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Abstract

The complexation between water soluble calixarenes and testosterone has been studied. Stability constants of the host gues
complexes of 4-sulphonic calix[n]arenes 4, 6 and 8) with testosterone in water and buffers (pH 5.8, 7.3 and 10.0) were
determined from phase solubility curves. These solubility curves indicated that the complexes were all;ofythe. The

constants were in the range 26—-341N\dependent on the size of the calixarene and the pH of the solutions.

Introduction with these natural cyclodextrins that limited their potential
use in human and animal pharmaceutical products. Despite
Over the last fifty years the chemistry of macrocycles dhis setback investigations into the utilisation of cyclodex-
both natural and synthetic origin has developed dramatitins continues with modified cyclodextrins that appear to
ally. Examples of this class of compounds include the crowrave improved toxicity profiles. It is reported that the FDA
ethers, cyclodextrins, cryptands and calixarenes. The chemat present considering a number of Drug Master Files of
ical properties of these compounds have been employed ipraducts containing cyclodextrins [5].
wide variety of both academic and commercial applications. There are few publications in the literature that describe
The ability of these compounds to form complexes is oribe formation of complexes between drug substances and
property that has been utilised extensively. The crown eth@alixarenes and there are no reports of possible uses of calix-
have found wide application in a range of synthetic chemicafenes as pharmaceutical enabling agents. Parini et. al. [6]
procedures especially in the area of phase transfer catalysiwe described the solid state interaction of steroids with
[1]. In the case of cyclodextrins their complexation propegalixarenes. The calixarenes used in this study were non
ties have been utilised in a range of chromatographic aneter soluble compounds [4-tert-butylcalix[4]arene, 4-tert-
electrophoretic techniques [2, 3]. These compounds hawetylcalix[6]arene, 4-tert-butylcalix[8]arene]. These authors
been employed as mobile phase additives or as stationauggest that co-grinding or co-precipitation cause steroids
phases in TLC, GLC, HPLC and CE. Both achiral and esnd calixarenes to interact via complex formation. Inform-
pecially chiral chromatographic separations have benefitation presented to substantiate these claims include FTIR
tremendously from this use of cyclodextrins. In the casehd DSC evidence. There is a suggestion in the paper
of calixarenes their ion sequestering capabilities have beifat in solution the complexes formed between the calix-
described in a number of patents. The selectivity of caliarenes and the steroids are of low stability, however, no
arenes in terms of ion complexation has been employeddetailed study of the solution complexation was undertaken.
the construction of ion selective electrodes [4]. Higler et al. [7] have described the synthesis of a series
The formation of inclusion complexes and the nature of steroid receptor molecules based on the combination
the complexes has also been widely investigated by the pheircalix[4]arenes with a tetrahydroxy cavitand. These mo-
maceutical industry [5]. Over the last thirty years there havecules were shown to complex several structurally related
been many investigations into the use of cyclodextrins forticosteroids. The present paper describes investigations
drug formulation and delivery. The range of investigationsto the solution complexation of water soluble calixarenes
has covered aspects such as enhanced solubility, stabiityh testosterone.
improvement and dissolution/bioavailability modification.
Many of the early investigations involved, naturally enough,
native cyclodextrins and there are numerous examples of
beneficial complexations in the literature. Subsequently it
was discovered that there were toxicity problems associated
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Experimental of a conventional ODS column and a mobile phase consist-
ing of 25% water/75% acetonitrile. The retention times for
Chemicals testosterone and the internal standard (methyltestosterone)

were 7.3 and 8.5 min. respectively and these compounds
Testosterone was obtained from Sigma. The 4-sulphoniere baseline resolved. For solutions containing the 4-
calix[4]arene, 4-sulphonic calix[6]arene and 4-sulphonigulphonic calixi]arenes the retention times for testosterone
calix[8]arene were obtained from Acros Organics, Belgiunand methyltestosterone were unchanged and the 4-sulphonic
HPLC grade acetonitrile was purchased from Lab Scajalix[n]arenes eluted at approximately 1.5 min. Calibra-
Analytical Services, Dublin. Potassium dihydrogen orthajon curves for testosterone were constructed using peak
phosphate, orthophosphoric acid and disodium hydroggaight ratios [typical equation = 0.22310c + 0.018431;
orthophosphate were obtained from BDH (Poole, Englangf. = 1.000] .
All water was processed using a Millipore-Q Reagent Sys- The solubility of testosterone in water and in buffer solu-
tem (Waters, England). Filtration of HPLC mobile phasegons at various pHs was determined in the absence and pres-
was performed using Gelman FP-450 Filters (Pall Gelmamce of the 4-sulphonic califarenes according to standard

