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Abstract

:

Isatin-based compounds are a large group of drugs used as competitive inhibitors of ATP. The 5-nitroisatin derivatives studied in this work are inhibitors of the CDK2 enzyme, which can be used in the development of new anti-cancer therapies. One of the basic activities that often allows for an increase in biological activity while reducing the undesirable effects associated with the toxicity of medicinal substances is immobilization based on carriers. In this work, fifty nanocarriers derived from C60 fullerene, containing a bound phenyl ring on their surfaces, were used in the process of the immobilization of isatin derivatives. Based on flexible docking methods, the binding capacities of the drugs under consideration were determined using a wide range of nanocarriers containing symmetric and asymmetric modifications of the phenyl ring, providing various types of interactions. Based on the data collected for each of the tested drugs, including the binding affinity and the structure and stability of complexes, the best candidates were selected in terms of the type of substituent that modified the nanoparticle and its location. Among the systems with the highest affinity are the dominant complexes created by functionalized fullerenes containing substituents with a symmetrical location, such as R2-R6 and R3-R5. Based on the collected data, nanocarriers with a high potential for immobilization and use in the development of targeted therapies were selected for each of the tested drugs.
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1. Introduction


The isatin molecule provides a convenient platform for the development of a wide range of drugs used to treat a broad variety of diseases [1,2]. Its specific chemical structure ensures high reactivity, and the products of various reactions of this compound have a significant inhibitory capacity against numerous enzymes involved in the regulation of various cellular processes. The inhibitory activity is manifested by the very diverse biological actions of isatin derivatives, including anti-cancer [3,4,5,6,7,8], anti-bacterial [9], anti-viral [3,10], anti-tuberculous [11,12], anti-malarial [13], and anti-convulsant [14,15] activities. The anti-cancer activity of isatin derivatives is largely related to the ability to inhibit enzymes belonging to the group of cyclin-dependent kinases, which play a key role in regulating the processes of cell division; their overexpression is one of the mechanisms driving the development of cancer [16]. The most important of the enzymes included in this group is cyclin-dependent kinase 2 (CDK2), since many studies clearly confirm its key role in the development of cancer. Numerous studies have clearly established the binding mechanism of drugs containing the isatin core [17,18,19] to the active site of this protein and have proven their effectiveness in inhibiting the development of neoplastic diseases [7,20,21]. The subjects of this study are 5-nitroisatin derivatives, formed in a reaction with substituted benzoylhydrazides. The structures of these compounds are shown in Figure 1. The proposed molecules are competitive inhibitors of the CDK2 enzyme, and their biological activity predisposes them as potential drugs in the development of new anti-cancer therapies [22]. Based on the isatin core, the structural similarity of the proposed compounds to the currently used drugs may contribute to a low selectivity in the context of interactions with the active centers of a wide range of enzymes, which is not always a desirable phenomenon. It seems advisable to propose actions that may affect the biological activity and bioavailability of the considered inhibitors. In such situations, diverse strategies are suggested; one of them is the immobilization of drug molecules based on various carriers.



This method is often used in the creation of targeted therapies since it allows for the control of the speed and location of drug release. Therefore, it can contribute to extending the release time of active substances [23,24] and, in the case of drugs with a high toxicity, it can reduce undesirable effects [25,26]. A wide spectrum of substances is used in the immobilization process, e.g., albumin [27], polymers [28,29,30], chitosan [31,32], and hydrogels [33], as well as fullerenes and their derivatives [26,34,35,36]. Recently, fullerenes have exhibited a very dynamic development and find many applications in medicine and pharmacy. One of the most-exploited molecules in this range is fullerene C60 [26,34,35,36,37]. This nanoparticle exhibits good permeation through the cell membrane [38,39,40,41] and significant biological activity. The structure of this nanomolecule supports a high affinity towards all molecules containing aromatic systems. Analogical properties are also shown by the derivatives of C60 molecules, obtained by the addition of diverse chemical groups to increase the binding capabilities of such fullerenes [42,43]. A skillful selection of functional groups used in the functionalization of fullerenes may allow for the acquisition of nanoparticles with a special affinity for specific drugs. A significant increase in the binding capacity of fullerene C60 is obtained after the addition of a single aromatic system [17,44], and the use of further functional groups containing, for example, hydrogen bond donors and acceptors can significantly increase the binding capacity and selectivity of this process. An important group of functionalized fullerenes are nanoparticles modified with chemical groups based on amino acids [42,45]. The structural diversity of such substituents provides a variety of binding agents in the forms of aromatic systems and hydrogen bonds. Such a new class of C60 fullerene derivatives was presented in the previous work [46]. Modifications of the structure of considered fullerenes include a single or multiple substitution of chemical groups to the phenyl ring, leading to the obtainment of all possible symmetrical and asymmetrical configurations of the used substituents. The proposed nanocarriers demonstrated a significant ability to bind drugs containing an isatin core; therefore, it is advisable to determine their suitability for the immobilization of a new group of inhibitors. The development of current methods of computational chemistry allows for a thorough analysis of the properties of compounds with pharmacological potential which is not limited to the description of their basic molecular properties but also allows for the assessment of their impact on potential biological targets, taking into account both their energy and structural aspects [47,48,49,50]. The combination of different methods of computational chemistry, taking into account quantum mechanical calculations, docking, or molecular dynamics, can create a comprehensive picture of the studied systems. Their application may allow for the assessment of the possibility of using a selected group of nanocarriers for the immobilization of a new group of the 5-Nitroisatin-based drugs.




