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Abstract:

 Amphiphilic ion-pairs of kanamycin (KAN) were prepared by evaporation of a water-ethanol co-solution of KAN base and a lipoamino acid bearing a 12-carbon atoms alkyl side chain (LAA12), at different molar ratios. Infrared spectroscopy confirmed the structure of ion-pairs, while differential scanning calorimetry (DSC) and powder X-ray diffractometry (PXRD) studies supported the formation of new saline species with a different crystalline structure than the starting components. The solubility pattern shown in a range of both aqueous and organic solvents confirmed that the ion-pairs possess an amphiphilic character. The LAA12 counter-ion showed not to improve the antibacterial activity of KAN, suggesting that such chemical strategy is not able to favor the penetration of this drug inside the bacteria cells. Nevertheless, a slight improving, i.e., a one-fold dilution, was observed in E. coli. The present study can also serve as the basis for a further evaluation of LAA ion-pairing of antibiotics, as a means to improve the loading of hydrophilic drugs into lipid-based nanocarriers.
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1. Introduction

Aminoglycoside antibiotics are bactericide agents extensively used in the clinical therapy of many infectious diseases [1]. Among them, kanamycin (KAN; Figure 1a) has been originally purified from the bacterium Streptomyces kanamyceticus and comprises three components: kanamycin A, the major component (usually designated as kanamycin), kanamycin B and C, as minor components [2]. Its irreversible binding to mRNA decodifying region of the 30S-subunit of the bacterial ribosome allows the inhibition of the protein synthesis [3,4].

Figure 1. (a) Chemical structure of kanamycin A (KAN) (b) and LAA12.
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KAN is effective against aerobic and facultative aerobic Gram-negative bacilli and some Gram-positive bacteria relevant to clinical infections, including staphylococci. Aminoglycoside penetration through the cell membrane is an aerobic, energy-dependent process: consequently, anaerobe bacteria are resistant to this class of antibiotics. Streptococci and enterococci are resistant to aminoglycosides because the drugs fail to penetrate through the cell wall of these bacteria [1,5,6]. Treatment of these organisms requires the co-administration with an inhibitor of cell wall synthesis, such as a penicillin or vancomycin [1]. A reduced cellular permeability can result in an insufficient (sub-active) concentration of the antibiotic in the target sites and a more successful inactivating activity of bacterial enzymes.

KAN has been submitted to extensive investigations looking for more active derivatives, as well as to preformulation studies aimed at obtaining more stable forms and effective dosage products. For instance, lipid conjugation was shown to ameliorate the in vitro activity [7] and to reduce KAN sensitivity to inactivating enzymes [8].

Aminoglycoside antibiotics are generally converted into a salt form during recovery and purification steps. KAN is commonly obtained as the water soluble mono- or disulfate salt. Other salts, such as the 3'-phosphate and the mono-, di- and tri-d-pantothenates have not reached clinical dignity.

Conversion to inorganic or simple organic salts can positively affect the pharmacokinetics of the antibiotic and also attenuate its typical oto- and nefrotoxicity [9], but may be unable to optimize their interaction with and uptake by bacterial cells. The hydrophobic ion-pairing (HIP) approach has been recently suggested as a chemical strategy to reversibly modify the properties of active compounds. Using HIP in molecules containing ionizable groups, polar counter-ions are stoichiometrically replaced with lipophilic ones. The resulting hydrophobic ion-pairs can improve drug permeability, allowing a better systemic (e.g., intestinal) adsorption and enhancing cellular uptake [10,11,12]. From a technological point of view, the amphiphilic features of ion-pairs can enhance the drug dissolution rate in organic solvents and the encapsulation and retention of hydrophilic compounds in drug delivery systems (DDS), and especially in liposomes and lipid-based nanocarriers [13,14,15,16]. Some antibacterial drugs have been also investigated by the HIP strategy [17,18].

We have recently undertaken a series of studies focused on the reversible modification of antibiotic molecules through the formation of organic amphiphilic ion-pairs, using lipoamino acids (LAA) as lipophilic counter-ions. LAA have become increasingly important because of their chemical simplicity and versatility, tenside-like surface activity, aggregation properties, and low toxicity pattern [19,20]. In particular, we have investigated some α-amino acids bearing in 2-position a saturated alkyl chain of different length (Figure 1b). Thanks to the presence of both an aliphatic chain and a polar amino acid head, LAA can impart amphiphilic properties (membrane-like character) to the drugs to which they are conjugated [21].

