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Abstract

The chromatographic behaviour of host—guest inclusion complexes was studied, in order to predict the optimal conditions for their accurate
analysis and overcome the significant analytical errors generated by the presence of cyclodextrins. Complexes of tolfenamic acid and ketoprofe
with B-cyclodextrtin BCD), 2-hydroxypropylgCD (HPBCD) and methylBCD (MeBCD) prepared in different molar ratios, were studied.

Since the drug release from cyclodextrins’ complexes is a prerequisite for its accurate quantitation, several parameters affecting tha dissociati
during the analysis were evaluated. In an attempt to explain the drug release mechanism from cyclodextrins, during HPLC analysis, the possib
correlation of the NMR structural findings with the binding constants and the thermodynamic quantities of complexation were examined,
in relation to their chromatographic behaviour. Finally, the presence of the solvation spheres around the supramolecules, which affect th
complex stability, is suggested to be crucial for our chromatographic findings. Particularly, entropy change in the system is considered the
most critical factor, determining the time required for dissociation of drug—cyclodextrin complexes, during drug quantitation.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction incomplete interpretation of the observed phenomena
during the analysis of drug—CD complexes or stereoselec-
The stability of drug—cyclodextrin (drug—CD) complexes, tive analyte—selector interactions. The quite autonomous
as a binary equilibrium, is extensively investigated and most drug—CD binary interactions can be affected by the pres-
studies focus on the binding constalt) and the related  ence of other components, which consist part of multiple
thermodynamic parametersAC,, AH, AS and AG). equilibria. In detail, supramolecular chromatography can be
Nevertheless, the chromatographic behaviour of complexescharacterized not only by the classical interactions between
remains unpredictable. It is difficult to find information about the solutes, the stationary phase and the mobile phase
multicomponent systems with several coexisting equilibria, components but also, by further interactions of all the above
such as chromatographic systems including host—guestwith the complexed guest and free host molecules.
complexes. Interactions involved in these systems can be hy- In such a system, the addition of any interfering compo-
drophobic, electrostatic, hydrogen bonds, etc. and contributenent can modify the already existing equilibrium. As a result,
to the thermodynamic profile of the host—guest system. significant differences in the adsorption, partitioning and ex-
Several parameters, which are considered to be significantclusion phenomena arise and the overall chromatographic
for chromatographic separations, e.g., ionic interactions behaviour changes.
and lipophilicity, have been extensively studied in the Cyclodextrins are known to alter the absorptivity of guest
literature. However, the well known rules, that gener- moleculed1-4]therefore, analytical methods that are based
ally govern the chromatographic performance, provide on the spectrophotometric data, present accuracy problems
[5—7]. These inaccuracies have generated the need for spe-
mpon ding author. Tel.: +30 210 7274520/7274822; cific analytical methods ab_le to determine the.drugs as free
fax: +30 210 7274747/3625332. molecules. The results derived from our experiment are pre-
E-mail addressvyza@pharm.uoa.gr (E. Antoniadou-Vyza). sented inTable 1
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Table 1
Relative errors (%) for ketoprofen and tolfenamic acid CD complexes cal-
culated during UV analysis

Drug—CD molar ratio Relative errors (%)

BCD MeBCD HPBCD
Tolfenamic acid
1:0.5 +10 - -21
1:1 +16 +0.8 -
1:2 +31 +16 +18
1:6 —-24 -39 -31
1:10 —6.8 —4.7 —55
1:20 -7.8 -84 —6.3
1:40 —-110 —147 —8.6
Ketoprofen
1:1 +161 +4.6 +37
1:2 +376 +0.7 -12
1:40 +208 -8.6 -51

The purpose of this work was to investigate the chro-
matographic behaviour of host—guest complexes. Two
widely prescribed non-steroidal anti-inflammatory drugs,
tolfenamic acid (TO) and ketoprofen (KT), with struc-
tural similarities were selected and their complexes with
BCD, 2-hydroxypropylsCD (HPBCD), and methyBCD
(MeBCD) were prepared and studied in mixtures containing
different drug—cyclodextrin molar ratios. During drug
quantification with a common HPLC methd®,9], the
measured analytical relative errors for TO and KT varied
from +3.1 to —14.7% and from +37 to—8%, respec-
tively (the relative error (%) of the method is defined as
E% = (E//u) x 100 =[(;— u)/u] x 100, wherex; is the
calculated concentration of the drug apdthe theoretical
concentration).