2. Materials and Methods


Three 5-nitroisatin derivatives were used in the immobilization process: namely, the d1 (Z)-N′-(5-nitro-2-oxoindolin-3-ylidene)-2-(trifluoromethyl)benzohydrazide (2b in the source publication), d2 (Z)-3-amino-N′-(5-nitro-2-oxoindolin-3-ylidene)benzohydrazide (3f in the source publication), and d3 (Z)-3-nitro-N’-(5-nitro-2-oxoindolin-3-ylidene)benzohydrazide (3h in the source publication) molecules, all of which exhibit a high potential for the inhibition of the CDK2 enzyme [22]. During the immobilization processes, functionalized C60 fullerene derivatives were used. Each nanocarrier molecule considered was created based on the CID_71619159 molecule obtained from the PubChem database [51]. The molecular core of the nanomolecules consisted of a C60 molecule with a single phenyl ring bound to its surface. The modifications introduced in the analyzed systems were associated with the addition of chemical groups to the phenyl ring. The chemical structures of all used nanomolecules are presented in Figure 2. The detailed procedure for creating these nanocarriers was described in the previous work [46]. The immobilization of the considered drugs was realized with the use of singly, doubly, and triply substituted C60 fullerene derivatives. Including all chemical groups presented in Figure 2, a total of 49 different functionalized fullerenes (FFs) were used in the immobilization process. As a reference system, the C60 fullerene was used with a single, nonmodified phenyl ring bound to its surface (C60_phen).



2.1. DFT Computational Details


The geometric optimization of the drugs considered was realized based on the density functional theory with the use of B3LYP [52,53,54] functional and a 6-311++G(d,p) basis set [55,56]. The calculations were realized with the use of an SCRF (self-consistent reaction field) approach [57] based on the Poisson–Boltzmann equation [58]. All calculations were carried out using Gaussian 09 software [59]. The analysis of electrostatic potential distribution was realized with the use of Multiwfn software [60].




2.2. Docking Procedure


The docking procedure was realized with the use of the AutoDock VINA program, utilizing a united-atom scoring function [61]. In all docking calculations, the chemical structures of functionalized fullerenes and drugs containing only polar hydrogen atoms were used; the rest of the hydrogens were removed. Taking into account the potentially significant rotational capacity of the chemical groups used in the formation of nanoparticles, flexible docking was used. This approach made it possible to obtain the best match of the tested carriers to the drugs under consideration. Each system used during the docking procedure was created by placing a nanomolecule in the center of a cubic grid box with dimensions of 32 × 32 × 32 Å. All the preliminary steps, such as descriptions of the drugs’ and nanomolecules’ structures and the definition of the grid box dimensions, were realized with the use of the AutoDock Tolls application [62]. During the calculations, in order to ensure adequate reproducibility of the simulation and an acceptable computation time, the value of the exhaustiveness parameter was set to 20. For each of the considered systems, in order to verify the reproducibility of the final structure of the complex, five independent simulations were performed with different random-seed values. The VMD application was used during the structural analysis and the visualization of the representative complexes obtained during the docking stage [63].





3. Results and Discussion


Each of the inhibitors of the CDK2 enzyme considered during the docking stage is a 5-nitroisatin derivative obtained through a reaction with the substituted benzoylhydrazide. In the structure of these compounds, two cyclic systems can be distinguished that are bound by a hydrazinic bond. Each of them contains an aromatic system that may be involved in the formation of stacking interactions with the nanocarrier molecule.



