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ABSTRACT: Quantum chemistry methods were 

used to study boron nitride and carbon nanotubes as 

possible carriers of antichagasic benznidazole to 

improve their water solubility and bioavailability. 

Structurally, no significant changes were observed in 

both nanotubes throughout the encapsulation process. 

For the BNZ@BNNT complex, it was possible to 

notice short interactions, at 0.215 nm, between the 

hydrogen atoms of the BNZ and the nitrogen atoms of 

the BNNT. The binding energy reveals that both 

nanotubes are capable of encapsulating BNZ in an 

aqueous medium, with values of –71.79 and –62.68  

kcal/mol for the BNZ@BNNT and BNZ@CNT complexes. The enthalpy of solvation indicates that the complexes are soluble 

in water with values of –32.35 and –28.76 kcal mol–1 for the BNZ@BNNT and BNZ@CNT complexes. Regarding chemical 

stability, Eg and η show that BNZ@BNNT has greater stability (Eg/η of 3.35/1.68 eV) than BNZ@CNT (0.16/0.08 eV). 

Overall, our results demonstrate that BNNT is a better candidate to be used as a carrier of BNZ than CNT due to its greater 

structural and chemical stability. 
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1. Introduction 
 

Chagas disease is caused by the protozoan 

Trypanosoma cruzi, which is transmitted mainly by the 

hematophagous vector insect popularly known as 

kissing bug. This insect belongs to the order Hemiptera 

and family Reduviidae and it is usually found around 

rock and wood piles and in cracks and gaps of walls and 

roofs, for instance. This disease is mainly transmitted by 

the bite of the kissing bug, but it can also be transmitted 

by blood transfusion and congenital transmission. Some 

of the efficient ways that have been widely used to 

control Chagas disease are environmental control and 

application of insecticides. 

Although this disease was discovered in 1909 by the 

sanitary physician Carlos Chagas, until nowadays there 

are only two drugs that can treat it: benznidazole and 

nifurtimox. However, both drugs have low efficiency 

and strong side effects (Coura and Castro, 2002) 

presenting an inhibitory activity only in the acute phase 

of the disease. Additionally, in Brazil, the 

commercialization of the drug nifurtimox is prohibited 

(Fairlamb, 1999). It must be emphasized that, according 

to data obtained from the World Health Organization 

(WHO), Chagas disease still causes approximately 

10,000 deaths per year. Although benznidazole is still in 

use, it has some limitations such as low water solubility 

and low permeability. Therefore, high doses of this drug 

are required to achieve therapeutic efficacy, which 

consequently increases its toxicity and side effects. A 

strategy commonly adopted in the literature to overcome 

these limitations is the use of encapsulating agents, 

which has been used as drug carriers of antichagasic 

drugs, such as nanoemulsions (E. Oliveira et al., 2017; 

Streck et al., 2019; Vermelho et al., 2018), polymeric 

nanoparticles (Seremeta et al., 2019; Silva et al., 2019), 

liposomes (Morilla et al., 2002; Vinuesa et al., 2017) 

and cyclodextrins (Lyra et al., 2012; Melo et al., 2013; 

Soares Sobrinho et al., 2011) among others. 

Even though carrier agents are efficient, the 

elaboration and development of new nanocarriers have 

a high experimental cost. Computational chemistry then 

emerges as a relatively low-cost tool to assist 

researchers in the optimization of experiments, reducing 

operating costs. In this sense, O. Oliveira and Viegas 

(2020), recently used computational chemistry methods 

to show that cucurbit[7]uryl is a possible new carrier 

agent of benznidazole. Carbon nanotube (CNT) is 

another class of nanocarriers that have been extensively 

studied over the past two decades. In addition to their 

electrical and optical properties (Rathod et al., 2019), 

CNTs are also inert and chemically stable (Anzar et al., 

2020), which increases their potential application in 

drug delivery. For such reasons, CNTs have been used 

as drug carriers in the treatment of different diseases 

(Wang and Moriyam, 2011). Another nanotube of great 

interest is the boron nitride nanotube (BNNT). Despite 

having similar properties, CNTs are metallic or 

semiconductor, while BNNTs are electrically insulating 

(Kim et al., 2018). Like CNTs, BNNTs have also been 

widely used in drug delivery (Ciofani, 2010). Regarding 

the toxicity, the BNNTs are nontoxic and 

biocompatible, while possible cytotoxicity of CNTs 

have been observed (Dehaghani et al., 2020). 

