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The apparent electrophoretic mobilities of indomethacin in b-cyclodextrin at a range of concentrations
were measured directly by capillary electrophoresis. Three different linear plots and a non linear plot
are proposed for the apparent binding constant calculations, based on the fact that the molar ratio of
the inclusion complex was 1 : 1. K values obtained at 298 K were 421 M�1 (double reciprocal fit),
488 M�1 (x-reciprocal fit), 428 M�1 (y-reciprocal fit) and 490 M�1 (non linear fit). The corresponding K
values at 313 K were 380 M�1 (double reciprocal fit), 355 M�1 (x-reciprocal fit), 366 M�1 (y-reciprocal fit)
and 339 M�1 (non linear fit). Using the proposed methods, the binding constant of the indomethacin –
b-cyclodextrin inclusion complex can be obtained easily. The methods have been applied to obtain the
values of the constant K under different experimental conditions. Under optimized conditions the K
constant is temperature dependent and non-arrhenian behaviour was observed.

1. Introduction

For analytes involved in dynamic equilibrium processes,
capillary electrophoresis (CE) is a powerful method of de-
termining binding constants. Equilibrium constants from
capillary electrophoresis for the apparent binding of drugs
to b-cyclodextrin (b-CD) show good agreement with lit-
erature values obtained using the reported methods, con-
firming that capillary electrophoresis is a viable technique
for this purpose.
The main interest in cyclodextrins lies in their ability to
form inclusion complexes with several compounds of
pharmaceutical interest (Gutman et al. 1996; Wu and Ding
2005; Wang et al. 2006; Loftsson et al. 2005); this prop-
erty and the recent biotechnological advances which have
resulted in dramatic improvements in cyclodextrin produc-
tion have led to their widespread use in pharmaceutical
studies (Szejtli et al. 2005; Shimpi et al. 2005; Kanjickal
et al. 2005). Complexation of poorly soluble drugs with
cyclodextrins is a useful approach to improving drug dis-
solution and drug stability (Wu and Ding 2005). Indo-
methacin is an anti-inflammatory agent which is practi-
cally insoluble in water, and it has been reported that the
bioavailability of this drug is improved by complexation
with b-CD (Jambhekar et al. 2004).
Apparent equilibrium constants give us an approximate
idea of drug-CD interactions. Many efforts have been di-
rected to the development of new fast and reliable meth-
ods for determining apparent equilibrium constants. CE is
a separation technique that takes advantage of changes in
the electrophoretic mobility of the complexed solute in the

background electrolyte (BGE) containing the complexa-
tion agent (ligand) (Berthod et al. 2002; Heegaard et al.
1998; Kajiwara et al. 1991; Chu et al. 1992; Honda et al.
1992; Heegaard and Robey 1992; Shimura and Kasai
1997; Heegaard 2003; Schultz and Kennedy 1993). CE
allows the analysis of molecular interactions in free solu-
tion with relatively easy to use and simple instrumentation
and can be used for the study of indomethacin-b-CD inter-
actions.
The stability of the inclusion complex and the selectivity
of the complexation process are determined by the fit of
the whole or at least a part of the guest molecule in the
hollow space in CD. In order to predict changes in the
physico-chemical properties of the drug after inclusion in
the CD cavity, it is important to determine the K value
accurately.
The driving forces for complexation are both enthalpic
and entropic in nature and are not fully understood. Fit-
ting into the cyclodextrin torus is crucial for many biome-
dically relevant molecules, but is not the only considera-
tion. The properties of both the part of the molecule
interacting with the CD and the portion that is likely to be
outside the cyclodextrin appear to be equally critical.
Naturally occurring CDs, in particular b-cyclodextrin,
have limited aqueous solubility, owing to CDs forming
intramolecular hydrogen bonds between secondary OH
groups, which detracts from hydrogen bond formation
with surrounding water molecules, resulting in heats of
hydration being less negative. Thus, intramolecular hydro-
gen bonding can result in relatively unfavourable enthal-
pies of solution and low aqueous solubilities.
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In a previous study (Jambhekar et al. 2004) no correlations
were found among the bioavailability, the binding constant
measured by phase solubility analysis, and the dissolution
of the indomethacin-b-CD complex. The apparent binding
constant describes the extent of association, but provides
insufficient information to predict the time required for dis-
sociation of the complex. Although complexation efficacy
depends on the binding constant of the inclusion complex,
the “ultimate stability of complexation” is controlled by
the entropy term (Rozou et al. 2005).
The entropic contribution to the association constant can
be analyzed by its temperature behaviour. In order to ana-
lyze such dependence, in the present work we evaluated
the temperature behaviour of the apparent association con-
stants for the indomethacin-b-CD complex. Spectrophoto-
metric and fluorescence methods have been reported pre-
viously and the molar ratio of the inclusion complex has
been established as 1 : 1 (Jambhekar et al. 2004). The K
values previously obtained were: 760 M�1, 303 K (NMR)
(Redenti et al. 2001); �1000 M�1, 298 K (phase solubility
study) (Jambhekar et al. 2004) and 423 M�1 (double reci-
procal fit), 486 M�1 (x-reciprocal fit), 452 M�1 (y-recipro-
cal fit), 298 K (capillary electrophoresis) (Bellini et al.
2001).

