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Abstract

In a previous report five unique complexes were prepared and characterized containing b-cyclodextrin, in-
domethacin, ammonia and water. In this study the solubility, dissolution behavior, complex-binding constant,
crystallinity and enthalpy were assessed. The results show indomethacin solubility was improved by complex
formation with b-cyclodextrin. There was little difference among the various complex solubilities. Indomethacin
dissolution was improved by complex formation with the exception of one complex. Indomethacin dissolution profiles
were found to differ and were unrelated to either the complexed indomethacin content or binding constant.
Indomethacin dissolution profiles were found to be related to the complex crystallinity and enthalpy. The complex-
binding constants were found to support a theory reported previously that b-cyclodextrin ring cavity solvation was
the predominant factor responsible for complex formation. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

In a previous report (Casella et al., 1998) five
trimolecular complexes of indomethacin, ammo-
nia and water were prepared with b-cyclodextrin.
Each complex was found to have a unique physi-
cal character. These complexes contained a differ-

ent amount of complexed indomethacin in one or
more of the indomethacin physical forms.

The authors theorized that complex-binding
strength was controlled by the hydration of the
indomethacin carboxylate anion within the b-cy-
clodextrin ring cavity. They reasoned this hydra-
tion was controlled by a water and ammonia
network which was formed within the b-cyclodex-
trin ring cavity prior to indomethacin complexa-
tion (Casella et al., 1998).* Corresponding author.
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To expand on earlier findings (Casella et al.,
1998) the b-cyclodextrin complexes were investi-
gated to estimate the stoichiometry and associated
binding constant (K), to assess the dissolution
characteristics in capsule dosage form, and to
measure the pH uncorrected solubility in simu-
lated gastric fluid (USP, 1990) and in distilled
water. The complex crystallinity and thermal be-
havior were investigated and compared to the
dissolution characteristics. Cyclodextrins have
been shown to improve the dissolution rate of
poorly water-soluble drugs (Uekama et al.,
1983a,b; Seo et al., 1983; Imai et al., 1988; Yu et
al., 1989).

2. Experimental materials

Indomethacin was obtained from Kalipharma
Pharmaceutical, Elizabeth, NJ; pharmaceutical
grade b-cyclodextrin was obtained from Sanraku,
Chemical Division, Tokyo, Japan; ammonium
carbonate was obtained from Fisher Scientific,
Medford, MA; Avicel PH101 was obtained from
FMC Corporation, Newark, DE; and Indocin
capsules were obtained from Merck, Sharp and
Dohme, West Point, PA.

3. Complex Preparation

The complexes used in this investigation were
prepared by the method reported previously
(Casella et al., 1998).

4. Indomethacin determination by UV analysis

The indomethacin content was determined by a
stability-indicating ultraviolet (UV) assay method
at a wavelength of 318 nm (lmax). Calibration
standards of pure indomethacin were prepared
and diluted in various aqueous ammonia solu-
tions (see phase-solubility analysis section for ra-
tionale). The calibration curves were constructed
by plotting absorbance against concentration.

5. Method validation

Because complexation with b-cyclodextrin is
known to cause band-broadening and/or
bathochromic shifts in the spectra of UV active
compounds (Szejtli, 1982), one could postulate the
UV characteristics of indomethacin could be af-
fected by b-cyclodextrin. UV analysis would be
an unsuitable analytical method if band broaden-
ing was to occur. To confirm the spectral charac-
ter, the UV absorbance of a 50 mg sample of each
complex was measured and compared to similar
samples measured by a previously reported HPLC
method (Casella et al., 1998). Both methods em-
ployed calibration plots obtained from pure in-
domethacin standard solutions.

6. Solubility studies

6.1. Phase-solubility analysis

The phase-solubility experiment was performed
by the method reported by Higuchi and Connors
(1956) and Connors (1987). Each experiment was
conducted by adding the substrate indomethacin
and the ligand b-cyclodextrin to an aqueous am-
monia solution identical to that used to prepare
each complex as reported previously (Casella et
al., 1998). Thus, the b-cyclodextrin ring cavity
solvation could be replicated to investigate the
non-ideal solubility behavior associated with each
complex.

Samples were prepared in triplicate by adding
20 ml of the appropriate ammonia solution to a
series of 100 ml tubes each containing successively
increasing quantities of b-cyclodextrin as follows:
0, 3, 6, 9 and 12 mM. Excess indomethacin was
added into each tube to maintain saturated condi-
tions. Each tube was capped and rotated for 4 h
in a constant temperature water bath at 2591°C.
Following equilibrium each supernatant phase
was removed, filtered, diluted and assayed for the
total dissolved indomethacin content by UV anal-
ysis. The phase-solubility diagram was con-
structed by plotting the total dissolved
indomethacin concentration against the total b-
cyclodextrin concentration. The binding constant
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(K1:1) was calculated as follows from the phase-
solubility slope, where So is the solubility of in-
domethacin in the absence of b-cyclodextrin:

K1:1=
Slope

So(1−Slope)
(1)

6.2. pH Uncorrected solubility

The pH uncorrected solubility of in-
domethacin was determined in simulated gastric
fluid without enzymes and in distilled water.
Samples were prepared in triplicate by adding 10
ml of test fluid and excess solid powder into 100
ml glass tubes which were capped and rotated in
a constant temperature water bath at 37.591°C.
Samples were collected after 1–3 h and assayed
quantitatively for indomethacin and qualitatively
for its two hydrolytic degradation products by a
previously reported HPLC method (Casella et
al., 1998). Equilibrium solubility could not be
determined due to rapid indomethacin decompo-
sition.