From a theoretical point of view, quantum chemistry 

methods have been adopted to study the encapsulation 

of different drugs in these nanotubes. For example, both 

CNT and BNNT have been used to encapsulate 

anticancer (Azarakhshi et al., 2021; Mahdavifar and 

Moridzadeh, 2014; Shayan and Nowroozi, 2018; Zaboli 

et al., 2020) and anti-HIV (Xu et al., 2018) drugs, 

among others. Recently, CNT (10,10) was used to 

encapsulate 1,4-dihydropyridine derivatives (Dutra et 

al., 2017) using the density functional theory. In another 

study, pure and silicon-doped BNNT (12,0) were 

employed to adsorb sarin (Santos et al., 2020). In the 

present work, we propose the use of quantum chemistry 

methods to study the encapsulation of benznidazole in 

CNT and BNNT nanotubes in zigzag form (14,0) aiming 

to improve its bioavailability in the body. It should be 

noted that until the present moment the use of these 

nanotubes for the encapsulation of such antichagasic 

agent has not been reported in the literature. 

 

2. Materials and Methods 
 

The BNNT and CNT zigzag models (14.0) with 

diameters of 11.78 and 11.06 Å, respectively, were used 

as a model vehicle to study the BNZ@BNNT and 

BNZ@CNT complexes. The BNNT and CNT structures 

were generated using a script (see Supplementary 

Material S1) with chiral vectors m (18) and n (0) and 

length of 18.06 and 17.83 Å, respectively. To avoid the 

effects caused by the ends of the nanotubes, both ends 

of each nanotube were hydrogenated (Fig. 1). In order 

to construct the molecular geometry of the 

BNZ@BNNT and BNZ@CNT complexes, a 

translational script was used to center the BNZ inside 

the nanotubes (Supplementary Material S2). The 

molecular geometry of the BNZ was built through its 

internal coordinates, considering bond length, bond 

angle and twist angle. This information was later 

converted into Cartesian coordinates with the aid of the 

Molden (Schaftenaar and Noordik, 2000), which is a 

free code package for structural visualization. 
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Figure 1. Optimized structures with the DFT-

GD3//B3LYP/6-31G(d) method. Oxygen in red, carbon 

in grey, hydrogen in white, nitrogen in blue, and boron 

in salmon. 

 

The models (BNNT, CNT and BNZ) and the 

complexes (BNZ@BNNT and BNZ@CNT) were 

initially optimized with the PM7 Hamiltonian using the 

MOPAC2016 program (Stewart, 2016). Subsequently, 

the structures with minimum energies were reoptimized 

through DFT, with B3LYP hybrid functional and 6-

31G(d) basis function (Rassolov et al., 2001). This 

theory level was chosen to balance the computational 

cost and quality of results. The dispersion interaction 

correction was taken into account by employing the 

Grimme method (GD3) (Grimme et al., 2010). The 

stationary points were characterized as a minimum point 

of energy through harmonic vibrational states, whose 

imaginary frequencies were not observed. DFT 

calculations were performed in vacuum and in solvent 

medium (H2O) using the PCM method (Scalmani and 

Frisch, 2010) for the dielectric constant of H2O and the 

Gaussian 09 computational package. The natural orbital 

bonding (NBO) method (Reed et al., 1985) was used to 

calculate atomic charges. The binding energy (Ebind) and 

the enthalpy of solvation (Hsolv) of the complexes in 

vacuum and in solvent medium were calculated using 

Eqs. 1 and 2, respectively. 

𝐸𝑏𝑖𝑛𝑑 = 𝐸𝑁𝑇−𝐵𝑁𝑍 − (𝐸𝑁𝑇 + 𝐸𝐵𝑁𝑍) (1) 

𝐻𝑠𝑜𝑙𝑣 = 𝐸𝑁𝑇−𝐵𝑁𝑍−𝑠𝑜𝑙𝑣 − 𝐸𝑁𝑇−𝐵𝑁𝑍−𝑣𝑎𝑐𝑐𝑢𝑚 (2) 

where ENT-BNZ is the total energy of the complexes 

(BNZ@BNNT and BNZ@CNT), considering the 

calculations for the vacuum and the solvent medium, 

ENT is the total energy of the studied nanotubes (BNNT 

and CNT), EBNZ is the total energy of the BNZ molecule 

and ENT-BNZ-solv are the total energies of the complexes 

obtained in the solvent and gas phases, respectively. 

 

3. Results and discussion 
 

The encapsulation of BNZ in the BNNT (14.0) and 

CNT (14.0) was investigated herein using theoretical 

methods to obtain a new drug delivery system to be used 

in Chagas disease. Figure 1 presents the most stable 

geometries obtained for the studied models in aqueous 

media, using the dielectric constant of water for taking 

into account the solvent medium. 

