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A B S T R A C T   

Within this study, we investigate the interaction of the hydroxyurea molecule with a boron nitride 
nanocone (BNC), a boron nitride nanosheet (BNS), and a boron nitride nanotube (BNT) as nano- 
structures for the purpose of drug delivery by performing DFT computations. DFT computations 
on the models under study are performed by considering gas and water phases. Based on the 
adhesion energy values, we obtain a stabilized complex of hydroxyurea and BNC, BNS and BNT in 
the gas and water phases. The negative values of adhesion energy demonstrate that the reaction is 
exothermic. Based on the results of the QTAIM, the electron density values in the bond critical 
points are positive and low in all hydroxyurea-bonding complexes. Based on the calculational 
results, there are weak interaction forces for the significant and efficient release of hydroxyurea 
from the carriers at target sites. The impact of molecular adhesion upon the electronic attributes 
of BNC, BNS and BNT is examined by investigating the density of states, and based on the results, 
BNC is nearer to the Fermi energy compared to BNS and BNT. The adhesion energy values are 
higher in the gaseous phase compared to the water phase, which indicates that the interaction of 
the molecule with BNC, BNS and BNT is stronger in the gaseous phase. The interaction of hy-
droxyurea with BN stronger than its interaction with BNS and BNT based on the adhesion energy 
values. Following the adhesion of hydroxyurea, ΔEg was – 1.56 eV, − 0.16 eV, and − 0.12 eV for 
BNC, BNS, and BNT, respectively, which showed the higher sensitivity of BNC compared to BNS 
and BNT. Based on the computations, BNC, BNS, and BNT can be used as a promising carrier for 
hydroxyurea.  
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1. Introduction 

There has been a rise in the number of disorders and diseases due to the dominant role of industrial and technological productions, 
which have affected the environment, human life and other living systems negatively [1,2]. In spite of the improvement in medical 
protocols, there is a lack of protocols for treating serious diseases like cancer and viral pandemics [3,4]. As a result, one of the hot topics 
is the development and design of new drugs and their optimization [5–9]. Numerous research studies have been carried out into 
synthesizing and characterizing new pharmaceutical compounds [10–13]. In particular, many studies have been carried on drugs 
studies in order to develop new attributes for drug delivery systems (DDSs), particularly following the discovery of nano-structures 
[14,15]. After their discovery, researchers investigated the potential use of carbon nanostructures in biological systems and for 
drug delivery [16]. Developing nanomaterial-based DDSs can be conducive to increasing the efficiency and bioavailability of antiviral 
drugs. Unlike conventional methods, using nano-materials in drug delivery has many advantages, including increased drug reaction 
time, enhanced bioavailability, reduced side effects, and sustained drug release [17]. 

