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ABBREVIATIONS



API



active pharmaceutical ingredient



BCS



Biopharmaceutical Classification System



BA



bioavailability



LOR



loratadine



pKa



dissociation constant



DMSO



dimethyl-sulfoxide



SCF



supercritical fluid



CD



cyclodextrin



GI



gastro-intestinal



logP



logarithm of effective permeability



PAMPA



parallel artificial membrane permeability assay



Mw



molecular weight



DIMEB



dimethyl-β-CD



P-gp



P-glycoprotein



PM



physical mixture



KP



kneaded product



SD



spray dried product



MW



microwave



SGM



simulated gastric medium



SIM



simulated intestinal medium



DSC



differential scanning calorimetry



FT–IR



Fourier–transform infrared spectroscopy



ESI–MS



electrospray ionization mass spectrometry



DOSY



diffusion ordered NMR spectroscopy



EDTA



ethlyenediamine-tetraacetate



1. Introduction Oral administration is the most common route for drug administration. It is estimated that 40% or more of APIs identified through combinatorial screening programs are poorly soluble in water [1]. However, after oral administration, the absorption may be erratic and incomplete. Therefore it is a great challenge for the pharmaceutical technologists to formulate suitable therapeutic effect disposed products from these materials. Recently it would be advantageous if the pharmacokinetic properties of drug candidates could be predicted before clinical phases [2]. One of the prerequisites for successful oral drug therapy is sufficient intestinal absorption. The rate and extent of intestinal absorption are mainly dependent on the dissolution rate of the drug in the gastrointestinal fluids and the rate of transport across the intestinal membrane. [3]. These two factors were the base of the BCS [4]. Poorly water– soluble drugs (BCS II and IV class) are associated with slow drug absorption leading eventually to inadequate and variable BA [4, 5]. There are several possibilities to modify the APIs to reach better physico–chemical parameters, thereby better BA (Fig. 1). The rate and extent of absorption of Class II compounds is highly dependent on the performance of the formulated product. These drugs can be successfully formulated for oral administration, but care needs to be taken with formulation design to ensure consistent BA [6].



Fig. 1 Formulation strategies of APIs belonging different classes of BCS to improve their BA [6] This thesis is based on investigations of an antihistamine drug, LOR belonging to the Class II of BCS to increase its solubility, dissolution rate and BA.
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2. Bioavailability The BA of pharmacons is basically determined by their solubility and permeability. All drugs must possess some degree of aqueous solubility in order to be pharmacologically active, and they need to be lipophilic to be able to permeate biological membranes [7]. The rate– limiting step of oral absorption is the dissolution by APIs with solubility < 0.1 mg/ml, e.g. drugs belonging in classes II and IV of the BCS [5, 8]. The solubility of ionizable compounds varies with the pH of the gastrointestinal juices, depending on their pKa [9]. The pH of the gastrointestinal fluids is therefore one of the most important factors influencing on the saturation solubility of ionizable drugs [10]. As the pharmacon proceeds along the gastrointestinal tract, it passes into a medium with somewhat higher pH. During 90% of a fasting state, the gastric pH is 0.79



pKa value



12.3



12.2



12.1



*



Mw



972



1135



1297



1331



water solubility



145



18.5



232



Op.: 295-300



10.2



13.2 – 14.5



8.13 – 17.7



*



(mg/ml 25 ˚C) Crystal water (%, w/w) * no data available



The C2 hydroxyl group of one glucopyranose unit can form a hydrogen bond with the C3 hydroxyl group of the neighbouring glucopyranose unit. In the β–CD intermolecular hydrogen bonding occurs between the secondary hydroxyl groups which reduces the number of hydroxyl groups capable of forming hydrogen bonds with the surrounding water molecules, so it can explain the observation that β–CD has the lowest solubility of all native CDs [60, 64]. Substituted β–CD derivatives are characterized by much higher solubility. Random substitution of the hydroxyl groups, even by hydrophobic moieties such as methoxy functions, will result in dramatic improvements in their solubility. The main reason for the solubility
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enhancement is that the random substitution transforms the crystalline CDs into amorphous mixtures of isomeric derivatives [7]. DIMEB is prepared from β–CD by the selective methylation of all C2 secondary hydroxyl groups and all C6 primary hydroxyl groups (C3 secondary hydroxyl groups remain unsubstituted) [65]. DIMEB is soluble in organic solvents, and very soluble in cold water – because it is strongly hydrated in the sense of Pauling’s clathrate model of liquid water – 20–25% solutions of increased viscosity can readily be prepared. An uncommon property of DIMEB is that the homogenous and clear solution will suddenly crystallize on heating (above 50 ˚C). The feasible explanation of the negative solubility coefficient of methylated CDs in water that the hydration structure breaks down at elevated temperature. Hence, the hydrophobic DIMEB molecules become less soluble and aggregate, as could be expected from the hydrophobic effect, leading finally to crystallization In contrast to the native CDs, DIMEB has surfactant activity [55, 66]. The thermoanalytical measurements indicated that CDs have no well–defined melting point, but from about 250 to 400 ˚C they begin to decompose. It has been frequently shown that the thermal stability of CD derivatives depends on the type, location and number of any substituents. As previously mentioned CDs are not hygroscopic, but form various stable hydrates [60]. CDs are insoluble in most organic solvents; but they are soluble in some polar, aprotic solvents. CDs glass transition occurs at about 225 to 250 ˚C. The glass transition temperature varies with the degree of substitution. Strong acids such as hydrochloric acid and sulphuric acid hydrolyze CDs. CDs are very stable against bases [61]. In forming inclusion complexes, the physical and chemical properties of both the drug molecule and the CD molecule can be altered. Co–solvents will increase the solubility of a poorly water soluble drug in a nonlinear fashion with respect to co–solvent concentration. The linear relationship between solubility and CD concentration has a number of advantages, one of which is the lack of precipitation of the formulation on dilution in contrast to the co– solvent method. It is important to realize that the kinetics of inclusion complex formation and dissociation between a CD and a drug molecule is fast. The half–lives for formation/dissociation are much less than one second and occur at rates very close to diffusion controlled limits [67].
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3.3. Complexation mechanisms Complexation of molecules to CDs occurs through a non–covalent interaction between the molecule and the CD cavity. This is a dynamic process whereby the guest molecule continuously associates and dissociates from the host CD. CD inclusion is a stoichiometric molecular phenomenon in which usually only one molecule interacts with the cavity of the CD molecule to become entrapped. Inclusion complex formation can be regarded as “encapsulation” of the drug molecule, or at least the labile part of the molecule. Many techniques are used to form CD complexes, like co–precipitation, slurry complexation, paste complexation, damp mixing, heating method, extrusion and dry mixing [61]. The driving forces for inclusion complexation are both enthalpic and enthropic in nature and not fully understood [67]. The main driving force for complex formation, at least in the case of β–CD and its derivatives, appears to be release of the enthalpy–rich water molecules from the CD cavity which lowers the energy of the system. These water molecules located inside the central cavity are replaced by either the whole drug molecule, or more frequently, by some lipophilic structure of the molecule. However, other forces, such as van der Waals interactions, hydrogen bonding, hydrophobic interactions, release of structural strains and changes in surface tension, may also be involved in the complex formation. No covalent bonds are involved in the complex formation and drug molecules located in the cavity are in a very dynamic equilibrium with free drug molecules out in the solution. In aqueous solutions drug/CD complexes are constantly being formed and broken at rates very close to the diffusion controlled limit [64].