Our previous investigations, which resulted in specific
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samples collected during the phase solubility experiments.
K¢ values, characterizing the prepared drug—CD complexes,
were determined over a wide range of temperatures. From
the comparison of the 26 calculatid values it can be con-
cluded that they provide insufficient information to explain
the observed differences in the dissociation characteristics
and to predict the necessary sample handling for an accurate
analysis.

For better understanding the decomplexation mechanism,
the thermodynamic quantities of complexatidxH andA S
were calculated with the aid of van’t Hoff plots. Furthermore,
in an attempt to find a rational explanation for the diverged
properties among the prepared complexes, their structural
features were studied B\H NMR spectroscopy techniques
and the effect of the supramolecular structures on the chro-
matographic performance was, then, interpreted.

2. Experimental
2.1. Chemicals

Tolfenamic acid [3-[(3-chloro-2-methylphenyl)amino-
benzoic] acid and ketoprofenR 3-benzoyle-methyl-
benzenacetic acid] were supplied by the courtesy of ELPEN
Ph. (Athens, Greece). KT was used as a racemic mixture of
the two enantiomerfCD, randomly methylatefCD and 2-
hydroxypropyl8CD (molar degree of substitution 0.8) were
purchased from Sigma (St Louis MO, USA). HPLC grade
methanol and water were purchased from Carlo Erba (Mod-
ena, Italy). The mobile phases were vacuum filtered and de-
gassed through 0.4Em pore PTFE membranes with the aid
of the Millipore filtration system, from Millipore (Milford,
Massachusetts, USA). The buffers, used during the develop-

HPLC method$5-7,10] demonstrated that the extentofdrug ment of the methods, were prepared with phosphate salts.
release from the drug—CD complexes before detection, canDeuterated solvents were obtained from Merck (Darmstadt,
be considered a crucial parameter, as the not dissociated fracGermany). The extraction cartridges, employed for solid-
tion of complex causes the detected errors. In order to achievephase extraction (SPE) technique were 3 ml/500 mg isolute-
drug release from CDs’ cavity, complexation thermodynam- NH2 (amino propyl, IST, UK).
ics must be altered in such a way that the binding of any
competitive compound to CDs is favoured and the drug’s in- 2.2. Equipment
clusion in the CDs’ cavity unfavoured.
In the case of TO-CDs complexes the drug was released2.2.1. HPLC
before the detection, by modification of the HPLC conditions Experiments were carried out using a Waters high-
[5]. Onthe contrary, in the case of strongly bound complexes, performance liquid chromatograph (Alliance 2690 Separa-
like KT-CDs, achemical reagent, e.g., 1-adamantanol, which tion Module), equipped with a photodiode array detector, a
shows better binding affinity towards the CD cavity, must be constanttemperature oven and an autosampler. Millenium 32
used as displacer of the included dfag]. was used as software facility. The chromatographic columns
Therefore, several parameters affecting the release fromwere: a Spherisorb ODS2 125 mm.0 mm (5um particle
the CDs complexes, during the analysis, were evaluated. Thesize) and a LiChrospherig150 mmx 4.6 mm (1Qum par-
effect of complexes’ structure on the dissociation time, in ticle size), both purchased from MZ (Mainz, Germany).
relation to the relative magnitude of thermodynamic param-
eters was interpreted by evaluating the chromatographic be-2.2.2. SPE
haviour. For the extraction of KT, IST Vacmaster (International
Specific RP-HPLC methods, for the quantitation of the Sorbent Technology, UK) was used and the glass chamber
free drug molecules, were applied for the analysis of the was vacuum controlled via manometer. The pressure was
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regulated to 0.5 bar as to achieve a constant flow rate ofand 40 mM phosphate buffer pH 8.0 (40:60, v/v), the flow
1.0 mImin L, rate was 1.0 mI min! and the detector wavelength was set at
260 nm.
2.2.3. H NMR spectroscopy
'H NMR spectra were recorded on a Brucker DRX 33 phase solubility experiments
400 MHz spectrometer. The probe temperature was regulated