LAA have been then proposed to modulate or increase the interaction with and penetration through cell membranes and biological barriers of compounds with a poor biopharmaceutical profile [22,23]. Toth and co-workers have previously described β-lactam antibiotic derivatives covalently linked to LAA [24], with the aim at enhancing their gastro-intestinal adsorption. In those studies, oral administration of an ampicillin-LAA conjugate significantly improved the antibacterial activity [25]. More recently, a D-glucuronic acid-LAA derivative has been ion-paired with the antibiotic gentamicin, resulting in a better in vivo oral absorption [26].

The ability of drug-LAA complexes to interact with the biological membranes and to facilitate the drug penetration inside the target cells has been described by some of us through a covalent bond of drugs to LAA [27,28].

The aim of the present research project was instead to verify if the same possibility exists by forming reversible electrostatic complex between ionizable compounds and LAA. We have previously used the LAA ion-pairing strategy to produce amphiphilic derivatives of erythromycin (ERY) [29] and tobramyicin (TOB) [30]. The in vitro cell growth inhibitory activity profile of these ion-pairs was close to that of the parent drug (for ERY) or was even improved in terms of MIC (as seen with TOB) against different bacterial strains, both sensitive and resistant to these classes of antibiotics.

The presence of multiple amino groups makes KAN a hydrophilic polycation, with a reported dissociation constant (pka) of 7.2, an experimental LogP(o/w) of −6.7 [31] and a calculated LogD (pH 7.4) of −8.86 [32]. Such a hydrophilic nature can affect the low activity of this antibiotic, especially against anaerobic gram-negative bacteria [1]. Thus, in the present work we studied the preparation and in vitro microbiological profile of novel ion-pairs obtained using different KAN and LAA molar ratios.



2. Results and Discussion

This study was thus aimed to verify if an increased amphiphilicity, induced by ion-pairing KAN with a LAA moiety, will improve the antibacterial spectrum of activity of this drug.

A LAA moiety with a 12-carbon atom side alkyl chain (LAA12) (Figure 1b) was used in the present work. The KAN-LAA12 ion-pairs were prepared by reduced pressure evaporation of a water/ethanol co-solution of the drug (as the free base) and LAA12. To verify the effect of progressive ion-pairing of the four amine groups present in KAN molecule (Figure 1a), different drug to LAA initial molar ratios were tested (1:1, 1:2 or 1:4). FT-IR analysis was used to confirm the structure of the prepared ion-pairs, while powder X-ray diffractometry (PXRD) and differential scanning calorimetry (DSC) were employed to assess the formation of a new saline species with respect to the starting ingredients. The experimental data were compared with corresponding physical mixtures (PhMs) of KAN and LAA12, obtained by simple mechanical mixing of the two components of the ion-pairs, in the absence of any solvent.

As a preliminary biological assessment, the synthetized KAN-LAA12 ion-pairs and PhMs were tested in vitro against different bacterial strains to assess the effect of lipid moiety on the antibacterial activity of the drug.

The solubility of KAN-LAA12 ion-pairs in polar and apolar solvents of pharmaceutical interest is shown in Table 1. Compared to KAN free base, the ion-pairs were less soluble in water and in the phosphate buffer solution, but much more soluble in the tested organic solvents. Only ethyl acetate showed limited solvent properties for KAN-LAA ion-pairs.

Table 1. Solubility (mg/mL) of KAN-LAA coevaporates in different solvents at room temperature, compared to KAN base and KAN sulfate.


	Solvent
	KANbase
	KAN

sulfate
	KAN-LAA12 1:1
	KAN-LAA12 1:2
	KAN-LAA12 1:4





	Water
	soluble a
	10–50
	7.5
	7.5
	7.5



	Phosphate buffer (0.13 M, pH 7.4)
	soluble
	n.a.
	5
	7.5
	15



	Ethanol
	slightly soluble
	insoluble b
	10
	15
	>20



	Acetone
	slightly soluble
	n.a.
	2.5
	7.5
	>20



	Ethyl acetate
	insoluble
	n.a.
	1
	2.5
	2.5



	Dichloromethane
	insoluble
	insoluble
	5
	15
	>20





a [33,34]; b [33]; n.a.: Not available data.