3.4. Cyclodextrins and drug delivery In general, formulation techniques that increase the apparent aqueous solubility of Class II and Class IV drugs without decreasing their lipophilicity will enhance their absorption through biological membranes. These techniques include particle size reduction, salt formation, solid dispersion, melt extrusion, spray–drying, and complexation, as well as drug solutions in microemulsions, liposomes and non–aqueous solvents. The chemical structures of CDs, their molecular weight and their very low octanol/water partition coefficient are all characteristics of compounds that do not readily permeate biological membranes. Only the free form of the drug, which is in equilibrium with the drug/CD
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complex, is capable of penetrating lipophilic membranes. The physicochemical properties of the drug, the composition of the drug formulation and physiological composition of the membrane barrier will determine whether CDs will enhance or hamper drug delivery through biological membranes. Most biological membrane barriers are lipophilic with an aqueous exterior, which forms a structured water layer at the membrane surface frequently referred to as unstirred diffusion layer. If drug permeation through the aqueous diffusion layer is the rate–limiting step of drug permeation through the barrier, CDs can frequently enhance the permeation [7]. CD lowers permeability and raises solubility, but the two effects are most often not equal in magnitude [68]. CDs can enhance the aqueous solubility of lipophilic drugs without changing their intrinsic ability to permeate biological membranes. Thus, through CD complexation it is possible to move BCS Class II drugs, and sometimes even Class IV drugs, into Class I. However, CDs can decrease BA of Class I drugs and will in most cases not improve BA of Class III drugs. In general CDs enhance drug delivery through biomembranes by increasing the drug availability at the membrane surface. At the surface the drug molecules partition from the CD cavity into the lipophilic membrane. Thus, properly designed CD formulation will increase the drug concentration gradient over the membrane, which will increase the drug flux through the membrane. Since drug/CD complexes do not readily permeate biomembranes, excess CD in pharmaceutical formulations can reduce drug BA. Including CDs in pharmaceutical formulations will however increase the formulation bulk of solid dosage forms. Even under best conditions, CD complexation will result in 4 – 10–fold increase in the formulation bulk. This limits the use of CDs in solid oral dosage forms to potent drugs that possess good complexing properties. [69].
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3.4. Application of CDs in pharmaceutics In Fig. 4 there are introduced the diversified availabilities of CDs with some examples.



Fig. 4 Application fields of CDs [70]



CDs applications in drug delivery are the followings: oral, parenteral, ocular, nasal, rectal, controlled, colon–specific, peptide and protein, gene and oligonucleotide, dermal and transdermal, brain targeting, liposomes, microspheres, microcapsules, nanoparticles [71]. Worldwide about 40 different pharmaceutical products containing CDs are on the market, which are summarized in Table 4. If a poly–α–amino acid chain is combined with β–CD, a new amphiphilic completely biodegradable polymer can be afforded. Both biodegradability and amphiphilicity are extremely significant properties for some applications of biomedical polymers. The amphiphilic biodegradable polymers may be used as controlled release of drugs [72]. HPBCD and Captisol are typically used in formulation for preclinical studies [73]. A.G. Ellis et al. used Captisol for making an aqueous formulation with appropriately high concentration for the assessment of tissue distribution and pharmacokinetic studies of the active ingredient [74]. C.E. de Matos Jensen et al. showed that β-CD improved the solubility and BA of valsartan, because the complex reduced the arterial blood pressure much better than valsartan alone in in vivo rat experiments [75]. Besides hundreds of article can be found in the literature in that solubility was improved by CDs.
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Table 4 CD containing pharmaceutical products [76, 77] Drug



Trade name



Formulation



Company



α–CD Alprostadil (PGE1) Limaprost (OP-1206) Cefotiam–hexetil HCl Benexate HCl Cephalosporin Cetirizine Chlordiazepoxide Dexamethasone Dextromethorphan Diphenhydramine HCl, chlortheophylline Iodine Meloxicam Nicotine Nimesulide Nitroglycerin Omeprazole PGE2 Piroxicam Tiaprofenic acid Cisapride Hydrocortisone Indomethacin Itraconazole Mitomycin Chloramphenicol 17–β–estradiol Aripiprazole Maropitant Voriconazole



Prostavasin iv. solution and Caverject Dual infusion Edex Opalmon, tablet Prorenal Pansporin T tablet β–CD Ulgut capsule Lonmiel Meiact tablet Cetrizin chewing tablet Transillium tablet Glymesason ointment, tablet Rynathisol tablet



Ono, Schwarz Pfizer Ono Takeda Teikoku Shionogi Meiji Seika Losan Pharma Gador Fujinaga Synthelabo



Stada–Travel



chewing tablet



Stada



Mena–Gargle



solution



Mobitil



tablet and suppository



Kyushin Medical Union Pharmaceuticals Pfizer Novartis Nihon Kayaku Betafarm Ono



Nicorette sublingual tablet Nimedex tablet Nitropen sublingual tablet Omebeta tablet Prostarmon E sublingual tablet Brexin tablet, suppository, Flogene liquid Cicladol Surgamyl tablet 2–hydroxy–propyl–β–CD (HP–β–CD) Propulsid suppository Dexocort solution Indocid eye drop solution Sporanox oral and iv. solutions Mitozytrex, iv. infusion MitoExtra Random methylated β–CD (RMBCD) Clorocil eye drop solution Aerodiol nasal spray Sulphobuthylether–β–CD (Captisol) Abilify



im. solution



Cerenia sc. solution Vfend iv. solution Zeldox Ziprasidone mesylate im. solution Geodon 2–hydroxy–propyl–γ–CD (HP–γ–CD) Voltaren Diclofenac Na eye drop solution ophtha Tc–99 Teoboroxime CardioTec iv. solution The products with bold Roman type are marketed in Hungary, too.



