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Abstract: By the importance of innovating novel protocols of drug delivery processes, an idea of 

employing an epoxy-decorated fullerene cage (OFC) for the drug delivery of hydroxyurea (HU) 

anticancer was assessed in this work by performing density functional theory (DFT) molecular 

computations. Singular models of HU and OFC were optimized to be prepared for participating in the 

interaction processes for evaluating the adsorption features. The results yielded different HU@OFC 

bimolecular models based on different configurations of HU towards the epoxy-decorated active site of 

OFC. Interactions, details, and strengths affirmed the formation of such bimolecular models. Three 

types of H…O, O…C, and O…O interactions were observed in the formation of bimolecular models, 

in which H…O and O…C showed the highest importance for formations of the HU@OFC bimolecular 

models with the highest strengths. Additionally, the molecular orbitals features showed the benefits of 

these models for approaching diagnostic purposes and structural/electronic specifications. The 

evaluated features indicated variations of frontier molecular orbitals among the models besides the 

occurrence of variations for other levels. Consequently, the models of HU@OFC were found to be 

suitable for employment in the drug delivery processes regarding the specified structural and electronic 

requirements. 
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1. Introduction 

Since the early innovation of carbon nanotubes (CNTs), attention has been paid to the 

recognition of features of such novel materials [1-3]. Pure carbon composition and other non-

carbon compositions have been proposed to develop the borders of nanostructures applications 

[4-6]. Among such investigations, modifying nanostructures with other atomic and molecular 

groups has been seen as useful for specifying the applications of newly decorated 

nanostructures [7-9]. In this regard, oxidation has been seen as important for modifying carbon-

based nanostructures to improve their physical and chemical features [10-12]. To this aim, the 
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functionalization of nanostructures by an epoxy group could yield to the successful production 

of oxidized carbon nanostructures [13-15]. The newly decorated nanostructure region could 

indeed work as an active site of interactions with other substances, especially for those with 

the potential to contribute to hydrogen bond interactions [16]. It was also assumed that the 

oxidized carbon nanostructures could be dispersed in water media better than the pure carbon 

nanostructures [17]. Hence, the idea of employing oxidized carbon nanostructures for 

interacting with other heteroatomic substances could be supported. The wide surface area has 

always been a remarkable advantage of interacting substances and adsorbents, in which the 

decorated models of nanostructures could provide activated surfaces for participating in the 

efficient adsorption processes [18-20]. 

In the current research work, a model of an epoxy-decorated fullerene cage (OFC) was 

investigated for the drug delivery assessments of hydroxyurea (HU) anticancer (Figure 1). A 

suitable model of carbon-20 for molecular investigations was decorated by an epoxy group to 

yield the oxidized fullerene cage. Next, possible interactions between HU and OFC were 

investigated to examine the existence of HU@OFC bimolecular complexes (Figure 2). In this 

regard, structural optimization calculations and electronic feature evaluations were done to 

approach the required results of this work. Earlier works indicated that the nanostructures could 

work in the drug delivery processes and that innovating novel carriers could help with this [21-

23]. Several efforts have been made to explore the benefits of nanostructures and their modified 

models to work as carriers of drug substances to this time [24]. Indeed, the phenomena of drug 

design and development is a non-stop process, and improvements are always required [25-29]. 

Accordingly, performing molecular computations could provide information on details of such 

drug-related processes [30-33]. For the case of anticancer, investigating new drug delivery 

protocols is essential because of the low efficacy of conventional protocols [34-36]. HU is also 

among the anticancer with the dual edge of advantage/disadvantage of medications for cancer 

patients [37-39]. To improve the advantages and overcome the disadvantages, exploring novel 

carriers could help conduct the HU substance through a targeted drug delivery process [40]. To 

this aim, this work was done for the drug delivery assessments of HU with the assistance of 

OFC nanostructure. To this aim, this work was done for the drug delivery assessments of HU 

with the assistance of OFC nanostructure. The obtained results of this work are exhibited in 

Tables 1 and 2 and Figures 1-3. 

2. Materials and Methods 

The drug delivery assessment of hydroxyurea (HU) anticancer with the assistance of an 

epoxy-decorated fullerene cage (OFC) was investigated in this work by means of 3D molecular 

models and computations. First, singular OFC and HU geometries were optimized to prepare 

the original models (Figure 1). The structure of OFC was created by an epoxy-decoration of a 

carbon-20 fullerene cage to yield a model with the C20O formula for adsorbing the HU 

substance with the CH4N2O2 formula. Next, HU@OFC bimolecular models were obtained by 

re-optimizing the combinations of already optimized OFC and HU models. All possible 

configurations of HU@OFC complexes were examined by considering all interaction 

directions between HU and OFC; it should be noted that the epoxy-decorated region of OFC 

was the active site of interaction with the HU substance. As shown in Figure 2, four HU@OFC 

models, H1-H4, were finalized, representing the interaction modes of HU and OFC as 

described by the features of the quantum theory of atoms in molecules (QTAIM) (Table 1). 