Hydrogen bonds are another important factor that may affect the stabilization of the complexes of the considered drugs with the proposed nanocarriers. The optimized structures of drugs presented in Figure 3 and the distribution of ESP values clearly indicate a large number of potential donors and acceptors of hydrogen bonds. Each of the presented drug molecules is dominated by hydrogen bond acceptors. Taking into account the distribution of the minima for the ESP value, it can be seen that the oxygen atom from the benzoylhyrazine group should have the best hydrogen-bond-acceptor capacity. The binding abilities of the isatin core of the considered drugs seem very similar; this is confirmed by the almost identical ESP values for the nitro groups and the polar hydrogen atom. The only qualitative discrepancies are noticeable for the oxindole oxygen atom. Significantly greater disproportions in terms of potential binding capacity may be caused by functional groups located in the second aromatic system of the tested drugs. The trifluoromethyl group in the d1 derivative is characterized by the presence of a negative potential; however, its ability to form durable hydrogen bonds is insignificant. Another of the considered drugs (d2) has an amino group in position 3 of the second aromatic system that will promote interactions with nanocarriers containing active groups with potential hydrogen-bond acceptors. The last of the tested compounds (d3) has a nitro group that can form hydrogen bonds with hydrogen-bond donors, which are present in many of the substituents that modify the nanoparticles used. Such a high quantity and significant diversity of binding factors should ensure the possibility of creating stable complexes with appropriately fitted nanocarriers. In the presented research, 50 nanocarrier particles were used, including a reference molecule and 49 FFs, which could be divided into seven classes, taking into account both the number of modifications and the type of chemical group used. When considering the data collected for all the analyzed drug molecules a significant regularity was noticed, indicating unequivocally that nanocarriers having a single modification in the phenyl ring show the weakest binding capacity. Unquestionably, the modification in the R4 position has the least favorable effect on the binding capacity of all considered nanoparticles. A slight increase in these properties is observed for mono-derivatives with substituents located in the R3 and R2 positions. The general trends observed for monosubstituted nanocarriers are largely independent of the type of substituent used, but this situation changes if we take into account the classes of nanoparticles with multiple modifications in the phenyl ring. Among all the considered functionalized fullerenes with a greater number of substituents, there are derivatives with substitutions in the R2-R4 positions, for which the observed affinity values for the tested inhibitors are at a level similar to the results obtained for mono-derivatives. In the case of the remaining classes of multi-substituted nanocarriers, an unequivocal gradation cannot be distinguished and the factor determining the binding capacity is not only the location of the substituents but is also mainly the type of the chemical group used, which defines the quantity and type of impacts and enables the occurrence of stabilizing interactions.



The values presented in Table 1 show that the d1 molecule creates the most stable complex, with FF containing tryptophanyl substituents in positions R3-R5. The modifications of this particular nanocarrier caused a 35-fold increase in binding affinity relative to the reference system. The structure of this complex is presented in Figure 4a. The stability of this system is mainly maintained by stacking interactions, which can be observed between the aromatic systems of the drug molecule, the tryptophanyl substituent, and the surface of C60 fullerene. The isatine core of the drug is involved in the creation of a stacking cluster, located centrally between the fullerene surface and the tryptophan cyclic part. The observed values of the distances between interacting aromatic systems are placed in the range from 3.34 to 3.61 Å (Table 2), indicating the significant strength of such interactions and the important structural consolidation of the considered complex.



The d1 molecule creates two important complexes with FFs containing argininyl modifications in positions R2-R4-R6 and R2-R6. These two systems exhibit a 29- and 21-fold increase in drug-binding capacity relative to the reference system, respectively. The structures of such complexes are presented in Figure 4a,b, and, in both cases, a conformational orientation of the aromatic systems of the drugs supporting the occurrence of stacking interactions is observed.



Another factor determining the structure and stability of the complexes discussed is the network of hydrogen bonds involving argininyl groups that is located in the R2-R6 positions and the isatin part of the drug molecule. In the case of both complexes, the presence of at least six hydrogen bonds was found. The distribution of hydrogen bond donors and acceptors in the groups modifying the considered FFs enables a chelating-like binding of the isatine core of the drug molecule.



A significant increase (≈25-fold) in the binding capacity towards the d1 molecule was also noted for an FF with a phenylalanine substituent located in the R2-R4-R6 positions. In the case of this complex (Figure 4d), significant staking interactions are observed between the aromatic systems of the drug, the fullerene surface, and the phenyl rings of chemical groups localized on the fullerene surface. An additional contribution to the stabilization of the system comes from the hydrogen bonds in which the nitro group is involved. The next analyzed drug—namely, the d2 molecule—creates the most stable complexes with FFs containing arginine modifications in positions R2-R4-R6 and R2-R6, for which there is observed a ~48- and ~35-fold increase of binding affinity, respectively, when compared to the reference system (Table 3). The considered complexes are presented in Figure 5a,b. The stability of both systems is maintained by very similar sets of interactions, including stacking interactions observed between all aromatic systems present in the drug and nanocarrier molecules, and also the hydrogen bonds created by substituents localized in R2-R6 positions with all the hydrogen-bond acceptors and donors from the isatine core. In the case of these complexes, the oxygen from the benzohydrazide part of the drug molecule is also involved in the creation of such interactions. The hydrogen bonds in both complexes, based on geometric characteristics, can be classified as medium- and weak-strength hydrogen bonds. In the case of the complex created with an FF containing R2-R6 modifications, the distances between the hydrogen donors and acceptors are smaller than those reported in the second considered system and are placed in the scope from 1.98 to 2.43 Å. The lower overall affinity value, despite the better quality of hydrogen bonds, may indicate a dominant influence of stacking interactions on the overall affinity value of the considered complexes.