Chiesi Aché Roussel-Maestrelli Janssen Actavis Chauvin Janssen Novartis Oftalder Servier Bristol Myers Squibb, Otsuka Pharm. Pfizer Animal Health Pfizer Pfizer



Novartis Bracco
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3.5. Application of CDs beyond pharmaceutics β–CD is used in food industry for removing cholesterol from cream [78], reduction of undesired taste, extension of food products shelf life [79]. Y.Q. Tian et al. demonstrated that β–CD has significant impact on the staling of crust and cumb. The retarding effect of β–CD was strongly supported by the less changes of hardness, cohesiveness and springiness [80]. CDs play role in enzyme mimicking, chiral chromatographic separations and a new applicability is that β–CD is a template in a biomimetic synthesis of spherical hydroxyapatite crystals [81]. CD complexation represents a unique and effective strategy for improving the protein therapy by stabilizing them against aggregation, thermal denaturation and degradation [82]. CDs improve the steroids biotransformation. M. Wang et al. represented that HP–β– CD enhances the 1–en–dehydrogenation of cortisone–acetate catalyzed by a microorganism. It not only increases the reaction rate but also improves the final substrate conversion rate [83]. It was possible to form inclusion complexes between the CDs and metal ions like Pb2+. The β–CD and its derivatives have been used for the removal of polluting species from wastewater. The use of water–insoluble β–CD immobilized on polymeric matrices or solid supports has led to the development of novel decontaminating agents [84]. The self–assembles monolayers of thiolated CD derivatives has constructed on the surface of Au electrodes, producing a modified electrode selective towards electrochemical reactions characterized by cyclic voltammetry. This modified electrode is an environmentally friendly alternative to substitute the hanging mercury drop electrode [84]. The separation of structural isomers can be achieved by using β–CD thanks to inclusion complex formation which depends on size and polarity of the host molecule and its shape. β–CD has been used as a mobile phase component in reversed–phase HPLC and also in stationary phases, both in liquid and gas chromatography [85]. Some researchers have shown the efficiency of CDs for PAH (polycyclic aromatic hydrocarbons) removal from soils by aqueous washing [86, 87].
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4. Loratadine (LOR) Chemical name: ethyl–4–(8–chloro–5,6–dihydro–11H–benzo[5,6]cyclohepta[1,2–b]pyridin– 11–ylidene)–1–piperidinecarboxylate Chemical structure (see Fig. 5):



Fig. 5 Chemical structure of LOR



Molecular formula: C22H23ClN2O2 Mw: 382.89 Melting point: 132 – 135 ˚C Description: white or off–white crystals or powder [88] Trade names: Clarinase®, Claritine®, Claritine akut®, Erolin®, Flonidan®, Lorano®, Loratadin Hexal®, Loratadin–ratiopharm®, Roletra®



LOR is a tricyclic, piperidine derivative of antihistamines. It belongs to the second generation antihistamines, so it has non–sedating properties. H1 antihistamines are applied in the treatment of allergies: they prevent symptoms such as itching, congestion, rhinorrhoea, tearing and sneezing [89]. LOR belongs to Class II of the BCS [90]. LOR is a weak base; its pKa value at 25 °C has been reported as 4.85 – 6.00 [89–92]. The solubility of bases increases with decreasing pH at pH values less than the pKa [9]. At lower pH values, LOR – which is a nitrogen base – is protonated, and therefore becomes more soluble in water [91]. However according to the modified Hendersson–Hasselbach equation [93], at ~ pH 7 and higher LOR is totally unionized, which is the form able to absorb, so LOR will probably absorb from the intestines, in which it has poor solubility.
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It is metabolized by the cytochrom P450 to an active metabolite, desLOR, which is 153 times more potent than LOR. The presumed reason for this notable affinity difference is that LOR’s amine group cannot interact with the carboxylate part of the receptor (Asp 107) since it is not protonated in physiological pH. DesLOR does not have the electrophilic ethyl– ester group which reduces the basicity of the molecule, so desLOR has pKa value at 8.65, the amine group can be protonated at physiological pH [94]. It has a very big affinity to the plasma proteins (~98%). The defined daily dose of LOR is 10 mg [95]. LOR is a substrate for the P-gp. P-gp is an ATP–dependent efflux transporter that affects the absorption, distribution and excretion of compounds [96]. Increased intestinal expression of P-gp can reduce the absorption of drugs that are substrates for P-gp. Thus, there is a reduced BA, therapeutic plasma concentrations are not attained [97]. LOR is official in the undermentioned pharmacopoeias: British Pharmacopoeia 2012 [57], The United States Pharmacopoeia 34 – National Formulary 29 [58], European Pharmacopoeia 7.4 [59].



5. Materials and methods



5.1. Materials α–CD, β–CD, γ–CD, randomly methylated–β–CD (RAMEB), 2–hydroxypropyl–β–CD (HPBCD),



methyl–β–CD,



hydroxy–butyl–β–CD



and



heptakis–(2,6–di–O–methyl)–β–



cyclodextrin (DIMEB) were purchased from Cyclolab Ltd. (Budapest, Hungary), β–CD– sulfobutyl–ether (Captisol) originated from CyDex Pharmaceuticals Inc. (Lenexa, USA). LOR



(ethyl



4–(8–chloro–5,6–dihydro–11H–benzo–[5,6]–cyclohepta[1,2–b]pyridin–11–



ylidine)–1–piperidine–carbo–xylate) was kindly provided by TEVA Pharmaceutical Industries Ltd. (Hungary). Compound 48/80 (N-methyl-4-methoxy-phenethylamine) was supplied by Sigma-Aldrich Logistic GmbH, Germany. Other chemicals were of analytical reagent grade purity.
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5.2. Methods



5.2.1. Preliminary experiments The effects of the various CD derivatives on the solubility of LOR were investigated at 25 ºC. 20 mg of LOR and 200 mg of the CD derivatives were suspended in 20 mL of distilled water. The mixture was stirred at 10 min with a magnetic stirrer and then filtered, and after suitable dilution the UV spectrum was recorded in the range 220–300 nm.