6.3. Capsule dosage form preparation

All complexes and the physical mixtures were
filled into a capsule dosage form by using the
fraction of complex and excipient that passed
through a 200 mesh sieve and was retained on a
460 mesh sieve. This fraction represented an
arithmetic mean particle size of 6.70×10−2 mm.
The pure complexes, an indomethacin (20 mg)
mixture with b-cyclodextrin, and an in-
domethacin (20 mg) mixture with Avicel PH102R

were filled into no. 4 gelatin capsules.

6.4. Dissolution analysis

Dissolution analysis was performed according
to the USP XXI method for each prepared for-
mulation and Indocin. Dissolution samples were
collected at 5, 10, 15 and 20 min, filtered, and
UV absorbance measurements were taken. The
dissolution profiles were constructed by plotting
the cumulative percent drug released against
time.

6.5. X-ray diffraction analysis

Crystallinity measurements of indomethacin,
b-cyclodextrin, and each complex were deter-
mined from the powder X-ray diffraction spectra
obtained by a previously reported method
(Casella et al., 1998). The crystallinity (crys-
talline/amorphous ratio) was determined in trip-
licate based on the crystalline and amorphous
area measurements. These regions were resolved
according to the criteria reported by Murthy
(1982), Black and Loverling (1977), and Statton
(1967). The area measurements were calculated
by using the software program Sigma Scan (Jan-
del Scientific, Corte Madera, CA). The multi-
component mass-absorption coefficient of each
complex and b-cyclodextrin (hydrated) was cal-
culated by determining the weighted fraction of
the mass-absorption coefficient of b-cyclodex-
trin, indomethacin, water and ammonia, and de-
termining the fraction of each element (C, H, O,
N and Cl) for each component as follows:

u=w1(u/p)1+w2(u/p)2+ ··· (2)

where: w1 and w2 are the weighted fractions for
each element, u is the linear mass-absorption co-
efficient and p is the bulk density. The transmit-
ted beam intensity (Ix) after passing through a
sample thickness of x, was calculated by:

Ix=Io e− (u/p)px (3)

where: Io is the intensity of the incident X-ray
beam measured as the crystalline or amorphous
area (Cullity, 1978). The total crystallinity was
calculated by:

Ix crystalline
Ix amorphous

(4)

6.6. Differential scanning calorimetry analysis

Differential scanning calorimetry analysis was
performed by a method reported previously
(Casella et al., 1998). The transitional enthalpy
(endothermic) was calculated by DUPONT DSC
Interactive Analysis software (v. 3.0) by integrat-
ing the area under the curve for the heat capacity.
The total enthalpy was calculated by taking the
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Table 1
Phase solubility dataa and the calculated K1:1 binding constants

Cyclodextrin (mM) Indomethacin dissolved (mg/ml)

Complex C Complex EComplex DComplex BComplex A

11.9590.239.9490.087.3390.035.8690.110 2.4390.02
7.4190.15 10.2390.053 2.5990.02 6.0990.02 11.4790.26
8.7890.05 9.8990.186 2.8290.02 6.2990.04 11.5090.19

10.2390.099.2190.11 11.3690.046.6590.109 3.0690.02
6.9290.06 9.3290.07 10.3290.25 11.2390.2912 3.3290.03

534 128K1:1 (m−1) 1966 −189b986

a Mean9S.D. of three determinations.
b It cannot be determined accurately, see text.

sum of the enthalpies in the temperature range of
25–250°C. At temperatures above 250°C exother-
mic decomposition was observed; thus, no relative
information could be obtained.

7. Results and discussion

7.1. Phase-solubility analysis

Phase-solubility measurements for each com-
plex are reported in Table 1. The phase-solubility
profiles (Fig. 1) show that complexes A through

to D are all class-A1 diagrams and are first-order
complexes as determined by the criteria of
Higuchi and Connors (1956) and Connors (1987).
The binding constants are reported in Table 1.

Complex A through D binding constants de-
creased as a function of indomethacin (Fig. 2) and
ammonia content (Fig. 3). Conversely, the bind-
ing constant increased as a function of the water
content (Fig. 4). These findings support the previ-
ously reported theory stating the b-cyclodextrin
ring cavity solvation was the predominant factor
responsible for complex formation (Casella et al.,
1998).

Fig. 2. The binding constant against the indomethacin content.Fig. 1. Phase solubility analysis of complexes A–E.
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Fig. 3. The binding constant against the ammonia content.