2. Investigations, results and discussion

2.1. Theory

As stated by Bellini et al. (2001) the following equation
describes a system in which the solute (S) binds to a li-
gand (L) in a 1 : 1 ratio:

Sþ L ¼ SL ð1Þ
The electrophoretic mobility (m) of the solute in a back-
ground electrolyte (BGE) containing the ligand is the
weighted average of the complexed (mc) and uncomplexed
(mf) solute:

mi ¼ Xfmf þ Xcmc ð2Þ
where mi is the experimentally measured mobility and X
represents the molar fraction of the solute in the free (Xf)
and complexed (Xc) state.
Introducing equilibrium concentrations the following equa-
tion is obtained,

mi ¼
½S�

½S� þ ½SL� mf þ
½SL�

½S� þ ½SL� mc ð3Þ

Using the expression for the equilibrium constant for the
case considered:

K ¼ ½SL�
½S�f þ ½L�f

ð4Þ

and combining this expression with Eq. (3), the following
equation for the solute mobility at any given concentration
of the complexing agent in the BGE can be derived,

K½L� ¼ ðmf � miÞ
ðmi � mcÞ

ð5Þ

from which it follows that:

mi ¼
mf þ mcKÞ½L�
1þ K½L� ð6Þ

Clearly the constant K obtained in this way refers to con-
centrations and is not the true thermodynamic equilibrium
constant (Rundlett and Armstrong 1997).

To calculate the constant K, three different well-known
linearization methods were used. The first method is ob-
tained by rearranging the Eq. (6) as follows,

1

ðmi � mfÞ
¼ 1

ðmc � mfÞ K
1

½L� þ
1

ðmc � mfÞ
ð7Þ

Plotting 1/ðmi � mfÞ versus 1/[L] we obtain the apparent
binding constant as K ¼ intercept/slope. This method is
also called the double reciprocal plot.
The second method is also derived from Eq. (6) and has
been named the y reciprocal plot, in which the apparent
binding constant can be found as K ¼ slope/intercept by
plotting [L]/ðmi � mfÞ versus [L].

½L�
ðmi � mfÞ

¼ 1

ðmc � mfÞ
½L� þ 1

ðmc � mfÞ K
ð8Þ

The following method is the � reciprocal plot, in which
K is – slope from ðmi � mfÞ/[L] versus ðmi � mfÞ.

ðmi � mfÞ
½L� ¼ �Kðmi � mfÞ þ Kðmc � mfÞ ð9Þ

The three methods give similar values for the binding con-
stant within the experimental error bars.

