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Abstract

:

We studied two main bioactive molecules of oregano, carvacrol and thymol, in the present work. These bioactive conformers are linked to single wall carbon nanotubes (SWCNT) and so-called functionalized SWCNT (f-SWCNT) to find their application as anti-inflammatory drugs. We use the multiscale methods and the density functional theory (DFT) of formalism to achieve this aim. We have proposed two nanocarriers based on a finite size model of a metallic single wall carbon nanotube linked to carvacrol and thymol (with a size around 2.74 nm): the main bioactives present in oregano. The results show that the proposed molecules, Carva-SWCNT-Gluc and Thymol-SWCNT-Gluc, can be synthesized with the exposed condensation reaction; with an exergonic and spontaneous behavior, Gibbs free energies of the reaction are −1.75 eV and −1.81 eV, respectively. The studied molecules are subjected to an electronic characterization, considering the global descriptors based on the conceptual DFT formalism. Moreover, the results show that the studied molecules can present a possible biocompatibility due to the higher polarization of the molecule and the increase in apparent solubility. Finally, the interaction between the studied nanodevices (Carva-SWCNT-Gluc and Thymol-SWCNT-Gluc) with cancer and anti-inflammatory targets shows that the hydrogen bond and electrostatic interactions play a crucial role in the ligand–target interaction. The proposed f-SWCNT presents higher potentiality as a carrier vector nanodevice since it can deliver the oregano bioactives on the studied targets, promoting the putative apoptosis of neoplastic cells and simultaneously regulating the inflammatory process.
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1. Introduction


The use of medicinal plants has been rooted in the whole world; many people would draw on the benefits of natural extracts for numerous ailments, specifically as nutraceuticals. In the past, such activity was considered just as home remedies. Nowadays, several groups have explored the study of essential oils and their healing properties because products derived from plants are expected to induce fewer side effects than synthetic drugs [1]. One of the most studied plants is the oregano species of the family Lamiaceae, including the genera Origanum and Thymus [2]. The most common species in Mexico is the genera Lippia berlandieri (or Lippia graveolens), which grows in semiarid areas. Other Lippia species, such as Lippia palmeri or Lippia alba, can grow in tropical and temperate climates [3].



The essential oils of oregano species were reported with some beneficial activities because their components have been identified and have a purpose in human health [4]. This essential oil has a higher concentration of monoterpenes. Due to their lipophilic character, compounds can diffuse through the cellular membrane, disrupt the permeability, modify ion influx, and cause structural damage to membrane-bound proteins [5].



That is why the main applications of essential oils are as potential antimicrobial agents [6,7], anti-oxidant [8], anti-inflammatory [9], or even anticancer activity [1,10,11]. Currently, the mechanism of all the compounds in the essential oil are unclear because synergistic or antagonistic behavior can exist in the mixture [12,13]. The above reason is why it is essential to take one by one and obtain accurate information about their mechanisms.



In particular, the present study has focused on two components of this essential oil [14], carvacrol [15] and thymol [16], where natural-bioactive monoterpenes are presented [8]. Both compounds are recognized as safe food additives and have been extensively studied [17]. They are isomers that differ only by the hydroxyl group, which is critical to biological activity [18] because the difference can be significant in how they interact with the environment. For example, the principal mode of action attributed to thymol and carvacrol is linked to the permeability of the cell membrane [5,19,20]. However, it was reported that a mechanism of electron delocalization favored by the –OH group in carvacrol, which enables it to promote membrane depolarization where it dissolves into the phospholipid bilayer and aligns between the fatty acid chains, causes changes in the membrane permeability and therefore the death of microorganisms. Meanwhile, thymol interacts with proteins in the cell membranes, affecting membrane permeability [5,19,21].



In addition to all the previous mechanisms, reports about anticancer and anti-inflammatory effects have been taken for this study where carvacrol [2,22,23,24,25], which was reported to have an antiproliferative effect on liver, lung, colon, and breast cancer cell lines, and thymol impact tumor cells mainly through inducing programmed cell death, decreasing cell division, and blocking angiogenesis and metastasis [16,26]. Both molecules have the properties of an anti-inflammatory drug whose properties help anticancer processes.



