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Abstract

:

The association process between the tetracycline (TC) antibiotic molecule and Keplerate-type nanocluster polyoxometalate (POM) {Mo72Fe30} was studied in aqueous solution. The novel supramolecular ensemble {Mo72Fe30}@TC12.5 was produced, its composition and structure were revealed by means of elemental analysis (C, N, H) and vibrational spectroscopy (IR and Raman). Based on the spectral data, the POM structure’s integrity was confirmed and binding sites of TC with the Keplerate {Mo72Fe30} surface were found. Due to thermogravimetric analysis (TG) and in-situ Raman spectroscopy during the process of {Mo72Fe30}@TC12.5 thermal destruction, we showed a significant change in the phase composition of POM’s destruction products after association with TC. The antibacterial activity of the obtained complex {Mo72Fe30}@TC12.5 was examined. The experimental results allowed us to note the partial inhibition of TC’s antibacterial activity owing to the coordination of TC to FeIII centers, in turn, which hinders the participation of TC in coordination via Mg2+ of ribosomal subunits 30S in bacteria.
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1. Introduction


The chemistry of giant nanocluster polyoxometalates (POM), particularly with toroidal ({Mo154}) and Keplerates ({Mo132}, {Mo72Fe30}) structures, has a great potential in the functional design of supramolecular structures including template effects. The POMs’ sizes are in the range of 2.5 nm to 3.6 nm [1,2,3], and their hydrophilic surface could be modified using electrostatic and van der Waals’s forces, hydrogen bonding (with nonionic polymers [4]) and coordination interaction (NO2 absorption by {Mo72Fe30} crystals [5]). Furthermore, recently, the possibility of the covalent modification of Keplerates {Mo132} and {Mo72Fe30} by alkoxysilane molecules was shown [6]. Electrostatic bonding is one of the simplest ways to obtain strong POM’s associates with different types of cations: photosensitizers (rhodamine B, ΔGbond with {Mo132} is −37.4 kJ⋅mol−1 [7], where intermolecular charge transfer and dye J-aggregates formation take place), bioactive substances (for example vitamin B1, ΔGbond with {Mo72Fe30} is −570.8 J⋅g−1 [8,9]) and multicharged metal ions (Cd+3 [10]). In this context, it should be noted that the Keplerate {Mo72Fe30}=[Mo72Fe30O252(CH3COO)12{Mo2O7(H2O)}2{H2Mo2O8(H2O)}(H2O)91]∙150H2O is non-toxic in vitro because of a lack of Mo(V), the presence of which provides a redox reaction [11]. Thus, this Keplerate could be used as a nano core for drug binding [12]. Such binding opens up additional pathways for drug delivery, for example, via iontophoresis [12,13]. Moreover, the Keplerate {Mo72Fe30} is able to induce cellular endocytosis, expanding the cellular membrane surface [14,15]. In general, the concept of supramolecular template synthesis suggests that POMs, in particular {Mo72Fe30}, can act as templates for the forming of a multicomponent shell. These shells can consist of drugs, fluorescent labels, protective molecules and molecular vectors. They can help to prevent the competitive binding to blood proteins and for the targeting of these supramolecular ensembles to the tissues of the body.



The binding of POM with antibiotics, as one of the most important classes of drugs, can find application in biotechnology. POMs and antibiotics associates can serve several goals: increasing penetrating ability, decreasing antibiotic resistance of some strains, and increasing therapy targeting due to conjugation with vector molecules of various natures via shared POM particles serving as a nano-core.



In this work, we study an interaction between a tetracycline (TC) antibiotic and Keplerate {Mo72Fe30} (Figure 1). The molecular scaffold, consisting of four conjugated rings with alternating hydroxyl and carbonyl groups, underlying the structure of tetracycline is an important building block for drug design. TC exhibits complexing ability towards metal ions, particularly lanthanides Ln(III) [16] and iron [17], due to a chelating effect. The antibacterial activity of TC occurs via the magnesium ion Mg2+ chelating of, and subsequent binding to, the phosphate groups in the 30S ribosomal subunit [18]. Thus, study of the association of TC with Keplerate {Mo72Fe30} helps to combine different approaches to create functionalized nanoscaled ensembles with antibacterial effect. Indeed, the interaction between the TC and {Mo72Fe30} surface occurs both due to electrostatic interactions between the protonated tertiary nitrogen atom in the TC and the {Fe-OH-} vertex in the iron polyhedron (which dissociates in an acidic manner from the maximum negative charge of POM in water, −22 [19]), and due to the coordination of the TC with the iron atom. In addition, one cannot exclude the presence of the chaotropic effect, which was recently found and comprehensively studied for aqueous solutions of POMs, cyclodextrins [20,21,22,23] and nonionic surfactants [24]. Based on the possibility of the chelation of Fe(III) ions in {Mo72Fe30} by TC molecules, it cannot be ruled out that this can lead to the destruction of the Keplerate or rearrangement of its structure, which is typical for giant Keplerate POMs [3,25].



