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Abstract

:

1,4−naftoquinone (NQ) molecules have been extensively evaluated as potent antibacterial compounds; however, their use is limited, since they have low water solubility and exhibit toxicities in healthy eukaryotic cells. A possible path to overcoming these challenges is the use of particulate vehicles, such as SBA-15, which is a biocompatible and biodegradable mesoporous silica material, that may enhance drug delivery and decrease dosages. In this work, an isotherm model-based adsorption of three NQs into SBA-15 microparticles was evaluated. Interactions between NQs and SBA-15 microparticles were modeled at the B3LYP/6-31+G(d,p) level of theory to understand the nature of such interactions. The results demonstrated that the adsorption of NQ, 2NQ, and 5NQ into SBA-15 fit the Freundlich adsorption model. According to theorical studies, physisorption is mediated by hydrogen bonds, while the most stable interactions occur between the carbonyl group of NQ and silica surfaces. Both experimental and theoretical results contribute to a deeper understanding of the use of SBA-15 or similar particles as nanovehicles in such a way that NQs can be modified in carbonyl or C3 to enhance adsorptions. The theoretical and experimental results were in accordance and contribute to a deeper understanding of how interactions between NQ-type molecules and SiO2 materials occur.
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1. Introduction


Antimicrobial resistance is a global health problem declared by the World Health Organization (WHO) as among the top 10 global public health threats. WHO indicated in 2019 that 25 countries had reported bloodstream infections due to methicillin-resistant Staphylococcus aureus, and 49 countries provided data on bloodstream infections due to Escherichia coli resistance to third-generation cephalosporins. Moreover, antibiotic-resistant Mycobacterium tuberculosis strains limit the treatment of the global tuberculosis epidemic [1]. While the development of new molecules with potential antimicrobial action is slow, the rate of resistance development is always greater. Of the antibiotic-resistant pathogens listed by WHO, only 32 had been tested by 2019, and only 6 were considered innovative. The search for novel antibiotics considers the isolation and chemical modification of secondary metabolites from natural sources, such as 1,4−naphthoquinones (NQs). Our research group has been working extensively on synthesizing novel naphthoquinone derivatives as potential antitumoral and antibiotic drugs. A quinone molecule derived from a naphthalene ring, 1,4−naphthoquinone (NQ), exhibits antimicrobial [2,3,4], antifungal [5], antioxidant [6,7,8], and antitumor activities [9,10,11]. NQs and several derivatives have been isolated from plants, fungi, and animals, and they induce the production of reactive oxygen species (ROS) by redox reactions, which are related to the antibacterial effect against prokaryotic [12] and eukaryotic cells and can trigger apoptosis in tumor cell lines via ROS-modulated signaling pathways [13,14]. However, NQ derivatives possess low solubility in water and they may induce toxic effects in animals [15], and for that reason, using nanomaterials and micromaterials as drug-delivery vehicles can overcome solubility and toxicity problems. The use of nanomaterials and micromaterials offers advantages, such as the protection of drug degradation in living organisms, higher affinities for the drug target site, greater surface area to increase the number of drug molecules onto the vehicle, and potential contributions to synergistic effects [16,17]. Among several materials, mesoporous silica (SiO2) particles, such as SBA-15, have been widely studied as drug-delivery vehicles, taking advantage of their large specific surface area, the ease of modifying their chemical nature, and their high biocompatibility and biodegradability [18,19,20,21,22]. SBA-15 (Santa Barbara amorphous) particles were first obtained by Zhao et al., who reported a material with two-dimensional well-ordered hexagonal structures, large pores, and large surface areas [23]. In the last two decades, the biological applications of SBA-15 focused on drug delivery [24,25], vaccine platforms [26,27], and tissue engineering [28,29] among other applications.



Interactions between SiO2 materials and organic molecules of biological interest have been studied using different computational chemistry techniques ranging from modeling realistic molecular systems to the energy involved in the interaction. In this sense, some authors proposed molecular modeling methodologies that allow obtaining, in the first instance, realistic models of SiO2. For example, in their work, Ugliengo et al. (2008) proposed the construction of surface models for amorphous silica, starting from the dimensional replication of a unit cell of alpha cristobalite and subsequent saturations with hydroxyl groups [30]. On the other hand, the density functional theory (DFT) allows us to study and evaluate molecular structures, intermolecular interactions, and their associative energies, both for molecules of biological interest [31] and nanomaterials, with an adequate level of chemical precision [32]. Moreover, the combination of DFT and other methodologies, such as the quantum theory of atoms in molecules (QTAIM) [33], has allowed the estimation of the energy of H-bonds [34]. These methodologies have been used to study interactions between SiO2 materials and anticancer drugs [35,36], such antibiotics as ampicillin [37] and β1-receptor blockers [38], as well as other supports used in drug delivery, such as polyethylene glycol (PEG) xerogels [39] and chitosan [40].