at 298 K. All chemical shifts were related to external stan- Phase solubility experiments were performed according
dard sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) tg the technique described by Higuchi and Connjdrs.
1% (w/w). The two-dimensional (2D) rotating frame nuclear |n saturated aqueous mixtures of TO and KT, appropriate
Overhauser effect spectroscopy (ROESY) spectra were ac-amounts of all the CDs studied, were added. The final concen-
quired with 256 number of scans and mixing time 250 ms at trations of CDs varied from 5.4 10~ M to 141x 104 M
transmitter attenuation 65.0 dB. in TO mixtures and from 5.6 103M to 200x 10~3M
in KT mixtures. Ten to twelve mixtures were prepared
for each experiment. The mixtures were shaken in a con-

3. Methods stant temperature bath at various temperatu#8.5°C)
) for up to 3 days and aliquots of the equilibrated samples
3.1. Preparation of the complexes were filtered in vials already stored at the same tempera-

ture. Accurate volumes of the filtrate were diluted to the

For the preparation of the drug-CD complexes aliquots desired concentration range, before being injected into the
of two aqueous solutions, containing around 39805 M chromatograph.

KT and 1.88< 10 %M TO, respectively, were mixed
with solutions containing appropriate quantities RED,
HPBCD and M@CD in order to obtain final solutions
of drug—cyclodextrin molar ratios 1:1, 1:2, and 1:40. The
concentration of KT in the final solutions was around
1.97x 10°>M and of TO around 1.6% 10~* M.

The inclusion complexes of TO witRCD, HP3CD,
and MCD were stirred at constant temperature until
equilibration. The complexation process with pfeD and _ St — So _ slope
HPF»CD was comple(';ed faster than Iwi[th:D. Correr?plc()nd— ¢ So{[CD], — (S: — So)} ~ So(1 — slope)
ingly KT-MeBCD and KT-HRBCD solutions were shaken at . - o
constant temperature for only 24 h, instead of 7 days neededWhereS‘ Is the solub|I|ty. of the comple><S() the squb|I|ty. .
for the equilibrium of KT8CD to be reached. In all cases of free drug cor.respondlng to thg intercept of the solubility
the achieved equilibrium was determined by measurements‘é)gs’ and [CDY is he concentration of the non-complexed
with UV Spectroscopy.

3.4. Determination of the binding constants

The binding constants of the studied complexes, in aque-
ous solutions, were calculated from the slope and the intercept
of the linear part of the phase solubility diagrafh], using
the following equation:

TheK. values were also determined at 25, 30, 37, 45, and

3.2. High-performance liquid chromatography methods 52°C.
3.2.1. Tolfenamic acid 3.5. Determination of thermodynamic quantities
The HPLC conditions applied for TO quantitation were _
as follows: the column was a in LiChrospher Gg The enthalpy and entropy changes of complexatithl (

150 mmx 4.6 mm regulated at 3@, the mobile phase con- ~ and AS), for the studied CD complexes of TO and KT
sisted of methanol and 40 mM phosphate buffer pH 32 were determined from the van't Hoff pIOtS. TheN@ val-

(90:10, V/v), the flow rate was 2.0 ml mih and the detector ~ Ues were plotted versusTl/The AH quantities were calcu-
wavelength was set at 286 nm. lated from the slope and Sfrom the intercept of the derived

plots.

