
reproducibility of the results and a reasonable time of calculation. Structural analysis of the considered
systems and visualization of the obtained complexes were realized with use of the VMD package [37].
The value of the binding constant was calculated based on the formula:

Kmax = exp(
−∆Gmax

RT ) (1)

where ∆Gmax represents maximal value of binding affinity obtained during docking stage, R represents
value of gas constant, and T represents temperature.

3. Results and Discussion

The affinity of a ligand molecule towards different classes of nanocarrier was evaluated with the
use of docking methods. The carbon nanoparticle most often used as a nanocarrier is the C60 molecule,
therefore, it was used as a reference system in this study. The binding affinity of the considered ligand
molecule towards native C60 molecules was equal to −4.90 kcal/mol (Table 2). The structure of the
obtained complex presented in Figure 3 shows that the long structure of the ligand molecule has
limited ability to interact with fullerene C60 and cannot effectively use all aromatic systems in creation
of interactions. The observed single stacking interaction of one of the aromatic systems of the ligand
molecule cannot strongly stabilize the analyzed complex. Table 2 also presents the values obtained
for functionalized C60 fullerenes. Structural changes observed in the considered molecules were
related to the addition of various functional groups, including aliphatic chains with methoxy, amide,
ester, and halogen groups supporting the possibility of creation of hydrogen bonds and aromatic
systems that include unsubstituted benzene rings, as well as more complex aromatic systems (Table
S1). All considered compounds exhibited much higher binding affinity towards ligand molecule
than native C60 fullerene, which manifested in the increase of these values by −1.0 to −3.1 kcal/mol.
The differences in binding affinity were more evident in the context of the binding constant of complex
formation [Kmax], for which the observed increase relative to the reference system started from 440%
and in the best cases even reached 18,621% (Table 2). The most interesting outcomes were obtained for
functionalized fullerenes containing aromatic substituents. The presence of a single aromatic group
increased the values of binding affinity by at least−1.7 kcal/mol. The possibility of additional stabilizing
impacts significantly affected the durability of considered complexes. Graphic representations of the
most interesting complexes are shown in Figure 3. The presence of a single aromatic functional group
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on the surface of functionalized C60 molecule, observed for example in the case of FF_5, FF_7, FF_8, and
FF_11 molecules, forced a characteristic orientation of the ligand molecule. The first aromatic system
of the ligand molecule interacted with aromatic systems from functional groups of the considered
fullerenes, and the observed planar orientations, with distances in the range of 3.63 to 3.68 Å, indicated
strong stacking interactions. The next stabilizing impact was related to the second aromatic system
of the ligand molecule, the orientation of which enabled interactions with the aromatic surface of
the fullerene core, and, in this case, the distances between aromatic systems were smaller and fell
in the range of 3.48 to 3.57 Å. The conformation of ligand molecules in the considered complexes
caused the third aromatic system to be unable to actively interact with the surface of the fullerenes.
The last stabilizing impact was related to the fourth cyclic system of the ligand molecule, of which the
orientation enabled the appearance of hydrophobic interactions with the fullerene surface. The addition
of multiple aromatic systems on the fullerene surface, like in the case of FF_12, significantly increased
the stability of the obtained complexes; this was confirmed by the values of the binding constant
[Kmax], which reached values 18,621% higher than the reference system. The presence of multiple
aromatic substituents on the fullerene surface of the FF_12 molecule allowed all aromatic systems of the
ligand molecule to be engaged in the creation of stacking interactions (Figure 3). Many functionalized
fullerenes used during the docking stage contained hydrogen bond acceptors, however, the creation of
such interactions with any polar hydrogen atom of the ligand molecule was not observed in any case.
Such an observation clearly indicates the dominant role of stacking and hydrophobic interactions in
stabilization of ligand complexes with functionalized fullerenes.

Table 2. Values of binding affinity [kcal/mol] of ligand molecule relative to functionalized C60 fullerene
derivatives (FF_X) obtained during docking stage.