5.2.2. Phase solubility studies The phase–solubility diagrams were recorded by the Higuchi–Connors method [8]. For this purpose aqueous solutions of CDs of various concentrations were prepared at a specific pH value (7.5) (250 mL of 0.2M KH2PO4, 204 mL of 0.1 M NaOH made up to 1000 mL with distilled water). An excess amount of LOR was added to these solutions, and they were then shaken at room temperature. After 72 h, the suspensions were filtered through 0.45 µm membrane filters. After dilution, their absorption was measured by UV spectrophotometry (λ = 248 nm). The presence of the CD did not disturb the spectrophotometric assay. Each experiment was performed in triplicate.



5.2.3. Preparation of products DIMEB proved to demonstrate the best enhancement of the solubility (see section 6.1). The products were prepared in three molar ratios (LOR:DIMEB = 1:1, 1:2 and 1:3) by four methods: physical mixing, kneading (two different methods for removing the solvent) and spray–drying. Physical mixtures (PMs): LOR was mixed carefully in a mortar with the calculated amount of CD. Kneaded products (KPs): the physical mixtures were suspended with the same mass of 50% ethanol, and the solvent was evaporated off at room temperature. After drying, the products were ground. Microwave products (MWs): the preparation is the same with kneaded products to the end of suspension step. Then the evaporation of the solvent was carried out in a MW oven (Milestone Ethos TC MW apparatus, Advanced Microwave Labstation, Italy). The method of MW treatment was as follows: 150 W, 90 s, 60 °C, and the samples were then dried under vacuum [98]. Spray–dried products (SDs): the physical mixtures were dissolved in 50% ethanol, and SDs were obtained by using a Büchi Mini Spray Dryer B–191 (BÜCHI Labortechnik AG, Flawil, Switzerland), at an inlet
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temperature of 105 oC, with a compressed air flow of 800 L/h and a nozzle diameter of 0.5 mm. The aspirator rate was 75–80%, and the pump rate was 5–10%. All of the samples were sieved (100 µm) and stored at room temperature under normal conditions. The solid dispersions of LOR in PVP K-25 containing four different ratios (1:1, 1:2, 1:4 and 1:6 w/w) were prepared by the solvent evaporation method (SEs). LOR and PVP K-25 were dissolved in methanol and the solvent was removed by vacuum dryer during 6 hours. All of the products were pulverized in a mortar and sieved through a 100 µm sieve.



5.2.4. In vitro dissolution studies The modified paddle method with the USP dissolution apparatus (Erweka Type DT, Germany) was used to examine 200 mg samples of pure LOR or products containing 200 mg of LOR in 100 mL of simulated gastric medium (SGM) (pH = 1.1 ± 0.1; 94.00 g of 1 M HCl, 0.35 g of NaCl, and 0.50 g of glycine made up to 1000 mL with distilled water) or simulated intestinal medium (SIM) (pH= 7.0 ± 0.1; 14.4 g of Na2HPO4·2H2O and 7.1 g of KH2PO4 made up to 1000 mL with distilled water). The paddle was rotated at 100 rpm and sampling was performed up to 120 min (sample volume 5.0 mL). Aliquots were withdrawn at 5, 10, 15, 30, 60, 90 and 120 min and immediately filtered. At each sampling time, an equal volume of fresh media was added, and the correction for the cumulative dilution was calculated. After filtration



and



dilution,



the



LOR



contents



of



the



samples



were



determined



spectrophotometrically (λSGM = 276 nm, λSIM = 248 nm). 5.2.5. Study the effect of pH on the solubility Seven buffer solutions were prepared with different pH values between 1.2 and 7.5 [11]. The defined daily dose of LOR is 10 mg, so 10 mg of LOR or product containing 10 mg of LOR was examined in 900 mL of dissolution media at 37 °C. The paddle was rotated at 100 rpm. After 2 h the removed samples were filtered and the LOR concentrations were measured spectrophotometrically.
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5.2.6. Thermoanalytical measurements



5.2.6.1. DSC The DSC records were obtained with a Mettler Toledo DSC 821e (Mettler Inc., Schwerzenbach, Switzerland) apparatus. Between 2 and 5 mg of sample was measured in a standard aluminium pan (40 µL) and heated from 25 to 300 °C at a heating rate of 5 °C/min under a constant purge of argon at 10 L/h.



5.2.6.2. Thermogravimetric measurements The TG, DTG and DTA curves were recorded in parallel in platinum crucibles with the same thermal program (heating range 25–300 °C, heating rate 5 °C/min), using a MOM Derivatograph–C (MOM Co., Hungary). The reference was a crucible containing aluminium oxide.



5.2.7. FT–IR Samples with a LOR content of 0.5 mg were ground and mixed with 150 mg of dry KBr in an agate mortar, and the mixture was then compressed into a disc at 10 t. Each disc was scanned 64 times at a resolution of 4 cm–1 over the wave number region 4000–400 cm–1 with an FT– IR spectrometer (Thermo Nicolet AVATAR 330, USA). The evaluation was carried out with the GRAMS/AI Ver. 7 program.



5.2.8. ESI–MS The compounds were characterized by MS, using a Finnigan MAT 95S sector field mass spectrometer equipped with an electrospray ion source. Positive-ion ESI-MS spectra were obtained. The solutions were prepared in a 1:1 mixture of acetonitrile/water. The solutions were infused directly into the mass spectrometer at a rate of 200 µL/min. Data were collected for approximately 100 scans. The scan range was 100-3000 m/z. The spectrometer was used at a resolution of ~ 1000–1500.