The drawbacks of natural compounds such as carvacrol and thymol are that they can be unstable and poorly soluble in water [27]. Those characteristics reduce their effectiveness in medical treatments. Many attempts have been made to find new ways to deliver these compounds near the target. For example, by employing liposomes as micelles [28,29], some groups present a possible way to deliver the monoterpenes to the target cells. These groups highlight that liposomes entrap the active compounds in their double lipidic layer, which involves the hydrophilic compounds in an aqueous compartment, and the lipophilic in the double lipidic layer. On the other hand, another methodology present in this study offers devices seeking to yield a more biocompatible vector functionalized single wall carbon nanotubes (f-SWCNTs) [30,31] with molecules that offer higher solubility in water, and at the same time, SWCNT have attached molecules such as carvacrol and thymol. The geometrical optimization and the electronic properties of these nanodevices were computed through the formalism of the density functional theory (DFT) [32,33], at level PBE/6-311G(d,p) [34,35]. With the selected molecules at the specified level of theory, we computed the model of two drug transport nanodevices with possible anticancer and anti-inflammatory effects.




2. Computational Methods


2.1. Functionalization, Binding Energies, and Chemical Descriptors


A single wall carbon nanotube was modeled considering a finite size whose edges were capped with hydrogen atoms in the tips to avoid dangling bonds in the molecule; specifically, a metallic SWCNT with chirality 4,4 was modeled. The carvacrol, thymol, and the SWCNT were modeled using the Avogadro software [36]. Moreover, to evaluate nanotubes’ functionalization, the reaction considered is depicted in Figure 1. This process was a double condensation on the SWCNT surface, adding one glucosamine in one defect, and to the other defect was added carvacrol or thymol.



The geometry of the molecules was optimized employing multiscale methods considering the partition as follows: quantum mechanics/quantum mechanics (QM/QM), specifically the ONIOM [37,38] implementation, with the higher layer at level PBE/6-31G(d,p) [34] and lower layer at the semi-empirical level (PM6) [39]. The layer was defined as follows: glucosamine, thymol, and carvacrol were selected as the higher layer (glucosamine and bioactive compounds); and the SWCNT was selected as the lower layer. Although the QM/QM method provided good tendencies in the energy evaluation, it was to re-calculate the whole system’s wave function to obtain accurate results. The above used the formalism of the density functional theory at the GGA level, with the PBE functional and the polarized triple zeta Pople [40] basis set, 6-311G(d,p), without and with empirical dispersion correction considered (Grimme D3) [41]. The binding energy (EB) was evaluated considering Equation (1): the energy required to form the molecule starting from the isolated atoms. The binding energy per atom was only the EB//number of atoms.


EB = ETotal − [ΣatomsEatoms].



(1)






ΔΔGrx = ΔGproducts − ΔGreactants.



(2)







Once the molecules were optimized and it was corroborated that all were at a minimum in the potential energy surface, the next step was computing the Gibbs free energy of reaction, which correlated better with the theoretical results of the experiments due to temperature and temperature entropy to the reaction energies. As well as, the whole system was evaluated using an implicit solvent, using the PCM [42] model to simulate water as a solvent in the reactions. Note that the Gibbs free energy of reaction was evaluated according to Equation (2).



Finally, in this section it is essential to mention that the global chemical descriptors were computed based on the formalism of the conceptual density functional theory [32,33,43]. The computed descriptors are: the vertical ionization potential (I = Ecation − Eneutral), the vertical electronic affinity (A = Eneutral − Eanion), the electronegativity (χ = −(I + A)/2), the hardness (η = I − A), the softness (s = 1/η), the electrophilicity (ω = χ2/2η), and the GapHOMO-LUMO energy (EGap).




2.2. Solubility in Water



ΔΔGsolv = ΔGsolvent-phase − ΔGgas-phase.



(3)





Afterward, obtaining a stable and experimental possible system of SWCNT functionalized with the two principal bioactive molecules of oregano was proposed to perform an in silico assay to test the solubility in water of the studied compounds, which was evaluated using Equation (3). At the same time, a molecular electrostatic potential analysis was carried out to evaluate the polarization of the functionalized SWCNTs.