Nanostructure
Name

∆G [kcal/mol] Binding Constant
[Kmax]

Difference of Kmax
Relative to C60 [%]MAX MIN AVERAGE SD

FF_1 −6.50 −6.00 −6.24 0.13 58,151.8 1388.7
FF_2 −6.10 −5.80 −5.96 0.09 29,604.6 657.9
FF_3 −6.50 −6.10 −6.31 0.11 58,151.8 1388.7
FF_4 −6.00 −5.90 −5.95 0.05 25,006.8 540.2
FF_5 −7.10 −6.50 −6.74 0.16 160,091.8 3998.5
FF_6 −6.10 −5.70 −5.85 0.13 29,604.6 657.9
FF_7 −6.80 −6.40 −6.57 0.10 96,486.4 2370.1
FF_8 −6.70 −6.30 −6.50 0.12 81,501.4 1986.5
FF_9 −6.60 −6.40 −6.48 0.07 68,843.7 1662.4

FF_10 −6.10 −5.70 −5.82 0.11 29,604.6 657.9
FF_11 −7.20 −6.70 −6.92 0.15 189,526.5 4752.0
FF_12 −8.00 −7.40 −7.66 0.18 731,270.0 18,621.0
FF_13 −5.90 −5.80 −5.83 0.05 21,123.1 440.8

C60 −4.90 −4.90 −4.90 0.00 3906.1 0.0
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Figure 3. Graphic representation of ligand complexes with functionalized derivatives of C60 fullerene
characterized by highest binding affinity.

The next class of nanostructures used during modeling were carbon nanotubes. Three types of
such nanosystems were used, namely zigzag (n, 0), armchair (n, n), and chiral (n, m), with each set of
vector parameters defining the way the graphene sheet is rolled. Appropriate graphic representations
for each type of nanotube are shown in Figure 4. The values presented in Table 3 describe the affinity
of the ligand molecule for each type of nanotube considered, characterized by three different diameter
values. For each nanotube, the ligand affinity relative to the surface and interior of the considered
nanosystem was evaluated. In the context of interaction with the surface of nanotubes, one of the
most important factors is the nanotube diameter, and presented data clearly show that three classes of
systems can be distinguished.
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Table 3. Values of binding affinity [kcal/mol] of the ligand molecule relative to carbon nanotubes
(CNT) obtained during docking stage. The values presented in italics are positive and indicate the
non-physical character of the interactions of the ligand molecule with the interior of the nanotube with
smallest diameter.

Nanostructure
Name

∆G [kcal/mol] Binding Constant
[Kmax]

Type
MAX MIN AVERAGE SD

CNT surface
CNT_260 −10.8 −10.6 −10.7 0.06 8.25 × 107 armchair
CNT_252 −10.5 −10.3 −10.4 0.06 4.97 × 107

. chiral
CNT_256 −10.4 −10.3 −10.4 0.05 4.20 × 107

. zigzag
CNT_416 −11.6 −11.4 −11.5 0.06 3.18 × 108

. armchair
CNT_392 −11.7 −11.5 −11.6 0.07 3.77 × 108 chiral
CNT_448 −11.6 −11.5 −11.6 0.05 3.18 × 108 zigzag
CNT_676 −12.6 −12.4 −12.5 0.05 1.72 × 109 armchair
CNT_760 −12.6 −12.4 −12.5 0.05 1.72 × 109 chiral
CNT_704 −12.5 −12.4 −12.4 0.05 1.45 × 109 zigzag

CNT interior
CNT_260 134.9 142 138 2.6 1.31 × 10−99 armchair
CNT_252 249.9 269 257 10.9 6.62 × 10−184 chiral
CNT_256 232 271 257 21.7 8.74 × 10−171 zigzag
CNT_416 −19 −18.9 −18.9 0.02 8.46 × 1013 armchair
CNT_392 −19.4 −19.2 −19.3 0.09 1.66 × 1014 chiral
CNT_448 −19.1 −19 −19 0.05 1.00 × 1014 zigzag
CNT_676 −18.3 −18.2 −18.2 0.04 2.59 × 1013 armchair
CNT_760 −18.5 −18.3 −18.4 0.06 3.64 × 1013 chiral
CNT_704 −18.4 −18.3 −18.4 0.04 3.07 × 1013 zigzag