Research have investigated the potential applications of different nanocarbons (e.g., fullerenes, carbon nanotubes and graphene 
derivatives) in bioimaging, cell targeting and drug delivery [18–23]. Nevertheless, it is necessary to investigate their toxicity [24–28]. 
The chemical stability of boron nitride nano-materials is higher than the chemical stability of carbon nano-materials, which makes 
them suitable for biomedical purposes [29]. As an example, based on recently performed studies, biocompatibility and cytotoxicity of 
boron nitride nanotubes are higher than biocompatibility and cytotoxicity of carbon nanotubes [30–34]. In the past years, some re-
searchers have been reported the ability of different 2D materials for smart drug delivery [35–39]. for example, the graphdiyne 
nanosheet can be used for sorafenib and regorafenib drugs delivery as theoretical approaches [40]. Also, the boron nitride nanosheet 
was used as a nanocarrier for different anti-cancer drugs such as 5-fluorouracil (FU), 6-mercaptopurine (MP) and 6-thioguanine (TG) 
[41–43]. In addition, the 2D phosphorene was introduced a novel nanocarrier for anti-cancer drugs delivery systems [44]. Yet, more 
research should be done into boron nitride nanomaterials to confirm their application in biological systems. Due to its high chemical 
stability, oxidation resistance, large surface area, high thermal stability, mechanical strength and high thermal conductivity, re-
searchers have focused on hexagonal BN sheets, which are similar to graphite carbon nitride (g-C3N4) and graphene [45–47]. (BNNTs), 
which are structurally analogous to carbon nanotubes, have introduced a biocompatible nanoplatform for drug delivery. Researchers 
have suggested the application of BNNTs have been in nanocomposites for developing new piezoelectric and functional materials 
because of their chemical stability and unique electrical and mechanical attributes. The biocompatibility of BNNTs is higher than that 
of carbon nanotubes. Also, they are considered nontoxic based on the data available in the literature [48–52]. In recent years, the focus 
has turned to carbon fullerenes and nanotubes with curved nanoscale structures owing to their mechanical and electronic attributes 
[53]. Inserting topological defects and pentagonal atomic rings into the hexagonal network of CNTs might result in the closure of the 
tubes and an increase in the local curvature [54]. The cap structure is dependent upon the special defect included, but it is generally has 
a similar conical surface with electronic attributes different to those of bulk materials [55]. This is also the case for BN nano-cones. 
They could be formed either as free-standing structures or as closing caps at the edges of BNNTs [55]. As a result, different BN 
nano-structures are considered conducive to giving new properties to nano-structures. Within this work, various compounds such as 
BNNTs, BNNCs, and BNNSs were examined for their potential application in the drug delivery of hydroxyurea. 

Hydroxyurea, also known as Hydrea, is one of the anti-cancer medications used for treating different cancer types such as carci-
noma, leukemia and melanoma [56]. It is capable of inhibiting the growth of cancerous in the body, thus limiting the increase in the 
cancer [57]. Nonetheless, there are common side effect associated with hydroxyurea such as bleeding and decreased blood cells [58]. 
There are many studies into improving the efficiency of hydroxyurea, but the evidence is not conclusive [59]. SO, more research 
studies must be done on hydroxyurea to increase its efficiency and minimize its side effects. It is worth mentioning that one of the most 
crucial issues in research on living systems is the topic of human health care systems [6,60,61]. Hence, we investigated the possible use 
of BNNTs, BNNCs, and BNNSs as viable DDSs for hydroxyurea by examining the adhesion of hydroxyurea on these nano-structures. 
Here, the selective loading of hydroxyurea was done on BNNTs, BNNCs, and BNNSs. NBO computations were undertaken for these 
model systems to characterize the charge transports and interactions between hydroxyurea and with the above-mentioned nano--
structures. DFT computations were undertaken for assessing the possible use of these nano-structures as a carrier for hydroxyurea. 

2. Computational details 

Here, we scrutinized the possibility of using carbon nano-structures in the drug delivery of hydroxyurea. Using the basis set the 
6–31 G (d) and M06-2X method, we undertook DFT computations via GAMESS-US software [62,63]. In the present study, Grimme’s 
semi-empirical correction was used interaction energies, which accurately describes dispersion forces which are considered important 
in investigating adhesion processes. We aimed at obtaining the results related to the NBO analysis, molecular-electronic potential 
(MEP) levels and density of states (DOSs) [64,65]. The adhesion energy of hydroxyurea molecule on the nano-structures’ surface can 
be computed using the below equation [66]: 

Eads =
(
Ecomplex

)
−
(
Enanostructure +EHyd

)
(1)  

where, Ecomplex, EHydroxyurea and Enanostructure, respectively, are the total energies of nano-structures@hydroxyurea, individual hy-
droxyurea molecule and nanostructures. A negative adhesion energy shows that the adhesion process is exothermic. The self- 
consistence field convergence criterion has been set to 10− 6. Also, for optimizations, the maximum displacement, that is, the 
maximum structural change of one coordinate as well as the average (RMS) change over all structural parameter thresholds were set 
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about 1.8 × 10− 4 and 1.2 × 10− 4, respectively. The maximum remaining force on an atom in the system as well as the average root 
mean square (RMS) force on all atoms thresholds were set to be about 4.5 × 10− 4 and 3.0 × 10− 4, respectively. 