As it can be seen in Fig. 1, no significant structural 

change was observed in the BNNT and CNT after the 

encapsulation process. The main structural differences 

found in the BNZ molecule are in agreement with the 

lower root mean square deviation values (RSMD) 

(< 0.765 nm), which were calculated from the 

superposition between the unencapsulated and 

encapsulated BNZ molecule. For the formed complexes, 

it was possible to observe hydrogen interactions of the 

order of 0.215 nm between the hydrogen atoms present 

in the BNZ molecule and the nitrogen atoms from the 

BNNT nanotube. These interactions provided great 

stability to the BNZ@BNNT complex when compared 

to the BNZ@CNT, which is in accordance with the 

results in Tab. 1, that were calculated from Eq. 1. 

To better understand the energetic processes 

involved in the encapsulation process, the electronic 

structures for the model vehicles, as well as for the 

formed complexes, are presented and discussed. The 

electronic properties were used to clarify the interaction 

between the BNZ molecule and the inner surface of the 

BNNT and the CNT model vehicles. The reactivity 

parameters were based on the energies of molecular 

orbitals occupied with the highest energy (HOMO, 

EHOMO) and those unoccupied with the lowest energy 

(LUMO, ELUMO). According to the Koopmans’ theorem 

(Koopmans, 1934), the ionization potential (IP) is the 

negative of the HOMO energy (-EHOMO), while the 

electron affinity (EA) can be approximated by the 

negative of the LUMO energy (–ELUMO). The energy gap 

is another property obtained from the energies of EHOMO 

and ELUMO, being defined as the absolute difference 

(|EHOMO – ELUMO |). Table 1 summarizes the electronic 

properties obtained in our calculations. 
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Table 1. Electronic properties obtained from DFT-GD3//B3LYP/6-31G(d) calculations. 

Compounds 
Ebind 

kcal/mol 

Hsolv 

kcal/mol 

EHOMO 

eV 

ELUMO 

eV 
Eg eV IP eV EA eV 

Dipole 

Debye 

BNZ/(vacuum) - 
–12.72 

–7.04 –2.52 4.52 7.04 2.52 7.81 

BNZ/(solvent) - –6.72 –2.71 4.01 6.72 2.71 9.98 

BNNT/(vacuum) - 
–28.19 

–6.37 –0.29 6.08 6.37 0.29 23.81 

BNNT/(solvent) - –6.28 –0.37 5.91 6.28 0.37 31.99 

CNT/(vacuum) - 
–10.41 

–3.80 –3.64 0.16 3.80 3.64 0.09 

CNT/(solvent) - –3.82 –3.66 0.16 3.82 3.66 0.10 

BNZ@BNNT/(vacuum) –80.36 
–32.35 

–6.29 –2.96 3.33 6.29 2.96 19.38 

BNZ@BNNT/(solvent) –71.79 –6.26 –2.91 3.35 6.26 2.91 23.44 

BNZ@CNT/(vacuum) –69.05 
–28.76 

–3.80 –3.64 0.16 3.80 3.64 0.16 

BNZ@CNT/(solvent) –62,68 –3.83 –3.67 0.16 3.83 3.67 7.10 

 

Table 2. Quantum molecular descriptors were obtained through the reactivity parameters EHOMO and ELUMO using 

DFT-GD3//B3LYP/6-31G(d) calculations. 
Compounds μ eV χ eV η eV ω eV S eV 

BNZ (vacuum) –7.48 7.48 2.26 4.84 0.22 

BNZ (solvent) –4.72 4.72 2.01 1.82 0.25 

BNNT (vacuum) –3.33 3.33 3.04 0.89 0.16 

BNNT (solvent) –3.33 3.33 2.96 0.91 0.17 

CNT (vacuum) –3.72 3.72 0.08 3.49 6.25 

CNT (solvent) –3.74 3.74 0.08 3.51 6.25 

BNZ@BNNT 

(vacuum) 
–4.63 4.63 1.67 2.23 0.25 

BNZ@BNNT (solvent) –4.59 4.59 1.68 2.19 0.30 

BNZ@CNT (vacuum) –3.72 3.72 0.08 3.49 6.25 

BNZ@CNT (solvent) –3.75 3.75 0.08 3.52 6.25 

 

In addition, quantum molecular descriptors can be 

used to better understand the interactions between BNZ 

and the model vehicles. For this, the global hardness (η), 

electronegativity (χ), electronic chemical potential (μ), 

electrophilicity index (ω) and softness chemistry (S) 

were calculated from Eqs. 3–7, respectively 

(Koopmans, 1934; Lobo et al., 2020; Serhan et al., 

2020; Sheikhi et al., 2018). For instance, μ measures the 

evasion affinity of a molecule from chemical 

equilibrium, η measures the charge transfer and the 

chemical reactivity of a molecule, χ is the capacity of a 

molecule to attract electrons, and ω is the electrophilic 

power of a molecule. Furthermore, the stability of 

molecular systems is related to hardness (η), which is a 

tool to understand chemical reactivity (Khaleghian and 

Azarakhshi, 2019). All these quantum descriptors are 

displayed in Tab. 2. 