The d2 molecule creates the next important complex with FF, having tryptophanyl substituents in positions R3-R5. The visualization of its structure is presented in Figure 5c. The 29-fold increase of the binding affinity relative to the reference system, obtained through a set of impacts including stacking interactions, allows for the creation of a characteristic stacking cluster consisting of the isatin core placed between the tryptophanyl aromatic system and the fullerene surface, as well as hydrogen bonds created by nitro and amino groups of the d2 molecule with fullerene substituents.



The final drug considered, namely, the d3 derivative, creates complexes for which the greatest increase in affinity relative to the reference system was observed. The highest binding capacity towards this drug molecule was shown by FFs containing an argininyl substituent in the R2-R4-R6 and R2-R6 positions, for which a 95- and 41-fold increase in affinity was noted, respectively (Table 4), compared to the C60_phen molecule. The structures of such complexes are presented in Figure 6a,b. The graphic representation of both systems clearly shows that both complexes are maintained by strong stacking interactions, which is confirmed by the mutual orientation of interacting systems and quite short distances, placed in the scope from 3.51 to 3.73 Å. The next important factor increasing the stability of both complexes is a large network of hydrogen bonds, which involves all hydrogen-bond acceptors and donors from the isatine core, as well as the nitro group from the benzohydrazide part of the drug molecule. The next interesting complex of the d3 molecule is created with the FF derivative containing tryptophanyl derivatives in R3-R5 positions. The structure of such a system is presented in Figure 5d. The nearly 35-fold increase of binding affinity relative to the reference system is supported by stacking interactions involving all aromatic systems of the drug molecule. In the case of such a complex, the benzyhydrazide part of the drug participates in the creation of a stacking cluster observed in the previously analyzed systems. Such a situation is probably related to the presence of the nitro group in the benzyhydrazide fragment of the molecule, which supports the possibility of a hydrogen-bond creation with a tryptophanyl substituent. The last important complex of the d3 molecule is created with FF-R3-R5-S-Tyrosinyl, whose structure is presented in Figure 6c. This system exhibits a nearly 21-fold increase in binding affinity when compared to the interactions of the d3 molecule with the reference nanocarrier. In the structure of the complex considered, stacking interactions are observed between aromatic systems of the drug and the phenyl ring and fullerene surface. The significance of these interactions is confirmed by the quite short distances between interacting subunits placed in the scope from 3.49 to 3.62 Å and the planar orientation of interacting subunits. Additional factors that increase the stability of such systems are the hydrogen bonds involving hydroxyl groups from tyrosinyl substituents and both nitro groups of the drug molecule. Presented data, obtained for all complexes created by considered 5-nitroisatine derivatives with chosen FFs, provide a different image than the data presented in the previous work [46], which analyzed the binding capabilities of such nanocarriers relative to the disubstituted isatine derivatives, which contained at least two chemical groups with aromatic rings bound with a centrally localized isatine core. While the binding abilities of fullerene C60 monoderivatives are similar for both groups of drugs, there are significant discrepancies in the case of polysubstituted carriers. In the case of previous studies, the best binding abilities were unquestionably found in systems containing substituents in the R3-R5 position, regardless of the type of chemical groups used in the modification. The value clearly indicating this is the (KX/KC60p) coefficient, defining the ratio of the equilibrium constant describing the tested complex to the reference system. In the case of complexes formed by the previous group of drugs, with nanoparticles having a modification in the R3-R5 position, values indicating an increase in binding capacity ranging from 20-fold to even 80.5-fold were obtained (80.5—Lig1-FF-R3-R5-S-Tryptophanyl; 41.0—Lig2-FF-R3-R5-S-Tryptophanyl; 34.6—Lig1-FF-R3-R5-S-Tyrosinyl; 29.2—Lig2-FF-R3-R5-S-Phenylalanyl). In the case of most of the other studied complexes created by nanomolecules, an increase in values greater than tenfold was incidentally recorded. The current research indicates that, in the case of drugs containing a smaller number of aromatic systems, the type of functional groups used is more important and their binding abilities can promote carriers with modifications in the R2-R4-R6 or R2-R6 positions. The values of the KX/KC60p coefficient obtained for such complexes indicate a significant increase of binding affinity relative to the reference system (95.31—d3-FF-R2-R4-R6-S-Argininyl; 40.98—d3-FF-R2-R6-S-Argininyl; 24.7—d1-FF R2-R4-R6-S-Phenylalanyl; 20.86—d1-FF-R2-R4-R6-S-Tryptophanyl).