Thus, the study of the TC association with iron-molybdenum POM is relevant not only from the point of view of bio-application, but also structural coordination chemistry. In this work, the complex {Mo72Fe30}@TC was obtained for the first time and the composition and structure were determined using elemental C, N, H analysis and vibrational IR and Raman spectroscopy. Due to the high symmetry point group Ih of {Mo72Fe30}, the vibrational spectra turn out to be very sensitive to the structural integrity of this POM, which was shown earlier in the course of a comprehensive study of several nanoclusters from the giant POM family [26]. The use of IR and Raman spectroscopy showed the preservation of the nanocluster’s structure upon interaction with TC and made it possible to establish the nature of the binding centers. In addition, we estimated the antibacterial effect of the associate {Mo72Fe30}@TC in relation to the strains of Escherichia coli (HB101, JM110 and TOP10) in comparison with the POM, its degradation products, and simple iron and molybdenum salts in equivalent concentrations.




2. Results and Discussion


In order to determine the complex stoichiometry, we prepared two samples with POM:TC ratio as 1:10 and 1:20 in aqueous solution. During the mixing of these components the dark-brown amorphous precipitate appeared wherein the deposition rate is higher with more TC concentration. The produced samples {Mo72Fe30}@(TC)x were dried at room temperature and used for elemental analysis, which showed the mass fraction (mass.%) values for POM:TC=1:10 the content of Mo, C, N, H: 38.13, 17.31, 1.68, 2.82% and for POM:TC=1:20 the content of Mo, C, N, H: 33.875, 19.50, 1.91, 3.07%. Based on these data, we found the structural formulas as [Mo72Fe30O252(CH3COO)10(C22H24N2O8)11(H2O)91(H2O)’15] for POM:TC=1:10 and [Mo72Fe30O252(CH3COO)11(C22H24N2O8)14(H2O)91(H2O)’15]∙20H2O for the POM:TC=1:20 molar ratio. Averaging on the tetracycline and acetate groups content, we obtained {Mo72Fe30}@(TC)12.5=[Mo72Fe30O252(CH3COO)10.5(C22H24N2O8)12.5(H2O)91(H2O)’15]∙(20-х)H2O, where x is from 0 to 20. However, the question about constitution and cluster water content had not yet been answered. Further TG measurements indicated for initial {Mo72Fe30} that mass loss (14%) finished at 220 °C, which corresponds to the first stage of the dehydration process [27]. For {Mo72Fe30}@(TC)12.5, the mass loss is 8.2% at this temperature (vide infra), whereas, for associates {Mo72Fe30}@(TC)11 and {Mo72Fe30}@(TC)14 containing 106 and 126 H2O molecules, respectively, theoretical values are 9.5 and 10.4%, respectively. Taking into account the accuracy of TG measurements, the experimental and calculated data are in agreement.



From a structural point of view, to interpret the elemental analysis one should pay attention to the specificity of the {Mo72Fe30} structure (Figure 1). Iron-molybdenum POM consists of 30 FeIII octahedra and 12 {MoVI6} blocks. In turn, the latter is built from pentagonal bipyramid connected with five {MoVIO6} octahedra in the equatorial plane. For each block {Mo6}, there are 15 oxygen atoms in the equatorial plane, 6 oxygen vertices toward the outer shell and 6 toward the inner part—into the POM cavity. Equatorial and outer shell oxygen atoms (21 × 12 = 252) are not protonated, whereas terminal inner oxygen atoms in {Mo6} and both up and down vertices in {FeO6} polyhedra are represented by aqualigands (91 H2O) and acetate groups (12 CH3COO− per POM); if we calculate, we have 6 × 12 + 2 × 30 = 132 oxygen vertices. Aqualigands (91) and bidentate acetate groups (12) relate only to 115 oxygen vertices. The residual 17 down vertices correspond to bridge-oxygen atoms in {Mo2O7 (H2O)}2{H2Mo2O8(H2O)} located in the inner POM cavity [3]. As a result of molecules’ coordination with the {Mo72Fe30} surface, the release of this inner cavity fragment occurs [28]; therefore, the 17 oxygen vertices remain vacant and have to be occupied with either aqualigands or acetate groups, or oxygen atoms from guest molecules.