Increasing nanotube diameter and the related reduction of their surface curvature clearly affected
the affinity relative to the ligand molecule. For each change of nanotube diameter from ~6Å to ~11 Å
and to ~17 Å, simultaneous increases of binding affinity by about −1 kcal/mol were observed. In the
case of two classes of nanotubes characterized by higher diameter values, the type of nanotube did not
influence the affinity toward the ligand. Another situation was observed for nanotubes characterized
by the smallest diameter values, as in this case, differences in affinities of particular types of nanotubes
occured. Relatively large nanotube surface curvatures preferred the “armchair” type, which exhibited
the highest affinity toward the ligand molecule. Differences of about−0.4 kcal/mol relative to other types
of nanotubes indicated that the binding constant for that complex was twofold higher. The structures
of the ligand molecule complexes with the chosen nanotubes are presented in Figure 5. In the case
of systems where the ligand molecule interacted with the surface of the nanotube, a longitudinal
orientation of considered molecules was always observed, regardless of the diameter of the nanotube.
This orientation was dominant for all considered complexes. The planar orientation of the ligand
molecule in all complexes and distances placed in the range from 3.43 to 3.74 Å caused all aromatic
systems of the ligand molecule to be involved in creation of stable stacking interactions with the
surfaces of the nanotubes used. The next analyzed aspect is related to interaction of the ligand molecule
with nanotube interior. In this case, only two classes of nanotubes supported a sufficient diameter for
this goal (~11 Å, ~17 Å). The data presented in Table 3 show that nanosystems with a smaller diameter
(D2) interacted with the ligand molecule much more strongly, and the differences in binding affinities
between the compared systems were in the range of −0.7 to −0.9 kcal/mol. The structures of complexes
created by two compared classes of nanotubes were also significantly different (Figure 5). In the case of
class D3, linearly arranged ligand molecule interacted with an internal nanotube surface, while in the
case of class D2 nanotubes, centrally located ligand molecules could interact with the upper and lower
plane of the molecule with nanotube walls. Additionally, the presence of aliphatic cyclic systems did
not allow for an energetically favorable conformation to be obtained completely localized inside the
nanotube. This part of the ligand interacted with the edge of the nanotube.
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The last group of nanostructures utilized for the immobilization of the inhibitor molecule were
cube rhombellanes and their homeomorphs. Values presented in Table 4 show that a significant group
of considered nanocarriers exhibited a higher binding affinity towards the ligand molecule than the
reference molecule C60, and the observed differences were placed in the range of −0.7 to −1.8 kcal/mol.
Calculated values of complex binding constants unambiguously show that such complexes were
created much more efficiently, and the observed differences were placed in the range from 226 to 1986%.
The best binding properties relative to the ligand molecule among all cube rhombellane homeomorphs
were shown by the 360a molecule. This nanomolecule consists of an aromatic core connected by ether
bonds and eight external shell modules connected by ester bonds. A graphic representation of the
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complex created by this molecule is shown in Figure 6. The first and second aromatic system of the
ligand molecule interacted by stacking interactions with one of the external modules of the nanocarrier,
which was confirmed by the planar orientation of the considered aromatic systems and distance 3.56 Å.
The next stabilizing impact was related to the presence of medium strength hydrogen bond created
by a hydrogen atom H4 with oxygen from ester group. In this case, the occurrence of a hydrophobic
interaction between the ligand fourth cyclic system and an aromatic system of the nanomolecule was
possible. Much lower efficiency in complex creation was shown by the second structural isomer of
the 360 molecule, namely form “b.” The inner core of this nanomolecule had a different symmetry,
which affected the structure of the external shell. Such structural changes meant that the best obtained
complex conformation was characterized by a binding affinity lower by 0.7 kcal/mol than that of the
first isomer of the 360 molecule. The complex of the ligand and 360b molecule was maintained by a
single stacking interaction created by the second aromatic system of the inhibitor molecule. There
were also two hydrogen bonds observed; first of them, created by hydrogen H2, was a very weak one,
as indicated by a length close to the limit of occurrence of hydrogen bonding, while the second one
was a medium strength interaction created by hydrogen H4.