Table 2
The solubility of indomethacin and it b-cyclodextrin com-
plexes in distilled water (mg/ml)a

3.0 h0.5 hSample

Indomethacin 0.01591.0E-3 0.01592.8E-4
1.1990.171.1690.07Complex A
2.1090.082.0090.11Complex B

Complex C 2.5590.40 2.5490.21
3.5990.152.8690.27Complex D

3.4890.17 3.6490.26Complex E

a Mean9S.D. of three determinations.

binding constant became incorrect. Thus, either a
weak complex was formed and the binding con-
stant could not be measured accurately, or this
curve represented a type-B system plateau region
(Higuchi and Connors, 1956; Connors, 1987).

7.2. pH Uncorrected solubility

Uncorrected pH solubility measurements in dis-
tilled water and simulated gastric fluid are re-
ported in Tables 2 and 3, respectively.
Indomethacin solubility in complex form was
found to be higher than pure indomethacin in
distilled water (Table 2) and in simulated gastric
fluid (Table 3).

Chromatograms from simulated gastric fluid
samples for complexes B through E revealed the
two hydrolytic degradation products of in-
domethacin. Since b-cyclodextrin can hydrolyze
in the presence of strong acid (Szejtli, 1982), it
was postulated that these complexes had dissolved
in gastric fluid and subsequently decomposed.

Complex E (Fig. 1) atypically exhibits no in-
crease in substrate solubility with an increasing
b-cyclodextrin concentration. Typically, one
would infer the absence of complex formation.
However, the physical characterization data
(Casella et al., 1998) shows a complex had
formed. Because the first-order regression statis-
tics (Fig. 1) gave rise to a negative slope the

Fig. 4. The binding constant against the water content.

Table 3
The solubility of indomethacin and its b-cyclodextrin com-
plexes in simulated gastric fluid (mg/ml)a

Sample 0.5 h 3.0 h

1.3790.06Indomethacin 2.1090.41
Complex A 41.2794.17 39.3995.00

46.1096.56Complex B 37.3093.12
40.8891.60Complex C 35.6292.02

Complex D 29.7892.44 28.4390.46
36.4995.61Complex E 30.5791.18

a Mean9S.D. of three determinations.
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Fig. 5. Dissolution profiles of complexes A–E. Fig. 6. Dissolution profiles of IndocinR and physical mixtures
of indomethacin with cyclodextrin and avicel PH102.

Therefore, these complexes would decompose if
administered orally. As an exception the in-
domethacin in complex A was found to be stable
in gastric fluid.

7.3. Dissolution analysis

The dissolution profiles of indomethacin com-
plexes are show in Fig. 5, and dissolution profiles
of Indocin and indomethacin physical mixtures
are shown in Fig. 6. Indomethacin dissolution was
enhanced by complexation with b-cyclodextrin
with the exception of complex A. The complex B
dissolution profile was found to be better than all
other complexes and similar to that of Indocin.
The complex A dissolution profile was inferior to
all other complexes. No relationships were ob-
served between complexed indomethacin dissolu-
tion and either the binding constants or
physical/polymorphic forms present (Casella et
al., 1998).

7.4. X-ray diffraction analysis to determine
crystallinity

The complex crystallinity measurements are re-
ported in Table 4. The amount of indomethacin
dissolved at 10 (not shown) and 15 min (Fig. 7)

was related linearly to crystallinity. The 10 and 15
min time intervals were found to discriminate
among the various formulations. These findings
agree with the accepted principle that an amor-
phous material will have better dissolution char-
acteristics when compared to its crystalline form
(Lachman et al., 1986).

7.5. Differential scanning calorimetry analysis to
determine enthalpy

Complex enthalpy measurements are reported
in Table 4. A relationship was discovered between
enthalpy measurements and the total dissolved

Table 4
The crystallinitya and enthalpy associated with each complex
and b-cyclodextrin

Sample Crystallinity Enthalpy (J/g)

0.12690.008Complex A 291.1
228.1Complex B 0.08190.004

0.11590.047Complex C 211.1
0.08390.003Complex D 178.0

244.00.10490.012Complex E
0.17590.010b-cyclodextrin 198.5

a Mean9S.D. of three determinations.
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Fig. 7. The relationship between crystallinity and dissolution.

suitable means for predicting the in vitro dissolu-
tion.

8. Conclusions

The calculated binding constants for the five
investigated complexes were found to support the
previously reported theory that b-cyclodextrin
ring cavity hydration was the predominant factor
responsible for complex formation (Casella et al.,
1998).

Indomethacin solubility was improved by com-
plex formation. However, there was little differ-
ence among the solubilities of the five complexes.

Indomethacin dissolution in vitro was improved
by complex formation with the exception of com-
plex A. The dissolution profiles were found to
differ and to be unrelated to either the complexed
indomethacin content or binding constant. How-
ever, the total drug dissolved among the various
complexes could be predicted by crystallinity and
enthalpy measurements.
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