Currently, there is limited information on drug molecule interactions with mesoporous silica particles. Nonetheless, the understanding of the physical–chemical interactions between molecules, such as NQs, and the inorganic surfaces of silica oxides may contribute to tuning particle surfaces or modifying NQ structures.



In this work, we aimed to evaluate the interaction of NQ molecules with the surface of SBA-15 particles These interactions were analyzed via experimental and computational studies using DFT and topology analyses with the quantum theory of atoms in molecules (QTAIM).




2. Materials and Methods


2.1. Chemicals


1,4−naphthoquinone molecules (NQs): 1,4−naphthoquinone (NQ), 2−hydroxy−1,4−naphthoquinone (2NQ), 5−hydroxy 1,4−naphthoquinone (5NQ), and SBA-15 particles were purchased from Sigma-Aldrich (St. Louis, MO, USA). All chemicals were used as received without further purification.




2.2. Silica Particle Characterization


The hydrodynamic diameter and Z-potential of the prepared colloidal solutions (100 μg mL−1) were measured by Zetasizer Nano ZS90, (Malvern Instruments, Instruments Worcertershire, Worcertershire, UK). The measurements were performed at 25 °C, in triplicate, using disposable polystyrene cuvettes. TEM micrographs were taken with a JEM-JEOL-2100 microscope. The samples were suspended in ethanol and deposited dropwise onto formvar–carbon grids. We used ImageJ v1.53o to measure the length, width, and pore width of SBA-15 particles [41,42]. XRD (X-ray powder diffraction) patterns were measured in a Panalytical EMPYREAN diffractometer using CuKα (λ = 1.54184 Å). The interval of XRD analysis was 5–60° 2θ, with a step size of 0.01° and 1 s of measure time for each step. The diffractograms were analyzed using the X’Pert High Score software [43]. Nitrogen adsorption/desorption experiments were carried out with in a TriStar II-3020 (Micrometrics) device at 77 K. Before analyses, the samples were treated in a vacuum (103 torr) at 300 °C for four hours using a Micrometrics VacPrep 061−Sample degas system. The specific surface area was estimated using the Brunauer Emmet Teller (BET) model. Pore size distributions were calculated using the Barrett–Joyner–Halenda (BJH) model. The average pore size and volume were estimated based on the desorption branch of each isotherm of nitrogen.




2.3. NQs Adsorption Measurements


An initial suspension of SBA-15 particles 50 μg in deionized water and NQ, 2NQ, or 5NQ (50, 100, and 150 μg L−1) was placed at room temperature and constantly stirred. For adsorption isotherms studies, SBA-15 particles were immersed in NQs solutions at different concentrations (5–150 mg L−1) and stirred for 24 h, which is sufficient time for the mixture to reach equilibrium (data not shown). After reaching equilibrium, samples were filtered and measured by UV-Vis spectrophotometry; the filtrate was immediately analyzed using a Jenway 7305 UV-Vis spectrophotometer (200–700 nm) at room temperature to determine NQ’s free concentrations. The equilibrium adsorption of NQs (qe = mg NQs per gram of silica) was calculated by Equation (1):


   q e  =    (   C 0  −  C e   )  V  m   



(1)




where C0 and Ce (mg L−1) are the initial and equilibrium concentration, respectively, of any of the three NQs in solution. V (L) is the volume of NQs solution, and m (g) is the mass of the adsorbent SBA-15 particles used in the experiment. The fit of the obtained experimental data to different adsorption isotherm models can be performed using their linear forms after a mathematical transformation of the values as appropriate [44]. However, other authors suggest that such treatments increase the error of the parameters obtained in each model [45,46,47]. In this work, the adsorption isotherm data were fitted to Langmuir, Freundlich, and Temkin isotherm equations in their non-linear forms. Since the methodology for fitting the data by non-linear regression employs the minimization of an error function from the starting parameters, we used the parameters obtained from the fit to the linear form of each model as the starting parameters in each case.




2.4. Spectroscopic Characterization of SBA-15 and NQs


The interaction between SBA-15 particles and NQs was studied by recording infrared spectra. The spectra were collected in the ATR mode using an FT-IR spectrometer (Thermo Scientific NICOLET iS10-ATR, Waltham, MA, USA) operating at 1 cm−1 resolution across the 400–4000 cm−1 range.