2.3. Molecular Docking


Finally, an in silico molecular coupling was performed, considering the f-SWCNTs as the ligands and two targets. The first target was the Kallikrein KLK5 (PDB code 2PSX) [44], which is involved in ovarian cancer, and the second target was the cyclooxygenase two (COX2, with the PDB code 3LN1 [45]), which is involved in the inflammatory process.



The molecular docking was carried out using the MolDock [46] scoring function with the Molegro Virtual Docker package (MVD) [47], considering the method employed by some of us [31,48], which has been used for SCWNT.





3. Results and Discussion


3.1. Functionalization and Binding Energies


Through the above methods, two SCWNTs were functionalized with glucosamine and with carvacrol (Carva-SWCNT-Gluc, see Figure 2A) or thymol (Thymol-SWCNT-Gluc, see Figure 2B). These were modeled and optimized, obtaining the structures depicted in Figure 2. These may not be the putative ground state on the potential energy surface, but they do not present imaginary frequencies, showing that they correspond to a stable local minimum, and considering a large number of equivalent anchor sites, probably correspond to the ground state. Note that both structures, with carvacrol and thymol, have been well modeled, avoiding the contact of the functionalizing molecules with the lateral sites of the SWCNT, which means the simulation of a larger nanotube.



Regarding the SWCNT condensation, the Gibbs free energies of condensation were computed through the optimized geometries and Equation (2). Table 1 shows the above results and indicates that carvacrol and thymol reactions are exergonic and therefore present a spontaneous behavior. It is clear that the molecule with the thymol shows slightly higher exergonic behavior (−1.81 eV and −3.06 eV with dispersion corrections) than the reaction carried out with the carvacrol (−1.75 eV and −2.55 with dispersion), with a 0.06 eV difference. Considering the empirical dispersion (Grimme D3 correction), the obtained values’ tendency is similar. Although it is important to note that the values with Grimme corrections correspond to single-point calculations (without relaxation), a total relaxation should keep slightly different values.



The thymol-SWCNT-Gluc molecule has more negative values in the Gibbs free energy. Therefore, it is more likely to show a spontaneous reaction than Carva-SWCNT-Gluc; note that more negative values in the Gibbs free energies (more stable) are obtained when the dispersion correction is considered in the molecule calculations (around one eV) as seen in Table 1.



In the case of the binding energies, compared with the Gibbs free energies of functionalization, there is no difference between the Carva-SWCNT-Gluc and the Thymol-SWCNT-Gluc, presenting the same binding energies, −1996.01 eV. In the case of the binding energy per atom, the computed value is −10.40 eV/atom. Considering that carvacrol and thymol are isomers, the above can be clarified, and the binding energies, considering how long the proposed nanocarrier is, should tend to be the same.




3.2. Global Chemical Descriptors


Table 2 shows some global chemical descriptors computed in the present work through the conceptual DFT formalism (see the Methodology section). Electrophilicity is the global chemical descriptor encompassing all descriptors (ω = χ2/2 η). Comparing the variation of electrophilicity in Table 2 shows an increase in this property of the f-SWCNT concerning the free bioactives. It decreases concerning the oxidized SWCNT (COOH-SWCNT44-COOH), taking values from 3.54 to 35.22 eV. The above means a stabilization in the electronic density of the SWCNT when it is functionalized, which matches with the slightly decreasing metallic behavior in non-functionalized SWCNT (with a GAP energy of 0.01). Note that the gap energy of the free drugs (values around 4 eV) is considerably decreased when coupled to the SWCNT, passing to values between 0.08 and 0.26 eV. It is worth noticing that Carva-SWCNT-Gluc has a metallic-like character while Thymol-SWCNT-Gluc has a weak insulator-like behavior.




3.3. Solubility in Water


The functionalization of SWCNT has been confirmed with glucosamine and carvacrol or thymol. An exergonic behavior has been shown in both SWCNT; simultaneously, the electronic characterization was performed (as shown in Table 2). The next step is to find out the possible biocompatibility of these proposed molecules. With this aim, in the present work the solubility of f-SWCNT in water through Equation (3) and the molecular electrostatic potential analysis were evaluated.