4. Conclusions


Based on the data presented in this paper, it can be unequivocally stated that, within the group of functionalized fullerenes under consideration, nanoparticles with a significant affinity for the studied group of drugs can be distinguished and the formed complexes are stabilized by various types of interactions, including both stacking interactions and hydrogen bonds. In the case of nanocarriers with multiple modifications in the phenyl ring, the factor determining the binding capacity of the considered drugs was the type of chemical substituent used. One type of configuration providing the best binding capacity cannot be unequivocally indicated, as was the case for studies carried out for disubstituted isatin derivatives containing three aromatic systems in their structure. In the case of all drugs considered in this study, the highest binding capacity was found for FFs containing argininyl and tryptophanyl modifications. In the case of the first substituent, nanocarrier configurations with substituents located in the R2-R4-R6 and R2-R6 positions were promoted, while the most preferred locations of the tryptophanyl groups were the R3-R5 positions, which enabled the formation of staking clusters including the aromatic system of the drug, located between the surface of the fullerene and the aromatic system of the substituent. Among the systems with the highest affinity, the dominant systems are complexes created by functionalized fullerenes containing substituents with a symmetrical location, such as R2-R6 and R3-R5. Based on the collected data, nanocarriers with a high potential for immobilization and use in the development of targeted therapies can be selected for each of the tested drugs. However, further studies that consider more advanced molecular modeling and experiments are necessary to examine the full potential of the tested nanocarriers.
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Figure 1. The graphic representation of 5-NitroIsatin-based drugs used during immobilization process. 
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Figure 2. The graphic representation of functionalized C60 fullerene derivatives (FFs). The Rx descriptions define the place of addition of the substituent. The numbers from 1 to 7 define particular substituents. 
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Figure 3. Distributions of ESP values for 5-nitroisatin derivatives estimated in water at the B3LYP/6-311++G(d,p) level of theory. The blue and red points represent the localization of the chosen ESP minima and maxima, respectively. 
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Figure 4. The graphic representation of the chosen complexes created by the d1 molecule with FF characterized by higher values of binding affinity. The atoms of particular chemical elements are indicated by following colors: carbon—cyan; oxygen—red; nitrogen—blue; fluorine—pink; and hydrogen—white. 
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Figure 5. The graphic representation of the chosen complexes created by the d2 molecule with FFs characterized by higher values of binding affinity. The atoms of particular chemical elements are indicated by following colors: carbon—cyan; oxygen—red; nitrogen—blue; and hydrogen—white. 
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Figure 6. The graphic representation of the chosen complexes created by the d3 molecule with FFs characterized by higher values of binding affinity. The atoms of particular chemical elements are indicated by following colors: carbon—cyan; oxygen—red; nitrogen—blue; and hydrogen—white. 
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Table 1. The values of binding affinity ΔG [kcal/mol] of the d1 molecule toward proposed FFs; K [106] represents values of the binding constant; KX/KC60p represents normalized factors describing the increase of binding constant relative to the reference structure (C60_phen; ΔG = −6.5 [kcal/mol]; K = 0.058 × 106); and KX/KXmin represents normalized factors describing the increase of the binding constant relative to the smallest values obtained for functionalized fullerene with a particular substituent.
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FF




	
Localization of Substituents

	
R2-R4-R6

	
R2-R4

	
R2-R6

	
R3-R5

	
R2

	
R3

	
R4






	
S-Lysinyl

	
ΔG[kcal/mol]

	
−7.7

	
−7.4

	
−7.6

	
−7.7

	
−7.3

	
−6.9

	
−6.7




	
K [×106]

	
0.44

	
0.27

	
0.37

	
0.44

	
0.22

	
0.11

	
0.08




	
KX/KC60p

	
7.58

	
4.57

	
6.40

	
7.58

	
3.86

	
1.96

	
1.40




	
KX/KXmin

	
5.41

	
3.26

	
4.57

	
5.41

	
2.75

	
1.40

	
1.00




	
S-Argininyl

	
ΔG[kcal/mol]

	
−8.5

	
−7.4

	
−8.3

	
−8.1

	
−7.9

	
−7.2

	
−6.8




	
K [×106]

	
1.70

	
0.27

	
1.21

	
0.87

	
0.62

	
0.19

	
0.10




	
KX/KC60p

	
29.24

	
4.57

	
20.86

	
14.89

	
10.62

	
3.26

	
1.66




	
KX/KXmin

	
17.62

	
2.75

	
12.58

	
8.97

	
6.40

	
1.96

	
1.00




	
S-Glutamyl

	
ΔG

	
−7.4

	
−7.4

	
−7.3

	
−7.5

	
−7.2

	
−6.9

	
−6.7




	
K [×106]