In the case of associates produced at the POM:TC=1:10 ratio, the structural formula [Mo72Fe30O252(CH3COO)10(C22H24N2O8)11(H2O)91(H2O)’15] suggests that water molecules and acetate groups can occupy 126 oxygen vertices only, whereas 6 vertices remain vacant. Worth noting is that interaction between TC and POM leads to stoichiometric complex formation even under a lack of TC (extra POM remain free in solution); we can suppose that some of the vacant oxygen vertices are occupied with oxygen from TC. Under a 20-fold molar excess of TC, the precipitate contains an additional 20 water molecules, which is enough to completely saturate the coordination sphere of iron and molybdenum in polyhedra. However, in accordance with how TC coordinates with POM surface (vide infra), it seems logical to assume that at least one oxygen atom of each TC is coordinated to the metal center (iron center, which has a great affinity with TC [17]). Consequently, in the associate structure, a number of the water molecules should be transferred to the second coordination sphere: [Mo72Fe30O252(CH3COO)10.5(C22H24N2O8)12.5 (H2O)91(H2O)’9]∙(H2O)’6∙(20-х)H2O, where the x is from 0 to 20.



The coordination nature and localization of binding centers in TC molecules bound to POM were studied with IR and Raman spectroscopy (Figure 2 and Figure 3). Below 1000 cm−1 (Figure 2), IR spectrum showed the presence of all characteristic bands for {Mo72Fe30} and, consequently, the preservation of the POM’s structure during the associate formation with TC (in brackets, the value of the band position for pure {Mo72Fe30} is given if it is different to the associate {Mo72Fe30}@(TC)12.5): 968, 933 (947), 852 (850), 760 (756), 625 (631), 550 (553) cm−1. Wherein, the stretchings of ν(Fe-OH) at 1045 and 1032 cm−1 were not observed for associate {Mo72Fe30}@(TC)12.5, but should appear for the initial POM [26]. Furthermore, low-energy shifts were registered for several bands: ν(Mo=O) 947→933 cm−1, ν(Mo-µ2O-Mo/Mo-µ3O-Mo) 631→625 cm−1 and δ([Mo/Fe]-O-Mo) 553→550 cm−1, whereas for the other bands high-energy shifts occurred: ν([Mo/Fe]-O-Mo) 756→760 cm−1 and ν(Mo-O-Mo/O-Mo-O) 850→852 cm−1. Both the low-energy shift (by 14 cm−1) for terminal group ν(Mo=O) and the disappearing of the Fe-OH signal correspond to the strong participation of these surface centers in the interaction with TC. In addition, such interaction indirectly influences the normal mode frequencies related with bridging iron and molybdenum atoms. In particular, high-energy shifts are conditioned with a bond force constant increase (in the harmonic oscillator model), which reflects the rearranging of electron density in the POM structure, revealing the strong interaction between TC and the POM’s surface.



In line with TC∙HCl structure, we expected electrostatic bonding between the protonated tertiary nitrogen atom in TC and the weak acid center Fe-OH2↔FeOH−+H+. In accordance with IR data, TC–POM interaction led to the significant broadening of the I-amide band (1670 cm−1, ν(C=O)), which practically disappeared. The II-amide band (1522 cm−1, δ(NH2) [29]) also underwent a large broadening and shifted to 1556 cm−1. The observed shift is not due to overlapping with the νas/s stretching of the acetate group in POM (1532 and 1411 cm−1), which is proved by the mutual decrease in these vibrations after {Mo72Fe30} association with TC. The stretching of carbonyl group ν(C=O) in the A-ring at 1615 cm−1 maintains the original frequency, whereas the C=O group in the C-ring [29] contributes to the interaction with POM, leading to the disappearance of corresponding vibrations at 1580 cm−1. The presence of C=O stretching in the C-ring at such a low wavenumber is caused by the participation of oxygen atoms in tautomeric equilibria with two protons of neighboring hydroxyl groups. This behavior is common for anthraquinone structures [30]. The involvement of one of the neighboring OH groups in binding to the POM leads to the disappearance of the tautomeric equilibrium and the liberation of the C=O group [30]. This behavior is observed for IR spectrum of {Mo72Fe30}@(TC)12.5, where the novel band of an unbound carbonyl group C=O appears at 1768 cm−1 due TC interaction with POM [31]. It is difficult to assign the remaining bands in the TC’s spectrum due to the contribution of multiple functional groups to the normal vibrations with close frequencies. However, the analysis of bands’ positions and relative intensities demonstrated that the characteristic band sets of TC stay practically unchanged, providing the preservation of the TC structure.