2.5. Theoretical Approach


NQ, 2NQ, and 5NQ structures underwent atom-by-atom construction using Gauss View 5.0 [48] as a reference to the NQ structures reported in the literature [49]. To simulate a structure that is similar to SBA-15, we constructed a cluster of SiO2. The SiO2 cluster starts from an α-cristobalite crystal model reported by [50]. To obtain a reactive region, we take the crystallographic plane with the (111) Miller indices using the atomistic simulation environment (ASE) from the Python library [51]. Subsequently, we replicate this surface model two times in the “x” and “z” directions. Finally, we saturate broken bonds with the hydroxyl groups. This cluster is representative of a neutral surface with adsorption sites as it exhibits oxygen atoms, hydroxyl groups, or silicon atoms. Since the DFT has been used for the study of drug adsorptions onto SBA-15 [30], we evaluated the nature of NQ adsorptions onto SBA-15 with the B3LYP hybrid functional [52] in conjunction with the basis set 6-31+G(d,p) [53,54]. The geometrical optimization of all molecules was performed with the B3LYP/6-31+G(d,p) method, and their vibrational frequencies were calculated at the same level of theory to ensure that the optimized geometry corresponds to a minimum on the potential energy surface. Gaussian 09W software was utilized for all calculations [55]. The adsorption of NQs onto SBA-15 particles was modeled using a cluster approach assuming that the NQ− and SiO2−optimized models had 1:1 interactions. The resulting models were optimized at the same level of the theory. The QTAIM topology analysis was realized to determine the nature of the intermolecular interaction. QTAIM analyses were carried out using Multiwfn software (free access software, Beijing Kein Research Center for Natular Sciences, Beijing, China) [56].





3. Results


3.1. TEM Images of SBA-15 Particles


Figure 1A shows a typical TEM image of the as-received SBA-15 particles. An irregular shape structure was found with a transverse diameter of 403 ± 115 nm and a longitudinal length of 965 ± 247 nm. Furthermore, particles exhibit a series of parallel and ordered channels with a pore width of 5.20 ± 0.88 nm (Figure 1B). Once a morphological characterization was conducted, isotherm adsorption experiments were carried out to analyze possible NQs interactions, and any evidence of interactions is presented first; then, the isotherm models are presented.



In this sense, the XRD diffractograms of SBA-15 alone (Figure 2A, as reference), NQ@SBA-15 (Figure 2B), 2NQ@SBA-15 (Figure 2C), and 5NQ@SBA-15 (Figure 2D) were compared. SBA-15 appears to be a semicrystalline structure with some reflections observed at the 41.2, 44.3, 51.7, and 59.9 values of 2θ degrees corresponding to (012), (200), (112), and (211) of the Miller index; these observations are supported by other reports [57,58] where SBA-15 and similar structures have been studied. In addition, reflections indicate an ordered hexagonal pore array in the range 2θ = 0.5 to 2.



These reflections remain constant with different intensities in the NQ@SBA-15, 2NQ@SBA-15 and 5NQ@SBA-15 systems. However, 2NQ@SBA-15 exhibits three reflections at 8.8, 23.4, and 39.8 values of 2θ, evidencing secondary new crystalline planes when 2NQ is incorporated. On the other hand, 5NQ@SBA-15 (Figure 2D) presents two phenomena: (1) the attenuation of all diffraction bands and (2) a decrement in the overall values of 2θ. The last suggests that the 5NQ incorporation modifies the surface material’s deformation; as a consequence, a loss of semicrystalline domains occurs. This is more evident in the calculated crystallite size values (Table 1) using the Scherrer equation [59,60]. The crystallite size of SBA-15 (911.23 Å) decreases when the particles interact with any of the three NQs; however, in the 2NQs, the new crystalline planes increase the crystallite’s size. Hence, 2NQ has more interactions with SBA-15 particles.




3.2. FT–IR of NQ, 2NQ, and 5NQ onto SBA-15 Particles


To continue the evaluation of interactions between SBA-15 and NQs molecules, the FT-IR spectra of naphthoquinone derivatives adsorbed on SBA-15 particles were obtained. To represent these interactions, 5NQ, SBA-15, and 5NQ@SBA-15 are presented in Figure 3. NQ, NQ@SBA-15, 2NQ, and 2NQ@SBA-15 can be found in the Supplementary Materials (Figures S1 and S2) section with similar results. The characteristic peaks obtained in the IR spectrum of SBA-15 (Figure 3A) were at 1060 cm−1 and 808 cm−1 when assigned to asymmetric and symmetric Si-O-Si stretching, respectively. On the other hand, the IR spectra obtained from the three naphthoquinone derivatives show the following typical absorption bands: 1656 cm−1 stretching of the carbonyl functional group C=O, 1603 cm−1 corresponding to C=C stretching, 1300 cm−1 corresponding to C-C stretching, and 766 cm−1 corresponding to out-of-plane flutter. The IR band’s designation for SBA-15 in this work is according to the IR information that is widely reported in the literature [61,62,63]. On the other hand, the IR spectrum corresponding to 5NQ (Figure 3B) shows a band in the region of 3161 cm−1 and 3060 cm−1 assigned to O-H stretching. Then, the 5NQ interaction on SBA-15’s surface is observed in the blue regions in Figure 3. First, Si-O-Si stretches the characteristic of SBA-15 at 1060 cm−1, and 808 cm−1 remains, but the intensity decreased in both bands. Then, a broad and flattened band at 3366 cm−1 was assigned to O-H and C-H stretches. One more band at 1637 cm−1 corresponding to the C=O stretch of NQs appeared in 5NQ@SBA-15. For NQ@SBA-15 and 2NQ@SBA-15, the O-H and C-H stretches appear at 3397 cm−1 and 3366 cm−1, respectively, and the C=O stretch appeared at 1630 cm−1 and 1636 cm−1 (Figures S1 and S2).