5.2.9. DOSY Diffusion coefficients (D) were estimated via DOSY NMR experiments. In the DOSY spectra, chemical shifts were located along the F2 axis and D values along the F1 axis. From
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the D values, it is possible to infer the size of the species and therefore the absolute stoichiometry of the supramolecular complexes. The NMR spectra were recorded at 25 ºC on a Bruker Avance DRX 400 MHz spectrometer. For 2D DOSY 1H NMR, pulsed field-gradient spin-echo NMR measurements were performed by using the stimulated echo and longitudinal eddy current delay (LED) sequence [99]. A time of 1.5 ms was used for the dephasing/refocusing gradient pulse length (δ), and 100 ms for the diffusion delay (∆). The gradient strength was changed quadratically from 5% to 95% of the maximum value (B-AFPA 10 A gradient amplifier), and the number of steps was 16. Each measurement was run with 32 scans and 16K time domain points. For the processing, an exponential window function and single zero filling were applied. During the diffusion measurements, the fluctuation of the temperature was less than 0.1 K. Prior to the NMR scans, all the samples were equilibrated for 30 min. The data were analysed by using XWINNMR 2.5 software.



5.2.10. PAMPA PAMPA “sandwiches” (Fig. 6) were formed from an acceptor 96-well microtitre plate (Millipore MATRNPS 50) and a matching filter plate (Millipore Multiscreen®-IP, MAIPNTR 10) with apparent porosity of 0.45 µm, coated with 5 µL of 1 w/v% n-dodecane solution of lecithin. The initial donor sample concentrations were about 150 µM. The plate sandwich was allowed to incubate at 25±1 °C for 16 hours without stirring, in an atmosphere saturated in humidity. Afterwards, sample concentrations in both the acceptor and donor wells were determined by HPLC method. Effective permeability coefficients, Pe, were determined by taking into account the apparent filter porosity and sample mass balance. The donor (VD=150 µL) and acceptor (VA=300 µL) compartments were both constituted of pH 7.4 buffer solutions. The permeability rates were calculated using by the equation (Equation 2.) below: log Pe = log{C • − ln(1 −



C=(



[drug ] acceptor [drug ]equilibrium



)} , where



Equation 2.



VD • V A ) (VD + V A ) Area • time
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Fig. 6 Schematic structure of the PAMPA model [100]



5.2.11. In vivo experiments This study was approved by the Committee on Animal Research at the University of Szeged (IV./01758-6/2008). A colony of inbred 150 ± 5 g male Wistar rats (Charles River Laboratories, Germany) was used, fed commercial rodent pellets and tap water. The animals were housed in groups of 5 at a controlled room temperature (22 ± 1 ºC) and maintained under an alternating 12 h light/12 h dark cycle (light on at 6:00 am). The following materials were tested in this study: LOR, DIMEB, KP 1:1 and KP 1:2 (LOR:DIMEB). The test substances were given orally in suspension in 0.25% methylcellulose in a dose of 10 mg/kg (1.00 mL/kg). The animals were divided into five groups, with 6 rats per group. Group I received the vehicle and served as a control. To study the influence of DIMEB on the oedema, the Group II animals received DIMEB. LOR, KP 1:1 and KP 1:2 were administered to the other three groups, respectively. In these experiments, at first the animals were treated orally by the above mentioned suspensions. 1 h later the histamine liberator compound 48/80 in physiological solution (10 µg/0.1 mL) was administered subplantarly to elicit the inflammatory reaction [101, 102]. In light isoflurane narcosis the intensity of the arising inflammatory reaction was measured after 30 min with the use of a plethysmometer (Ugo Basile, Harvard Apparatus, Germany) on the basis of the volume difference between the right hind leg treated with compound 48/80 and the left hind leg treated with vehicle (physiological saline). Immediately after measuring the extent of the oedema, blood samples were taken from rats by cardiac puncture and collected in tubes containing sodium-EDTA. Then these samples were centrifuged and the obtained plasmas were frozen until the measurement of LOR-content (see below).
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A high-performance liquid chromatographic (HPLC) method has been developed for quantitative analyses of LOR in in vitro (PAMPA model) and in vivo samples. HPLC measurements were performed with a JASCO PU-1580 binary pump (JASCO Inc., Japan) and a programmable variable UV-visible detector. LOR was chromatographed on a 100 mm × 4.6 mm i.d., 3 µm particle, Phenomenex Luna C8(2), 100 Å analytical column under reversed-phase conditions at 30 ºC, protected with a SecurityGuard Cartridge (4.0 mm × 2.0mm) pre-column. The degassed mobile phase was a 47:42:11 (v/v) mixture of acetonitrile, purified water and a phosphate buffer solution (0.5 M, pH 3.0 ± 0.1, adjusted by the addition of 85% orthophosphoric acid). The flow rate was 1.0 ml/min and the analyte was monitored at 250 nm. Calibration plots were constructed by analysis of working solutions (concentrations of 5, 10, 25, 50 and 75 µg/mL (in vitro) and 5, 10, 50, 75 and 100 ng/mL (in vivo)) of LOR in the mobile phase and plotting concentration against peak-area response for each injection. The calibration curves were linear throughout the whole range tested and described by the equations y = 20.318 · x – 23,775 (R2 = 0.9912) and y = 1083.4 · x + 31.777 (R2 = 0.9957) for the in vitro and in vivo measurements, respectively. Unknown samples were quantified by reference to these calibration plots. Inter-day precision was calculated from results on the calibration sample of 5 µg/mL analysed on 20 consecutive days (n = 5). The mean amount found was 4.98 µg/mL and the RSD value was 2.47%. The limits of detection (LOD) and quantification (LOQ) were determined on the basis of the S.D. of the response (y-intercept) and the slope of the calibration plot. LOD and LOQ for LOR were 0.004 and 0.013 µg/mL, respectively. 500 µL of mobile phase was added to 500 µL of plasma, and this mixture was then centrifuged at 17 000 rpm for 15 min. The clear supernatant was next collected and filtered through a 0.22 µm membrane filter (Millipore). From this solution, a 100 µL aliquot was injected for HPLC analysis. Statistical analyses were performed with Prism 4.0 software (GraphPad, San Diego, CA, USA). Differences in paw oedema between the treatment and control groups were determined by one-way analysis of variance (ANOVA) with the Newman-Keuls post hoc test. The criterion for statistical significance was taken as p < 0.05. An experimental group contained 6 rats. All values are expressed as mean ± S.E.