Investigation of associate {Mo72Fe30}@TC12.5 by Raman spectroscopy showed the significant decrease in thermal stability. To perform the Raman measurement of pure POM, very low laser intensity and long acquisition time were used to prevent thermal destruction, in-situ, in the laser beam [26]. However, in contrast to initial Keplerate {Mo72Fe30}, we could not register the POM’s spectral fingerprints when measuring the associate’s spectrum because this measurement resulted in the thermal destruction of the whole system with the formation of Fe2(MoO4)3 and α-MoO3. It is worth noting that during {Mo72Fe30} destruction in the laser beam, the iron molybdate dominates the Raman spectrum because the main fraction of molybdenum from POM structure is spent on this phase formation, in accordance with Fe2(MoO4)3 stoichiometry (Figure 3b) [26]. The found discrepancy in associate thermal destruction as compared to the destruction of individual components (TC and POM) are clearly shown in TG curves (Figure 3c) [32]. Along with spectral features corresponding to TC binding to POM, one can conclude that not only do simple electrostatic interaction occur but also the coordination of TC’s functional group to iron centers in the {Mo72Fe30} structure. The latter leads to a decrease in the thermal stability and reduction in the iron molybdate fraction in destruction products.



Focusing on the Raman spectrum of {Mo72Fe30}@TC12.5 before thermal destruction, we can mention several features. After TC is coordinated with {Mo72Fe30}, the vibration of the vinyl fragment in the B-ring at 1624 cm−1, related with hydroxyl group [33], practically disappears from the spectrum. The coordination of this OH-group with the POM surface was monitored via IR spectra also (see supra). The carbonyl group stretching in the C-ring (with some contribution from skeleton C-C vibration in the D-ring), being normally at 1585 cm−1 for TC∙HCl [33], shifted to 1578 cm−1. The OH stretching in the D-ring and B-ring, which are neighbored with C=O (in C-ring), appears as a unified band at 1485 cm−1, whereas for TC∙HCl it is observed at 1453 cm−1. Important is that the bending vibrations of methyl groups and NH on tertiary nitrogen atoms are revealed, for TC∙HCl near this spectral region, at 1467 cm−1 [33]. Interestingly, ν(C-O) stretching vibration in the D-ring appears at 1316 (intensive sharp peak) and 1347 cm−1 (middle signal) for TC∙HCl, but after coordination to POM the first signal disappears whereas the second one shifts to 1337 cm−1. The same shifting trend towards a low-frequency range is observed for δ(CH2) and δ(CH) bending vibrations in A-B-C-rings, which indirectly confirms the interaction of TC functional groups with the POM surface across these rings, wherein the D-ring slightly participates in such interactions.



Taking into account the spectral data and high TC affinity to the iron ions [17], as well as the coordination of guest molecules in {Mo3Fe3O6} pores (20 pores per POM) which is specific for Keplerate {Mo72Fe30} [5,28], we made a 3D model of TC to POM coordination (Figure 4). In accordance with the electrostatic binding of protonated tertiary nitrogen atoms in TC with anion centers Fe-OH− on the POM surface, as well as the coordination of the hydroxyl group in the B-ring and amide fragment, we placed TC molecule in the {Mo3Fe3O6} pore. Thus, the D-rings became naturally outlaying from the POM surface. For modelling, the TC and POM structures were created from monocrystal X-ray data [3,34]. The distances between molybdenum/iron atoms of {Mo3Fe3O6} and the terminal oxygen and nitrogen atoms of TC molecules are presented in Table 1 (for comparison, Fe1-Ot bond length is 2.097 Å). As one can see from these data, the supposed 3D model of interaction between POM and TC in pores is in-line with both the vibrational spectroscopy results and crystallography requirements for bond lengths.