Subsequently, additional features, including energies of adsorption and frontier molecular 
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orbitals of the models, were evaluated (Table 2). For better representing such molecular orbital 

features, energy levels of the highest occupied and the lowest unoccupied molecular orbitals 

(HOMO and LUMO) and the corresponding distribution patterns were evaluated for the models 

(Table 2 and Figures 1 and 2). Moreover, diagrams of the density of states (DOS) were 

illustrated for the models (Figure 3) to show the possibility of a diagnosis of HU@OFC 

bimolecular formations. All results of this work were evaluated by performing B3LYP/6-31G* 

density functional theory (DFT) molecular computations using the Gaussian program [41]. It 

should be mentioned that several research methodologies have been developed to investigate 

chemical and biochemical systems. Both experimental and computational methodologies could 

be employed for dealing with the targeted problems [42-46]. This work was done using 

computational tools to describe the complicated model systems at the smallest molecular and 

atomic scales [47-49]. 

 
Figure 1. Singular models and HOMO-LUMO distribution patterns. 

3. Results and Discussion 

This work was done for the drug delivery assessments of hydroxyurea (HU) anticancer 

by an epoxy-decorated fullerene cage (OFC). To this aim, DFT molecular computations were 

performed to recognize the stabilized structures of singular HU and OFC, as shown in Figure 

1, to prepare them as the original materials for participating in the HU@OFC bimolecular 

formations. All possible interacting configurations of these two molecules were examined by 

initiating different starting geometries of the singular models towards each other. Next, the 

optimized stabilized HU@OFC bimolecular models were found in four different 

configurations based on the interactions of atomic sites of HU by the epoxy active site of OFC, 

as shown in Figure 2 by H1, H2, H3, and H4. First, it should be mentioned that both singular 

and bimolecular models were suitable for formation according to their final geometrical 

configurations. The models were optimized to reach the minimized energy geometries in this 
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regard. Subsequently, details of such interacting systems were recognized by performing 

additional QTAIM analyses [50-52]. As listed in Table 1, the bimolecular models were 

described by types of interactions, distances, total electron density (Rho), Laplacian of electron 

density (Del2-Rho), and energy of electron density (H). The models were characterized by the 

existence of meaningful interactions between HU and OFC substances in each of the 

HU@OFC bimolecular models. Accordingly, the types of interactions indicated the important 

role of the epoxy-decorated region in conducting the interaction processes. The oxygen atom 

of OFC and the neighboring carbon atom were important for contributing to interactions with 

the HU substance through formations of O…C interactions. In the investigated models, 

physical interactions were observed to provide an environment of reversible adsorption for the 

drug delivery process. 

 
Figure 2. Bimolecular models and HOMO-LUMO distribution patterns. 

Table 1. The evaluated QTAIM features of HU@OFC models.1 

HU@OFC Model HU…OFC Interaction Distance Rho × 100 Del2-Rho × 100 H × 100 

H1 H…O 1.95 12.33 7.89 -1.97 

H2 H…O 

O…C 
2.11 

2.98 

16.68 

8.69 

5.84 

3.08 

-4.59 

-1.08 

H3 H…O 

O…C 
2.11 

2.98 

16.53 

8.69 

5.85 

3.08 

-4.32 

-1.08 

H4 H…O 

O…O 
2.19 

3.06 

14.61 

6.57 

4.89 

2.53 

-1.64 

-0.56 
1The units: Distance: Å; Rho, Del2-Rho, and H: au. 
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Based on obtained results of Table 1 for the interacting HU@OFC bimolecular models 

of Figure 2, different strengths of interactions were found for the observed types of interactions, 

including H…O, O…O, and O…C in the stabilized H1-H4 models. The observed strength was 

found to be different from the evaluated QTAIM features, but they were still meaningful for 

the formations of bimolecular models. In this regard, the types of involving interactions 

indicated the final configurations of HU@OFC complexes by considering all possible 

interacting configurations. In this step, it was found that the models were in different 

configurations of interactions for obtaining the models of HU@OFC bimolecular complexes. 

Table 2. The evaluated energy features of singular and bimolecular models.1 

Model EAds HOMO LUMO EGap EFermi 
HU n/a -6.96 0.96 7.93 -3.00 

OFC n/a -5.41 -3.32 2.10 -4.37 

H1 -47.17 -5.70 -3.59 2.11 -4.64 

H2 -48.27 -5.24 -3.13 2.11 -4.19 

H3 -48.22 -5.25 -3.13 2.12 -4.19 

H4 -40.56 -5.67 -3.57 2.10 -4.62 
1The units: EAds: kcal/mol; HOMO, LUMO, EGap, and EFermi: eV. 

