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      Within the present work, the adsorption behavior of hydroxychloroquine drug onto B24N24 nanocage, and doped B24N24 nanocage with 

Si and Al has been investigated by B3LYP density functional at the 6-31G(d,p) level. To improve the interaction strength and drug adsorption 

on the B24N24 nanocage, we substituted a boron atom with aluminum and silicon. The electronic and geometric virtues in terms of adsorption 

arrangement, frontier molecular orbitals, adsorption energy, gap energy, chemical hardness, dipole moment, chemical potential, density of 

state (DOS), and the quantum theory of the atom in the molecule (QTAIM) analyses are calculated. Results showed that the negative 

absorption energy increased and the electronic properties of Al-doped BN were improved for drug absorption. Therefore, the study of the 

drug release mechanism indicates that in cells with a low pH, the tendency of the drug to release into the target cells increases . 
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INTRODUCTION 
 

      Currently, there is no definite and proven treatment for 

the disease caused by the coronavirus (Covid-19). From the 

beginning of this disease outbreak, hydroxychloroquine 

(HCQ) was proposed as an effective drug in the treatment of 

COVID-19 [1,2]. However, the role of hydroxychloroquine 

and its mechanism against the coronavirus have not yet been 

fully determined [3]. Due to its long half-life, HCQ may 

cause extensive secondary effects in the body or many drug 

interactions, such as retinopathy, hypoglycemia, and even 

cardiotoxicity. Using a powerful drug delivery system can 

reduce the side effects of this drug [4]. Therefore, it can 

provide greater safety in practice for its use in the treatment 

of COVID-19. 

      One of the important methods in drug delivery is the 

surface absorption method [5,6]. For this purpose, various 

adsorbents are used, the important condition of which is that 

they are not toxic [7]. The most important drug carriers  that  
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are used today can be mentioned as MCM-41, MCM-48, 

SBA-15, SBA-16, fullerene, and BxNx family [8-10]. 2D 

materials have garnered significant interest among the 

nanostructures applicable to drug delivery due to their ample 

surface area, facilitating the loading of numerous drug-a 

notable advantage in drug delivery applications [11-12]. 

Among the studies were conducted to use B3O3 nanosheets 

as a potential vehicle for TEPA drugs in the treatment of 

cancer tissues [13,14,15]. Also, the study has been                  

conducted on the adsorption of chloroquine (CQ) and 

hydroxychloroquine (HCQ) on BC3 nanosheets in gas and 

water environment, which demonstrated that BC3 

nanosheets, when hydrogenated, serve as more effective 

carriers for CQ and HCQ compared to single-layer BC3 

[16,17,18]. In recent years, research has focused on using 

nanocarriers for drug delivery due to their low toxicity in the 

human body, so they can be used as nanocarriers in drug-

release systems [19,20], simple synthesis, and high loading 

capacity of compounds [21].  

      Boron nitrides (BxNx) nanostructures are stable 

nanocages and  tend to connect with other  molecules due to  
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the relatively strong ionic bond formed between nitrogen and 

boron atoms [22]. Previous research has shown that the 

electronic properties of these compounds change with the 

doping of boron atoms and that this affects their reactivity 

against other molecules [23,24].  

      Padish et al. studied the interactions of the sulfamide drug 

onto X12Y12 fullerene-like nanocages by the computational 

quantum mechanical method. They demonstrate that the 

sulfamide drug greatly altered the HOMO and LUMO energy 

levels upon adsorption on the examined nanocages, resulting 

in a reduction in the band gap values (Eg). Reducing the band 

gap increases the electrical conductivity of nanocages. These 

results indicate that the studied nanocages may be potential 

electronic sensors and also suitable candidates for sulfamide 

drug delivery in biological systems [25]. El-megeed et al. 

show the ability of B12N12 fullerene-like nanoclusters as a 

drug carrier for isoniazid anti-tuberculosis drugs has been 

studied by DFT methods [26].  Oku et al. successfully 

synthesized B24N24 fullerene [27]. Chen et al. demonstrated 

that nanostructures made of boron nitride (BN) are 

noncytotoxic and can be functionalized for use in biological 

contexts. Furthermore, they utilized BN nanotubes as a 

carrier for transporting DNA oligomers to the cells [28]. 