Based on the found strong interaction between TC and POM surface, we studied how the coordination with Keplerate {Mo72Fe30} influences the antimicrobial activity of tetracycline, which is important for the real application of such a system. The test experiment in a Petri dish containing agar media with a bacterial lawn of three strains of E. coli (HB101, JM110 and TOP10) was used to evaluate the antibacterial activity [35]. A total of 40 μL doses of the following examined solutions were placed into wells: TC; {Mo72Fe30}; sodium molybdate (MoVI); iron chloride hexahydrate (FeIII); POM destruction products (DP); {Mo72Fe30}@TC12.5; TC with sodium molybdate (TC+MoVI); TC with iron chloride hexahydrate (TC+FeIII); and TC with DP (TC+DP). The Petri dish was incubated at 36 °C overnight, then the diameters of sterile zones were determined (Figure 5). Obtained results are presented in Table 2.



Reliability analysis of obtained data was performed by means of the nonparametric Mann–Whitney U test which showed that neither initial POM {Mo72Fe30} nor its destruction products nor iron nor molybdenum salts possess evident antimicrobial activity in used concentrations. Furthermore, the antimicrobial activity of TC is significantly decreased after interaction with either {Mo72Fe30}, DP or iron salt. In the case of iron molybdate, the statistically significant decrease in TC activity was observed for the strain TOP10 only. Therefore, in both POM structure and simple low-molecular weight substances, the coordination with FeIII centers is related to the partial suppression of TC antimicrobial activity. Probably, complexation with iron hinders the effective TC coordination with Mg2+ ions in bacterial cells, which is needed for TC coordination to ribosomal subunit 30S to suppress the protein synthesis, in turn [18]. The effect found here indirectly confirms the specific TC coordination to iron centers in the {Mo72Fe30}@TC12.5 structure, which can be used for the local inhibition of TC activity.




3. Materials and Methods


Keplerate-type polyoxometalate {Mo72Fe30} was produced in accordance with established procedures [3] by substitution of a MoV in ammonium salt (NH4){Mo132} with FeIII; all reagents were of analytical grade and were used without further purification. (NH4){Mo132} was synthesized in accordance with established procedures [2].



The structures of (NH4){Mo132} and {Mo72Fe30} were confirmed by comparison of FTIR and Raman spectra with reference data [2,3,26]. Experimental IR bands for {Mo72Fe30}: ~3340s, ~3165s, ~3030m, 1613m, 1532s, 1411s, 1342w, 1045w, 1032w, 965s/945s, 849s, 749vs, 624m, 547s, 435w; Raman bands: 969s (sh), 952vs, 909m (sh), 842m, 717m, 586vw, 518m, 452m, 370m, 240m. Experimental IR bands for (NH4){Mo132}: 3470s, 3215s, 3050s/2855m, 1711w, 1614m, 1549s, 1418s, 1350w (sh), 1337w, 1105vw/1050vw, 968s, 938s/854m, 795s, 724s, 634m, 573m, 512m, 472m, 451w, 439w, 419w; Raman bands: 1250w (comb.), 945m, 875s, 842m (sh), 715w (comb.), 376s, 316m, 215w.



The synthesis of the {Mo72Fe30}@(ТС)х associate was carried out by dropwise addition of TC∙HCl (tetracycline hydrochloride, Sigma-Aldrich, 95%) 4 × 10−2 M aqueous solution to {Mo72Fe30} aqueous solutions 1 × 10−4 M while stirring, the molar ratio of the components in the final mixtures was POM:TC = 1:10 and 1:20. The amorphous precipitate was collected after 24 h by centrifugation of the mixture at 6000 rpm for 10 min. The resulting precipitate was mixed with 12 mL of distilled water on a vortex (2700 rpm, 10 min) and centrifuged (6000 rpm, 10 min), the liquid phase was then removed. This washing cycle was repeated three times; the precipitate purified from the free TC was dried at 40 °C under vacuum. The resulting powder was the {Mo72Fe30}@(ТС)х associate.



Elemental analysis was performed with automatic element analyzer CHNS PE 2400, series II (Perkin Elmer Instruments, USA). The IR spectra were recorded using FT-IR spectrometer Nicolet 6700 (Thermo Scientific, USA) in ATR mode. The Raman spectra were obtained using the confocal Raman microscope Alpha 300 AR (WiTec GmbH, Germany) with low-power laser beam (He–Ne laser with excitation wavelength 633 nm) in order to prevent the uncontrollable destruction of the samples [26].