3.2.2. Ketoprofen

The complex samples were pre-treated with 1-adaman-3.5.1. 1H NMR spectroscopy
tanol, which was used as a competitive agent. Then the TheH NMR spectra of KT were recorded in mixtures
samples were loaded on SPE amino-propyl cartridges of 9.96 ml 99.8%?H,0 and 4Qul NaO’H 40%.H NMR
and free KT was extracted. Further details on the method spectra of TO were recorded in mixtures of 9.9 ml 99.8%
can be found in our previously published wdidQ]. The 2H,0 and 1Qul of 99.5 NaGH 40%.
extracts were analysed with a routine HPLC method for KT For the self-titration experimenf$2], KT and TO sodium
determination. The HPLC conditions were as follows: the salt solutions were prepared. The concentration of the first
column was a pum Spherisorb ODS2 125 mr¥.0 mm KT solution was 0.5< 10-3M and was increased stepwise
regulated at 50C, the mobile phase consisted of methanol up to 5.8x 10~3 M. Totally, 10-12 solutions were prepared.
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Likewise, the concentration of the 10 TO solutions ranged Ad = 6free — Scomplex These results evidenced the drug—CD

from 0.5x 107 3M t0 3.77x 1073 M. complexation, while the corresponding data from ROESY
spectrafacilitated the description of the supramolecular struc-
ture.

4. Results The following findings supported the complexation as

well: the peaks corresponding to H-3 and H-5 of TO appear
In the course of our studies, in the field of supramolecular overlapped in the presence of equimolar quantities of TO and
non-covalent interactions—7,10] we focused on coexist- BCD. Strong upfield displacement of H-3 was caused by a
ing equilibria, which determine the drug release from CDs threefold increase of CD concentration. Furthermore, the pro-
during the chromatographic analysis. In order to predict the tons H-4 and H-8 of free TO appeared as multiplet, whereas
optimal conditions for the HPLC analysis, the parameters af- in the presence @§CD as separate peaks.
fecting the extent of complexation/dissociation pattern were  Although shielding effects were expected due to molec-

investigated. ular encapsulation, the measured changes of chemical shift
values for most TO protons revealed a strong deshielding
4.1. The binding constants:Kf the complexes effect upon complexation with CD. This rather unexpected

phenomenon can be interpreted by the possible dissociation

In order to quantitate the complexation affinity of TO and ©f TO dimers. The dimerization phenomena of TO were
KT Comp|exes with different CDS, their apparent b|nd|ng studied through 1BH NMR self-titration experiments. The
constantsK.) at various selected temperatures were deter- dimers’ formation induced strong shielding displacements of
mined by phase solubility experimentgaple 2 and com- TO protons due to magnetic anisotropic phenomena caused
pared to the chromatographic data. by the neighbouring aromatic rings. The aromatic protons dis-

It can be suggested that the determined binding constantsPlacements 46 =é37.7— 65.0) detected, ranged from0.13
K, listed inTable 2 provide insufficient information for un- ~ to —0.46 ppm. Strong upfield shifts were observed also for
derstanding the drug release properties and the detected anlO methyl group protonss = —0.29 ppm).
alytical errors. Complexes having similig values showed Upon complexation with CDs, dimer formation is not
different behaviour in the Chromatographic system. These favoured since their volume does not allow insertion into
differences cannot be explained without the knowledge of the CD cavity. Therefore, the strong deshielding effect due to
the Complexes structure and the thermodynamic quantitiesdimer dissociation overrules the Sh|e|d|ng effects caused by
involved. inclusion in the CD cavity.