Suleimannejad et al. investigated the adsorption and release 

of the anticancer drug Aloe Emodin on B24N24 nanocages in 

gas and water phase. The interaction between nanocage and 

drug revealed that adsorption energies of the aloe-emodin 

drug on the B24N24 nanocage in the most stable complexes 

range from -0.87 to -0.75 eV in both gas phase and water. 

Binding of the drug to B24N24 also notably augmented the 

dipole moment of the drug carrier, desirable property for drug 

delivery within biological settings. The results of the study 

indicate that the B24N24 nanocages may be a potential carrier 

for the delivery of Aloe-Emodin drugs [29]. 

      In this research, Gauss View software was used to design 

HCQ, pristine B24N24, and doped with Si-, B-, and Al-doped 

B24N24 and their complexes. The energies of the highest 

occupied and the lowest unoccupied molecular orbitals 

(HOMO & LUMO), gap energy (Eg), and general 

characteristics such as chemical potential (μ), chemical 

hardness (η), maximum charge transfer (∆Nmax), 

electrophilicity index (ω), etc. were calculated. Our other 

goal in this research is to investigate the use of a new series 

of nanocarriers in the controlled release of an effective drug  

 

 

against COVID-19 with the aim of reducing the side effects 

of the drug. The prospect of this work can help health 

researchers in the treatment of COVID-19 by conducting 

clinical research effectively. 

 
COMPUTATIONAL DETAILS 
 
      Theoretical calculations including investigating the 

interactions of hydroxychloroquine drug with B24N24, 

B23AlN24, and B23SiN24 nanocages with the Gaussian 2009 

program were performed [30]. The optimization of the 

various arrangements of pristine and complex forms of 

nanocages and drugs, the energy of the most stable structure, 

was studied by the B3LYP density functional of the                        

6-31G(d,p) basis set [31]. The following equation was used 

to calculate the adsorption energy between the nanocages and 

the drug hydroxychloroquine. 

 

      Eads = [Ecomplex] - [Enanocage + Ehydroxychloroqine]                 (1) 

 

Where Eads, Ecomplex, Enanocage, and Ehydroxychloroqine represent the 

total energy adsorption, the energy of the 

hydroxychloroquine drug adsorbed with nanocages, the 

energy of nanocages alone and the energy of the 

hydroxychloroquine drug, respectively. 

 

      Echo = 
ா೟೚೟ି ∑ ௡೔ா೔೔

௝
                                                           (2) 

 

Where Etot, ni, and Ei are the entire energies of the drug-

nanocage complexes, and the amount of particles sort i (i = 

H, O, C, Cl, N, B, Si, and Al), the atomic energy, 

respectively, and value j represents the overall number of 

atoms within the composition of drug-nanocage complexes. 

After optimizing the geometries, quantum mechanical 

descriptors were used to describe the electronic properties 

such as ionization potentials (I), electron affinity (A), 

chemical potential (μ) global hardness (η), electrophilicity 

index (ω), maximum charge transfer (ΔNmax), 

electronegativity (χ) and Fermi level (EFL). These indexes 

were given by the following equations [32]: 

 

     Eg = ELUMO - EHOMO                                                       (3) 
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      μ = - 
(ூା஺)

ଶ
                                                                     (4) 

 

      η = 
(ூି஺)

ଶ
                                                                        (5) 

 

      ω =
ఓమ

ଶఎ
                                                                            (6) 

 

      χ = – μ                                                                           (7) 

 
     ΔNmax = - 

ఓ

ఎ
                                                                     (8) 

 

    EFL = 
ாಽೆಾೀାாಹೀಾೀ

ଶ
                                                         (9) 

 

Furthermore, they were calculated to assess the plausibility 

of drug adsorption with the nanocage carriers [33,34]. The 

program GaussSum is used to get the density of states (DOS) 

plots [35]. The approach of the quantum theory of atoms in 

molecules (QTAIM) is valuable to get the amounts of 

electron density and bonding attributes of the configurations. 