The physical state of KAN-LAA coevaporates and PhMs was investigated by various conventional techniques. The DSC curve of KAN A (free base) showed an endothermic peak at 268 °C, corresponding to its melting point (Figure 2a). Pure LAA12 instead showed strong endothermic melting peaks in the range between 220 and 240 °C (Figure 2a). The KAN-LAA12 ion-pairs showed a different DSC profile (Figure 2a–c), in which the signals of the two starting ingredients were not more visible, and a new, strong endothermic peak appeared around 210 °C, most probably due to the gradual melting of the formed ion-pair.

Figure 2. Differential scanning calorimetry (DSC) curves of KAN-LAA12 ion-pairs and physical mixtures (PhMs).
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The PXRD spectra of the starting pure ingredients were compared with the PhMs and coevaporates obtained at different ratios. The spectrum of pure KAN base returned the following characteristic reflection described as 2θ in °, rel. intensities: ss = very strong, s = strong, m = medium, mw = medium-weak, w = weak: 7.1 (mw), 12.4 (m), 14.4 (s), 14.9 (s), 17.6 (s), 18.3 (ss), 19.7 (mw), 21.7 (ss), 22.4 (w), 23.2 (w), 24.0 (w), 24.5 (m), 25.1 (mw), 25.6 (m), 26.6 (mw), 27.4 (w), 27.6 (w), 28.4 (m), 28.7 (m), 29.6 (w) (Figure 3a). Also the XRD pattern of pure LAA12 showed intense and sharp peaks that prove the crystalline nature of this compound: 6.5 (mw), 9.6 (m), 12.7 (w), 18.2 (w), 18.9 (m), 20 (m), 20.9 (mw), 22.2 (ss), 23.4 (s), 23.9 (w), 25.3 (mw), 26.3 (w), 27.6 (w), 28.4 (w) (Figure 3a).

Figure 3. Power X-ray diffractometry (PXRD) profiles of PhMs (a, c and e) and coevaporates (b, d and f) between KAN and LAA12 prepared at 1:1, 1:2 or 1:4 molar ratio.
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Considering the KAN-LAA12 1:1 molar ratio, the spectrum of the PhM was rich in signals corresponding to the profile of both drug and LAA crystals (in particular, the signal at ~21° and a complicate signal near 22.2°) (Figure 3a). This confirmed its nature of a “mixed” powder between two distinct ingredients, which did not form strong chemical interconnections, and thus no novel crystalline entity originated. The signals relative to KAN completely disappeared in the spectrum of the 1:1 coevaporate. Its diffractometric patterns were largely superimposable to that registered for the crystals of LAA12, even if a marked reduction in intensity can be observed (Figure 3b).

As regards the drug-LAA12 1:2 molar ratio, the spectrum of PhM showed both signals of the starting compounds, with a slight decrease of their relative intensity (Figure 3c). In a different way, the spectrum of the relative coevaporate described the formation of a new structure with evident loss of crystallinity, as a consequence of the molecular dispersion of KAN in the LAA matrix (Figure 3d). Peaks at 2θ values of 18.9°, 20°, 22.2°, 23.3° and 25.3°, attributable to the LAA12, were still recognizable but the very low intensity of these peaks is an ulterior proof of the drug dispersion occurred during the coevaporation process.

If the 1:2 coevaporate showed the diffractometric profile of an amorphous materials, the 1:4 coevaporate gave a diffractogram largely superimposable to that registered for LAA12 (Figure 3f), as the possible consequence of the excess of a “free” aliquot of this compound in the coevaporate. Also in this case, the intensities of the signals were less intense in the coevaporates compared to the LAA alone, indicating the formation of a more amorphous structure with respect to the starting components.

Results of FT-IR analysis are resumed in Table 2. The IR spectrum of pure KAN (free base) showed intense bands in the 1000−1265 cm−1 region, typical for carbohydrate absorptions. LAA12 spectrum was instead characterized by the carboxyl stretching signal, in the 1590–1720 cm−1 range. Nevertheless, KAN and LAA12 spectra showed common absorption bands, such as in the 3500–3350 cm−1 region, at 1660 and at 1000–1200 cm−1. Also, this analysis confirmed the formation of new saline species between KAN and LAA12, with the appearance of new signals (evidenced in red in Table 2) that the spectra of the starting components. In particular, the shift at lower fields (1215–1213 cm−1) of the C-O stretching peak of the LAA12 moiety, evidenced the occurrence of some ionic interactions. The corresponding physical mixtures also showed the original bands of pure drug and LAA12 but, in these cases, and compared with the co-evaporates, the signals have stronger intensities. It is noteworthy that the presence of strong bands at 1215 cm−1 suggested the development of ionic interactions between the LAA carboxyl function and the drug amine groups, even after the simple mechanical dry mixing at room temperature. The same behavior had been observed for the LAA coevaporates with ERY and TOB [29,30].