Sciences, Northampton, England). methods. In all cases the concentration of the 4-sulphonic
calix[n]arenes was below the critical micelle concentra-
HPLC determination of testosterone tion [8]. Phase solubility diagrams for testosterone were

constructed from these data and Figure 2 illustrates these
The chromatography system consisted of a Waters 7d@rves for solutions containing 4-sulphonic calix[4]arene,
WISP, a Waters 600E system controller and a Waters 9390%syiphonic calix[6]arene and 4-sulphonic calix[8]arene in
Photodiode Array Detector. Data collection was by meaggter. Corresponding phase diagrams were constructed for
of the Waters Powerline System. The HPLC column wastge experiments conducted with 4-sulphonic calix[6]arene
250 x 4.6 mm Spherisorb 55 ODS 2 column [Supplied by, phosphate buffers at pH 5.8, 7.3 and 10.0 and Table 1
AGB, N. Ireland]. The mobile phase was 25% water/75%etails the results of linear regression analysis of these data.
acetonitrile. The flow rate was 1 mL/min and detectiof|| curves were linear with high'2 values indicatingA
was at 240 nm. Standard solutions containing testosterg Be behaviour [9] with the formation of soluble complexes.
[1-10 ng/mL] and internal standard [methyltestosterone: $he slopes of the curves observed in the regression ana-
ng/mL] dissolved in the mobile phase were injected [2§)sis would indicate that 1:1 complexation was occurring
pL] in triplicate onto the column and a calibration curveyithough the formation of complexes with other ratios is not
constructed using peak height ratios. precluded. Apparent stability constarks were calculated
from the lines according to Equation (1).
Testosterone solubility studies
slope
“ ™ intercept(1-slope)

Solubility measurements were carried out according to 1)
standard procedure. Testosterone (10 mg) was added to
each sample vial and 10 mL of either water or buffefhe calculatedk,. values are recorded in Table 1. The
solutions containing various concentrations of 4-sulphonialculated constants indicate that, in water, #ig val-
calix[n]arene were added. The samples were equilibrated fa¥s increase with increasing numbers of phenyl moieties
72 h at 25°C using a shaking water bath. The samples wewgthin the calixarene suggesting that the size of the cav-
filtered and 1 mL of this solution was mixed with 20 of ity within the calix influences the complexation. Table 1
internal standard solution (methyltestosterone; 280mL) also details thek. values for testosterone in the presence
and diluted to 10 mL. The concentration of testosterone wast the 4-sulphonic calix{larenes at pH 7.3 and also at

then determined using the HPLC method described abo®e7 and 10 for 4-sulphonic calix[6]arene. These data sug-

Each determination was conducted in triplicate. gest that theK,. values vary with pH. Uekamat al. [10]
and Albers and Muller [11] have investigated the compl-
Testosterone solubility curves exation of cyclodextrins and steroid hormones. Uekama

al. [10] demonstrated that witke-cyclodextrin the com-
Testosterone solubility curves were constructed by plottifgexation was of either thel; or Ap type whereas with
testosterone concentration versus caljafene concentra- B- or y-cyclodextrinsBs type behaviour was predominant
tion. From these plots stability constants for the complexithough a small number of the steroids displayed or
ation of testosterone with calixJarenes were determined. A, type solubility curves. Similar observations were also
made by Albers and Muller [11] when they studied com-
plexations withg-cyclodextrin. The complexation between
Results and discussion B-cyclodextrin and testosterone was shown to be ofBhe
type and the solubility limit for the complex occurred at ap-
Following initial investigations a reverse phase HPL@roximately 70ug/mL of testosterone. These authors also
method suitable for the resolution of testosteron@vestigated the solubility curves for a range of steroids with
methyltestosterone (internal standard) and 4-sulphordehydroxypropyls-cyclodextrin. This cyclodextrin is con-
calix[n]arenes was developed. This method involved the usilerably more water soluble than the parent cyclodextrins.
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Table 1. Phase solubility curve data (linear regression analysis) and apparent stability constants

Solution x y r2 K¢ £se
4-Sulphonic calix[4]arene in watbr 0.0031 7x 1075 0.9227 444 4
4-Sulphonic calix[6]arene in watbr 0.0147 8x 1075 0.9977 202:5
4-Sulphonic calix[8]arene in watkr 0.0330 1x10~% 0.9959 355+ 17

4-Sulphonic calix[6]arene in buffer pH 5:8 0.0098  7x 105 09814 144+9
4-Sulphonic calix[6]arene in buffer pH 723  0.0232  7x 105 09734 346+ 39
4-Sulphonic calix[4]arene in buffer pH 723  0.0026  1x 1074 0.9479 264 22
4-Sulphonic calix[8]arene in buffer pH 723  0.0159  1x 104 0.9850 156+9
4-Sulphonic calix[6]arene in buffer pH 16.0 0.0144  6x 105 09573 226+ 27

TSolutions of 4-sulphonic calixjarene in water result in low pHs: for example a 1 mM solution
of 4-sulphonic calix[6]arene has a pH of 2.3.
*Phosphate buffers prepared according to the British Pharmacopoeia 1998 Appendix 1D.