Which uses AIM2000 software [36]. 

 
RESULTS AND DISCUSSIONS 
 

      The optimized geometry and electrostatic potential map 

(ESP) of hydroxychloroquine are presented in Fig. 1. 

Electrostatic potentials computed on the molecular surfaces 

of a single hydroxychloroquine drug showed that the N atom 

of the drug's aromatic ring and the O atoms of the drug might 

be taken into account as probable active sites when the 

connection with the B24N24 carrier is made (Fig. 1) [37-39]. 

Although the atoms of N (3) and N (4) have negative 

electrostatic potential, the nitrogen atom (3) probably cannot 

be the site of absorption due to steric effects [40]. 

Furthermore, the regions with the highest density of HOMO 

and LUMO profiles are mainly located on the N (5) and O 

atoms, respectively, which correspond to the blue and red 

areas on the ESP diagram. Since then, blue and red colors in 

the ESP map in order show over positive and negative areas, 

(Fig. 1) [41]. 

      B24N24 is composed of 6 octagonal, 8 hexagonal, and 12 

tetragonal rings. Three sorts of B-N bonds are recognized 

their bond lengths, in order, are about 1.47, 1.49, and               

1.42 Å.  In  the  same  way,  three  sorts of B-N-B or N-B-N 

 

 

 
Fig. 1. Optimized structures of hydroxychloroquine drug (a), 

The ESP images of the drug (b), Optimized structure of 

B24N24 nanocage (c), The ESP image of B24N24 nanocage (d). 

 

 

angles are recognized. The N-B-N angles are bigger than the 

related B-N-B ones. The amounts of NBN angles related to 

the hexagonal, octagonal, and tetragonal rings in order are 

around 122.8◦, 136.2◦, and 96.9◦. The electrostatic potential 

map of B24N24 shows that primarily the boron in B24N24 wants 

to have an interaction with the oxygen and nitrogen atoms of 

the hydroxychloroquine drug (Fig. 1). 

 
Optimization, Thermodynamic, and Electronic 
Properties of the Structures 
      The adsorption behavior of the hydroxychloroquine drug 

on the surface of B24N24 fullerene with optimized structures 

was investigated. For this reason, active sites including O, 

and N of the drug were selected to interact with the B24N24 

fullerene from the direction of the B atom. Adsorption energy 

(Ead) was calculated for all optimized complexes. Results 

showed that the boron and an N atom had a relatively strong 

middle bond, with Ead = -19.53 kcal mol-1 (complex A), while 

the other O atom has an interaction with boron, with               

Ead = -10.37 kcal mol-1 (complex B) (Table 2). In order to 

better understand the interaction between nanocage and 

hydroxychloroquine medication, the bond lengths between 

medicating and nanocarriers were calculated from optimized 

structures. 

      The bond lengths between optimized structures of the 

drug  and  nanocarriers  were  calculated to understand more  
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about the interaction between the nanocage and the 

hydroxychloroquine drug. According to the results, B24N24-

N-Drug's (complex A) bond length with 1.645 Å and B24N24-

O-Drug's (complex B) interaction distances are about                             

1.708 Å (Fig. 2). The value of NBN angles with an adsorbent 

boron atom (complex A) corresponding to the hexagonal, 

octagonal, and tetragonal rings, changes to 113.89◦, 122.50◦, 

and 90.41◦, respectively. For complex B of numerical values 

in order around 116.8◦, 127.3◦, and 92.6◦, respectively, it 

indicates a weaker interaction within complex B than 

complex A. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    The electric dipole moment of B24N24 is calculated to be 

zero, and for the drug, the dipole moment value is 0.07 Debye 

and for complexes A and B, this value is around 15.72 and 

4.96 Debye (Table 1). To improve the properties of the 

B24N24 carrier for drug absorption, an aluminum or silicon 

atom was replaced with a boron atom from the B24N24 

nanocage. In the next step, hydroxychloroquine drug 

absorption was investigated with a doped B24N24 nanocage, it 

was considered that oxygen and nitrogen atoms of 

hydroxychloroquine interact with the Al and Si-doped atoms.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2. Optimized structure of B23MN24-X-Drug (M = B, Si, and Al; X = N and O). 
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The optimized structures are shown in Fig. 2. In between all 

complexes, the B23AlN-N-hetero drug (complex C) has the 

most stable structure, with an Ead value = -49.09 kcal mol-1. 