27



6. Results 6.1. Preliminary studies The results were compared with the data of the CD–free system (see Table 5). The best solubility enhancement was achieved with DIMEB, which resulted in an approximately 300– fold increase in solubility, and accordingly this derivative was used in the further examinations.



Table 5 Effect of CD derivatives on solubility enhancement (25 ºC) c (µg/mL) LOR



solubility enhancement (–fold)



2.43



1.00



+ α–CD



23.69



9.75



+ γ–CD



34.73



14.29



+ Captisola



80.05



32.94



128.14



52.73



+ H–Bu–β–CD



181.69



74.77



+ β–CD



212.02



87.25



+ RAMEBd



496.89



204.48



+ Me–β–CDe



592.62



243.88



+ DIMEB



730.87



300.77



+ HP–β–CDb c



a



sulphobuthylether–β–CD 2–hydroxypropyl–β–CD c hydroxybuthyl–β–CD d random methylated–β–CD e methyl–β–CD b



6.2. Phase–solubility studies A relevant diagram is shown in Fig. 7, the solid line indicates the best linear regression fit of the experimental data. Higuchi and Connors [8, 55] defined 2 main types of diagrams. In general, type A diagram describes the characteristics of the water–soluble CD derivatives, while type B illustrates the properties of the less–soluble natural CDs. In the case of type A, the solubility of the drug raises with the increase of CD concentration. B–type phase–
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solubility profiles reflect the formation of complexes with limited solubility in aqueous medium. Type A has 3 subtypes (AN, AL and AP). The subtype of the present diagram is AL. The most common type of CD complexes is the 1:1 drug:CD complex. The most common assumption is that a slope of less than 1 for a type AL diagram indicates the formation of a 1:1 complex. The stability constant (K1:1) of the complex can be calculated from the slope and the intrinsic solubility of the drug in the aqueous medium (Equation 3). In the absence of DIMEB, the equilibrium water solubility of LOR (S0) was determined to be 0.81 ± 0.14 mg/L. The K1:1 value of LOR:CD complex is very large: 1.48 x 106 M–1. The linear regression coefficient (R2) is 0.9991.



K 1:1 =



slope S 0 (1 − slope)



Equation 3.



Fig. 7 Phase–solubility diagram of LOR and DIMEB
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6.3. In vitro dissolution studies According to the pKa value the solubility of LOR depends on the pH: LOR can undergo protonation on the N of the pyridine ring in acidic media, forming salts with good solubility, so it exhibits good dissolution in acidic medium (e.g. SGM), but dissolves poorly in alkaline medium (e.g. SIM). The presence of DIMEB did not alter the solubility of LOR in SGM: the total investigated amount of the sample was dissolved in the first 5–10 min, independently from the preparation method and the composition. Concerning to the dissolution of DIMEB products in SIM, the rate of dissolution was improved for all of the products, but the extent of this increase depended on the preparation method and the molar ratio. For the 1:1 compositions (Fig. 8), none of the preparation methods resulted in 100% dissolution. The lowest solubility enhancement was observed for the PM (8.7–fold), as expected, as this mode of preparation did not result in a complex generally. The KP and MW furnished similar solubility increase (67.6– and 71.5–fold). However the best enhancement was achieved with the SD (142.9–fold). For the 1:2 and 1:3 preparations (Fig. 9 and Fig. 10) the PM displayed similar results as for the 1:1 product, with only a slight further improvement in solubility (10.26– and 13.7–fold, respectively). For the KP, MW, SD 1:2 and 1:3 products, the whole of the investigated samples dissolved in the first 15 min, i.e. the dissolution in SIM was as good as in SGM. This means that the same good dissolution can be obtained at the extreme pH values of the gastrointestinal tract with the use of these DIMEB products. Accordingly, if the rate–limiting step of absorption was not the dissolution, the permeability would regulate the passage through the membrane. As LOR has good permeability, the application of LOR complexed with a CD such as DIMEB would lead to a greater quantity of drug being absorbed, so that better BA would be obtained.
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Fig. 8 Dissolution of LOR and 1:1 products in SIM
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Fig. 9 Dissolution of LOR and 1:2 products in SIM
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Fig. 10 Dissolution of LOR and 1:3 products in SIM



However LOR SEs did not give much better result in SIM (Fig. 11). The dissolution did not change in SIM, where 1:1 and 1:2 ratios showed worse dissolution compared to the raw drug. In the case of 1:4 and 1:6 product the initial appearance of increased dissolution rate can be explained by the faster dissolution of the amorphous drug and after the rapid dissolution the API recrystallizes. As the SEs did not improve the solubility and dissolution rate of LOR adequately, they were not tested in the further studies.
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Fig. 11 Dissolution of LOR and SE products in SIM
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6.4. Study the effect of the pH on the solubility The defined daily dose of LOR is 10 mg. The solubility of LOR has been reported to decrease with increasing pH [90]. As can be seen in Fig 12 and 13, the applied dose of pure LOR did not dissolve at the pH of intestines, from where it is absorbed. In the acidic range (up to pH ~3) both the 1:1 and 1:2 compositions can provide that the applied dose is dissolved. However with the increasing pH, DIMEB is not able to dissolve the whole quantity, so the BA will not be good enough. According to the dissolution results, PM shows worse dissolution, than KP and SD. By the PM 1:2 product the result is similar to the previous one. In contrast, virtually the whole quantity of LOR dissolved from the KP and SD 1:2 products both in the acidic and alkaline media, so the solubility of LOR became independent of the pH. This clearly suggests an opportunity to ensure smooth dissolution for LOR, thereby achieving better and more uniform BA. In case of the 1:3 products it can be stated the same as by the 1:2 products. As the SEs did not improve the solubility and dissolution rate of LOR adequately, they were not tested in this study. 12
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Fig. 12 pH–dependence of the solubility of LOR and 1:1 products
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Fig. 13 pH–dependence of the solubility of LOR and 1:2 products