2.2. Method development

In order to propose a precise way to calculate binding
constants using CE, it is necessary to find the best experi-
mental conditions. The optimization was performed using
a sample containing indomethacin and DMSO. The fol-
lowing parameters were consecutively optimized: sample
conditioning, pH, BGE composition and concentration,
and other electrophoretic parameters such as type and time
of injection, pressure injection, etc.

2.2.1. Effect of pH

The buffer pH plays an important role in improving repro-
ducibility in CE because it affects both the overall charges
of the solute and the electro-osmotic flow.
The pKa value for indomethacin is 4.5. Thus, the effect of
the buffer pH was investigated within the range of 5.0–
10.0 at a fixed buffer concentration, adjusted with
0.1 mol � l�1 NaOH and 0.1 mol � l�1 HCl. It was found
that when the pH was lower than 6.5, the precision was
poor. At pH 9.2 reproducible results were achieved.

2.2.2. Effect of buffer composition and concentration

Buffer concentration also has a significant effect on se-
paration performance through its influence on the electro-
osmotic flow (EOF) and the current produced in the capil-
lary. Different BGEs were tested (sodium acetate, sodium
phosphate, sodium tetraborate buffer and their combina-
tions), and sodium tetraborate produced the best results
with respect to reproducibility and current performance.
Keeping other parameters constant (pH: 9.2, 25 kV, 25 �C)
the buffer concentration was varied from 10–75 mM. In-
creases in migration times because of decrease of EOF as
well as increased current were observed when the buffer
concentration buffer increased. The best performance was
achieved with 25 mM sodium tetraborate buffer.
BGE solutions were prepared daily, and the b-CD concen-
tration range studied was within the range 0.75–10 mM.
Voltage applied was varied between 10–30 kV, and 25 kV
was chosen. The hydrodynamic and electrokinetic modes
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of injection were evaluated; both methods are efficient,
however the electrokinetic mode showed a higher %
R.S.D. of time migration concerning precision, and conse-
quently hydrodynamic injection was selected. The sample
injection pressures used ranged between 0.1 and 2 psi;
higher reproducibility was achieved when the pressure was
0.5 psi. Injection times tested were between 0.5 and 7 s; a
time of 5 s was selected. In summary, the selected condi-
tions were sodium tetraborate buffer 25 mM, pH 9.2;
25 kV; hydrodynamic injection at 0.5 psi for 5 s.

2.3. Determination of the binding constant

The binding constants of the inclusion complexes of b-cyclo-
dextrin with indomethacin (IND) were determined on the
basis of CE experiments. The change of electrophoretic
mobility of IND was monitored as a function of b-CD
added. Since changes in peak migration times may be due
to non-specific effects, such as changes in the electro-os-
motic flow, a neutral non-interacting EOF marker should
be present in the sample to adjust the analyte migration
time (Gomez et al. 2003). A typical electropherogram is
reproduced in Fig. 1. The first peak corresponds to
DMSO, which was selected as the EOF marker. The sec-
ond peak corresponds to the IND ion. Upon complexation
with b-CD (Fig. 1a), the indomethacin ion will move fas-
ter due to its incorporation in the CD cavity, and its peak
will move closer to the DMSO peak.
Experimental values of the effective electrophoretic mobi-
lities (cm2 � V––1 � s––1) were calculated as the difference
between the apparent mobility in each buffer (with various
quantities of CD) and that of the neutral marker. Three
conventional linearization methods (y-reciprocal, x-reci-