The N atom of the drug in complex C forms a chemical 

interaction with the Al atom, the bond length with 1.975 Å, 

and for B23AlN24-O- Drug (complex D), Ead decreases and is 

equal to -40.20 kcal mol-1 (Table 2). In complex D distance 

between O-Al bonds is about 1.917 Å. The results show that 

the doping of the aluminum atom significantly improves the 

interaction of the drug with the nanocage. Al-doping 

improves the drug delivery properties of nanocages. By 

doping the B24N24 with aluminum, the electric dipole moment 

increases. The dipole moment of AlB23N24 is calculated to be 

2.66 Debye. 

      Similar calculations for Si-doped B24N24 fullerene were 

performed. The optimized structures have been shown in   

Fig. 2, and the results are in Table 3. The optimized structure 

of B23SiN24 (the Si atom) on the surface of the cage is 

projected out. The bond length of Si-N is about                                  

1.72 Å. B23SiN24-N-hetero drug (complex E) with                                   

Ead = -30.71 kcal mol−1 and for B23SiN24-O-drug (complex F) 

with the value of Ead of -5.16 kcal mol-1 which in complex F, 

is a relatively lower negative value that can be due to the 

change in shape of the drug and nanocage after the 

interaction. Complex E with Ead = -30.71 kcal mol-1 is the 

stable structure. For complex E, the nitrogen atom of the drug 

shapes a chemical interaction with Si, whereas the O atom of 

the drug contains a relatively weak interaction with Si atoms. 

The bond length for B23SiN24-N-Drug is 1.748 Å and for 

B23SiN24-O-Drug (complex F) is 2.722 Å. 

      The discrepancy in bond length between doped cage-drug 

can be related to the different N and O electronegativity of 

drug atoms and doped cage atoms. The dipole moment value 

for B23SiN24 is 0.82 Debye, and those for B23SiN24-N-

hydroxychloroquine and B23SiN24-N-hydroxychloroquine 

complexes are about 2.43 and Debye. Due to the map of 

electrostatic potentials of B24N24 and the doped B24N24 

nanocage, displayed in Fig. 3, the active sites related to 

B23AlN24 and B23SiN24 are the Al and Si atoms, respectively. 

      The diagram of HOMO and LUMO plots is shown in              

Fig. 4 and their Eg is given in Table 3. According to 

calculations, the value of Eg = 6.48 eV for the B24N24 

nanocage was obtained. The Eg factor is a suitable factor for 

determining the active reactivity of materials; additionally, it  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. The ESP images of drugs and drug nanocarriers. 

 

 

alters upon the adsorption process, demonstrating the 

sensitivity of an adsorbent agent to an adsorbate material 

according to the taking condition. After the interaction of the 

nanocage with the drug, the LUMO of the nanocage has been 

moved onto the drug in all structures. Additionally, the 

diagram of DOS for B24N24 was recently updated, and after 

interaction with hydroxychloroquine, the drug is displayed in 

Fig. 5. The profiles of structures show that the LUMO level 

is considerably localized on the impurity atom, which is 

responsible for the more powerful interaction. B24N24 has the 

highest positive electrostatic potential, which is in line with 

the greater propensity of this location for nucleophilic agents. 

Because oxygen has a lone pair of electrons, it has a tendency 

to react with the B atom, which has an electron deficiency. 

Studying the numerical values of the frontier orbitals and Eg 

for the optimized complexes shows that the LUMO level in 

complex A is strongly shifted from -0.93 eV to -2.48 eV and 

-1.52 eV  in  complex B,  Also, Eg in complex A decreases to  
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Fig. 5. The DOS plot for B24N24, complexes A and B. 