Figure 1. The structures of 4-sulphonic calix[4]arer$, (4-sulphonic calix[6]arene2] and 4-sulphonic calix[8]aren&)

With this compound the series of steroids displaygdor The nature of the complexation between calixarenes and
Ap type solubility curves and in the case of testosterormsts is dependent on a number of factors. Figure 1 de-
solubilities of approximately 10 mg/mL were achieved itails the basic structures of the 4-sulphonic callafenes.
solutions containing 10% 2-hydroxypropgtcyclodextrin. The conformation of the calixarene structures in solution
Using data presented by Albers and Muller [11] it woulds governed by the size of the ring and also by the pH
appear that at a molar concentration of 2-hydroxypropgf the solution. It has been reported that the tetrameric
B-cyclodextrin equivalent to the maximum molar concentraalixarenes exist in the cone conformation, hexamers as
tion of calixarene used in the present study the solubility ¢iie ‘winged or hinged’ conformations and the octamers as
testosterone was approximately eight times greater than thleated loops’ [12]. Arenaet. al. [13] have described 4-
maximum observed in this investigation. Apparent stabisulphonic calix[4]arene as conformationally mobile whilst
ity constants for testosterone/cyclodextrin complexes wefdwood et al. [14] have proposed from X-ray studies that
determined by Uekamat al. [10] as«-cyclodextrin (134) 4-sulphonic calix[6]arene exists in a double partial cone
B-cyclodextrin (7540) angr-cyclodextrin (16500). The val- conformation (Figure 3). The pH of the solution influences
ues forg- andy-cyclodextrin are considerably greater thathe shape of the calixarene in terms of the dissociation of
those observed in the present study for the complexatitre phenolic OH groups and the extent of the hydrogen
between the calixarenes and testosterone. bonding of the hydroxyls. Alvareet al.[15], following mo-
lecular modelling studies, have proposed that at neutral pH
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Figure 2. Phase solubility curves for testosterone in the presence of 4-sulphonic calix[4]arene, 4-sulphonic calix[6]arene and 4-sulphonic calix[8]arene

the equilibrium solubility [as determined by the intercept
of solubility curves] of testosterone were not influenced by
pH. On the basis of the data obtained to date it would seem
likely that the size and the shape of the calixarenes is in-
fluencing the complexation. The 4-sulphonic calix[4]arene
shows very weak complexation (See Table 1) perhaps re-
flecting the fact that the cavity of this species is too small
to fully accommodate the testosterone molecule. Shiekai
al. [17] have estimated that the diameter of the upper rim
of calix[4]arenes as 3.8 A, the calix[6]arene as 5.0 A and
reported that the calix[8]arene diameter to be difficult to es-
timate due to conformational fluctuation. The dissociation

SO; So;

Figure 3. Structure of 4-sulphonic calix[6]aren&)(showing the double gf the hydroxyl groups of 4-sulphonic calidarenes will

partial cone conformation (based on the proposed structure by Atebod

al. [13]). obviously influence the conformation of these compounds.

The reportedp K, values for the phenolic OH groups in 4-
sulphonic calixg]arenes vary considerably and appear to be

4-sulphonic calix[6]arene exists as the octaanionic host affffuenced by the nature of the electrolytes present [18-21].
the most stable conformation is similar to the double partiy SPectrophotometric studies on 4-sulphonic calix[6]arene

cone proposed by Atwooet al. [14] whilst in the hexaan- has demonstrated a red shift in the absorptipn spectrum over
ionic form, with the phenolic hydroxyls fully protonated, ghe pH range 2.0to 13 [22]. The aut_hors attn_bute this shift to
flattened, puckered conformation is adopted. Shikail. "€ intramolecular hydrogen bonding of adjacent hydroxyl
[16] studied the complexation of tetrasodium 4-sulphonROUPS follow_lng dISSOCI.atIOFI. Similar observations for 4-
calix[4]arene with trimethylanilinium chloride in D at pD sulphonic calixglarenes in general were reported [21,]' It,
0.4 and pD 7.3. At the lower pD the calixarene selective%’u_Id therefore appear that, over the pH range studied in
complexes the phenyl moiety whereas at pD 7.3 both tH¥S investigation, there are changes in the hydrogen bonding

pheny! and the trimethylammonium moieties are included pf the calixarene hydroxyls which result in conformational
the cavity in a nonspecific fashion. changesin the calixarenes. These changes are reflected in the

The process of complexation in the case of the ghanging stability constants of the complexes with testoster-
sulphonic calixf]arenes and testosterone, as studied in tH&'€- The variability observed in the Stabl|lt¥ constants of
work, is uncertain. Preliminary proton NMR studies Weréhe complexes_oftes_tosteroneWlth 4-sulphonic callx[6]qrene
inconclusive due to the low solubility of testosterone gD 21d 4-sulphonic calix[8]arene cannot yet be clearly defined.
UV spectroscopic studies were untenable due to the strd%ese“t studies aimed at isolating the calixarene/testosterone
absorption of the calixarenes in the 200—300 nm regigax complexes and further NMR studies using more water sol-
for testosterone being 240 nm. The intrinsic solubility and
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