The Gibbs free energies of solubility in water (∆∆Gsolv) for f-SWCNTs are shown in Table 3. With ∆∆Gsolv, our results in water demonstrate that both proposed nanocarriers, Carva-SWCNT-Gluc and Thymol-SWCNT-Gluc, promote an increase in the free drugs’ apparent solubility passing the ∆∆Gsolv of the carvacrol from −0.17 eV to −1.28 eV, and in the case of the thymol, this pass is from −0.17 eV to −1.25 eV. Note that the ∆∆Gsolv between the SWCNT structures and the free drugs are the same; this is due to the similar structures between carvacrol and thymol, which are isomers.



Furthermore, to complete the analysis of the studied water solubility molecules’, the molecular electrostatic potential surfaces (MEPS) were computed, which are depicted in Figure 3. The computed surfaces show a molecular polarization due to the relative higher electronegativity of the hydroxyl groups, which attract electronic density (depicted in the red surfaces in Figure 3). Hence, the red surfaces are very similar in both studied systems, with only a slightly higher tendency for red surfaces in the up-right site for the Carva-SWCNT-Gluc molecule, due to their hydroxyl group being located in this zone (see Figure 3A).



Figure 3B also shows a higher polarization for the Thymol-SWCNT-Gluc molecule, with the red surface tendency to appear on the hydroxyl group, similar to the carvacrol system.




3.4. Molecular Docking


Finally, the present study carried the molecular docking of the Carva-SWCNT-Gluc and the Thymol-SWCNT-Gluc with two targets involved in ovarian cancer and anti-inflammatory processes: KLK5 and Cox2, respectively. Figure 4 shows the preferred docking of the studied molecules into both targets, in which the ligands were optimized molecules.



Table 4 shows the principal energies involved in the ligand-target process for the two proposed systems, Carv-SWCNT-Gluc and Thymol-SWCNT-Gluc, which can better compare with the ligand efficiency (LE). This index evaluates the energy that each atom contributes. Moreover, Thymol-SWCNT-Gluc is the preferred ligand for the KLK5 with a LE of −0.08 eV against the LE of the Carva-SWCNT-Gluc molecule (−0.07 eV); the LE values are very close and it can be considered that both molecules interact similarly with this target. On the other hand, for Cox2, both ligands present the same LE, despite the energy values differing, and are more favorable for the Carv-SWCNT-Gluc molecule. When divided between the whole, heavy atoms are non-significant. In other words, the studied molecules can interact similarly with the selected targets.



Finally, to understand better the interactions of the proposed molecules, Figure 5A depicts the hydrogen bond interactions between Carva-SWCNT-Gluc and KLK5, which is through Ser195 and His57 with the hydroxyl of carvacrol, and with the glucosamine with Tyr219. Figure 5B shows the higher electrostatic attraction between the SWCNT of Thymol-SWCNT-Gluc with the co-factor of Cox2 (HEM group), and the repulsion and attraction between Lys391, the thymol hydroxyl group.



Therefore, the above results show a possible carvacrol and thymol carrier using a metallic single wall carbon nanotube, an advantage of the SWCNT interaction with the co-factor of Cox2, and the possibility of delivering the oregano bioactives to cancer and anti-inflammatory targets.





4. Conclusions


The two main bioactive molecules of oregano (carvacrol and thymol) were modeled and optimized using multiscale and DFT methods; these were linked to a finite size model of a metallic single wall carbon nanotube, and added a molecule that promotes the solubility in water of the system (glucosamine). The results show that the proposed molecules, Carva-SWCNT-Gluc and Thymol-SWCNT-Gluc, can be synthesized with the exposed condensation reaction, with an exergonic and spontaneous behavior, −1.75 eV and −1.81 eV, respectively. The studied molecules were subjected to an electronic characterization, considering the global descriptors based on the conceptual DFT formalism. The above demonstrates the increase in gap energy means a decrease in electrophilicity for the f-SWCNT concerning the oxidized SWCNT. In addition, there is a decrease in the gap and increase in electrophilicity compared with the free drugs, promoting an electronic stabilization in the f-SWCNT formation. Furthermore, the results show that the studied molecules can present a possible biocompatibility due to the higher polarization of the molecule and the increase in apparent solubility. Finally, the interaction of Carva-SWCNT-Gluc and Thymol-SWCNT-Gluc against cancer and anti-inflammatory targets shows that these interactions are favorable due to their hydrogen bond and electrostatic interactions.