Table 2. FT-IR spectroscopy data of pure KAN (in red) and LAA12 (in black) and of their coevaporates and PhM at different molar ratios. Spectra were taken as nujol mulls; values are expressed in cm−1. Data in blue indicate signals not present in the spectra of the starting compounds.
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The in vitro antibacterial activities of the synthesized coevaporates were compared with that of the parent drug by the MIC method (Table 3). Both KAN susceptible and unsusceptible strains were tested for the purpose. As a further comparison, the starting LAA12 and the various KAN-LA112 PhMs were included in the assay.

Table 3. Minimum inhibitory concentrations (MIC, µg/mL) of KAN-LAA coevaporates and PhMs, compared to pure LAA12 and KAN sulfate. MIC values were calculated based on the actual KAN concentration in each sample (except for pure LAA12 sample). The reported results are the mean of 12 replications (six times with each formulation and six additional times on a different day).


	Compound
	E. coli *

ATCC 25922
	E. faecalis *

ATCC 29212
	S. pneumoniae

(No. 5)
	L. fermentum

(No. 2)





	KAN sulfate
	4
	≥16
	≥16
	≥16



	LAA12
	growth
	growth
	growth
	growth



	KAN-LAA12, 1:1
	4
	≥16
	≥16
	≥16



	1:1 PhM
	4
	≥16
	≥16
	≥16



	KAN-LAA12, 1:2
	2
	≥16
	≥16
	≥16



	1:2 PhM
	4
	≥16
	≥16
	≥16



	KAN-LAA12, 1:4
	2
	≥16
	≥16
	≥16



	1:4 PhM
	4
	≥16
	≥16
	≥16





* Quality control strains according to Clinical and Laboratory Standard Institute [35].






Pure KAN (as the free base) showed the known activity profile, with a MIC value of 4 µg/mL against E. coli. Despite the higher MIC values (MIC >16 µg/mL) against E. faecalis the activity of the free drug was within the published quality control range [35]. The absence of any free drug activity against S. pneumoniae and Lactobacillus spp. was expected. As previously demonstrated, the pure lipoamino acid counter-moiety (LAA12) was devoid of any antibacterial activity against all the tested strains [29].

The antibacterial activity of KAN-LAA12 ion-pairs was close to that of the parent drug, and even one order higher with the 1:2 and 1:4 molar ratios. The corresponding PhMs gave an identical growth inhibitory profile than the free drug.



3. Experimental

KAN A free base was purchased from Santa Cruz Biotechnology Inc. (Dallas, TX, USA). HPLC-grade water and absolute ethanol were purchased from Merck (Darmstadt, Germany). The 2-amino-D,L-dodecanoic acid (LAA12) was synthesised in our lab from diethyl acetamido malonate and 1-bromodecane, according to a published procedure [36].

FT-IR spectra were registered in nujol with a Perkin-Elmer 1600 spectrophotometer. PXRD data were collected with a Philips X’Pert Pro X-ray diffraction system (Eindhoven, The Netherlands) (available at the Centro Interdipartimentale Grandi Strumenti di Modena e Reggio Emilia—CIGS) equipped with a PANanalytical solid state detector, operating in reflection mode, with a CuKα radiation (without monochromator: λ is a “mixing” between λKα1 = 1.540598 and λKα2 = 1.544426; Kβ radiation was removed by Ni foil). X-ray data were collected over a range 10 < 2θ < 30 at room temperature; the scan-rate was set at 0.007°/s. DSC experiments were performed with a Mettler DSC12E calorimeter. The detection system consisted of a Mettler Pt 100 sensor, with a thermometric sensitivity of 56 µV/°C, a calorimetric sensitivity of about 3 µV/mW and a noise less than 60 nV (<1 mV). Each DSC scan showed an accuracy of ±0.4 °C and reproducibility and resolution of 0.1 °C. Samples (3–10 mg) were sealed in a 40-µL aluminum pan, using an empty pan as reference. Each sample was analyzed from 30–320 °C, at a heating rate of 5 °C/min.