procal and double reciprocal) were employed to estimate
the binding constants by least squares linear regression
(Cirri et al. 2005).
When ligand concentration is lower than 0.2 or higher
than 10.0, changes in mobility resulting from complexa-
tion are small compared to the random error. At high li-
gand concentrations, the analyte is, in fact, almost comple-
tely in the complexed form, while at low concentrations,
the fraction of analyte in the complexed form is not high
enough to give sufficient information about K. Thus, in
order to minimize the error on the calculated constants
and mobilities, the range of b-CD concentration was set at
0.75–10.0 mM (Lynen et al. 2001). Fig. 2 shows the mo-
bilities (mi) obtained at different b-CD concentrations at
298 and 313 K. In Fig. 3 the double reciprocal, y-recipro-
cal and x-reciprocal calculated data are plotted for the se-
lected range of concentrations at 298 and 313 K.
As already mentioned, in order to find the best experimen-
tal conditions we performed the experiments at three dif-
ferent values of pH, using phosphate and tetraborate buf-
fer (pH 5, 7 and 9). Sodium tetraborate buffer, pH 9.2,
showed the best performance in terms of reproducibility
and time of analysis.
The values of the ligand constant K were similar to those
obtained by other authors using different experimental
conditions (Bellini et al. 2001). Table 1 shows apparent
binding constants (K) of the indomethacin-b-CD complex
estimated using the three types of linearization fit (double
reciprocal, X- and Y-reciprocal) and non linear regression
as well as the corresponding errors.
Next we present the performance of the method with re-
spect to precision. The results are presented in Table 2,
where we can see the % RSD for a given temperature and
BGE concentration. Repeatability refers to the variability
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Fig. 1: Electropherograms of indomethacin (IND) in pH 9.2 sodium tetra-
borate buffer at 298 K in the presence of increasing concentrations
of b-CD. 1a) 10 mM b-CD; 1b) 0 mM b-CD
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tions at 298 K (a) and 313 K (b)



when different aliquots of the sample are tested on the
same day (n ¼ 6). Intermediate precision refers to the dis-
parity among the data obtained under different experimen-
tal conditions (operator, day of operation). As is well
known, when the measured mobility mi is too close to its
mf value, poor precision of the mi � mf term may be ex-
pected. This was observed at certain temperatures, particu-
larly those higher than 323 K.
Moreover we have to take into account not only binding
but also other effects which could affect analyte mobility.

In fact, the viscosity and ionic strength of the BGE can be
affected by changing the BGE concentration, as well as
the adhesion to the capillary wall of solute or ligand mole-
cules. At pH 6.5 there is a weak effect of pH changes on
the variability of K values because of the acidic character
of indomethacin; this compound behaves as an anion at
pH 5.5. Under the optimized experimental conditions re-
garding pH, concentration and nature of the BGE as well
as electrophoretic parameters, the standard deviation was
minimal.
The equilibrium constant of a reaction changes when the
temperature is changed. The easiest way to derive the
magnitude and direction of the effect is to consider the
effect of temperature on DG, the change in Gibbs free
energy, and to do so we return to its expression in terms
of DH –T DS (where T is the temperature, DH and DS
are the changes in the enthalpy and entropy, respectively).
The relation between DH, DS and K is given by the well
known van’t Hoff equation,

R ln K ¼ �DH

T
þ DS ð10Þ

A linear relationship of ln K vs 1/T indicates the indepen-
dence of DH and DS of T, while the absence of such
behaviour shows that these quantities are temperature de-
pendent. In Fig. 4 we have plotted R ln K vs 1/T for indo-
methacin-b-CD complexes. We shall make the approxima-
tion that the standard reaction enthalpy and entropy are
almost independent of temperature over the range of tem-
perature studied. If we do so, the value of the reaction en-
thalpy and entropy can be determined as the slope and the
intercept of the linear fit, giving DH � �14.7 � 0.75 kJ
and DS � �26.1 � 2.5 J, which is in the acceptable range.
Despite the approximation in the linear response of the
van’t Hoff equation, some general considerations can be
made with respect to the temperature behaviour of the
equilibrium constant. The process is exothermic, DH < 0,

ORIGINAL ARTICLES

850 Pharmazie 62 (2007) 11

Table 1: Apparent binding constants (K) of indomethacin-b-
CD complex estimated from three types of lineariza-
tion fit (double reciprocal, X- and Y-reciprocal) and
non-linear regression in 25 mM tetraborate buffer,
pH 9.2 at 298 K and 313 K