The changes in intensity and new IR corresponding to the NQs in NQ@SBA-15, 2NQ@SBA-15, and 5NQ@SBA-15 correlate with interactions. The use of IR for following interactions between NQ and SBA-15—like structures have been reported, and the designation of bands in this work was supported by the information previously reported by our group [64,65] and by other research groups [57,66].



Additionally, in Table 1, the hydrodynamic diameter (d.h.) is reported for SBA-15, NQ@SBA-15, 2NQ@SBA-15, and 5NQ@SBA-15. The SBA-15 d.h. value is 618 nm. All three NQs modify the d.h.; however, NQ and 5NQ have increments with values up to 400% and 600%, respectively, suggesting particle aggregation, while the d.h. value for 2NQ is 667 nm (no particle aggregation). These findings correlate with the pZ values (Table 1) where the values are 22.97, 25.17, and 28.4 mV for 5NQ, NQ, and 2NQ, respectively. Values of absolute 30 mV or higher are related to stable and non-aggregated colloids [67,68]; in these systems, 2NQ@SBA-15 is the closest value to the reference. Thus, 2NQ may interact with SBA-15’s surface more effectively, but NQ and 5NQ may promote either particle–5NQ–particle interactions or aggregations between NQ molecules and later depositions onto SBA-15 particles.



The textural properties of SBA-15 and NQs@SBA-15 were analyzed by N2 thermal adsorptions. The obtained data are shown in Figure 4. According to the BET model, SBA-15 was characterized by the adsorption–desorption isotherm (type IV) that is typical for mesoporous materials with a type H1 hysteresis loop [69,70] and a surface area of 597.25 m2 g−1. In addition, the pore diameter’s distribution curve presented mesopores with an average diameter of 9.7 nm (see insertion in Figure 4A). Note that these data correlate well with those reported by other authors for commercial SBA-15 [71,72].



The attachment of NQs onto the SBA-15 surfaces notably affected the surface area and the pore size’s distribution (Table 1, Figure 4). The surface area for SBA-15 was 597.25 m2/g, while the values diminished to 434.88, 441.7, and 438.99 m2/g for NQ@SBA-15, 2NQ@SBA-15, and 5NQ@SBA-15 samples, respectively. The decrease in surface area values was attributed to the partial blocking of SBA-15’s surface by the adsorbed molecules.



As can be seen, the interaction between NQ, 2NQ, and 5NQ and SBA-15 modifies the surface of the particles. Given the chemical structure of the NQs, these interactions could be mediated by the H-bonds between the carbonyl and hydroxyl groups of the NQ molecules and silanol groups of SBA-15’s surface. Both 2NQ@SBA-15 and 5NQ@SBA-15 surface area values were slightly higher due to the presence of the hydroxyl group in the 2NQ and 5NQ molecules; then, intermolecular interactions were promoted. Considering the above, we would expect that, as a result, 2NQ and 5NQ were deposited onto the SBA-15, while NQ preserves dispersion. Indeed, the pore size for the NQs@SBA-15 samples increased as the surface area decreased, accompanied by broadening pore diameter´s distribution curves.




3.3. Adsorption Isotherm Models of NQ Derivatives on SBA-15 Particles


The adsorption process has been widely described as a phenomenon that is dependent on the physicochemical features of the adsorbent’s surface, the characteristics of the adsorbate, and the chemical environment in which it develops. Different authors proposed a wide range of mathematical models that attempt to describe these adsorption processes. As a result, the number of adsorption isotherm models available is extensive. However, both the Langmuir model and the Freundlich model generally and adequately represent the adsorption phenomenon and model adsorption. This work evaluated the isotherm models with NQ relative to SBA-15.