 

 

3.66 eV and in complex B, Eg changes to 4.56 eV with 

smaller reduction than in complex A. But after the interaction 

of the B24N24 nanocage with the drug molecule, at the HOMO 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

level, no significant changes were observed. According to the 

DOS diagram of AlB23N24 presented in Fig. 6, it can be 

understood that the effect of the Al atom on the LUMO levels 

is greater. When the Al atom in the B24N24 cage is doped, the 

Eg decreases due to the shift in the LUMO level, and this 

reduction appears after interaction with the drug. In complex 

C with Eg = 3.66 eV, we have the largest decrease as a result 

of LUMO shifting to lower values. For complex C in Fig. 4, 

the shift of LUMO in comparison with the AlB23N24 

nanocage is evident. 

      According to the induction of a single electron into Si-

doped structures, the molecular orbital (HOMO) is located on 

the Si atom, and it is used as a factor to calculate Eg. The 

HOMO and LUMO frontier orbitals for B23SiN24 and the 

stable state of this nanocage with drug, which is complex E, 

are shown in Fig. 4. According to ESP (Fig. 3), the Si atom 

is a good  place  for  nuclear  nucleophilic  attacks  due to its  

 
Fig. 4. The HOMO and LUMO profiles for drugs and drug nanocarriers. 
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positive charge. Also, Si can donate its lone electron to the 

drug after nanocage doping Eg is reduced from a value of 6.48 

to 4.02 eV. Compared to the bare B24N24, Si-doped B24N24 

nanocages, the LUMO is located on the fullerene after 

interacting with the drug, and a considerable change exists in 

HOMO and LUMO levels. The DOS diagram for B23SiN24 

and complexes E and F in Fig. 7 is a confirmation of the 

results on the levels of frontier orbitals. Both HOMO and 

LUMO levels for the E complex are nearly similarly shifted.  

Chemical potential (μ) is a measure of the tendency of 

electrons to escape from the system. A high chemical 

potential difference between the two systems' electron 

transfer helps. Charge transfer is from a compound that has a 

higher chemical potential to a compound that has a lower 

chemical potential. Chemical potential (μ), in recent work for 

all complexes, is negative in the range of -3.60 to -5.32 eV. 

According to the data in Table 3, the chemical potential for 

B23MN24 nanocages (M = B, Al, Si) is higher than that of the 

drug hydroxychloroquine. So it is concluded that we have 

electron transfer from B23MN24 to the drug. So, drug 

absorption by nanocarrier is well done. The chemical 

hardness of a molecule indicates its chemical stability. The 

HOMO-LUMO energy gap can show whether the molecule 

is hard or soft. Molecules with a high energy gap are known 

as "hard" and molecules with a low energy gap are known as 

"soft". As the chemical hardness and energy gap increase, the 

reactivity decreases. For the B24N24 nanocage, after doping 

and drug absorption by the nanocage from the N atom side of 

the drug, the chemical hardness decreased. 

     The total electrophilicity index (ω) is estimated using 

parameters of electronegativity and chemical hardness. In the 

conducted research, the value of ω was high for all 

complexes. As well as, ω was obtained for the B23SiN24-O 

drug more than for other complexes investigated in this 

research. The particle charge capacity is determined by the 

parameter ΔNmax. According to Eq. (8) of the ΔNmax equation, 

with the increase in chemical potential, we have a decrease in 

chemical hardness and an increase in electrophilicity. 

According to the results of Table 3, the value of this 

parameter in the B23SiN24-O-drug complex was higher than 

that of other complexes. According to the results, the binding 

of the drug to the nanocages from the O-site.  

 

 

 

 

 
Fig. 6. The DOS plot for B23AlN24, complexes C, and D. 

 

  

 
Fig. 7. The DOS plot for B23SiN24, complexes E, and F. 