𝜂 =
𝐼−𝐸𝐴

2
 (3) 

𝜒 =
𝐼+𝐸𝐴

2
 (4) 

𝜇 =
−𝐼+𝐸𝐴

2
 (5) 

𝜔 =
𝜇2

2
 (6) 

𝑆 =
1

2𝜂
 (7) 

As shown in Tab. 2, the global hardness value (η) for 

the BNNT is 3.04 eV in vacuum and 2.96 eV in solvent 

medium. However, after the formation of the 

BNZ@BNNT complex, these values change to 1.67 eV 

in vacuum and 1.68 eV in solvent medium, i.e., the η 

value of the BNNT decreases as it interacts with the 

BNZ molecule. These values are greater than those for 

the BNZ@CNT system, where the η value is practically 

unchanged (Tab. 2). This is in agreement with the 

energy of formation of the complexes, as shown in 

Tab. 1. The electrophilicity index (ω) calculation 

reveals that the BNZ@BNNT has higher values than the 

BNZ and isolated BNNT in the solvent phase, thus 

implying that this complex has a better electrophilic 

characteristic. Nevertheless, when comparing both 

complexes, it is possible to observe that, in aqueous 

media, the BNZ@CNT (3.52 eV) acts as an electrophile 

due to its high ω value in comparison with the 

BNZ@BNNT (2.19 eV). In contrast, the lower value of 

electronegativity (χ) of the BNZ@CNT (3.75 eV) 
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compared to the BNZ@BNNT (4.59 eV) shows that it 

acts as a nucleophile in solvent phase. The same 

conclusion can be reached using the μ and η descriptors, 

being the electrophile characterized by a high value of μ 

and a low value of η, whereas the opposite is true for the 

nucleophile. 

The dipole moment values of the model vehicles are 

altered according to the interaction between the BNZ 

molecule and their internal surfaces (Tab. 1). The 

change in dipole moment after interaction indicates a 

charge transference between the BNZ molecule and the 

BNNT and CNT model vehicles. For better visualization 

of this process, Fig. 2 illustrates the molecular 

electrostatic potential (MEP) for the studied 

compounds. 

 

 
Figure 2. Representation of the molecular electrostatic 

potential (MEP, in eV) of the BNNT and CNT model 

vehicles, and the BNZ molecule. For MPE, the negative 

and positive charges range from red to blue, respectively 

(for interpretation of the color references in this legend, 

please refer to the web version of this article). 

 

As it can be seen in Fig. 2, charge transfers can be 

evidenced by the modification in the MEP after the 

formation of the BNZ@BNNT and BNZ@CNT 

complexes. Therefore, according to Tabs. 1 and 2, this 

transfer process is very important to improve the 

electronic properties of the studied nanotubes. 

4. Conclusions 
 

Chags disease, caused by the protozoan 

Trypanosoma cruzi, was discovered in 1909 by Carlos 

Chagas. Although this disease is responsible for nearly 

10.000 deaths per year worldwide, there is only one 

effective drug against it: benznidazole (BNZ). However, 

it has low water solubility and low bioavailability in the 

organism. Therefore, herein we used quantum chemistry 

methods to characterize two nanotubes (BNNT and 

CNT) to be used as carrier agents for the BNZ. The 

optimized structures of the complexes showed that the 

presence of BNZ inside the nanotubes did not alter their 

structural form, which is desired in drug delivery. The 

binding energy (Ebind) revealed that the BNNT and CNT 

are able to encapsulate BNZ with Ebind values of –71.79 

and –62.68 kcal mol–1 for the BNZ@BNNT and 

BNZ@CNT complexes, respectively, in aqueous media. 

The solvation enthalpy of –32.35 and –28.76 kcal mol–1 

for the BNZ@BNNT and BNZ@CNT complexes, 

respectively, indicated that they are soluble in water. 

Additionally, the energy gap (Eg) and global hardness 

(η) showed that the BNZ@BNNT presents higher 

stability, with (Eg/η) value of 3.35/1.68 eV against 

0.16/0.08 eV for the BNZ@CNT. The electrophilicity 

index (ω) and electronegativity (χ) values indicated that 

the BNZ@BNNT and BNZ@CNT act as nucleophile 

and electrophile, respectively, in aqueous media. 

Finally, the present results demonstrate that the BNNT 

is a better candidate to be used as a carrier agent for BNZ 

than the CNT due to its higher chemical stability, lower 

binding energy and lower solvation enthalpy. 
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