3.3.1. Langmuir Isotherm Model


The Langmuir [73,74] adsorption isotherm assumes that there are active sites on the surface of the adsorbent. On these active sites, the adsorption process occurs following some features: (1) Each active site is identical in terms of the probability of adsorbing or not adsorbing a molecule; (2) each site can adsorb only one adsorbate molecule; (3) all sites are sterically and energetically independent in their adsorption capacity; i.e., it is not conditioned by the occupation of nearby active sites. The Langmuir isotherm model is described by Equation (2):


   q e  =    Q 0  b  C e    1 + b  C e     



(2)




where    C e    is the concentration of NQ at an equilibrium (mg L−1),    Q 0    is the monolayer adsorption capacity (mg g−1), and b is the Langmuir isotherm constant related to the energy of adsorption (L mg−1). The parameter values of this model can be determined using a linear equation, which is expressed in Equation (3).


   q e  =  Q 0  −    q e    b  Q 0   C e     



(3)








3.3.2. Freundlich Isotherm Model


The Freundlich [75] isotherm model describes the adsorption process as a phenomenon in which the adsorbate is not limited to forming a monolayer on the surface of the adsorbent but rather can form multiple layers with a heterogeneous distribution across the entire surface of the adsorbent material. The Freundlich mathematical model is expressed in Equation (4):


   q e  =  k F   C e  1 / n    



(4)




where    k F    is the constant of Freundlich isotherm, which is an indicator of adsorption capacity (mg g−1).  n  is the adsorption intensity. The values of  n  could indicate the favorability of sorption, where n < 1, 1 < n < 2, and 2 < n < 10 represent poor, moderately difficult, and favorable adsorption conditions, respectively [76]. The linear expression of this model is given by Equation (5).


  l o g  (   q e   )  = l o g  (   k F   )  +  1 n  l o g  (   C e   )   



(5)







By plotting   l o g  (   q e   )    versus   l o g  (   C e   )   , the values of    k F    and  n  can be determined from the slope and intercept of the plot.



Thus, using the experimental data of NQ@SBA-15, 2NQ@SBA-15, and 5NQ@SBA-15, Figure 5 shows the fitting for the Langmuir and Freundlich’s models in their adjustments to non-linear equations.




3.3.3. Temkin Isotherm Model


On the other hand, Temkin et al. [77] proposed a model that explicitly considers the interactions between the adsorbate and adsorbent. This model assumes that the heat of the adsorption process depends on the temperature of all molecules in an adsorption layer; the adsorption should decrease linearly rather than logarithmically. The mathematical expression that represents this model is given by Equation (6):


   q e  =   R T    b T    l o g  (   A T   C e   )   



(6)




where  R  is the gas constant (8.314 J K−1 mol−1), T is the temperature (K),    b T    is the Temkin isotherm constant, and  A  is the equilibrium binding constant (L g−1). A plot of    q e    versus   l o g  (   C e   )    enables the determination of the isotherm constant.



We include the evaluation of this model to explore the possibility that NQs and SBA-15 interact mainly in chemical forms; however, the correlation coefficient value obtained in each system suggests that this is not the case, at least for NQ and 2NQ. The case of 5NQ will be discussed below.



Based on Equations (2)–(6), isotherm parameters for all three systems are reported in Table 2. The R2 values suggest the best fit for the isotherm’s adsorption is the Freundlich model, where a multilayer of NQ molecules can be adsorbed onto SBA-15, and the best adsorption capacity (Kf) is presented in the 2NQ@SBA-15 system at 32.2276 mg/g with moderate adsorption (n ≈ 1) [78]. These results are in agreement with those reported by other authors for the adsorption of prednisolone by SBA-15 [79] and meloxicam [80] and another system’s adsorption as famotidine by Zinc chloride particles [81].



As reported before, we would expect that 2NQ and 5NQ were deposited onto the SBA-15, while NQ preserves dispersion; however, the results indicate that according to the expected outcome, the best adsorption occurs between 2NQ and SBA-15 but not with 5NQ, as its adsorption capacity is even lower than NQ’s capacity. Therefore, we decided to evaluate these systems using computational chemistry techniques to understand the involved molecular mechanisms.





3.4. Theoretical Evaluation of the Adsorption Mechanism of NQ Derivatives on SBA-15


To further understand the interaction between NQ molecules and SBA-15 particles at the atomic level, we have used the density functional theory, B3LYP/6-31G+(d,p), in combination with the QTAIM topology analysis to study the behavior of these systems.



3.4.1. Molecular Model Optimization Calculation


We constructed molecular models for NQ, 2NQ, and 5NQ based on the literature; several authors reported that NQs possess the ability to form intramolecular hydrogen bonds between their carbonyl and hydroxyl groups [82,83]. To consider this possibility, we constructed two models for the hydroxy-substituted NQs: closed structures (C) and open structures (O). In the closed-structure models, the hydroxyl group is oriented towards the carbonyl group, representing intramolecular hydrogen bridge-type interactions (structures 2a, 3a in Figure 6); in contrast, the open-structure models represent NQs without intramolecular hydrogen bond formations (structures 2b and 3b in Figure 6).



To choose the more representative molecular structure of hydroxy-substituted NQ, we performed a potential energy scan toward the rotation of the dihedral angle C1-C2-O10-H13 for 2NQ and angle C4a-C5-O13-H17 for 5NQ. Figure 7 shows the closed structures at 0° and open structures at 180° for 2NQ and 5NQ. The structures of minima energy were those with intramolecular hydrogen bonds (closed structures).