3. Results and discussion 

3.1. Hydroxyurea drug adhesion onto BNT, BNC, and BNS 

The optimized structure of BNT and the hydroxyurea is shown in Fig. 1. The model of BNT with 56 B, 56 N, and 16H atoms was an 
(8,0) zigzag nano-tube with a length and diameter of 14 Å and 6.5 Å respectively. In addition to the tubular structure, we could identify 

Fig. 1. Optimized structures of BNT, BNS, BNC, and Hydroxyurea drug.  

Table 1 
Adhesion energy (Eads) of Hydroxyurea molecule on the nano-structures in two phases of gas and water, transferred charge between the molecule and 
nano-structures (QT), HOMO-LUMO energy gaps (Eg), and change in HOMO-LUMO gap of different BN nano-structures upon the adhesion process.  

Sample Eads-gas (eV) Eads-water (eV) Eg (eV) ΔEg QT (e) 

BNT – – 3.27 – – 
BNS – – 4.51 – – 
BNC – – 4.63 – – 
BNT@Hydroxyurea − 0.094 − 0.047 3.15 0.12 0.046 
BNS@Hydroxyurea − 0.102 − 0.065 4.35 0.16 0.049 
BNC@Hydroxyurea − 0.137 − 0.084 3.07 1.56 0.089  

Fig. 2. Optimized structures of different BN nano-structures with Hydroxyurea drug.  
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2 B–N bonds and lengths. One was associated with the nanotube axis and its length was 1.41 Å, and another was diagonal and its length 
was 1.44 Å. The dangling B–N bonds were saturate for the sake of avoiding dangling effects in BNT, which was of high necessity 
because of the lack periodic boundary conditions in the molecular computations. The computed energy gap of 3.27 eV is listed in 
Table 1. Initially, hydroxyurea had an adhesion onto different sites onto the exterior NT surface with various orientations. The most 
stable site of Hydroxyurea on the surface of BNT was obtained following the optimization and distance between them was computed 
(Fig. 2). There was a change in the adhesion energy, transported charge, energy and band gaps values with pre-adhesion ΔEg of 
hydroxyurea. The charge transfer values computed by the NBO analysis was 0.046 (e), which indicated charge transport was from 
hydroxyurea to BNT. The energy gap was 3.15 eV, which changed slightly in comparison with that of BNT (3.27 eV). The reduction in 
the energy gap value indicated that there was an increase of conductance. The computed adhesion energy in the gaseous phase was - 
0.094 eV, whereas it was - 0.047 eV in the water phase, showing the formation of a stronger bong by hydroxyurea with BNT in the 
gaseous phase. The reaction of hydroxyurea with BNT was exothermic because the adhesion energies were negative. These adhesion 
energies showed the noncovalent nature of interaction between BNT and hydroxyurea, which led to a physisorption. Hence, BNT 
cannot be used as the carrier of the hydroxyurea molecule. 

To investigate the structural and electronic attributes of BNS, its structure was examined with and without the hydroxyurea 
molecule. According to the optimized geometry of BNS shown in Fig. 1, there is a B–N bond between the hexagons and its length is 
1.43 Å. The energy gap of BNS was 4.51 eV. The adhered molecule was initially located at various sites onto BNS with various ori-
entations for finding the most stable configuration for surface adhesion. The most stable site of hydroxyurea onto BNS was obtained 
following the optimization, (see Fig. 2). As illustrated in Table 1, the adhesion energies in the gaseous and water phases were - 0.102 eV 
and - 0.065 eV respectively. This demonstrates that a stronger bond was formed by the gaseous phase. Based on the negative adhesion 
energies, the reaction was exothermic. The value of 4.35 eV for BNS@ hydroxyurea and the electron-donating rate of the molecule at 
BNS that was 0.049 (e) demonstrate that there is a slight reduction in the energy gap in comparison with value computed for BNS. The 
adhesion energy value demonstrated the physisorption of hydroxyurea on BNS through a noncovalent interaction, confirming the 
possibility of using BNS as a carrier of hydroxyurea. Furthermore, the obtained ΔEg value for BNS@ hydroxyurea was higher compared 
to that of BNT@ hydroxyurea. This shows that it was more conductive than BNT@ hydroxyurea. 