6.5. Results of thermal analysis DSC thermograms of LOR and its products are shown in Fig. 14-17. The sharp, narrow endothermic peak in the DSC spectrum of LOR (peak 133.16 oC, normalized melting enthalpy 89.48 J/g) denotes the melting point of the material. The stability of LOR was not affected (no degradation was observed) up to 300 oC. Our DIMEB was amorphous, and there was no thermoanalytical indication at the melting point of LOR, however there was an exothermic peak reflecting the recrystallization of DIMEB at 181 oC (loss in mass was not detected in the TG curve). Above 320 oC, a broad endothermic peak was observed, associated with decomposition of the material. LOR has no moisture content, as concluded from the TG curve. The moisture content of DIMEB is less than 0.5%, as determined from the TG curve and traditional gravimetry after drying in a drying chamber. The moisture contents of the products were also very low, there was no broad endothermic peak under 100 oC (representing the water content).
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Fig. 14 DSC curves of 1:1 products



The results of the 1:1 compositions are presented in Fig. 14. For the PM, the melting point of LOR was seen several degrees lower than of pure LOR (this is characteristic for CD complexes) and the area under the peak was quite proportional to the amount of LOR in the sample. Hence, total inclusion complexes were not formed in the PM product. For the KP and SD samples, no endotherm reflected the melting point of LOR. For the MW and SD samples it is possible that the product becomes amorphous during the preparation method or that total complexation is occurred. For the KPs, similar phenomena could be observed, although there is no possibility for amorphization during the slow drying, accordingly total complexes were formed. In case of all the 1:2 and 1:3 products similar conclusion can be drawn (as shown in Fig. 15 and 16). The PM method did not result in total inclusion complexation. KPs effected total inclusion complexes, MWs and SDs can be amorphous or inclusion complexes. To answer this question, further investigations were performed (FT-IR).
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Fig. 15 DSC curves of 1:2 products
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Fig. 16 DSC curves of 1:3 products



For these products the exotherm due to DIMEB was observed to have moved to lower temperature (about 170 oC). This phenomenon was seen for both KPs and MWs, and it can be stated consequently that applying the MW power did not cause changes in the chemical structure of the LOR molecule.



36



For the PMs the presumed uncomplexed guest (active material) percentages were estimated semiquantitatively from the DSC curves by using the following equation (Equation 4.):



cun =



∆H i × 10 4 ∆H 0 × c



Equation 4.



where cun is the uncomplexed guest %; ∆Hi is the normalized integral value for the product;



∆Ho is the normalized integral value for the active ingredient; and c is the percentage of active ingredient in the product. Table 6 presents the results for the different compositions.



Table 6 LOR + DIMEB PMs complex ratio Uncomplexed LOR % 1:1



40,8



1:2



22,9



1:3



27,7



Based on these results it can be stated that the PM products are partial complexes.



In the case of SEs the DSC curves (Fig. 17) represented no melting point of the drug, except the 1:1 product, where a little shifted endotherm peak appeared at around 133 oC. Due to the preparation method it is expectable to forming an amorphous product which was proved by X-ray powder diffractometry (data not shown). However the 1:1 composition contained a small crystalline phase, as well.
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Fig. 17 DSC curves of LOR, PVP K-25 and SE products 6.6. FT–IR examinations The spectral changes were evaluated by subtraction of the spectrum of DIMEB from the spectra of the samples. The spectra of the products involving different molar ratios and preparation methods did not differ appreciably. The FT–IR spectra of LOR show the presence of the following peaks: 2983 cm–1 (aromatic C–H stretching), 2883 cm–1 (aliphatic C–H stretching), 1703 cm–1 (C=O stretching), 1580 and 1560 cm–1 (C=C stretching), 1474 and 1323 cm–1 (aliphatic C–H blending), 1435 cm–1 (C=N stretching), 1227 cm–1 (C–O stretching), 1117 cm–1 (C–Cl stretching), 831 and 764 cm–1 (aromatic C–H blending) and the FT–IR spectra of DIMEB showed prominent absorption bands at 3424 cm–1 (for O–H stretching vibrations), 2930 cm–1 (for C–H stretching vibrations) and 1159 cm–1, 1086 cm–1 (C–H, C–O stretching vibration). The difference spectra of the PM products were practically identical to the spectrum of pure LOR, indicating negligible interaction between LOR and DIMEB. For the KP, MW and SD samples (see Fig. 18–20), the characteristic C=O stretching frequency (1702 cm–1) was shifted to lower wave numbers, and the typical C–O stretching at 1227 cm–1 was shifted to higher range. These results lead us to assume that the –COO group provides the complex– forming bonds to the outer surface of DIMEB and that complex formation alters the hydrogen–bonded cyclic dimeric structure involving the carboxyl group. During the formation of the inclusion complex, hydrogen–bonds develop between LOR and DIMEB, and the
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inclusion complex can therefore be regarded as co–crystals [103]. A lipophilic part of LOR will probably be attached to the inner surface of DIMEB, like the aromatic rings, but in the FT–IR spectrum of LOR, the characteristic stretching frequencies of these aromatic parts are masked by DIMEB, so these interactions can not be detected with this method.
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Fig. 18 FT-IR difference spectra of LOR and 1:1 products
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Fig. 19 FT-IR difference spectra of LOR and 1:2 products
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Fig. 20 FT-IR difference spectra of LOR and 1:3 products



In accordance with the DSC finding, in the KP products, total complexation occurred, and FT–IR also revealed total complexation for the MW and SD samples. Based on the dissolution, the DSC and FT-IR results it was found that the applied microwave power did not cause any chemical changes in the molecule of LOR, the KP and MW products possess the same characteristic, therefore only one (the KP) of these preparations was investigated in the following studies. On the FT-IR spectra of LOR SEs (data not shown) strong interaction can be seen between LOR and PVP. The PVP presents an apolar medium for LOR, and as LOR is a lipophilic drug, it rather likes to stay in an apolar medium, than to go to the hydrophilic, aqueous medium. As the SE products were not suitable of our aims (did not enhance the dissolution of LOR), other studies were not carried out with these products.