3.4.2. Calculation of the Interaction Energy (ΔE)


The molecular interaction models were constructed from the optimized NQs and SiO2. Since NQs are planar molecules, we built interaction models by superimposing the NQ molecule in horizontal (H) and vertical (V) positions for the SiO2 surface. The open and closed structures of 2NQ and 5NQ were superimposed only in a horizontal position to the SiO2 surface. To calculate the interaction energy between the molecular models of NQs and the surface’s molecular model, we used Equation (7):


  Δ E =  E  i n t e r a c t i o n   −  (   E  s u r f a c e   +  E  N Q    )   



(7)




where    E  i n t e r a c t i o n     is the interaction energy of the NQ@SiO2 system (Kcal mol−1),    E  s u r f a c e     is the SiO2 energy (Kcal mol−1), and    E  N Q     is the NQs energy (Kcal mol−1). This interaction of energy parameter represents the total energy of the physical or chemical interactions involved in the binding or formation of the adsorption product. Table 3 presents ΔE, where we can observe that the interaction between SiO2 and NQ is stronger in the vertical position (Figure 8B) than in the horizontal position (Figure 8A). For 2NQ, there are no significant differences in the interaction for the closed system (Figure 8C) and the open system (Figure 8D). In contrast, a significant difference was observed for 5NQ, where the open system’s (Figure 8F) interaction is stronger than the closed system (Figure 8E).



The values corresponding to the three strongest interactions are as follows: (1) −96.08 kcal mol−1 and it corresponded to the interaction between vertical NQ (V) and SiO2. As observed in Figure 8B, this interaction is mediated by an H-bond-type interaction and two covalent interactions. One of these covalent interactions occurred between the silicon atom on the surface and the C4 of NQ, which probably promotes a change in C4’s hybridization from sp2 to sp3, as evidenced by a change in the dihedral angle (C8a-C4a-C4-O12; see Figure 6) from 180° in the sp2 configuration to 34° in the model interaction. (2) At −88.92 kcal mol−1 between the open horizontal 5NQ (O.H.) and SiO2 (Figure 8F), in this interaction, we can see two H-bond-type interactions and one covalent interaction between the C3 of 5NQ and a silicon atom on the surface. Additionally, we can observe that the C1 carbonyl group’s substrate obtains a proton from the surface, forming a hydroxyl group at C1. This could explain the modification of the crystalline pattern shown on XRD (see Figure 2D). Finally, (3) at −18.99 kcal mol−1 between the closed horizontal 2NQ (C.H.) and SiO2 (Figure 8C), we can see three H-bonds and one covalent interaction between the C1 carbonyl group of 2NQ and a silicon atom on the surface.



As can be seen, in all three systems with the strongest interaction energies, at least one covalent interaction is involved. To evaluate the nature of these bonds, we calculate the Mayer (MBO) [84] and fuzzy (FBO) [85] bond orders. The power of these parameters to investigate bonding in organometallic compounds has been widely demonstrated [86]. The value of MBO agrees with the empirical bond order; for single, double, and triple bonds, the values are close to 1.0, 2.0, and 3.0, respectively. On the other hand, the magnitude of FBO is comparable to MBO, especially for low-polar bonds, but it is more stable concerning the change in the basis set; therefore, we are more confident in the FBO values, as observed in Table 4. In the table, the bond order values obtained, especially the FBO values, are very close to one, evidencing the presence of a single covalent bond.



Additionally, the H-bond binding energy (BE) was calculated with Equation (8), which is proposed initially by Emamian and collaborators [87]. Here, ρrBCP is the electron density at the bond critical point (BCP) corresponding to the H-bond obtained from the topological analysis:


  B E ≈ − 223.08 ×  ρ  r B C P   + 0.7423  



(8)




where the unit of ρ is a.u., and the unit of BE is kcal mol−1. In Table 3, we show the BE calculated at every BCP obtained from the topology analysis of the interaction models. Figure 8 shows the NQ@SiO2, 2NQ@ SiO2, and 5NQ@ SiO2 interaction models and the BCP and paths from QTAIM. The QTAIM study confirms the intermolecular hydrogen bond between NQs and SiO2 for all systems, with 5NQ being in a horizontal position relative to SiO2 (Figure 8E,F); it is the system with the strongest hydrogen bond interaction (see Table 3). To relate the length of the H-bond to its binding energy, we plotted LH vs. BE (Figure 9) and fit the data to the mathematical model proposed in Equation (9):


  B E = A  e  − B  L H     



(9)




where BE = binding energy (kcal mol−1); LH = H-bond length (Å); A = −929.5 kcal mol−1 is the energy at LH = 0 Å; and B = 2.72 Å is the critical length at which the strength of the H-bond is too weak (R = 0.89. This model shows that the BE is stronger at small values of LH and decreases to a critical length of 2.72 Å. The strongest H-bond occurs for the BCP96 at the new hydroxyl formed between the closed 5NQ and SiO2 surfaces (B.E. = −13.7 kcal mol−1), where LH is 1.56 Å. In agreement with Buemi and Zucrello, the H-bond could be weak LH > 2.2 Å, moderate 1.5 Å < LH < 2.2 Å, and strong 1.2 Å < LH < 1.5 Å [88].