Table 4. Values of binding affinity [kcal/mol] of ligand molecule relative to spherical nanosystems
obtained during docking stage.

Nanostructure
Name

∆G [kcal/mol] Binding
Constant [Kmax]

Difference of Kmax
Relative to C60 [%]MAX MIN AVERAGE SD

144_ex_ex −3.40 −3.30 −3.32 0.04 310.6 −92.0
144_in_ex −3.80 −3.80 −3.80 0.00 610.2 −84.4
156_ex_ex −3.60 −3.60 −3.60 0.00 435.3 −88.9
156_in_ex −3.80 −3.80 −3.80 0.00 610.2 −84.4

308a4 −6.60 −6.40 −6.50 0.09 68,843.7 1662.4
308b4 −6.50 −6.40 −6.41 0.03 58,151.8 1388.7
360a −6.70 −6.30 −6.49 0.15 81,501.4 1986.5
360b −6.00 −5.90 −5.98 0.04 25,006.8 540.2

372AB −6.10 −6.00 −6.09 0.03 29,604.6 657.9
396 −6.10 −5.90 −6.01 0.06 29,604.6 657.9
420 −5.80 −5.60 −5.70 0.05 17,842.5 356.8
444 −5.60 −5.50 −5.54 0.05 12,730.8 225.9
456 −5.60 −5.40 −5.50 0.07 12,730.8 225.9

ADA_132 −5.80 −5.70 −5.72 0.04 17,842.5 356.8
C60 −4.90 −4.90 −4.90 0.00 3906.1 0.0
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The next structures exhibiting significant affinity toward the considered ligand were the isomers
of molecule 308 (a, b). The binding affinity for both structures reached values of at least −1.6 kcal/mol
higher than for the reference molecule. In both cases, the ligand molecule was involved in stacking
interactions by the second and third aromatic system. One hydrogen bond was also observed in both
complexes, namely, in the case of molecule 308a, it was a weak interaction created by hydrogen H3,
while another weak interaction was created by hydrogen H1 in the case of molecule 308b. All discussed
interactions can be observed in Figure 6.

The last two systems that are worth discussing are molecules 372 and 396, both of which exhibited
similar binding affinity towards the ligand molecule equal to −6.1 kcal/mol. The complex of the
former was stabilized by only one stacking interaction, occurring between the second aromatic ring
of the ligand molecule and one of aromatic modules from nanocarrier external shell, and one weak
hydrogen bond which was localized between hydrogen H3 and the oxygen from the amide group of
the nanomolecule. The characteristics of interactions stabilizing the complex of molecule 396 were
quite similar; in this case, the third aromatic system of the ligand molecule was involved in stacking
interactions, along with one weak hydrogen bond, created by hydrogen H1.

4. Conclusions

The immobilization of compounds with pharmaceutical potential serves many functions, such as
decreasing their toxicity, elongating their bioavailability, and increasing their pharmacological effect.
The possibility of achieving such effects is strictly related to an appropriate choice of nanocarrier to
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be used in creation of such nanodrug. In this work, three different classes of possible nanostructures
which could be used in immobilization of the considered ligand molecule were used. The characteristic
structure of the inhibitor molecule, consisting of four cyclic systems, of which three are aromatic,
clearly showed that stacking and hydrophobic interactions should play a dominant role in stabilization
of interactions with such a molecule. The proposed groups of compounds made it possible to
unambiguously verify this thesis. The highest values of both binding affinity and binding constant
were found in the case of carbon nanotubes. Such nanosystems, being a rolled up graphene plane,
provided a possibility of the occurance of stacking interactions with the ligand molecule rich in aromatic
systems, exhibiting the ability to obtain a planar conformation. The analysis of systems with different
diameter allowed the conclusion that the increase of this parameter, with an accompanying decrease in
the curvature of the nanotube surface interacting with ligand molecule, clearly contributes to increased
binding capacity of such nanosystems. Significant binding capacities of such systems are dictated
by the considerable size of the considered nanostructures, which may be one of the factors limiting
their applicability.