It is noteworthy, that during all the experiments in the
presence of CDs, cross peaks appear between TO H-3 and
the protons of its methyl group. This reveals that the confor-

In an attempt to elucidate the dissociation pattern occurred m_atlon prese_nted iRig. 1B is fayoured upon comp_lexatlon
during the analysis, the structural features of TO and KT com- With CD. During the complexation process, TO dimers un-

plexes with different CDs in aqueous solutions were studied dergo forced dissociation causing a deshielding effect to the
with 1D *H NMR and 2D ROESY experimen&3,14] involved protons. A supporting finding was that only H-3 of
' TO appears to be shielded upon complexation because of the

neighbouring methyl group effect.

4.2. The proposed supramolecular structures

4.2.1. Structure of tolfenamic acid—CD complEig( 3):

4.2.1.1. 1DH NMR. One-dimensionalH NMR Spectra

of TO solutions containing different CDs, presented signifi-
cant chemical shift changes, which depend on the CD deriva-
tive chosen. They ranged fror = 0.06 to 0.33 ppm, where

Table 2
The apparent binding constarits of ketoprofen and tolfenamic acid com-
plexes, with various CDs, in different temperatures

Host Guest Ratio K¢ (M~1)2
25°C 30°C 37°C 45°C 52°C
BCD TO 11 460 296 235 184 —

HPRCD TO 1:2 478 226 110 52 -

MepCD TO 11 156 81 74 42 - :

BCD KT 11 386 372 369 365 352 ©) s 4 5
HPBCD KT 1:2 - 1496 1293 551 247

MeBCD KT 11 4636 2760 2701 2078 1427
B Fig. 1. Structures and numbering of tolfenamic acid anion in two confor-
a According to the results of phase solubility experiments. mations (A and B) and ketoprofen anion (C).
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Fig. 2. Partial 2D ROESY spectrum of tolfenamic a@D complex, in aqueous solution, with molar ratio 1:3.

4.2.1.2. 2D'H NMR. The 2D ROESY spectra of TBED corresponding to methyl group protons were also found to be
1:1 ratio Fig. 2) revealed cross peaks of all TO protons, shielded and the calculatexs (35,75 — do.5) was 0.03 ppm.
except H-5 and H-6, with H-3 and H-5 8CD cavity. In the
case of 1:3 ratio, peaks of TO protons seem to have better4.2.2.2. 2D'H NMR. An interesting finding from ROESY
resolution. Protons H:4and H-5 produce cross peaks only  experiments of KTBCD complex is the homomolecular
with H-5 of CD cavity (narrow side), while H:6H-3 and H-4 cross peak between KT protons Hetd H-2, implying the
show cross peaks with both H-3 and H-53€D. It can be existence of KT dimers, which do not dissociate upon com-
suggested that, the molecule enters CD from the secondaryplexation. From the ROESY experiments of drug—CD com-
end and that, H-5 and H-6 protons of TO probably remain plexes the observed supramolecular interactions were stud-
outside the cavity, as they present no interaction with the ied in connection to the homomolecular interactions of KT
internal CD protons. dimers.

Furthermore, the rotation of ring A around the bond with In the spectra of KTRCD 1:1 ratio Fig. 4), KT protons
the nitrogen atom can be hindered by the limited space avail-H-6, H-4 and H-5 produced cross peaks with H-3 and H-
able inside the CD cavity. Intramolecular hydrogen bond is 5 of BCD, while H-4 and H-5 presented cross peaks only
formed between the two functional groups of TO, which does with H-3 of BCD. Therefore, it could be concluded that, KT
not seem to be hindered by complexation, whereas the par-
ticipation of these groups in intermolecular interactions with
CD should rather be excluded. A similar case is described for
mefenamic aci@15].

All the abovementioned results demonstrate that the
formed inclusion complexes are of 1:1 stoichiomekig( 3),
but 1:2 stoichiometry cannot be exclud&fl From the NMR
study of TO-HBCD and TO-M@CD, more shallow com-
plexes of the same orientation can be concluded, which are
not shown for brevity reasons.