Thermal gravimetric analysis was carried out with thermoanalyser STA 409 Luxx (Netzsch, Germany) under air atmosphere; the samples were heated from 45 to 700 °C at a rate of 10 °C per minute.



Antibacterial activity against E. coli strains (HB101, JM110 and TOR 10) was determined by the following method [35]. A total of 20 mL of agar LB medium was added to Petri dishes (diameter 9 cm) and E. coli cultures were inoculated. In addition, 40 µL aliquots of the studied solutions were placed into wells made in the medium. The concentration of tetracycline was 0.2 g/L, the concentration of POM was 0.65 g/L (which corresponded to the molar ratio of TC:POM = 12:1), the concentrations of iron chloride and sodium molybdate corresponded to the iron and molybdenum content of the samples with POM. Petri dishes were incubated overnight at 36 °C. Then, the diameter of the sterile zone was determined in 2 analytical (measurements in two perpendicular directions of one sample) and 3 biological (3 separate Petri dishes) repetitions.




4. Conclusions


It can be concluded that we obtained a novel complex {Mo72Fe30}@TC12.5 by the association of POM with tetracycline molecules in an aqueous solution. Based on the data of vibrational IR and Raman spectroscopy, it was found that the POM retains the integrity of its structure when interacting with the TC; in addition, the binding centers of the TC molecule on the POM’s surface were determined and a 3D model of such an interaction was proposed, assuming the binding of the TC in the {Mo3Fe3O6} pore. Such binding occurs through: Coulomb interaction between the tertiary nitrogen atom in the NH+ group and the Fe-OH2↔Fe-OH−+H+ acidic sites; through the amide group involved in the formation of hydrogen bonds with the oxygen vertices of the polyhedra in the POM’s structure; and through the coordination of the hydroxyl group in B-ring to the FeIII atom. At the same time, the D-ring of the TC molecule remains distant from the POM’s surface and practically does not participate in the interaction. Such binding of TC to the POM’s surface, as shown by TG and Raman spectroscopy, leads to a significant change in the nature of the thermal destruction of {Mo72Fe30}@TC12.5 compared to its initial components. Taking into account the structural data on the {Mo72Fe30}@TC12.5, an experiment was carried out to determine the effect of TC binding to POM on the antibacterial activity of TC. As a result, the inhibition of the TC action by POM due to complex formation with FeIII centers was shown. The obtained data on the {Mo72Fe30}-TC system can be used to design POM-based hybrid materials which have the function of releasing a variety bioactive molecules.
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Figure 1. The structure of tetracycline (TC) and Keplerate {Mo72Fe30}, represented by the frontal part in the form of molybdenum (VI) and iron (III) oxygen polyhedra. Polyhedra code: yellow—FeO6; light blue—MoO6; purple—MoO7. Atomic code: yellow—iron; gray—molybdenum; red—oxygen. 






Figure 1. The structure of tetracycline (TC) and Keplerate {Mo72Fe30}, represented by the frontal part in the form of molybdenum (VI) and iron (III) oxygen polyhedra. Polyhedra code: yellow—FeO6; light blue—MoO6; purple—MoO7. Atomic code: yellow—iron; gray—molybdenum; red—oxygen.



[image: Inorganics 11 00009 g001]







[image: Inorganics 11 00009 g002 550] 





Figure 2. IR-spectra (ATR mode) of {Mo72Fe30}, {Mo72Fe30}@ТС12.5 and ТС∙HCl (from bottom to top 1, 2, 3, respectively) in the full spectral range (a) and in the specific range (b). 






Figure 2. IR-spectra (ATR mode) of {Mo72Fe30}, {Mo72Fe30}@ТС12.5 and ТС∙HCl (from bottom to top 1, 2, 3, respectively) in the full spectral range (a) and in the specific range (b).