4. Conclusions


The present work provided evidence that NQ derivatives follow a Freundlich isotherm adsorption model by either physical or chemical interactions. The 2NQ derivative has been found as the molecule with the highest adsorption capacity (32.2 mg g−1) with no considerable SBA-15 particle aggregations. The experimental findings are explained by DFT studies that show that 2NQ’s physisorption is mediated by H-bonds, and it is the system with more H-bond interactions. Covalent interactions can also be presented in NQ@SBA-15, 5NQ@SBA-15, and 2NQ@SBA-15 systems. These interactions can promote the deformation of NQ rings, and in the case of 5NQ, they can substrate a hydrogen atom from the surface of SiO2 and, thus, modifying the surface of SiO2, which is proved by a change in the XRD pattern. We believe that for 5NQ@SBA-15, covalent interactions decrease the adsorption capacity (1.8 mg g−1). In contrast, a stronger interaction occurs between the carbonyl group of naphthoquinones and the surface of SiO2. The results of this work establish a basis for elaborating a more robust adsorption/computational model that allows obtaining information on the interactions between molecules with antimicrobial actions and the surface of SBA-15 particles; consequently, this can improve the adsorption’s capacity based on the adsorbate chemical’s structure and the physicochemical characteristics of the particle. Our findings also contribute to understanding the cargo’s chemical structure and the adsorbent material in optimizing the design of drug-delivery systems, which will ultimately increase the probability of therapeutic success and decrease the related adverse effects in preclinical and clinical trials.
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Figure 1. Morphology of SBA-15 nanoparticles. (A) TEM image of the irregular shape of particles. (B) TEM image of a particle with ordered channels throughout its entire structure. 
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Figure 2. XRD patterns of SBA-15 loaded with NQs. (A) SBA-15, (B) NQ@SBA-15, (C) 2NQ@SBA-15, and (D) 5NQ@SBA-15. 
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Figure 3. FTIR spectra from top to bottom: (A) SBA-15, (B) 2NQ, and (C) 2NQ@SBA-15. 
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Figure 4. Experimental N2 adsorption/desorption isotherms of (A) SBA-15, (B) NQ@SBA-15, (C) 2NQ@SBA-15, and (D) 5NQ@SBA-15. 
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Figure 5. Adsorption isotherms of the (A) NQ@SBA-15, (B) 2NQ@SBA-15, and (C) 5NQ@SBA-15 systems fitted to Langmuir (red) and Freundlich (blue) models. 
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Figure 6. Structure of NQ derivatives and SiO2 molecules. (1) NQ; (2a) closed and (2b) open configuration of 2NQ; (3a) closed and (3b) open configuration of 5NQ; (4) SiO2 molecular model. 
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Figure 7. Energy obtained along the rotation of the dihedral angles C1-C2-O10-H13 for 2NQ and C4a-C5-O13-H17 for 5NQ. 
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Figure 8. NQs@SiO2 interaction molecular models. (A) Horizontal (H) and (B) vertical (V) interactions of NQ; (C) closed horizontal (C.H.) and (D) open horizontal (O.H.) configuration of 2NQ; (E) closed horizontal (C.H.) and (F) open horizontal (O.H.) configuration of 5NQ. Black labels are the bond critical point (BCP) indices. Yellow lines correspond to bond paths. 
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Figure 9. H−bond length and BE correlation. 
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Table 1. Characteristics of the SBA-15 and systems NQ@SBA-15, 2NQ@SBA-15, and 5NQ@SBA-15 obtained by X-ray diffraction (XRD), dynamic light scattering (DLS), z-potential measurements, and nitrogen adsorption/desorption isotherms.






Table 1. Characteristics of the SBA-15 and systems NQ@SBA-15, 2NQ@SBA-15, and 5NQ@SBA-15 obtained by X-ray diffraction (XRD), dynamic light scattering (DLS), z-potential measurements, and nitrogen adsorption/desorption isotherms.