Fig. 1 shows the most stable geometry of BNC. The length and the angle of the bond located on the top of BNC was different from the 
rest. The angles of B–N–B and N–B–N bonds on the top of BNC were approximately 104–109◦, whereas the bond angles of at the bottom 
increased to 118–120◦ for B–N–B and N–B–N, respectively. The different orbital hybridization of N atoms at the top and bottom of BNC 
is the reason for this dramatic variation in the bond angles. The hybridization had similarity to sp3 for N atoms on the top layer of BNC, 
whereas it had similarity to sp2 for N atoms at the bottom. However, the hybridization of B atoms was similar to sp2 at the top and 
bottom layers. The length of the B–N bond was around 1.44–1.45 Å for layers which located in the middle. The energy gap of BNC was 
around 4.63 eV. The Hydroxyurea molecule was structurally optimized to investigate the structural and electronic attributes of BNC. 
The molecule was initially located at various sites on the exterior surface of BNC with different orientations to find the most stable 
adhesion site, which was shown in Fig. 2 following the optimization. The distance between the BNC and hydroxyurea is also shown in 
Fig. 2. Based on the low adhesion energies obtained for BNC@Hydroxyurea in the gaseous and water phases (-0.137 eV, - 0.84 eV), 
hydroxyurea was physiosorbed through a noncovalent interaction. Also, based on the adhesion energies, the binding between hy-
droxyurea and BNC was stronger in the gaseous phase. Moreover, the adhesion energies were negative, which indicated that the 
reaction between hydroxyurea and BNC was exothermic. The value of QT was − 0.089 (e), showing the electron-accepting nature of 

Fig. 3. The DOS plot of different BN nano-structures with Hydroxyurea drug.  
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hydroxyurea in the BNC@Hydroxyurea structure. In spite the fact that adhesion energy was greater than that of BNT@Hydroxyurea 
and BNS@Hydroxyurea, it was also regarded as a physisorption. The value of energy gap after adhesion (3.07 eV) in Table 1 
demonstrated that there was dramatic change in comparison with the energy gap of BNS and BNT after adhesion. Following the 
adhesion of the molecule (ΔEg = - 1.56 eV), there was a decrease in the energy gap, showing a dramatic conductance for BNC following 
the adhesion of hydroxyurea. Hence, we can consider BNC a sensor for hydroxyurea. 

3.2. DOS analysis 

To examine the impact of surface adhesion of the hydroxyurea on the electronic attributes of nano-structures, the DOS analysis was 
performed. The results were provided in Fig. 3. The proximity of BNC the Fermi energy level was more than BNS and BNT. As shown in 
the DOS plots, the surface adhesion of the molecule on BNC had an impact on it and the energy level of BNT and BNS remained constant 
following the adhesion of hydroxyurea. The ΔEg for the adhesion of hydroxyurea on BNC, BNS and BNT were – 1.56 eV, - 0.16 eV and - 
0.12 eV, respectively, under optimal conditions. These values indicated that there was a weaker interaction between Hydroxyurea and 
BNC than BNS and BNT. The DOS analysis revealed that there was a significant change in the Fermi level changes for BNC. However, 
the physisorption of hydroxyurea took place on the BNC surface. So, the system had more conductance. Based on Eq. (2), a dramatic 
change is expected in the conductance of the cluster due to the adhesion [67]: 

σ∝exp
(

−
Eg

2kT

)

(2)  

where K and σ are the Boltzmann constant and conductance respectively. Based on Eq. (2), if the energy gap becomes lower at a certain 
temperature, the conductance will be higher. Nevertheless, the energy gap of BNC@Hydroxyurea was significantly more than the 
energy gap of BNC. As conductance is proportionally related to the reduction of energy gap, we can assume that conductance increases 
with a reduction in the energy gap. The electrical attributes of BNC towards the surface adhesion of hydroxyurea were evidenced by 
this great sensitiveness. As BNC converted the presence of a hydroxyurea molecule directly into an electrical signal, we can use it to 
detect the hydroxyurea molecule. However, hydroxyurea did not impact on the electrical attributes of BNT and BNS. Hence, we could 
infer that BNC could selectively detect the hydroxyurea molecule. 