	
0.27

	
0.27

	
0.22

	
0.31

	
0.19

	
0.11

	
0.08




	
KX/KC60p

	
4.57

	
4.57

	
3.86

	
5.41

	
3.26

	
1.96

	
1.40




	
KX/KXmin

	
3.26

	
3.26

	
2.75

	
3.86

	
2.33

	
1.40

	
1.00




	
S-Histidyl

	
ΔG[kcal/mol]

	
−7.6

	
−7.7

	
−7.5

	
−7.6

	
−7

	
−7.6

	
−6.7




	
K [×106]

	
0.37

	
0.44

	
0.31

	
0.37

	
0.14

	
0.37

	
0.08




	
KX/KC60p

	
6.40

	
7.58

	
5.41

	
6.40

	
2.33

	
6.40

	
1.40




	
KX/KXmin

	
4.57

	
5.41

	
3.86

	
4.57

	
1.66

	
4.57

	
1.00




	
S-Phenylalanyl

	
ΔG[kcal/mol]

	
−8.4

	
−7.6

	
−7.7

	
−7.8

	
−7.5

	
−7

	
−6.7




	
K [×106]

	
1.44

	
0.37

	
0.44

	
0.52

	
0.31

	
0.14

	
0.08




	
KX/KC60p

	
24.70

	
6.40

	
7.58

	
8.97

	
5.41

	
2.33

	
1.40




	
KX/KXmin

	
17.62

	
4.57

	
5.41

	
6.40

	
3.86

	
1.66

	
1.00




	
S-Tryptophanyl

	
ΔG[kcal/mol]

	
−7.8

	
−7.3

	
−8.1

	
−8.6

	
−7.8

	
−7.7

	
−6.7




	
K [×106]

	
0.52

	
0.22

	
0.87

	
2.01

	
0.52

	
0.44

	
0.08




	
KX/KC60p

	
20.86

	
3.86

	
14.89

	
34.62

	
8.97

	
7.58

	
1.40




	
KX/KXmin

	
6.4

	
2.75

	
10.62

	
24.70

	
6.40

	
5.41

	
1.00




	
S-Tyrosinyl

	
ΔG[kcal/mol]

	
−7.7

	
−7.4

	
−7.7

	
−8.3

	
−7.7

	
−7.3

	
−6.7




	
K [×106]

	
0.44

	
0.27

	
0.44

	
1.21

	
0.44

	
0.22

	
0.08




	
KX/KC60p

	
7.58

	
4.57

	
7.58

	
20.86

	
7.58

	
3.86

	
1.40




	
KX/KXmin

	
5.41

	
3.26

	
5.41

	
14.89

	
5.41

	
2.75

	
1.00
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Table 2. The values of distances [Å] measured between interacting aromatic systems identified in the most stable complexes created by considered drugs with chosen FFs. The interacting subunits are described by the following abbreviations: isat-core—isatin, part of considered drugs; phenyl-ring—aromatic system of the drug molecule belonging to the benzoylhydrazide part of the drug; C60 full-surface—the surface of C60 fullerene; Tryptophanyl and Phenylalanyl—aromatic systems of substituents used in the FFs; and phenyl-ring—aromatic system bound to the fullerene surface.
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Drug

mol.

	
Interacting Molecular Subunits

Drug—Nanocarrier

	
Distance [Å]




	
FF-R3-R5-S- Tryptophanyl

	
FF-R2-R4-R6-S- Argininyl

	
FF-R2-R6-S- Argininyl

	
FF-R2-R4-R6-S- Phenylalanyl






	
d1

	
Isat-core—C60full-surf

	
3.34

	
3.44

	
3.72

	
4.02




	
Isat-core—Tryptophanyl

	
3.54

	
----

	
----

	
----




	
Isat-core—phenyl-ring

	
3.61

	
3.42

	
3.81

	
4.16




	
phenyl-ring—C60full-surf

	
3.51

	
3.48

	
3.46

	
3.39




	
Isat-core—Phenylalanyl

	
----

	
----

	
----

	
3.72




	

	

	
FF-R3-R5-S- Tryptophanyl

	
FF-R2-R4-R6-S- Argininyl

	
FF-R2-R6-S- Argininyl

	




	
d2

	
Isat-core—C60full-surf

	
3.56

	
3.53

	
3.52

	




	
Isat-core—Tryptophanyl

	
3.58

	
----

	
----

	




	
Isat-core—phenyl-ring

	
3.89

	
3.54

	
3.69

	




	
phenyl-ring—C60full-surf

	
3.53

	
3.53

	
3.54

	




	

	