The main idea of this work was to develop a new carrier for the drug delivery of HU, 

and the proposed OFC model was assessed to approach the idea. As exhibited in Figure 2, the 

formations of HU@OFC bimolecular models were achievable, and details of interactions were 

recognized by the evaluated QTAIM feature of Table 1. Subsequently, the energy features of 

the investigated models are summarized in Table 2. By comparing the adsorption energy values 

(EAds), it was found that the bimolecular models were in different levels of strength based on 

the obtained values of EAds. The order of H2 > H3 > H1 > H4 was extracted for the bimolecular 

models to show their adsorption strength. As mentioned earlier, for the evaluated QTAIM 

features, different types of interactions were available for the bimolecular models with more or 

less meaningful strength in compassion with each other. Accordingly, the observed values of 

EAds showed different levels of strength for the adsorption process of HU anticancer towards 

the OFC active site. In this regard, H2 and H3 with similar types of interactions but different 

configurations were placed at the highest level of adsorption strength by the obtained EAds 

values of -48.27 and -48.22 kcal/mol, respectively. H1 and H4 were placed at the next levels 

of strength by the obtained EAds values of -47.17 and -40.56 kcal/mol, respectively. The H…O 

and O…C interactions between HU and OFC of H2 and H3 were dominant for the formation 

of stronger adsorbing systems, whereas only one H…O interaction of H1 and H…O and O…O 

interactions of H4 were not so strong as those of H2 and H3. It should be mentioned that all 

four HU@OFC models were strong enough to consider the characteristic role of OFC for 

adsorbing the HU substance. Comparing the results of this work with those of an earlier work 

[40] could show the benefits of employing the current system for conducting the drug delivery 

process of HU anticancer. The model of functionalized nanostructure could even work better 

than the pure nanostructure to provide an active site of interaction with the drug substance. 

Indeed, such a decorated surface could make a more efficient adsorption process possible for 

forming bimolecular HU@OFC complexes. 

Further assessments of the models were done by analyzing the HOMO-LUMO 

distribution patterns, in which all bimolecular models showed a movement of such patterns to 

the OFC part. This is indeed a very important point for the drug delivery processes, in which 

the models should have the role of drug protection, avoiding their contribution to unwanted 

interactions. In this regard, the models of HU@OFC bimolecular complexes showed such 

features by movements of all HOMO-LUMO patterns to the OFC part. Another achievement 
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was the HOMO-LUMO shapes of bimolecular models, which were closer to the singular OFC 

model. Accordingly, the obtained values of energy levels of HOMO and LUMO of bimolecular 

models were closer to the singular OFC model. This achievement was important because OFC's 

diagnostic role for the adsorption of HU, as the energy distances of HOMO-LUMO levels 

(EGap) were found in different values. Not only for the values of EGap, but also different values 

of energy of Fermi level (EFermi) were different in the bimolecular models with a closer value 

to the singular OFC model. As a result, the illustrated diagrams of DOS (Figure 3) exhibited 

variations of an electronic system for approaching the diagnostic features as shown by the DOS 

diagrams, molecular orbital features of before and after HOMO and LUMO levels detected 

variations in the occurrence of adsorption processes with different configurations. In this 

regard, the models were found to be balanced for a specified application based on the required 

electronic and structural requirements. Consequently, the assessments of this work showed the 

successful role of OFC in working in the drug delivery of HU anticancer. 
 

 
Figure 3. DOS diagrams of singular and bimolecular models. 
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4. Conclusions 

Drug delivery assessments of hydroxyurea (HU) anticancer by an epoxy-decorated 

fullerene cage (OFC) were done in this work by employing DFT molecular computations of 

singular and bimolecular models. To approach the goal of this work, all possible interacting 

configurations of HU and OFC were examined, in which the results yielded four HU@OFC 

bimolecular models; H1, H2, H3, and H4, involving H…O, O…O, and O…C interactions 

between two substances. In this regard, details of interactions and strengths affirmed the 

formation of HU@OFC bimolecular models. Further analyses of the models were done by the 

evaluated molecular orbitals features, in which HOMO-LUMO distribution patterns and DOS 

diagrams showed variations of such molecular orbitals in the bimolecular models close to the 

variations of singular OFC. This achievement was advantageous for approaching the diagnostic 

purposes of HU@OFC bimolecular formations besides balancing the structural and electronic 

features for specified purposes. As a final remark, the assessments of this work successfully 

showed the dominant role of OFC in the drug delivery of HU anticancer. 
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