O

4.2.2. Ketoprofen—CD complexes

4.2.2.1. 1D*H NMR. The peaks attributed to free KT to

aromatic protons appeared overlapped and a more detailed

assignment was facilitated by the presenc@@D, where

the peaks appeared separated and easier to distinguish.
With the aid of 1D'H NMR self-titration experiments,

dimerization effect was proven for KT. Concentration depen-

dent, shielding effects of the aromatic protons region were

detected L(;g =8578— 809.51=0.06—0.09 ppm). The signals Fig. 3. The proposed structure of tolfenamic a@@b complex.
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Fig. 4. Partial 2D ROESY spectrum of ketoprof@&D complex, in aqueous solution, with molar ratio 1:1.

molecules penetrate into the CD cavity from the secondary
side. The reason that H-df KT provides no cross peak with
H-5 of theBCD could be that, this part of the molecule exits
from the primary end of the CD and remains in contact with
the solventFig. 5).

An interesting assumption about the structure of KT
dimers is, also, that the H-2 proton of KT lies outside the
cavity, interacting with H-3of a second KT molecule. This
inter-molecular interaction between KT protons Had H-2
may well explain an edge-to-face (T-shaped) dimer structure,
but certainly not a face-to-face structure. Therefore, the sec-
ond KT molecule may be located vertically (or by angle) to
the level of ring B of the inserted KT molecule as well as ring
B of the second KT molecule can retain its free-rotating abil-
ity. T-shaped dimers are characterized as low energy level
structures and are therefore quite stable. The vertical posi-
tion of the second KT molecule stabilizes also the whole
supramolecular assembly. The presence of CD molecules
does not seem to interfere with the KT dimer formation or
dissociation (spectral data).

In addition, the peaks ascribed to the KT aromatic pro-
tons, in KT-HBCD and KT-MgCD spectra, appeared at
different magnetic field values than those of BIGD com-
plexes. Nevertheless, the observed cross peaks revealed more
shallow complexes of the same orientation. Fig. 5. The proposed structure of ketoprofBGD complex.
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5. Discussion Table 3
Thermodynamic quantities of complexation calculated from various CD
complexes of tolfenamic acid and ketoprofen

5.1. Correlation between the complexes

chromatographic behaviour and intermolecular CD Tolfenamic acid complexes Ketoprofen complexes
interactions AH2 AS AH? A
_ o BCD -817 -1544 —363  +094
Two complexes having simildfc, as revealed from our  MepcD -1230 -3110 —564 232
repeated experiments, may dissociate at different time pe-HPBCD —1890 5180 —2124 5383

riods and under different conditions. A rational explanation  a kcaimor (1 cal=4.1868J).

for this phenomenon can be the dissimilar absolute values of ® kcalmortK-1,

their formation k1) and dissociationk(_1) rate constants, as

K. expresses only thie/k_; ratio. From this equation it can  shift of the equilibrium towards free KT, suggesting that hy-

easily be concluded that the saiigvalues can arise from  drophobic interactions were present.

rate constantsj of enormously different magnitude. It is noteworthy that, KTBCD complexes were the most
The nature of intermolecular non-covalent binding forces difficult to dissociate in comparison to all the other CD com-

between host and guest molecules could be the factor de-plexes studied. This can be probably due to the presence of hy-

termining the chromatographic behaviour of the generated drophobic interactions that stabilize better these complexes.