6.7. ESI–MS



ESI-MS is the most promising tool for the characterization of different kinds of hostguest complexes in the gas phase [104]. It can provide evidence of complexation and stoichiometry on the basis of the molecular weights of all vaporized species. The study of host-guest interactions in the gas phase allows the detection of specific interactions not
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necessarily present in solution, thereby giving a complementary picture of the intrinsic phenomena responsible for molecular recognition. Also, there are interpretation ambiguities as concerns the ESI-MS spectra of supramolecular assemblies, e.g. deciding whether the species present in the mass spectra correspond to those present in solution, or they rather result from processes occurring under high-vacuum conditions. Moreover, it is not clear whether the molecular ions observed are real inclusion complexes or only ion-dipole external adducts, i.e. „false positives” [105]. In our particular case, however, a comparison can easily be made with the aid of results obtained from independent solution-phase techniques. The hydroxyl groups of CDs are not easily protonated or deprotonated; ESI-MS analyses are usually carried out in the presence of salts in order to enhance detection. The positive ESI spectra of KP 1:1 and KP 1:2 are reported in Fig. 21 and Fig. 22, respectively. An interesting feature of the ESI-MS binding of the analytes with the CDs is the reproducible loss of water. This water loss is presumed to arise from displacement of water from the CD cavity. Host-guest complexes formed in solution are also stable for characterization by ESI in the gas phase. The ESI of DIMEB with positive ion detection leads to a series of protonated molecules, [M+H]+, at m/z values depending on the number of methyl groups in each individual sugar unit of the CD derivative. The mass spectra reflect the average distribution of the methyl groups of DIMEB. It should be noted that the ion peak at m/z 1331 corresponds to 14



O-methyl



groups



(i.e.



heptakis(2,6-di-O-methyl)cyclomaltoheptaose



to



a



first



approximation) [106]. As expected, the spectrum essentially involved peaks due to singly charged ions of pure LOR [at m/z 383 as (LOR)H+] and pure DIMEB [at m/z 1331 as (DIMEB)H+]. A new signal corresponding to the inclusion complex as a singly charged ion (DIMEB+LOR)H+ is observed at m/z 1730. While the mixtures with different molar ratios (1:1 or 1:2) of LOR and DIMEB were analysed by ESI-MS, only the 1:1 complex was found in all the mass spectra, which suggests that the DIMEB inclusion complex in the gas phase has a certain stoichiometry.
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Fig. 21 ESI-MS spectra of KP 1:1



Fig. 22 ESI-MS spectra of KP 1:2



6.8. DOSY The D value observed in the NMR experiment (fast-exchange condition) is the weighted average of those of the bound and the free guest. The rationale behind the extraction of the bound fraction from diffusion NMR measurements is simple. The host and guest have their own D values in the free state, reflecting their molecular weight and shape. The guest molecules are significantly smaller than CD, and the D values of the bound guests were taken to be equal to that of CD; it was assumed that, for the binding of a small guest molecule to a large host molecule, the D value of the host is not greatly perturbed and that of the host-guest complex can be assumed to be the same as that of the non-complexed host molecule. In the case of a weak or negligible association, the D values of the host and the guest will remain unchanged. For any other case, assuming fast exchange on the NMR time scale, the observed (measured) D values are weighted averages of the free and bound D values [107]. In the 2D DOSY spectra (Fig. 23), the F2 dimension shows the chemical shift and F1 stands for log D. Groups belonging to the same molecule will therefore appear in almost the same F1 row.
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In the molecule of DIMEB, there are =CH2 groups and –O–CH3 groups, which have chemical shifts (δ) in the range 1–5 ppm. In the molecule of LOR, there are aromatic protons which have higher δ values, at about 7–8 ppm. In the DOSY spectrum of KP 1:1, log D is the same for every chemical shift, which is possible only when LOR is complexed in DIMEB, when they compose a unit. If LOR is not complexed, it would diffuse more quickly due to its small molecular weight; it would have a smaller D value. The D value measured for the complex indicates that it is best formulated as the 1:1 complex. For perfect spheres, theory predicts that increasing the molecular weight n-fold should lead to a D value decreased by a factor of n-1/3. Unfortunately, in the absence of welldefined 1H NMR spectra, X-ray crystallographic results or ESI-MS data, assignment of



ppm



logD



absolute stoichiometry to these aggregates is speculative [108].



Fig. 23 Representative DOSY spectra of KP 1:1 (grey) and KP 1:2 (blue) 6.9 PAMPA



LOR is a highly variable drug from the aspect of BA: its absorption depends greatly on the content of the GI tract (fasted or fed state). In the fasted state, different enzymes and natural solubilizers (e.g. bile acids) are released, which help to dissolve the drug. All forms of
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food have their own acidic (e.g. meats, cheese, egg, alcohol, mustard, sweeties, etc.), basic (e.g. potato, carrot, onion, mushroom or coconut) or natural characteristics, which influence the pH in the GI tract, and hence the solubility of this ionizable API. The pH of the stomach is known to differ significantly among individuals and is within the range of 1 to 3 or even higher (1 to 5) under fasting conditions. If undissolved LOR is emptied from the stomach, the absorption rate will be dramatically lower as compared with that in individuals where complete dissolution occurs in the stomach [90]. As LOR is a BCS class II drug, it readily passes through the intestinal wall, with a permeability value of 2.7·10-3 – 4.8·10-5 cm/min [90]. The PAMPA model represents only passive diffusion, and deceptive results can be observed if other mechanisms also play a role in the absorption of the API. LOR is a substrate of P-gp, which hinders its absorption, and thus the BA of this molecule. Figure 24 indicates that LOR has higher permeability than the DIMEB-containing products. The results demonstrate that, if the main force of absorption was passive diffusion, DIMEB would hinder this process. It is possible that the diffusion through this artificial membrane is bidirectional, and therefore the absorbed LOR can back-diffuse to the donor side and become recomplexed by DIMEB. Another explanation is that the stability of the complex is too high, and the association-dissociation balance is shifted to association. There is an observable relationship between the amount of DIMEB and the calculated permeability. The higher the concentration of DIMEB is, the lower the permeability is. This confirms the theory that the association-dissociation balance is shifted to association, and the back-diffused LOR is recomplexed by free DIMEB. The statistical analysis reveals that the differences between the Pe values of LOR and KP 1:1, LOR and KP 1:2, and KP 1:1 and KP 1:2 are significant (p0.05
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