3.3. MEP surfaces analysis 

In order to provide an explanation for the load distributions by assessing the interaction between hydroxyurea and the nano-
structures in different volumes, the MEP surface analysis was performed. The MEP surface analysis generated by the molecular charge 
distributions can be computed as follows [68]: 

V(r)=
∑

A

ZA

|RA − r|
−

∫ ρ(r′)dr′

|r − r′|

where ZA signifies the nucleus charge at RA. The dominance of electrons or nuclei at a certain point determined V (r) sign. The MEP 
analysis in Fig. 4 shows that the atoms are both positively and negatively charge, donated by blue and red colors respectively. Ac-
cording to the MEP, the interaction between hydroxyurea and BNC can lead to a charge transport from BNC to the hydroxyurea 
molecule, which can further lead to van der Waals bonding at the surface. Also, the adhesion of hydroxyurea on CNS and BNT resulted 
in a charge transport from hydroxyurea to BNS and BNT. 

3.4. QTAIM analysis 

One of the widely used theories for gaining an understanding of interaction and analyzing electron density distributions is the 
quantum theory of atoms in molecules (QTAIM). QTAIM was developed from concepts from physics and quantum mechanics. QTAIM 
adopts a topological approach for localizing atoms in molecules in modeling a chemical bonding. Different types of interactions and 
bonds can be identified through a set of accessible points named bond critical points (BCPs). The maximum or minimum electron 

Fig. 4. Calculated molecular electrostatic potential (MEP) surfaces of different BN nano-structures with Hydroxyurea drug.  
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density is dependent upon the motion in both directions at BCPs. In general, QTAIM is one of the techniques adopted for investigating 
and assessing the significant attributes of bonds. 

Hence, we adopted the QTAIM theory for investigating attributes of BCPs in hydroxyurea in the complex systems. To determine the 
nature of the interactions, after placing BCPs, we extracted the charge density (ρr) and its Laplacian (∇2ρ). The electron energy density 
at BCPs is commonly applied for describing their energetic attributes (H). Based on the QTAIM computations, the electron density 
values at BCPs (ρr) were positive and low in all hydroxyurea bonding complexes, which is why van der Waals are formed (see Table 2). 
The electron density value BCPs shows that bonding is weak. Electrostatic interactions and charge transport are the main reason for the 
stability energy of these complexes, which might act in the same directions in some situations and in the opposite directions in other 
situations. Also, the bonding type in this interaction is dependent upon the electron density at BCPs. A positive ∇2ρ and H at BCPs 
demonstrates that the density is low. Therefore, it is a van der Waals bond due to the weak interactions. 

4. Conclusion 

The present work aimed at investigating the possible application of BNC, BNT, and BNS for drug delivery by examining their 
interaction with Hydroxyurea through DFT computations. Based on the results, loading hydroxyurea on these nano-structures was 
possible. Also, based on the FMO analyses, there were dramatic changes in the models for the adhered hydroxyurea molecule on BNC. 
The energy gap values indicated a stronger interaction between Hydroxyurea and BNC compared to other nano-structures. The ΔEg 
value for BNC following the adhesion of hydroxyurea was – 1.56 eV, which showed an increase in the conductance of the nano-carrier 
following the adhesion of hydroxyurea. Hence, BNC can be proposed a suitable vehicle for hydroxyurea. The MEP analysis demon-
strated that the atoms are both negatively and positively (red color and blue color) charged. Based on the QTAIM computations, the 
interactions between Hydroxyurea and the nano-structures were weak. So, BNC, BNT, and BNS can be used as suitable carriers for 
hydroxyurea. 
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