 

 

Table 1. Interatomic Distance of Drug-Complex and Dipole 

Moment 

 

μ  

(D) 

R  

(Å) 

Compound 

0.07 - Drug 

0.00 - B24N24 

15.72 1.645 B24N24-N-Drug 

4.96 1.708 B24N24-O-Drug 

2.66 - B23AlN24 

19.42 1.975 B23AlN24-N-Drug 

8.48 1.917 B23AlN24-O-Drug 

0.82 - B23SiN24 

2.43 1.748 B23SiN24-N-Drug 

4.91 2.722 B23SiN24 -O-Drug 
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Table 2. Absorption Energies for Drug-nanocages 

 

Ead  

(kcal mol-1) 

Ecoh  

(kcal mol-1) 

Compound 

-19.53 -150.10 B24N24-N-drug 

-10.37 -144.33 B24N24-O-drug 

-49.09 -149.51 B23AlN24-N-drug 

-40.20 149.41 B23AlN24-O-drug 

-30.71 -149.65 B23SiN24-N-drug 

-5.16 -149.39 B23SiN24-O-drug 

Ecoh: Cohesive energy. Ead: Adsorption energy. 

 

 

Hydroxychloroquine Drug Release 
    We know that the pH of target cells is lower than that of 

healthy cells [42-44]. For this reason, when the drug 

nanocarrier reaches the target cell, it is possible to be 

protonated from different points, because the pH of the target 

cells is lower than that of healthy cells. Due to the ability of 

N and O atoms to be protonated in an acidic environment, 

their binding to nanocage in the target cell becomes weaker, 

so the drug hydroxychloroquine, which has N and O atoms 

in its structure, has an increased ability for nanocage to act as 

a drug carrier. 

      Among other things, the protonation of N in B23AlN24-N-

drug (HB23AlN24-N-drug) increased  the  Al-N  bond  length  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

from 1.97 to 2.05 Å (Fig. 8). So, in the target cell, the drug is 

easily removed from the nanocage. By studying the 

mechanism of drug release, it can be concluded that as the 

length of the M-X bond (X = O, N, and M = B, Al, Si) in the 

investigated nanocage increases, the drug has a greater 

tendency to be released in the target cells. As a result, we can 

use this nanocarrier as a drug delivery candidate. 

 

 

 
Fig. 8. Structure of (a) B24N24Al-N-Hyd, and (b) HB24N24Al-

N-Hyd. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Molecular Orbital Energies and Quantum Descriptors 

 

EFL 

(eV) 

χ 

(eV) 

∆Nmax 

(eV) 

ω 

(eV) 

η 

(eV) 

μ 

(eV) 

Eg 

(eV) 

ELUMO 

(eV) 

EHOMO 

(eV) 

Compound 

-3.6022 3.6022 1.6229 2.9230 2.2196 -3.6022 4.4392 -1.3826 -5.8218 Drug 

-4.1702 4.1702 1.2874 2.6844 3.2391 -4.1702 6.4782 -0.9311 -7.4093 B24N24 

-4.3158 4.3158 2.3557 5.0835 1.8320 -4.3158 3.6640 -2.4838 -6.1479 B24N24-N-drug 

-3.8121 3.8121 1.6700 3.1832 2.2826 -3.8121 4.5652 -1.5295 -6.0948 B24N24-O-drug 

-4.8033 4.8033 1.9681 4.7268 2.4405 -4.8033 4.8811 -2.3627 -7.2439 B23AlN24 

-4.4945 4.4945 2.5740 5.7844 1.7461 -4.4945 3.4923 -2.7483 -6.2406 B23AlN24-N-drug 

-3.8831 3.8831 1.6988 3.2982 2.2858 -3.8831 4.5717 -1.5973 -6.1690 B23AlN24-O-hetro 

-5.3224 5.3224 2.6437 7.0355 2.0132 -5.3224 4.0264 -3.3091 -7.3356 B23SiN24 

-3.6840 3.6840 1.7410 3.2069 2.1160 -3.6840 4.2321 -1.5679 -5.8001 B23SiN24-N-drug 

-4.4563 4.4563 2.9057 6.4745 1.5336 -4.4563 3.0673 -2.9227 -5.9900 B23SiN24-O-drug 
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QTAIM Analysis 
      The AIM molecular graph of the most stable structure of 

B23AlN24-N-Drug was illustrated in Fig. 9; between the 

nanocage and drug are a number of bond critical points. 

