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Abstract

:

Membrane permeability of copper complexes with potential anti-inflammatory activity were measured using an artificial membrane in a modified Franz cell. Using CuCl2 as the control, all the ligands tested enhanced the diffusion of copper, with enhancement factors ranging from 2 to 7. Octanol/water partition coefficients (log Ko/w) were measured and correlated with the permeability coefficients (Kp). In addition, chemical speciation was used to determine the predominant complex in solution at physiological pH. No correlation was found between the measured permeability coefficients and either molecular weight (MW) or log Ko/w.
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1. Introduction


Rheumatoid Arthritis (RA) is a chronic inflammatory disease, which mainly affects the articulate joints and in severe cases can lead to joint destruction [1]. In the early stages of the disease, serum copper levels are significantly elevated [2,3]. Whether this is causative or a response to the inflammation is unknown, but serum copper levels are a potential biomarker of disease activity in RA patients [4]. Sorenson [5] and Jackson et al. [6,7] have shown that the inflammation associated with RA can be reduced by the subcutaneous injection of Cu(II) complexes. Walker et al. observed that topical applications of an ethanolic Cu(II) salicylate-containing preparation (Alcusal) produces anti-inflammatory effects in human volunteers. A gel-based version is available in Australia [8]. Puranik et al. showed that the copper complexes of non-steroidal anti-inflammatory drugs inhibit acute inflammation in vivo [9].



Dermal absorption is the preferred route of administration for long-term drug therapy because it is slow, tolerable and less painful compared to injection or oral administration. This leads to improved patient compliance. For oral administration, there is the added complication that the stomach pH may affect the drug. The efficacy of the dermal absorption route, however, depends on the ability of the drug to pass through the skin. Hostynek and Maibach have reviewed the interaction between copper and the skin [10]. Preliminary dermal absorption studies have been performed on some of the copper complexes using Cu-67 and BALB/c mice [7,11,12,13]. However, these studies are expensive, time consuming and require ethical approval. For the rapid screening of different copper complexes, an efficient model of dermal absorption is needed. Since Flynn [14] proposed the use of physicochemical properties to predict skin permeation, several experimental and theoretical models have been proposed [15,16,17,18]. Much of this work have been based on immobilized artificial membranes [19]. Meanwhile, the skin is composed of three main layers with the outer layer—the epidermis—being the main barrier to dermal absorption. The difficulty is to find an artificial mimic of this layer. Cerasome 9005 is a mixture of lipids similar to those found in the stratum corneum. Krulikowska et al. [20] found a 95% correlation between the penetration coefficients of porcine skin and Cerasome 9005. For this reason, Cerasome has been used in this study.




2. Results and Discussion


The ligands used in this study were chosen because they have been investigated as potential anti-inflammatory copper(II) drugs [7,11,12,13,21]. Figure 1 shows the structure of some of the ligands. Figure 2 shows the results for the diffusion of several copper complexes, over 24 h, through an immobilized Cerasome membrane. For each complex, there was a slow induction period (8 h) before a steady state flux was obtained. From the slope of the curves, the steady state flux and the permeability coefficients, Kp, were calculated (Table 1). The use of Kp is now encouraged [22] although it has been criticized [23].



The increased uptake of Cu(II) in the presence of amino acids is in agreement with previous results obtained with Ehrlich ascites tumor, brain, liver and kidney cells [24,25,26]. The Kp of Cu(II) complexed to alanine (6.31 ± 0.01) × 10−6 cm/s and glycine (5.79 ± 0.04) × 10−6 cm/s are comparable to values found by Mazurowsky for the same complexes (alanine (1.90 ± 0.16) × 10−6 cm/s; glycine (1.62 ± 0.06) × 10−6 cm/s) [24,25,26]. Mazurowsky used liposomes as a model membrane, with potassium phosphate buffered at pH 7.4 as the acceptor phase.



CuCl2, was included in the results as a control. The copper CuCl2 experiments were performed at pH 4.23 since, at pH 7 and the concentrations used, Cu(OH)2 would precipitate. Our results show that the ligands used were able to keep Cu(II) in solution at physiological pH and increase the rate of diffusion of copper through the membrane. From Equation (1), these resulted in an enhancement factor (EF) which can be calculated to provide the relative effect of the ligand upon Cu(II) diffusion through the membrane. The EF ranged from 2 for dtpa to 6.8 for H(555N) (Table 1).