[image: Inorganics 11 00009 g002]







[image: Inorganics 11 00009 g003 550] 





Figure 3. (a) Raman spectra (He–Ne laser with excitation wavelength 633 nm) of ТС, {Mo72Fe30} and {Mo72Fe30}@ТС12.5 (from bottom to top, respectively); (b) Raman spectra of α-МoО3, {Mo72Fe30} thermal destruction products and {Mo72Fe30}@ТС12.5 destruction products in situ in the laser beam (from bottom to top, respectively); (c) TG curves of ТС, {Mo72Fe30}@ТС12.5 and {Mo72Fe30} (from bottom to top 1, 2, 3, respectively). 
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Figure 4. A 3D model of TC molecule binding to the {Mo2Fe3O6} pore in the {Mo72Fe30} structure from various angles (a,b). Polyhedra code: yellow—FeO6; light blue—MoO6; purple—MoO7. Atomic code: black—carbon; blue—nitrogen; red—oxygen. 
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Figure 5. Photo of a Petri dish with agar LB medium inoculated with E. coli, after the formation of sterile zones. There are solutions in the wells: 1—{Mo72Fe30}; 2—ТС; 3—{Mo72Fe30}@ТС12.5; 4—{Mo72Fe30} destruction products (DP); 5—ТС+DP; 6—FeCl3∙6H2O; 7—ТС+FeCl3∙6H2O; 8—Na2MoO4∙2H2O; 9—ТС+ Na2MoO4∙2H2O. 
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Table 1. Proposed interatomic distances from the model of TC coordination with the {Mo3Fe3O6} pore.
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	{Mo72Fe30}@TC12.5
	Fe1-O1
	(Fe2)Ot-N+
	Fe3-Ot
	Fe3-O3
	(Mo)Ot-H(amide)





	
	2.185 Å
	2.194 Å
	2.097 Å
	2.589 Å
	2.386–3.260 Å
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Table 2. The antimicrobial activity towards E. coli strains.
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Strain

	
Average Diameters of Sterile Zones (mm) for E. coli Strains




	
TC

	
{Mo72Fe30}

	
MoVI

	
FeIII

	
DP

	
{Mo72Fe30}@TC12.5

	
TC+MoVI

	
TC+FeIII

	
TC+DP






	
HB101

	
8.3 ± 0.5

	
0.0

	
0.0

	
0.0

	
0.0

	
6.3 ± 0.5

	
7.3 ± 0.4

	
6.0 ± 0.4

	
6.2 ± 1.2




	
JM110

	
7.7 ± 0.8

	
0.0

	
0.0

	
0.0

	
0.0

	
6.2 ± 0.8

	
7.5 ± 0.0

	
7.7 ± 0.7

	
4.8 ± 0.2




	
ТОР10

	
6.7 ± 0.4

	
0.0

	
0.0

	
0.0

	
0.0

	
5.2 ± 0.2

	
5.5 ± 0.0

	
6.0 ± 0.0

	
6.2 ± 1.1

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Transmittance, %

2
1
| ! | ! | ! | ! | ! | ! | ! | ! | !
4000 3600 3200 2800 2400 2000 1600 1200 800
a ®,cm”

|
400

wW
1670

1768

1615
1580

1556
1522
1456

1449
1354
1310
1226
1176
1112
1061
964

Na'd
1 vv“vwﬂnﬁmAﬁww\/“\m///M\\,//#’/W/ .\\
"\
e T A A o A A B . P . o o A T
1800 1700 1600 1500 1400 1300 1200 1100 1000 900

A4
®, cm





nav.xhtml


  inorganics-11-00009


  
    		
      inorganics-11-00009
    


  




  





media/file2.png





media/file5.jpg
Raman signl .

[ r—
i






media/file3.jpg





media/file1.jpg





media/file7.jpg





media/file10.png





media/file9.jpg





media/file0.png





media/file8.png





media/file6.png
100 -

80 -+

Mass loss,%

20 -

Raman signal, r.u.

Raman signal, r.u.

(=2
o
1

S
o
1

0-

1200
o, cm”

1600

—— TC-HCI {Mo_Fe,k } ——{Mo_Fe, }@(TC),,

(3)

\ (2)

(1)
————r———r—r———r————r———r—r—r——T—r——
100 200 300 400 500 600 700

C T, oC
—{Mo_Fe, }@TC_, . annealed
—{Mo_,Fe_ } annealed
a-MoO,
LA IR L R R RN L R RN L RN L A B A A
200 400 600 800 1000 1200
0, cm”
b
1337
{Mo72Fe30}@TC12.5 ‘
{Mo_Fe_} 1316 -
—— TC-HCI
14|85 /
1287 1624
”WW il
MM v VN VU M AL A M

2000 2400