complexes in a given environment and might vary with any

alteration of the analysis condition. It is expected that by 5.2. Thermodynamics of tolfenamic acid complexes

modifying the chromatographic conditions (temperature, pH

or hydrophobicity) the corresponding related supramolecular  In an attempt to explain the drug release mechanism

forces will be affected. from CDs, the possible correlation of the structural findings
The magnitude of the effect that the above mentioned with the thermodynamic quantities of complexation and

parameters exercise on the intermolecular interactions isconsequently with the chromatographic behaviour, was

evaluated in our experiments by calculating in all cases the examined. From the determined apparent binding constants,

recovery of the drug during the chromatographic analysis. the related thermodynamic values were calculated, using the

corresponding van't Hoff plots and are presentedidble 3

5.1.1. Tolfenamic acid complexes According to the deviations (relative errors) calculated
During the chromatographic analysis of TO—CDs com- during the HPLC method analysis, it was observed that

plexes, the application of increased column temperaturesTO—-3CD complexes dissociate later than the corresponding

resulted to no significant changes at the calculated relativeMeBCD and HPBCD complexes. However when comparing

errors. The observations were similar also, by changing thethe values of their binding constants, a different order can

pH of the mobile phase. This is probably due to the lack of be observed: HBECD >BCD > MeB3CD.

inter-molecular hydrogen bonds between TO and cyclodex- The greater instability of HPCD system (favouring the

trin molecules, which is quite expected as a intra-molecular dissociation), compared to the other CDs, may be attributed

hydrogen bond is occupying all the available, for such a to the greater negativdSvalue of this complex. The experi-

binding, groups of the inserted molecule. mental findings revealed that, the valueg@&correlate more
Important changes were observed only with small varia- efficiently with the stability of the complex tha¢; doeq16].

tions of the organic modifier of the mobile phase. This can From the calculated errors it can be suggested that, the values

be attributed to the presence of hydrophobic interactions in of the binding constants are not definitive for the strength of

the system, affected by the increasing concentration of ancomplexation, but provide only an evaluation of the associa-

organic modifier, especially methanol. tion affinity of the two molecules.
By the investigation of NMR data, it was revealed that
5.1.2. Ketoprofen complexes TO penetrates deeper in tBED cavity, less in the M@CD

In the case of KT-HBCD complexes, important changes cavity and the least in the HFED. The structures of the
at the calculated relative errors were observed when the pHcomplexes examined above are in good agreement with the
of the mobile phase and the temperature of the column werepresumed decomplexation order. From the chromatographic
changed. These results demonstrate the presence of mulresults, the increased stability in the case8@D could be
tiple hydrogen bonds in the supramolecular structure. On attributed to more pronounced van der Waals forces presented
the contrary small to negligible reduction of the errors was in complexes and to probable formation@ED dimers.
observed in the case of KBED and KT-M@CD com- Furthermore an intra-molecular hydrogen bond between
plexes, which can be ascribed to differently bound complexes, the carboxyl and the amino group of free TO molecule, which
characterized by the lack of significant number of hydrogen is maintained during the complexation, diminish the possible
bonds. participation of these groups in suprarmolecular hydrogen

During the chromatographic analysis of these complexes, bonds. This is also supported by the |ély values of the
changes of the organic phase concentration led to significanfTO—-CD complexes and can easily interpret the rather mild
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conditions necessary for the dissociation of TO, in compari- was observed. Dissociation was found to be more efficient

son to KT. in the case of 1:2 molar ratios. It is well known that, when
the extent of hydrogen bonding increases, the entropy