	
FF-R3-R5-S- Tryptophanyl

	
FF-R2-R4-R6-S- Argininyl

	
FF-R2-R6-S- Argininyl

	
FF-R3-R5-S- Tyrosinyl




	
d3

	
Isat-core—C60full-surf

	
3.37

	
3.58

	
3.55

	
3.49




	
Isat-core—Tryptophanyl

	
3.62

	
----

	
----

	
----




	
Isat-core—phenyl-ring

	
----

	
3.73

	
3.55

	
3.55




	
Pheny-ring—C60full-surf

	
3.37

	
3.51

	
3.71

	
3.62
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Table 3. The values of the binding affinity ΔG[kcal/mol] of the d2 molecule toward the proposed FFs; K [106] represents values of the binding constant; KX/KC60p represents normalized factors describing the increase of the binding constant relative to the reference structure (C60_phen; ΔG = −6.1 [kcal/mol]; K = 0.0296 × 106); and KX/KXmin represents the normalized factors describing the increase of the binding constant relative to the smallest values obtained for functionalized fullerene with a particular substituent.
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FF




	
Localization of Substituents

	
R2-R4-R6

	
R2-R4

	
R2-R6

	
R3-R5

	
R2

	
R3

	
R4






	
S-Lysinyl

	
ΔG[kcal/mol]

	
−7.60

	
−7.30

	
−7.60

	
−7.10

	
−7.00

	
−6.60

	
−6.40




	
K [×106]

	
0.37

	
0.22

	
0.37

	
0.16

	
0.14

	
0.07

	
0.05




	
KX/KC60p

	
12.58

	
7.58

	
12.58

	
5.41

	
4.57

	
2.33

	
1.66




	
KX/KXmin

	
7.58

	
4.57

	
7.58

	
3.26

	
2.75

	
1.40

	
1.00




	
S-Argininyl

	
ΔG[kcal/mol]

	
−8.40

	
−7.30

	
−8.20

	
−7.90

	
−7.20

	
−7.10

	
−6.40




	
K [×106]

	
1.44

	
0.22

	
1.02

	
0.62

	
0.19

	
0.16

	
0.05




	
KX/KC60p

	
48.52

	
7.58

	
34.62

	
20.86

	
6.40

	
5.41

	
1.66




	
KX/KXmin

	
29.24

	
4.57

	
20.86

	
12.58

	
3.86

	
3.26

	
1.00




	
S-Glutamyl

	
ΔG

	
−7.30

	
−7.00

	
−7.30

	
−7.30

	
−6.90

	
−6.90

	
−6.20




	
K [×106]

	
0.22

	
0.14

	
0.22

	
0.22

	
0.11

	
0.11

	
0.04




	
KX/KC60p

	
7.58

	
4.57

	
7.58

	
7.58

	
3.86

	
3.86

	
1.18




	
KX/KXmin

	
6.40

	
3.86

	
6.40

	
6.40

	
3.26

	
3.26

	
1.00




	
S-Histidyl

	
ΔG[kcal/mol]

	
−7.30

	
−7.20

	
−7.40

	
−7.40

	
−6.90

	
−6.80

	
−6.20




	
K [×106]

	
0.22

	
0.19

	
0.27

	
0.27

	
0.11

	
0.10

	
0.04




	
KX/KC60p

	
7.58

	
6.40

	
8.97

	
8.97

	
3.86

	
3.26

	
1.18




	
KX/KXmin

	
6.40

	
5.41

	
7.58

	
7.58

	
3.26

	
2.75

	
1.00




	
S-Phenylalanyl

	
ΔG[kcal/mol]

	
−7.50

	
−6.90

	
−7.50

	
−7.70

	
−7.20

	
−6.90

	
−6.20




	
K [×106]

	
0.31

	
0.11

	
0.31

	
0.44

	
0.19

	
0.11

	
0.04




	
KX/KC60p

	
10.62

	
3.86

	
10.62

	
14.89

	
6.40

	
3.86

	
1.18




	
KX/KXmin

	
8.97

	
3.26

	
8.97

	
12.58

	
5.41

	
3.26

	
1.00




	
S-Tryptophanyl

	
ΔG[kcal/mol]

	
−7.50

	
−7.10

	
−7.50

	
−8.10

	
−7.00

	
−6.90

	
−6.40




	
K [×106]

	
0.31

	
0.16

	
0.31

	
0.87

	
0.14

	
0.11

	
0.05




	
KX/KC60p

	
10.62

	
5.41

	
10.62

	
29.24

	
4.57

	
3.86

	
1.66




	
KX/KXmin

	
3.26

	
3.26

	
6.40

	
17.62

	
2.75

	
2.33

	
1.00




	
S-Tyrosinyl

	
ΔG[kcal/mol]

	
−7.70

	
−7.00

	
−7.20

	
−7.70

	
−6.90

	
−6.80

	
−6.30




	
K [×106]