298 K 313 K

K (M�1) dK/Ka R2 K (M�1) dK/Ka R2

Double reciprocal
fit

421 0.13 0.976 380 0.09 0.995

X-reciprocal fit 488 0.12 0.995 355 0.12 0.993
Y-reciprocal fit 428 0.14 0.907 366 0.10 0.963
Non linear fit 490 0.17 0.989 339 0.17 0.995

a Error

Table 2: Precision results

Method Precision

System repeatability
(n ¼ 10)
Method repeatability
(n ¼ 10)
Intermediate precision
(n ¼ 6Þ

R.S.D. (migration time): 0.78%

R.S.D. (migration time): 1.51%

R.S.D. operator (migration time): 1.41%
R.S.D. inter-day (migration time): 0.84%
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Fig. 3: Comparison of three different linearization methods of mobility data for indomethacin: (A) double reciprocal plot; (B) x reciprocal plot; (C) y
reciprocal plot



therefore the equilibrium constant decreases with tempera-
ture as is observed in Figure 5. We cannot conclude that
the reaction is enthalpy driven (jDHj � T jDSj), as is
usually observed for association between small guest mo-
lecules and the CD-cavity (Junquera and Aicart 1997; Re-
kharsky et al. 1994; Stauffer et al. 1990). Direct calori-
metric measurements would be necessary to elucidate the
thermodynamic behaviour.

3. Experimental

3.1. Instrumentation

A Beckman P/ACE MDQ instrument (Beckman Instruments, Inc. Fuller-
ton, CA) equipped with a diode array detector and a data handling system
comprising an IBM personal computer and P/ACE System MDQ Software
was used. Detection was performed at 200 and 198 nm. The fused-silica
capillaries were obtained from MicroSolv Technology Corporation (NJ,
USA) and had the following dimensions: 57 cm total length, 50 cm effec-
tive length, 75 mm ID, 375 mm OD. The temperature of the capillary was
kept within the range of 298 K–313 K, and the samples were stored at
298 K.

3.2. Chemicals

Indomethacin was purchased from Sigma Chemical Co. (St. Louis, MO);
sodium tetraborate (Na2B4O7 � 10H2O) and sodium dihydrogenphosphate
(NaH2PO4) by Mallinckrodt (St. Louis, MO). Dimethylsulfoxide (DMSO)
was supplied by Merck (Buenos Aires, Argentina). The water used in all
studies was ultra-high-quality water obtained from a Barnstead Easy pure
RF compact ultra pure water system. All other reagents and solvents were
of analytical grade. All solutions were degassed by ultrasound (Testlab,
Argentina). Running electrolytes and samples were filtered through a
0.45 mm Titan Syringe filter (Sri Inc., Eaton Town, NJ. USA).

3.3. Procedure

The electrolyte solution was prepared daily and filtered through a 0.45 mm
Titan Syringe filter. At the beginning of the day, the capillary was condi-
tioned with 0.1 mol � l�1 NaOH for 10 min, followed by water for 10 min,
and then with running electrolyte for 10 min before sample injection. To
achieve high reproducibility of migration times and to avoid solute adsorp-
tion, the capillary was washed between analyses with 0.1 mol � l�1 NaOH
for 3 min, followed by water for 3 min, then equilibrated with the running
buffer for 3 min. Samples were pressure-injected at the anodic side at
0.5 Psi for 5 s. A constant voltage of 25 kV was used for all the experi-
ments.
Different organic solvents were tested as electro-osmotic flow (EOF) mar-
kers; the best results were obtained using DMSO. Stock standard solutions
of indomethacin (1 mg � ml�1) and DMSO (1%, v/v), were prepared in
water, stored at 4 �C and used within one week. Working standard solu-
tions were prepared daily by adding 50 and 250 ml of each of the stock
solutions directly to a vial and diluting to 500 ml with 25 mM pH 9.2 tetra-
borate buffer, in order to obtain the desired final concentrations for indo-
methacin (0.1 mg � ml�1) and for DMSO (0.1%, v/v). All solutions were
filtered through a 0.45 mm membrane prior to injection.
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