  E F =    K  p  (  C u  (  I I  )  − l i g a n d  )       K  p  (  C  u  2 +    )       



(1)







2.1. Partition Coefficient


Table 1 lists the partition coefficients (log Ko/w) of the different Cu(II) complexes, measured at room temperature and a physiological pH of 7.00. Cu-gly and Cu-H(555-N) have the highest lipophilicity to the other complexes studied, although none of the complexes are very lipophilic. Zvimba has suggested that, for reasonably absorption, a log Ko/w of at least 0.6 is needed [27]. The negative values of log Ko/w found in our study indicate that these complexes are largely hydrophilic.




2.2. Data Analysis


One aim of this study was to derive a simple relationship between permeability coefficient and another more easily measured physical parameter of copper complexes, such as Ko/w or molecular weight (MW). Hence, it is necessary to know the MW of the complexes. For organic molecules, this is relatively easy, but for labile inorganic complexes such as copper, the speciation and, hence, MW changes with pH. In this study, we have used measured equilibrium constants [7,8,9,10,11,12,13,21] to calculate the speciation of the different complexes in solution. This is illustrated in Figure 3, which shows the concentration of the copper species as a function of pH. At pH 7, copper is 100% complexed to dtpa (Figure 3a), but with PrDH, the copper is distributed between two main complexes of different stoichiometry, [Cu(PrDH)(H2O)3] (12%) and [Cu(PrDH)(H2O)3H−1] (60%) (Figure 3b). An added complication is that the number of coordinated water molecules is not specified by the equilibrium constant. However, in this study, we have assumed that the copper is 6-coordinate with any vacant sites occupied by water molecules. The resultant stoichiometries and MWs are given in Table 1.



Linear regression analysis of log Kp against log Ko/w presented an R2 of 0.49, while log Kp versus MW presented an R2 of 0.35. Consequently, for these compounds, there is no correlation between log Kp and either log Ko/w or MW.



Potts and Guy [17] have proposed a quantitative structure–permeability relationship model (Equation (2), which depends upon both the size of the drug (MW) and Ko/w.


Log Kp = log (D0/h) + f log Ko/w − β′ MW



(2)




where, h is the membrane thickness; D0 is the diffusivity of a hypothetical molecule of zero molecular weight; f is a constant which accounts for the difference between the membrane lipids and octanol; β’ converts molecular volume to molecular weight.



Multiple linear regression of log Kp, log Ko/w and MW presented an R2 of 0.53. Thus, these two parameters on their own are poor descriptors of log Kp and indicates that only 53% of log Kp is explained by log Ko/w and MW. This is not surprising as the different copper complexes have different charges, which would affect their diffusivity. Even though the correlation was poor, values were obtained for β’ (0.01), log (D0/h) (−17.4) and f (−2.7). Flynn [14,22] found that the values of β’, Log (D0/h) and f for 90 drugs were 0.0061, −2.72 and 0.71, respectively. The diffusivity of these charged complexes would be expected to be much lower, as was found, but that f should be similar as the charge of the complex should have the same effect on partitioning for both octanol and the membrane. Thus, for labile metal complexes, factors other than size and partition coefficient are important.





3. Materials and Methods


CuCl2.2H2O, glycine (gly), ethylenediaminetetraacetic acid (edta), alanine (ala), diethylenetriaminepentaacetic acid (dtpa) and homopiperazine (homop) were obtained commercially. Ligands, N,N′-di(aminoethylene)-2,6-pyridine-dicarbonylamine (PrDH), N-[2-(2-aminoethylamino)ethyl]picolinamide (H(555)-N) and N,N′-bis[aminoethyl]propanediamide (6UH) (Figure 1) were synthesized in our laboratory [7,12,21]. Cerasome (product name: Cerasome 9005) was kindly donated by Lipoid GMBH (Ludwigshafen, Germany). Cerasome 9005 is composed of hydrogenated lecithin, cholesterol, ceramides (NP and NS) and fatty acids (palmitic acid and oleic acid) in distilled water with ~10% ethanol as a preservative. The concentration of total lipids is 6.60 g/100 g. The particle size and pH value of Cerasome, offered by Lipoid GMBH, were 48.1 nm and 7.3, respectively. Cerasome was stored between 15 °C and 25 °C, as recommended in the product information sheet. A comparison of the structure of Cerasome 9005 and the stratum corneum is detailed in Figure 1 of [28].



10 mM or 5 mM solutions of the copper complexes were prepared from CuCl2.2H2O and the different ligands in MilliQ-water. The pH of the solutions was adjusted to 7.00 using concentrated NaOH or HCl. Different metal/ligand ratios were used contingent upon the ligand so as to avoid the formation of precipitate. In order to avoid precipitation of copper hydroxide, a pH of 4.23 was used for the CuCl2 control. This was the highest pH that could be used and still avoid precipitation.