	
0.44

	
0.14

	
0.19

	
0.44

	
0.11

	
0.10

	
0.04




	
KX/KC60p

	
14.89

	
4.57

	
6.40

	
14.89

	
3.86

	
3.26

	
1.40




	
KX/KXmin

	
10.62

	
3.26

	
4.57

	
10.62

	
2.75

	
2.33

	
1.00
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Table 4. The values of the binding affinity ΔG[kcal/mol] of the d3 molecule toward proposed FFs; K [106] represents values of the binding constant; KX/KC60p represents normalized factors describing the increase of the binding constant relative to the reference structure (C60_phen; ΔG = −6.2 [kcal/mol]; K = 0.035 × 106); and KX/KXmin represents normalized factors describing the increase of the binding constant relative to the smallest values obtained for functionalized fullerene with a particular substituent.
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FF




	
Localization of Substituents

	
R2-R4-R6

	
R2-R4

	
R2-R6

	
R3-R5

	
R2

	
R3

	
R4






	
S-Lysinyl

	
ΔG[kcal/mol]

	
−7.80

	
−7.50

	
−7.90

	
−7.40

	
−7.10

	
−6.90

	
−6.40




	
K [×106]

	
0.52

	
0.31

	
0.62

	
0.27

	
0.16

	
0.11

	
0.05




	
KX/KC60p

	
14.89

	
8.97

	
17.62

	
7.58

	
4.57

	
3.26

	
1.40




	
KX/KXmin

	
10.62

	
6.40

	
12.58

	
5.41

	
3.26

	
2.33

	
1.00




	
S-Argininyl

	
ΔG[kcal/mol]

	
−8.90

	
−7.70

	
−8.40

	
−8.20

	
−7.50

	
−7.30

	
−6.70




	
K [×106]

	
3.34

	
0.44

	
1.44

	
1.02

	
0.31

	
0.22

	
0.08




	
KX/KC60p

	
95.31

	
12.58

	
40.98

	
29.24

	
8.97

	
6.40

	
2.33




	
KX/KXmin

	
40.98

	
5.41

	
17.62

	
12.58

	
3.86

	
2.75

	
1.00




	
S-Glutamyl

	
ΔG

	
−7.30

	
−6.90

	
−7.20

	
−7.40

	
−6.90

	
−6.80

	
−6.30




	
K [×106]

	
0.22

	
0.11

	
0.19

	
0.27

	
0.11

	
0.10

	
0.04




	
KX/KC60p

	
6.40

	
3.26

	
5.41

	
7.58

	
3.26

	
2.75

	
1.18




	
KX/KXmin

	
5.41

	
2.75

	
4.57

	
6.40

	
2.75

	
2.33

	
1.00




	
S-Histidyl

	
ΔG[kcal/mol]

	
−7.90

	
−7.30

	
−7.80

	
−7.30

	
−7.30

	
−7.30

	
−6.40




	
K [×106]

	
0.62

	
0.22

	
0.52

	
0.22

	
0.22

	
0.22

	
0.05




	
KX/KC60p

	
17.62

	
6.40

	
14.89

	
6.40

	
6.40

	
6.40

	
1.40




	
KX/KXmin

	
12.58

	
4.57

	
10.62

	
4.57

	
4.57

	
4.57

	
1.00




	
S-Phenylalanyl

	
ΔG[kcal/mol]

	
−7.60

	
−7.20

	
−7.70

	
−7.70

	
−7.20

	
−7.00

	
−6.40




	
K [×106]

	
0.37

	
0.19

	
0.44

	
0.44

	
0.19

	
0.14

	
0.05




	
KX/KC60p

	
10.62

	
5.41

	
12.58

	
12.58

	
5.41

	
3.86

	
1.40




	
KX/KXmin

	
7.58

	
3.86

	
8.97

	
8.97

	
3.86

	
2.75

	
1.00




	
S-Tryptophanyl

	
ΔG[kcal/mol]

	
−7.60

	
−7.50

	
−7.50

	
−8.30

	
−7.10

	
−7.30

	
−6.60




	
K [×106]

	
0.37

	
0.31

	
0.31

	
1.21

	
0.16

	
0.22

	
0.07




	
KX/KC60p

	
10.62

	
8.97

	
8.97

	
34.62

	
4.57

	
6.40

	
1.96




	
KX/KXmin

	
5.41

	
4.57

	
4.57

	
17.62

	
2.33

	
3.26

	
1.00




	
S-Tyrosinyl

	
ΔG[kcal/mol]

	
−7.80

	
−7.70

	
−7.40

	
−8.00

	
−7.10

	
−7.10

	
−6.50




	
K [×106]

	
0.52

	
0.44

	
0.27

	
0.73

	
0.16

	
0.16

	
0.06




	
KX/KC60p

	
14.89

	
12.58

	
7.58

	
20.86

	
4.57

	
4.57

	
1.66




	
KX/KXmin

	
8.97

	
7.58

	
4.57

	
12.58

	
2.75

	
2.75

	
1.00
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