The proposed f-SWCNT is one of the possible nanocarriers of carvacrol and thymol capable of delivering the oregano bioactives to selected targets, and promoting the putative apoptosis of neoplastic cells while regulating the inflammation process.
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Figure 1. Reaction of functionalization of SWCNT44 with glucosamine and carvacrol of thymol. 
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Figure 2. Optimized structures of (A) Carva-SWCNT-Gluc, and (B) Thymol-SWCNT-Gluc. 
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Figure 3. Molecular electrostatic potential surfaces for (A) Carva-SWCNT-Gluc, and (B) Thymol-SWCNT-Gluc. Red surfaces represent higher electronic density, blue surfaces indicate lower electronic density, and green surfaces depict a medium point. 
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Figure 4. Molecular docking of Carva-SWCNT-Gluc and Thymol-SWCNT-Gluc in (A) KLK5, and (B) Cox2. 






Figure 4. Molecular docking of Carva-SWCNT-Gluc and Thymol-SWCNT-Gluc in (A) KLK5, and (B) Cox2.



[image: Nanomanufacturing 02 00012 g004]







[image: Nanomanufacturing 02 00012 g005 550] 





Figure 5. (A) Hydrogen bond interactions of Carva-SWCNT-Gluc with KLK5, and (B) electrostatic interactions of Thymol-SWCNT-Gluc with Cox2. Blue lines represent the Hbond interactions, green lines the attractive electrostatic interactions, and red lines depict the repulsive electrostatic interactions. 
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Table 1. Gibbs free energies of functionalization of SWCNTs.
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Molecule

	
ΔΔGrx (eV)




	
No Dispersion

	
Dispersion






	
Carva-SWCNT-Gluc

	
−1.75

	
−2.55




	
Thymol-SWCNT-Gluc

	
−1.81

	
−3.06
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Table 2. Global chemical descriptors for the studied molecules, all in eV.
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	Molecule
	* I
	A
	χ
	η
	s
	ω
	EGap





	Carvacrol
	7.72
	1.67
	4.69
	3.03
	0.33
	3.64
	4.31



	Thymol
	7.72
	1.60
	4.66
	3.06
	0.33
	3.54
	4.24



	Carva-SWCNT-Gluc
	5.04
	3.18
	4.11
	0.93
	1.08
	9.11
	0.08



	Thymol-SWCNT-Gluc
	5.20
	3.16
	4.18
	1.02
	0.98
	8.53
	0.26



	COOH-SWCNT44-COOH [31]
	4.25
	4.12
	4.19
	0.06
	15.42
	35.22
	0.01







* All the values of the table are in eV. At the same time, the vertical ionization potential (I), the vertical electronic affinity (A), the electronegativity (χ), the hardness (η), the softness (s), the electrophilicity (ω), and the GapHOMO-LUMO energy (EGap) are shown.
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Table 3. Gibbs free energies of solubility in water.
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	Molecule
	∆∆Gsolv (eV)





	Carva-SWCNT-Gluc
	−1.28



	Thymol-SWCNT-Gluc
	−1.25



	Carvacrol
	−0.17



	Thymol
	−0.17
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Table 4. Main docking energies for the studied molecules.
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Ligand

	
* Target

	
Energy

	
LE

	
Hbond

	
Electro

	
VdW






	
Carva-SWCNT-Gluc

	
KLK5

	
−14.92

	
−0.07

	
−0.05

	
0.01

	
23.06




	
Cox2

	
−22.63

	
−0.11

	
−0.26

	
−0.05

	
−0.59




	
Thymol-SWCNT-Gluc

	
KLK5

	
−16.70

	
−0.08

	
−0.05

	
−0.05

	
8.39




	
Cox2

	
−22.08

	
−0.11

	
−0.11

	
−0.08

	
−1.31








* All the values of the table are in eV. LE is the ligand efficiency (LE = Energy/No. of heavy atoms), Hbond means the hydrogen bond energy, Electro represents the electrostatic interactions, and VdW is the Van der Waals interactions.
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