The artificial membrane was made using filter paper (Macherey-Nagel) of 3.2 cm2 diameter and thickness 0.12 cm. The filter paper was submerged in the Cerasome 9005 lipid solution for a few minutes at 25 °C and then weighed. The amount of lipid absorbed was determined by mass difference and was typically 0.0131g with variability ≈ 7%.



Figure 4 shows a modified Franz cell consisting of two 50 cm3 cylinders connected through a sintered glass membrane. This arrangement had the advantage that samples could be removed for analysis without disturbing the hydrostatic pressure. Each solution could be stirred and the whole apparatus was placed in a temperature-controlled environment. The disadvantage of this apparatus, relative to the Franz cell, is that the donor and receiver phases could not be independently thermostated. Each experiment was repeated 3 times.



The shake flask method was used to measure partition coefficients where the organic phase was 1-octanol pre-saturated with water [29]. An amount of 40 mL of 1-octanol was mixed with 10 mL of the aqueous complex solution and shaken for 5 min. Afterward, 1 mL of the aqueous layer and 38 mL of the organic layer were removed using micropipettes. The copper in the organic layer was back-extracted using 5% v/v HNO3. The concentration of copper in the two layers was measured by atomic absorption spectroscopy (AAS) using a Varian AA-5 spectrometer. The instrument was calibrated in the 1–15 ppm range and sample concentrations were adjusted accordingly. The spectrometer settings used were as follows: 3 mA (copper lamp), 1.5 units/70 kPa (acetylene), 350 kPa (compress air), 324.7 nm (wavelength), 2 s (time), abs. exp. factor (1) and 0.03–10 μg/mL. The analytical standard deviation was found to be <1%.



Analysis of Data


Permeability coefficients (Kp) were determined from Fick’s first law of diffusion (Equation (3)) [22,23]:


   K p  =  J   C i     



(3)




where Ci is the initial permeant concentration in the donor solution and J is the mass passing through unit area of the membrane per unit time and is given by:


  J = −   d M   S . d t    



(4)




where J = flux in g/cm2s; S = cross-section of barrier in cm2; and dM/dt = rate of diffusion in g/s.





4. Conclusions


In this study, we have demonstrated that a simple artificial membrane, Cerasome, in a modified Franz cell, can be used to study the diffusion of copper complexes. In addition, we showed that simple ligands can be used to enhance the membrane permeability of copper. However, the partition coefficient and/or molecular weight cannot be used to predict tissue permeability.
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Figure 1. Schematic diagram of some of the ligands used in this study: N,N′-di(aminoethylene)-2,6-pyridine-dicarbonylamine (PrDH), N-[2-(2-aminoethylamino)ethyl]picolinamide (H(555)-N), homopiperazine (homop) and N,N′-bis[aminoethyl]propanediamide (6UH). 
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Figure 2. Concentration vs. time of Cu(II) in receiver phase after passing through a Cerasome 9005 membrane at 25 °C. The error bars represent the standard deviation in the concentration. 
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Figure 3. Species distribution curves for (a) Cu(II)/dtpa and (b) Cu(II)/PrDH. The stoichiometry of the complex is denoted by MHL, where M = Cu(II), L = dtpa or PrDH and H = H+. 
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Figure 4. Modified Franz cell apparatus used in this study, where: (1) donor phase filled with 20 mL of Cu(II) complex; (2) receiver phase filled with blank solution (distilled/deionized water; (3) the artificial membrane; (4) passive diffusion direction; (5) clamp; (6) stirrer bar; (7) magnetic stirrer; and (8) burette stands with clamp. 
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Table 1. Diffusion and distribution coefficients of different copper complex species present in solution at pH 7.0. Copper concentration was 20 mM.
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	Formula
	Cu:L Ratio
	−log(Kp)
	−log(Ko/w)
	MW
	EF





	[Cu(gly)2(H2O)2]
	1:2
	5.79
	2.66
	249.5
	5.2



	[Cu(Homop)(H2O)4]
	1:2
	5.63
	3.48
	300.2
	5.1



	[Cu(6UH)(H2O)2]
	1:2
	6.05
	3.02
	287.5
	5.4



	[Cu(H(555N)) (H2O)2]
	1:1
	7.60
	3.00
	308.5
	6.8



	[Cu(PrDH)(H2O)2]
	1:1
	2.28
	3.45
	350.5
	2.0



	[Cu(edta)]
	1:1
	6.49
	3.07
	351.7
	5.8



	[Cu(dtpa)]
	1:1
	2.17
	3.62
	451.9
	2.0



	[Cu(H2O)6]
	-
	1.11
	-
	171.5
	1
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