The next group of studied systems were functionalized derivatives of fullerene C60. The complexes
of ligand molecules with such nanocarriers were characterized by much lower values of binding
affinity than those created by CNT. This phenomenon can be largely explained by the size of the
considered nanoparticles and the geometry of the molecules determining the exposure of the fullerene
aromatic systems. The analyzed functionalized fullerenes clearly demonstrated the group of potential
modifications that exhibit significant potential in increasing of binding capacity of C60 molecule.
The addition of a single aromatic system on the surface of the fullerene considerably increased binding
affinity toward the ligand molecule, relative to native fullerene. The addition of multiple aromatic
systems contributed to the achievement of even better binding abilities of the considered nanosystems.
Another class of modifications were substituents containing hydrogen bond donors and acceptors;
however, the observed effects were less satisfactory, which was due to lower affinity values relative to
nanostructures with aromatic substituents and the lack of any conformation of ligands that ensured
the formation of hydrogen bonds. Such observations clearly confirm that in the case of this particular
ligand molecule, the most important interactions are stacking interactions between aromatic moieties.

The last group of considered nanosytems, namely cube rhombellane homeomorphs, showed
the lowest binding capacity relative to the ligand molecule. A large group of proposed compounds
exhibited satisfying binding affinity towards the ligand molecule. The binding capacity of these
nanostructures is strictly related with the structure of the external shell of these molecules. The example
of molecules 360a and 360b clearly shows that two structural isomers can exhibit significant differences
in this field.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-8994/11/8/980/s1,
Table S1: Description of functionalized C60 fullerene derivatives (FF_X) used during docking stage, Table S2:
Description of cube rhombellanes (Core) and functionalized structures with external layer (C-rbl). Value chem.
type define chemical bond type characteristic for specific layer of considered molecule (core—molecular core; ex.
Shell—external layer of the nanomolecule).
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7. Czeleń, P. Inhibition mechanism of CDK-2 and GSK-3β by a sulfamoylphenyl derivative of indoline—a
molecular dynamics study. J. Mol. Model. 2017, 23, 230. [CrossRef]

8. Marko, D.; Schätzle, S.; Friedel, A.; Genzlinger, A.; Zankl, H.; Meijer, L.; Eisenbrand, G. Inhibition of
cyclin-dependent kinase 1 (CDK1) by indirubin derivatives in human tumour cells. Br. J. Cancer 2001, 84,
283–289. [CrossRef]

9. Hoessel, R.; Leclerc, S.; Endicott, J.A.; Nobel, M.E.M.; Lawrie, A.; Tunnah, P.; Leost, M.; Damiens, E.;
Marie, D.; Marko, D.; et al. Indirubin, the active constituent of a Chinese antileukaemia medicine, inhibits
cyclin-dependent kinases. Nat. Cell Biol. 1999, 1, 60–67. [CrossRef]

10. Xiao, Z.; Hao, Y.; Liu, B.; Qian, L. Indirubin and Meisoindigo in the Treatment of Chronic Myelogenous
Leukemia in China. Leuk. Lymphoma 2002, 43, 1763–1768. [CrossRef]

11. Lee, M.-Y.; Liu, Y.-W.; Chen, M.-H.; Wu, J.-Y.; Ho, H.-Y.; Wang, Q.-F.; Chuang, J.-J. Indirubin-3′-monoxime
promotes autophagic and apoptotic death in JM1 human acute lymphoblastic leukemia cells and K562
human chronic myelogenous leukemia cells. Oncol. Rep. 2013, 29, 2072–2078. [CrossRef]
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