	
Sample

	
Crystallite Size

	
Hydrodynamic

Diameter

	
Z Potential

	
Surface Area

	
Pore

Volume

	
Pore

Width




	

	
(Å)

	
(nm)

	
(mV)

	
(m2 g−1)

	
(cm3 g−1)

	
(nm)






	
SBA-15

	
911.23

	
618

	
−19.40

	
597.25

	
0.936

	
6.17




	
NQ@SBA-15

	
669.33

	
2301

	
−25.17

	
434.88

	
1.15

	
8.57




	
2NQ@SBA-15

	
814.66

	
667

	
−28.40

	
441.70

	
1.16

	
8.70




	
5NQ@SBA-15

	
743.52

	
3576

	
−22.97

	
438.99

	
1.14

	
8.84
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Table 2. Langmuir, Freundlich, and Temkin isotherm parameters obtained by non-linear fittings for systems NQ@SBA-15, 2NQ@SBA-15, and 5NQ@SBA-15.
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Langmuir

	
Freundlich

	
Temkin




	
Q0

	
L

	
R2

	
KF

	
N

	
R2

	
AT

	
BT

	
R2




	
(mg/g)

	
(dm3/mg)

	
(mg/g)

	
(L/g)






	
NQ @ SBA-15

	
3.9746

	
0.0390

	
0.9576

	
6.3010

	
0.1394

	
0.9592

	
0.2251

	
175.6193

	
0.4083




	
2NQ @ SBA-15

	
51,590.5

	
0.0009

	
0.9836

	
32.2276

	
0.9071

	
0.9847

	
0.0767

	
1.0405

	
0.8289




	
5NQ @ SBA-15

	
3417.4

	
0.0024

	
0.9719

	
1.8176

	
0.7174

	
0.9797

	
2.0352

	
0.0281

	
0.9071
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Table 3. Interaction energy (  Δ E   ), length of H-bond (LH), bond critical point (BCP) index, all electron densities at BCP (ρrBCP), and H-bond binding energy (BE) values obtained from interaction models.
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H-Bond

	
LH

	
BCP

	
ρrBCP

	
BE




	
Donnor

	
Acceptor

	
(Å)

	
(Ha)

	
kcal mol−1






	
NQ@SiO2 (H)

	
(ΔE = −10.74 kcal mol−1)




	
SiO2−O35

	
H76−NQ

	
2.23

	
145

	
0.0149

	
−2.57




	
NQ−O74

	
H53−SiO2

	
1.80

	
167

	
0.0326

	
−6.53




	
NQ@SiO2 (V)

	
(ΔE = −96.08 kcal mol−1)




	
SiO2−Si15

	
H80−NQ

	
3.42

	
173

	
0.0034

	
−0.16




	
2NQ@SiO2 (CH)

	
(ΔE = −18.99 kcal mol−1)




	
SiO2−O49

	
H80−2NQ

	
3.27

	
147

	
0.0307

	
−6.11




	
2NQ−O76

	
H53−SiO2

	
2.52

	
88

	
0.0083

	
−1.10




	
SiO2−O35

	
H81−2NQ

	
2.04

	
111

	
0.0219

	
−4.14




	
2NQ@SiO2 (OH)

	
(ΔE = −16.06 kcal mol−1)




	
SiO2−O16

	
H81−2NQ

	
1.83

	
182

	
0.0320

	
−6.40




	
SiO2−O14

	
H75−2NQ

	
2.33

	
151

	
0.0130

	
−2.15




	
2NQ−O73

	
H59−SiO2

	
1.77

	
99

	
0.0355

	
−7.18




	
5NQ@SiO2 (CH)

	
(ΔE = −8.95 kcal mol−1)




	
5NQ−O75

	
H81−5NQ

	
1.66

	
159

	
0.0492

	
−10.24




	
5NQ−O80

	
H53−SiO2

	
1.86

	
167

	
0.0276

	
−5.41




	
SiO2−O35

	
H77−5NQ

	
2.27

	
147

	
0.0097

	
−1.42




	
5NQ@SiO2 (OH)

	
(ΔE = −88.92 kcal mol−1)




	
SiO2−O35

	
H55−5NQ

	
1.56

	
96

	
0.0648

	
−13.70




	
5NQ−O73

	
H59−SiO2

	
2.12

	
118

	
0.0132

	
−2.20








L = Bond length; BCP = bond critical point; ρrBCP = density of all electrons; BE = binding energy; CH = closed horizontal; OH = open horizontal.
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Table 4. Interaction energy (  Δ E  ), length of covalent bond (LC), Mayer bond order (MBO), and fuzzy bond order (FBO) values obtained from interaction models.
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Bond

	
LC

	
MBO

	
FBO




	

	

	
(Å)

	

	






	
NQ@SiO2 (V)

	
(ΔE = −96.08 kcal mol−1)




	
SiO2−Si48

	
C69−NQ

	
2.01

	
0.6365

	
0.7950




	
NQ−O74

	
Si36−SiO2

	
1.69

	
0.1579

	
1.3143




	
2NQ@SiO2 (C.H.)

	
(ΔE = −18.99 kcal mol−1)




	
NQ−O74

	
Si36−SiO2

	
1.73

	
0.9474

	
1.1935




	
5NQ@SiO2 (O.H.)

	
(ΔE = −88.92 kcal mol−1)




	
SiO2−O11

	
C72−NQ

	
1.89

	
0.7912

	
0.9522
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