5.3. Thermodynamics of ketoprofen complexes and value reduces, destabilizing thus the complekes, 18]

solvation spheres KT-HPBCD complexes show the most unstable chromato-

graphic profile. In addition to the high AS the presence of

The solvation spheres created from solvent molecules hydrophobic interactions characterizes these complexes, a
around the assemblies strongly depend on the availablefinding which conforms to the conclusions of Junquera and
functional groups. The loss of the solvation sphere of KT Aicart[19] who studied these complexes by potentiometry.
and the following reorganization of water molecules dur- The determined binding constants values for the
ing the approach of host and guest molecules, affect theKT-MeBCD and KT-HBBCD complexes are quite dissim-
complexation and decomplexation kinetics and consequentlyilar and therefore different dissociation behaviour would be
the time required for equilibration. KT haskp 4.3 and expected. Nevertheless, the calculated relative errors are quite
in aqueous solution appears in ionic form. A solvation close. It can be concluded that the displacement of com-
sphere, strongly bound around the ionized carboxyl group, plexation equilibrium towards the free drug depends on the
is most probably reducing the interaction affinity between entropy change of the systef20]. In our experiments, the
KT and CD. This phenomenon is more intense in the case entropy change contributes to the better stabilization of the
of HPBCD due to the extended solvation sphere around its KT-MeBCD complex A S= —2.32 kcal mot 1 K—1) than the
substituents. The less stable complexation witiBBB de- KT-HPBCD complex (AS=—53.83 kcal mot K—1).
tected during HPLC analysis was also confirmed by the NMR  Furthermore, KT molecules have an ionized carboxyl-
experiments. group, which is surrounded by strongly organized water

In the case of the KTBCD complex, the smaller negative molecules, susceptible to temperature changes. KT maintains
AH value was measured and also the most favourableits capacity of forming supramolecular hydrogen bond net-
entropy change (AS), in comparison to the other CDs. works with the CDs. In the case of TO, the ionized carboxyl-
Small negativeAH of complexation can be connected to group is occupied with an intra-molecular hydrogen bond
hydrophobic interactions. This kind of complexation is (with the amino-group), thus inhibiting a) solvation spheres
favoured even if enthalpy changes are small, becauSe  to be constructed around these groups and b) the formation of
functions as the driving force for the association (entropy inter-molecular hydrogen bonds with the CDs. Therefore, the
driven complexation). The increased $can be the resultof  obtained KT complexes appeared more stable than TO com-
better or deeper insertion of the molecule in @@&D cavity, plexes. The stability of KT complexes leads to slow drug—CD
a fact favoured by the lack of substituents, which might dissociation, which means that the time period necessary
hinder the approach of KT molecule. The greater the entropy for dissociation is bigger than the time required for a chro-
value, the more water molecules are displaced from the matographic analysis. This contributes to the maintenance of
CD cavity upon complexation, which supports the previous the detected inaccuracies with the HPLC methods used, un-
conclusion. less sample pre-treatment precedes. On the contrary, TO-CD

The more efficient binding of KT witBCD in comparison complexes dissociate within the HPLC analysis time.
to the other CDs is also demonstrated by the HPLC exper-
iments, where the relative errors during KT recovery from
KT—BCD complex are significantly greater. This complexis 6. Conclusion
more difficult to dissociate, particularly when the KISD
ratio is greater than 1:1. Furthermore, the stabilization of = The binding constari{. describes the extent of associa-
this particular complex can be attributed to the presence oftion, however provides insufficient information for the time
hydrophobic interactions. These suggestions were supportedequired for the complex dissociation. Although the com-
also by the great impact that the change of the mobile phaseplexation efficacy depends on the binding constant of the
lipophilicity had on the equilibrium displacement towards the inclusion complex, the “ultimate stability of complexation”

free KT [10]. (as defined by Rekharsky and Indae)) is controlled by the
In the case of KT-HBCD complex, association is entropy term.
followed by high—AS which can be ascribed to multiple Particularly, entropy change in the system is considered

intermolecular hydrogen bond formation. This was expected, the most critical factor affecting the time required for dissoci-
because of the existence of carboxyl group in KT molecule ation of drug—CD complexes, during drug quantitation. This
and hydroxyl groups in CD molecules. The supramolecular can be applied for the prediction of the enantiomers’ elution
multiple hydrogen bond formation reduces the molecules order.

mobility, causing a decrease of the system entropy and Structural features of the created supramolecules, com-
compensation of the enthalpy offer. The presence of thesebined with the provided HPLC environment (environment
hydrogen bonds, was supported by the HPLC experiments,leading to dissociation) determine their chromatographic pro-
since a strong effect of pH on the equilibrium displacement file.
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