3.1. Ion-Pair Preparation

KAN-LAA12 ion-pairs were prepared by the evaporation of a co-solution of the two components. KAN base (0.3 mmoles) was dissolved in water, while the LAA12 (0.3, 0.6 or 1.2 mmoles) was slowly dissolved under magnetic stirring at room temperature in absolute ethanol. The obtained solutions were mixed for about 4 h at 40 °C and then at room temperature overnight. Ethanol and part of the water were removed off under high vacuum at an external maximal temperature of 40 °C. To remove the residual water, the sample was frozen in liquid nitrogen and lyophilized overnight (Modulyo freeze-dryer system; Edwards, Trezzano sul Naviglio, Italy). The resulting fluffy white powders were stored in tight closed glass vials at 4 ± 1 °C until use.



3.2. Physical Mixtures

KAN and the LAA12 were prior kept overnight at about 40 °C under high vacuum in a Büchi glass oven. KAN-LAA12 PhMs were prepared by triturating the two ingredients, at the same 1:1, 1:2, or 1:4 molar ratios, in a porcelain mortar for 30 min. These mixtures were also stored in a refrigerator in tight closed glass vials.



3.3. Solubility Determination

The solubility profile of the prepared coevaporates in a range of pharmaceutically related solvents (water; 0.13 M phosphate buffer solution, pH 7.4; ethanol; acetone; ethyl acetate; dichloromethane) was measured at room temperature. To a known volume of each solvent (about 2 mL) small amounts of KAN (free base) or KAN-LAA12 ion-pairs were progressively added. The mixture was vortex-mixed for 3 min and analysed by turbidimetry (Shimadzu UV-1601). The first detection of a measurable absorbance at 650 nm was considered as the solubility limit of the test material. Results are reported in Table 1.



3.4. Bacterial Strains

Escherichia coli ATCC 25922, Enterococcus faecalis ATCC 29212, and freshly isolates strains of Streptococcus pneumoniae (No. 5) and Lactobacillus fermentum (No. 2).



3.5. Susceptibility Test Procedure

The antimicrobial activity of KAN-LAA ion-pairs was investigated in comparison with that of the corresponding PhMs and the free drug, using the MIC values calculated by the standard broth microdilution assay [35]. Each ion-pair or PhM suspension was added in order to obtain an equivalent drug concentration with respect to that of the free drug solution. Mueller-Hinton broth was replaced by Iso-Sensitest broth (Oxoid, Basingstoke, UK) as previously described [37]. Briefly, an original solution in DMSO at 5.12 mg/mL of each KAN-LAA12 ion-pair and KAN was used as stock solution and then diluted 1/10 in Iso-Sensitest broth to obtain a working dilution of 512 µg/mL. The further dilutions were obtained as proposed by the Clinical Laboratory Standards Institute [36]. A total of 11 concentrations of each sample were prepared. A suspension of organisms (1 µL of a suspension containing 107 CFU/mL) was added to each well. A positive control (growth) consisting of organisms in broth, a negative control (sterility) consisting of uninoculated broth, drug control consisting of broth containing the highest concentrations of KAN, and pure LAA12 (at concentrations 1, 10, and 100 times higher than those used throughout the experiments) were included for each bacterial strain tested. Plates were sealed with a transparent acetate foil and incubated at 37 °C under atmospheric conditions for up to 18 h.




4. Conclusions

This study was aimed at testing whether the conjugation with an LAA promoiety can improve the amphiphilic character of KAN. For this antibiotic, an enhanced penetration in bacteria cells could be the mean for enlarging its spectrum of activity, for instance against anaerobic microorganisms. Solubility data suggest that KAN-LAA ion-pairs have an amphiphilic character, which can help both in the formulation of controlled drug delivery carriers and for modifying the absorption profile of the drug after systemic administration.

The formation and structure of ion-pairs between the drug and the LAA moiety were confirmed by calorimetric and spectroscopic techniques. The different nature of the ion-pairs with respect to the corresponding PhMs was substantiated by PXRD studies.

The microbiological results confirmed that forming KAN ion-pairs with LAA12 did not distress the in vitro antibacterial potency of the drug, although no improvement in its spectrum of activity was achieved.

As a side aim of this study, it is however conceivable that the increased lipophilic character of KAN-LAA ion-pairs would positively affect drug encapsulation and retention in lipid-based carrier systems, such as liposomes and lipid nanoparticles. Several reports in the literature support the idea of optimizing the absorption or fate of compounds by combining a prodrug strategy and lipid nanocarriers [38,39,40,41]. This technological potentiality is going to be exploited in a separate study.
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