QTAIM calculations were performed, and the results 
obtained include electron density (ρb) and its Laplacian (∇ఘ್

ଶ ), 

potential electron energy density (Vb), total electron energy 

density (Hb), kinetic electron energy density (Gb), and the 

Gb/Vb ratio, which are presented in Table 4. The value of 
∇ఘ್

ଶ  in BCP will be positive when the electronic charge 

density decreases along the bond path. If the total energy 

density of the electron (Hb = Gb+Vb) is negative, it indicates 

a shared interaction, and if it is positive, it indicates a closed-

shell interaction. Furthermore, the -Gb/Vb > 1 is used to 

determine noncovalent interactions and -Gb/Vb < 1 when  the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

interaction is covalent [45,46]. The calculations indicate that 

for B23AlN24-N-Drug bonds of the Al-N, ∇2ρb > 0, Hb > 0, 

and -Gb/Vb < 1, which means interactions between drug and 

na nocage have a "closed-shell" noncovalent nature. 
 
Practical Limitations 
      There are some limitations in using boron nitride 

nanocages as drug carriers in biological environments. One 

of these constraints is economic limitations in mass 

production, and another constraint is clinical, which must be 

considered during clinical work. More extensive research in 

this area needs to be conducted to determine under what 

conditions the body's acidic and alkaline environments 

impose the highest-burden and controlled release of drugs 

[8,9]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4. The Electron Density (ρb), Laplacian of Electron Density (∇ఘ್
ଶ ), Kinetic Electron Energy Density (Gb), Potential Electron 

Energy Density (Vb), Total Electron Energy Density (Hb), and -Gb/Vb Ratio at the Bond Critical Points (BCPs) of the Studied 

Complexes. All the Values are in au 

 

System ρb ∇ఘ್
ଶ  Gb Vb Hb -Gb/Vb 

B23AlN24-N-drug 0.0608 0.0840 0.0851 -0.0850 0.1705 1.0011 

 

 

 
Fig. 9. The molecular graphs of the studied complexes obtained by QTAIM analysis. 
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CONCLUSIONS 
 

      In the present work, we have performed DFT calculations 

to study the interactions between the B24N24 nanocage and the 

Al, Si-doped nanocage with the hydroxychloroquine drug. It 

is found that the B24N24 nanocage, due to poor interaction and 

an Ead of approx. 10.07 kcal mol-1 for B24N24-O-drug and                      

-19.53 kcal mol-1 for B24N24-N-drug, cannot be considered a 

suitable carrier for  the hydroxychloroquine drug. 

Furthermore, to improve adsorption, a B atom of the 

nanocage is replaced by Si or Al atoms. The results showed 

that the Ead with Al and Si-doped increases to -40.20 for 

B23AlN24-O-drug, -49.09 kcal mol−1 for B23AlN24-N-drug, 

and -30.71 for B23SiN24-N-drug, respectively. The most 

stable configuration is an Al-doped B24N24 nanocage, 

releasing energy of about -49.09 kcal mol-1. AIM calculations 

with results including, Hb > 0, and -Gb/Vb < 1 showed 

interactions between drug and nanocage have a "closed-

shell" non-covalent nature. The Eg for these systems has 

slightly decreased. For the AlB23N24, Eg is reduced from 4.88 

to 3.49 eV  . It was shown that when the PH of the tissues is 

low, the drug can be released by a proton attack from the 

nanocage. The drug release from the system was checked by 

checking the B23AlN24-N-drug protonation of the N atom in 

the B23AlN24-N-drug. (HB23AlN24-N-drug) increased the Al-

N bond from 1.975 to 2.054 Å (Fig. 8). It can be concluded 

that the drug in the target cell, is easily removed from the 

nanocage. 
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